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Enhanced cognitive ability has been shown to impart fitness advantages to some
species by facilitating establishment in new environments. However, the cause of such
enhancement remains enigmatic. Enhanced cognitive ability may be an adaptation
occurring during the establishment process in response to new environments or,
alternatively, such ‘enhancement’ may merely reflect a species’ characteristic. Based
on previous findings that have shown ‘enhanced’ cognitive ability (i.e., higher success
rate in solving novel food-extraction problems or, ‘innovation’) in Eastern gray squirrels
(Sciurus carolinensis), a successful mammalian invader and urban dweller, we used an
intraspecific comparative paradigm to examine the cause of their ‘enhanced’ cognitive
ability. We conducted a field study to compare cognitive performance of free-ranging
squirrels residing in rural and urban habitats in native (United States) and non-native
environments (United Kingdom). By using established tasks, we examined squirrels’
performance in easy and difficult, novel food-extraction problems (innovation), a motor
memory recall test of the difficult problem, and a spatial learning task. We found that the
four groups of squirrels showed comparable performance in most measures. However,
we also found that the native urban squirrels showed: (1) higher success rate on the
first visit for the difficult problem than the non-native urban squirrels; (2) some evidence
for higher recall latency for the difficult problem after an extended period than the non-
native rural squirrels; and (3) learning when encountering the same difficult problem.
These results suggest that the previously reported ‘enhanced’ performance is likely to
be a general characteristic and thus, a pre-adaptive phenotypic trait that brings fitness
advantages to this species in a new environment. Despite this, some cognitive abilities
in gray squirrels such as solving novel problems has undergone mild variation during the
adaptive process in new environments.

Keywords: problem solving, innovation and flexibility, cognitive ecology, invasive rodents, urbanization, invasion
biology, behavioral plasticity
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INTRODUCTION

Enhanced cognitive ability has been shown to advance fitness
measures in some contexts (Sol and Lefebvre, 2000; Sol et al.,
2002, 2008; Nicolakakis et al., 2003; Keagy et al., 2009; Amiel
et al., 2011; Cole et al., 2012; Cauchard et al., 2013; Webb et al.,
2014; Preiszner et al., 2017). Such enhancement may be reflected
as flexible behavioral adjustments to demands and challenges in
environments, which may facilitate a species’ ability to adapt to
urban environments (Lowry et al., 2013; Mangalam and Singh,
2013) or successfully invade and establish in novel environments
(Sol and Lefebvre, 2000; Sol et al., 2002, 2005, 2008; Amiel
et al., 2011). For example, a higher frequency of innovative
foraging (e.g., consumption of novel food or using novel foraging
techniques) are seen in successful invasive species compared with
those that are not successful in the same environment (Sol and
Lefebvre, 2000; Sol et al., 2002). Other examples are individuals
of some species that are more successful or faster in solving novel
food-extraction problems, which have been reported in urban
populations compared with their rural counterparts (e.g., Liker
and Bókony, 2009; Papp et al., 2015; Audet et al., 2016; but also
see Preiszner et al., 2017; Prasher et al., 2019).

Despite these examples, the possible causes of enhanced
cognitive ability remain enigmatic. At one level, the core idea
underlying some hypotheses is that regardless of variation in
ability during establishment stages, any resulting enhancement
may be driven by adaptation during establishment in a new
environment (e.g., skill-pooled effect by Giraldeau, 1994).
Alternatively, a non-mutually exclusive possibility is that
‘enhanced’ ability may be a species’ natural characteristic which
has been shown in other traits such as competitive ability (the
inherent superiority hypothesis by Elton, 1958).

Previously, we employed an inter-specific comparative
paradigm to compare the performance of an established
population of invasive Eastern gray squirrel (Sciurus carolinensis)
with a closely-related, but native, Eurasian red squirrel (Sciurus
vulgaris) in solving an easy and a difficult novel food-extraction
problem (Chow et al., 2018). We found that compared with the
red squirrels, the gray squirrels showed higher success rates in
solving the easy problem in the first visit, and higher success rates
in solving the difficult problem in the first and subsequent visits
to the testing apparatus. These results raise the question as to
whether the resulting ‘enhanced’ problem-solving ability in the
established gray squirrel population is adaptative driven during
the establishment process in the new environment, or is a species
characteristic that was already present in native populations,
thus representing ‘inherent superiority.’ Accordingly, our aim in
this study was to determine which hypothesis best explains this
enhancement.

Eastern gray squirrels (Sciurus carolinensis) thrive in
urban environments (Jessen et al., 2018), expand populations
throughout native environments in the United States (Koprowski
et al., 2016) and show high success rates of establishment and
invasion (80% success rate or 59 out of 74 introductions,
see Bertolino, 2009) in non-native environments such as the
United Kingdom, Ireland, Italy, and South Africa (Gonzales,
2005). Because the gray squirrel is considered one of the top

one-hundred invasive species in the world (Lowe et al., 2004),
EU law (see EU Regulation 1143/2014 on Invasive Alien Species)
prohibits translocations to another country and thus, prevents a
much preferable common garden approach for our investigation.
We therefore used historical information of introduction events
(e.g., Middleton, 1930, 1931) and studies from genetic analysis of
the origins of this species (Signorile et al., 2016) to locate one of
the founding populations residing in non-native rural and urban
environments in the United Kingdom since the 19th century.
We then compared cognitive performance of squirrels in these
regions with that of squirrels in rural and urban environments
in the eastern United States from which this introduced species
originated. Such sampling efforts resulted in four squirrel groups
(i.e., native rural, native urban, non-native rural, and non-native
urban groups) to comprehensively assess the cause of any
‘enhanced’ cognitive ability.

To get an overview when testing the hypotheses, we not only
examined the ability of solving novel problems but also tested
other cognitive performances such as learning and memory. To
do so, we used established cognitive tasks in wild gray squirrels
and those that were housed in the laboratory. These tasks,
employed in previous studies, have shown that gray squirrels
rapidly adjust their behavior under recurring changes in a spatial
and color discrimination-reversal learning task (Chow et al.,
2015), learn the successful solution for a difficult novel food-
extraction problem and remember the solutions 22 months after
first learning it (Chow et al., 2017). Gray squirrels were also able
to apply effective solutions when solving a similar but different
problem (Chow et al., 2017), and to apply less preferred solutions
when the preferred solution becomes ineffective (Chow et al.,
2019). With these observations in mind, we predicted that if
enhanced cognitive ability resulted from adaptation in the novel
environments, then the native rural group would show a poorer
performance than their urban counterparts as well as the non-
native rural and urban groups. However, if such enhancement is
a typical species characteristic of gray squirrels, then comparable
task performances would be observed across the four groups
regardless of habitat (rural vs. urban) or environments (native
vs. non-native).

MATERIALS AND METHODS

Sampling and Study Sites
Thirty-seven wild gray squirrels from the native environments
(United States) and 29 squirrels from the non-native
environments (United Kingdom) participated in this study.
Habitat characteristics were matched as closely as possible
between continents. Following Møller (2010), urban habitats
included infrastructures with continuous buildings that are
interspersed by roads and parks, whereas rural habitats included
intermittent houses and farms, farmland or forests. In all
locations, there were different types of native and exotic trees
such as pin oak (Quercus palustris) and red oak (Quercus rubra).
Based on field surveys to determine the number of foraging
squirrels during their active time, there were typically 2–5
squirrels per site observed foraging in the rural habitats and
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7–12 squirrels in the urban habitats. Both types of habitats had
predators such as hawks, and domestic cats and dogs. In all
sites, direct and indirect food provisioning by humans were
observed, suggesting that the squirrels had the opportunity to
gain experience encountering novel objects (e.g., feeder) and
exposure to humans. We checked that feeders were emptied
and encouraged residents to not provide additional food for
squirrels prior to and during data collection. Data for the two
native groups were collected in two urban (Wilkes-Barre, PA,
United States, 41.25◦ N, 75.88◦ W) and two rural habitats
(Marlton, NJ, United States, 39.89◦ N, 74.92◦ W) between August
and November, 2016 in the United States. Data for the two
non-native groups were collected in one urban (St. John’s college,
University of Cambridge, 52.21◦ N, 0.12◦ E) and three rural
habitats (Madingley, Cambridgeshire, 52.22◦ N, 0.04◦ E) between
November, 2016 and February, 2017 in the United Kingdom. We
minimized resampling the same individual by choosing sites that
were between 800 m to 1 km apart, typically preventing overlap
in home ranges between sites (or >5 acres larger than its home
range, Koprowski, 1994).

Individual Identification
The use of live-trapping methods prior to the main experiment
appeared to deter squirrels from approaching test apparatuses,
when test apparatuses were presented within a short period
after trapping and thus, would have affected participation in
experiments (Chow et al., 2018). Accordingly, we identified
individuals using ‘mark-recaptured’ method whereby their
unique characteristics were identified from video footage (Sony
HDR-CX405). Video cameras were positioned 1 m away from
apparatus throughout the experiment. Each video was subjected
to a frame-by-frame analysis using the software PremierePro
Adobe CS6. Following Chow et al. (2018), this analysis required
intensive observer training (around 2 months) to identify each
individual’s unique physical characteristics such as markings or
colors on the face/limbs/body including body/tail/ear shape (see
Supporting Information Note 1 for identification method and
reliability test).

Apparatuses and eEuipment
To examine cognitive performances, we used two tasks previously
employed by Chow et al. (2018) in addition to two well-
established tasks (Chow et al., 2015, 2017). These tasks included
(1) an easy (Figure 1A, see SV1_easy_task_LukeC) and a
difficult (Figure 1B, see SV2_difficult_task_JessicaJ) novel food-
extraction problem (hereafter, innovation) to measure behavioral
flexibility and innovative problem-solving performance, (2) a
recall test to measure motor memory (or the successful and
efficient solutions) for solving the difficult (an experienced)
problem after an extended period (hereafter, the recall test),
and (3) a spatial-learning task (Figure 1C, see SV3_Spatial
Memory_Belle) to measure associative learning, or gradual
behavioral changes with increased experience, between locations
and rewards (hereafter, spatial learning).

The easy problem was modified from a previous study (Chow
et al., 2018). The apparatus was constructed with 32 interlocking
plastic containers (each container: length × width × depth:

4.5 cm × 3 cm × 1.5 cm). Sixteen of 32 containers were each
covered by a transparent lid which squirrels could easily lift to
access a reward. The other 16 containers were turned upside
down and used as a connection between containers (Figure 1A).
The difficult problem was the same food-extraction problem that
was used by Chow et al. (2018) who have shown that it was a more
difficult problem than the easy problem for wild gray squirrels,
as the solutions involved counter-intuitive methods (also see
section “Comparison for the Two Innovation Tasks” below). It
was a puzzle box (Figure 1B) that had a transparent cubic-shaped
plexiglas top (length × width × height: 25 cm × 25 cm × 19 cm)
and a pyramid-shaped wooden base (length × width × height:
25 cm × 25 cm × 3 cm). On each side of the box, there were
10 holes (length × width: 2 cm × 0.9 cm) aligned horizontally
but not vertically. The holes on one side of the box were
roughly aligned with the holes on the opposite side. Ten levers
(1.5 cm × 29.8 cm and 0.5 cm thick) were inserted across the box
through the holes, leaving 2.5 cm of both lever-ends protruding
outside the box. This design allowed the squirrels to act on any
lever-end using their nose, teeth or front paws. On each lever,
there was a nut container (transparent back: 2 cm × 1.5 cm;
opaque side: 1.5 cm × 1.5 cm) 2.5 cm away from one lever-end.
This design allowed squirrels to see the nuts when they were on
the opposite side of the box. The containers were positioned just
inside the box so that squirrels had to cause a lever/nut to drop by
pushing (instead of pulling) a lever-end if they were close to a nut
container, or pulling (instead of pushing) the other lever-end if
they were far from the nut container. The whole box was secured
by four wooden legs, creating a 4.5 cm gap between the top and
the base in which squirrels could obtain a nut (if there was a nut)
upon solving the challenge. This apparatus was also used for the
third task in which we measured motor memory in the recall test.

To examine whether squirrels were learning by associating
locations with rewards that would not be affected by side bias,
we relied on the square-shaped box design from our previous
study, in which gray squirrels in a laboratory were required to
learn that two (out of four) diagonally positioned corners were
rewarded (Chow et al., 2015). To do this, our square-shaped box
in the easy problem was modified so that the new apparatus had a
top and a bottom layer (Figure 1C). The top layer of the box had
four corners, with each corner formed by four containers (2 × 2
containers to form a right angle). The bottom layer was a plexiglas
container (3 cm depth) that had five holes (diameter: 0.2 mm)
at the bottom of each container. It served for two functions:
(1) we filled these bottom containers with inaccessible hazelnut
pieces and replaced the nut pieces regularly to refresh the scent;
this aimed to control squirrels using the scents of nuts as cues
during learning; (2) the bottom layer increased the height of the
box so that the squirrels had to lift up a lid completely (i.e.,
the lid stood still vertically), which prevented the squirrels from
re-approaching a (rewarded) well that was empty.

Procedures
Our experimental procedure generally followed that of Chow
et al. (2018), which maximized the measure of individual
performance and minimized confounding variables such as the
effect of weather or social interference and social learning

Frontiers in Ecology and Evolution | www.frontiersin.org 3 February 2021 | Volume 9 | Article 615899

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-615899 February 22, 2021 Time: 19:20 # 4

Chow et al. Cognitive Performances in Gray Squirrel

FIGURE 1 | Four tasks that are used to measure flexibility and cognitive performance: Two innovation tasks that include (A) the easy problem that requires a squirrel
(X-23 is shown in the image) to lift up a transparent lid using its teeth to solve the problem, and (B) the difficult problem that required a squirrel (Iron Fist shown in the
image) to use its nose to cause a lever and/or nut drop by pushing a lever-end that was close to the reward. The left image shows the transparent Plexiglas box
during the habituation phase (without levers) whereas the right image shows the box during the main testing (with 10 levers). Also shown are the two cognitive tasks
that include (C) the spatial-learning task in which a squirrel had to associate locations with rewards (Quick Silver is shown in the right image). The left image shows
the five holes (in dark circles) at the bottom of each container where inaccessible nut pieces were used to control squirrels use of olfactory cues during
locations-rewards learning. Rewarded containers were baited at diagonal corners (total 8 containers) to control side bias. The recall test was the same difficult
problem in (B) presented to squirrels 25 days after their last experience it.

on performance (see Supplementary Information Note 2).
The procedures involved presenting the apparatus in the
field from dawn to dusk daily for 6–8 weeks at each
site, regardless of weather conditions. This approach allowed
individuals to participate in the experiment during their
active time, as well as allowing this species, an opportunistic
food generalist, to exploit new resources. The fact that the
squirrels were allowed to freely visit and leave a task at
all times also ensured high motivation to participate in the
tasks. In addition, we used the inter-trial interval protocol
set by Chow et al. (2018) as a guide to include subordinates
when dominant individuals were at rest (i.e., individuals of
this species have slightly different active times and thus,

both subordinates and dominants can freely participate in the
tasks). The increased number of squirrels in urban parks has
been shown to positively correlate with increased intraspecific
aggression (Parker and Nilon, 2008), leading to dominant
individuals monopolizing an apparatus. Accordingly, we placed
two identical apparatuses in urban habitats to minimize social
disturbance from conspecifics or social learning. However,
this arrangement did not prevent natal dispersal (Koprowski,
1996) which led to variation in total number of squirrels
participating in all tasks.

Two days before the main experiment, we selected a location
either covered by bushes or close to a tree, some distance
from major roads to minimize predation risk and incidents of
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road kills. Once a location was selected, we presented whole
intact hazelnuts and hazelnut kernels to attract squirrels. We
checked and rebaited each location three times per day. The
main experiment started once we observed squirrels visiting the
location regularly and emptying the nuts in that location. All tasks
were set at the same location throughout the experiment. We
conducted the same number of trials across sites, but the inter-
trial interval varied depending on the available daylight hours (see
Table 1). A trial started after checking the apparatus and ended
with the next check. A video camera was used to record both
individual identity and all task performances.

Table 1 summarizes the details of the main experimental
protocol. We first presented squirrels with the two innovation
tasks, followed by the spatial-learning task and finally the recall
test. We counterbalanced the presentation of the easy and
the difficult problems across sites. Before the main experiment
started, we conducted a habituation phase for each task, aiming
to minimize neophobic responses to novel objects. For the easy
problem, we placed 8 hazelnut kernels on the top of the apparatus.
For the difficult problem, we carried out two trials of 2 h (total
4 h) of habitation in which we placed 10 hazelnuts with shells
on each side of the transparent box without levers (Left image of
Figure 1B). As the setup of the video camera could not capture
the squirrels approaching from behind the camera, we did not
have a standardized way to measure neophobia. Nevertheless, the
experimenter (PKYC) stood at least 25 away from the apparatus
and noted the squirrels in all locations approaching the apparatus
or retrieving a nut under a minute upon spotting the apparatus
from a tree or on the ground. The main experiment for each
task started when squirrels obtained all nuts from the apparatus
for two consecutive trials (determined for each trial from video
footages). For the easy problem, we placed a hazelnut kernel in
each container during the main experiment. We randomised the
orientation of the box between trials. For the difficult problem,
we inserted 10 levers across the box (Figure 1B). Five levers
contained shelled nuts, whereas the other five levers were empty
(which served as a control). For each trial, we randomized the
facing direction of the levers and which levers contained a nut.
These randomizations were also used for the recall test of this
difficult problem, 25 days after their last experience. For the

TABLE 1 | Experimental protocol of the four tasks.

Task Total number of trials
(number of trials per day)

Inter-trial
intervals

The easy
problem

20 trials (8–10 trials per day) 1–1.5 h

The difficult
problem

40 trials (9–10 trials per day) 1–2 h

Motor memory
(the recall test)

5–10 (5–10 trials for one day) 30 min – 1 h

Spatial-learning 80–100 trials (20–22 trials per day) 20–30 min

We presented the two innovation problems in counterbalanced order followed by
the spatial-learning task and finally the recall test. Tasks were presented at the same
location at a site, daily from dawn to dusk. The total number of trials presented
to squirrels was the same across sites, but inter-trial intervals varied across sites
depending on daylight availability.

spatial-learning task, we baited rewards at diagonal corners (total
8 containers) and used a rock to secure the apparatus. The
position and orientation of the apparatus and the rock was set
in the same way in each trial so that squirrels would be able to use
any cues to locate a reward (e.g., the relative distance between the
rock and a rewarded container, or the relative distance between a
tree and the rewarded container).

Behavioral Measurements
We analyzed behavioral data using Adobe PremierePro CS6.
We quantified task performance as a proxy for proficiency
(proportion of success), latency or efficiency and accuracy. See
below for definitions of each index, for each task.

Performance in Innovation
For the two innovation tasks, proficiency could be defined
as the ability to apply existing behaviors when solving novel
problems (Kummer and Goodall, 1985; Reader and Laland,
2003). We measured such proficiency as the solving outcome
for each task: ‘innovators’ were those that successfully solved
a problem once or more, whereas ‘non-innovators’ were those
that failed to solve the problem. Success in the easy problem
was determined when squirrels lifted the transparent lid of a
container. Success in the difficult problem was indicated when
squirrels made a lever/nut drop. We measured whether the
squirrels successfully solved each problem on their first visit or
on their subsequent visit. A visit was defined when a squirrel
first appeared in the video and manipulated either problem until
it was out of the video for ≥2 min. A subsequent visit was
recorded when the same squirrels reappeared in the video and
manipulated the problem until it left the video for ≥2 min.
In the case of a successful innovation, we also considered
the speed (or efficiency) to innovate. We measured the total
latency of an individual to obtain a success (hereafter, innovation
latency). Because not every manipulation would lead to an
immediate success, this innovation latency consisted of several
bouts of unsuccessful manipulations (or solving latencies). We
measured a bout of manipulation for the easy problem as the
time from when a squirrel started using any of its body parts
to manipulate a lid, until it either stopped manipulating that
part of the apparatus (in the case of unsuccessful solving) or
lifted the lid (in the case of successful solving). Likewise, we
measured a bout of manipulation for the difficult problem as
the duration from when a squirrel started using any part of its
body to manipulate a lever, until it either stopped manipulating
that lever in unsuccessful cases or made a lever/nut drop
in successful cases. Lower solving latency reflected a higher
degree of efficiency.

Performance in the Recall Test
For each individual that had participated in the difficult problem
and also turned up for the recall test, we used the same
measurement defined above in innovation latency to determine
the total latency to obtain success in the recall test. To minimize
the confusion between the two total latencies, we referred to the
total latency in the recall test as ‘recall latency.’ This latency may
be used to determine whether the squirrel used a similar amount
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of time to solve the difficult problem after an extended period. We
further recorded the successful solution that each innovator used
to solve the problem on their very last success with the solution it
used on its first return.

Performance in Spatial-Learning Task
For the spatial-learning task, we included squirrels that had
participated in the task on a daily basis, because learning
induces progressive behavioral changes (van Schaik, 2013). Due
to the proximity between containers, squirrels tended to open
a container that was adjacent to the previous one. Accordingly,
we examined learning performance by focusing on the first
container (rewarded or unrewarded) that a squirrel opened in
each visit (i.e., when it arrived at the task until it left the box and
moved >5 m away). The learning criterion was six (out of eight)
or more successive first openings of rewarded containers and
these openings included both rewarded corners. This criterion
minimized perfect performance (i.e., choices on four adjacent
rewarded wells located on one corner would be explained by side
bias/preference). We measured proficiency as the total number
of first openings that squirrels made before reaching the criterion
(i.e., excluding the six openings to reach criterion), with fewer
first openings made to reach the criterion indicating higher
proficiency. To further understand whether the squirrels showed
similar learning performance before reaching the criterion, we
analyzed efficiency and accuracy (e.g., two individuals used
comparable numbers of first openings to reach criterion, but
one individual made a lot of openings in the unrewarded
wells whereas the other individual made an equal number of
openings in the rewarded and unrewarded wells). Efficiency
was measured as the number of first openings on unrewarded
containers (or errors) that squirrels made before reaching the
learning criterion, with fewer number of errors indicating higher
efficiency. Accuracy was recorded as the number of first openings
on rewarded (or correct) containers that squirrels made before
reaching the learning criterion, with a higher number of correct
indicating higher accuracy.

Statistical Analyses
Given that empirical evidence has implied that ‘enhanced’
cognitive ability may well be a species characteristic of gray
squirrels (Parker et al., 2013), we analyzed data using frequentist
model testing and Bayesian null hypothesis testing. Given that
the tasks presented to the squirrels here were established, the
Bayesian approach allowed us to incorporate prior findings and
assess data from a probability distribution (i.e., credible interval)
as well as to assess the strength of our data in supporting the null
hypothesis relative to the alternative hypothesis (i.e., Bayes factor)
(Jarosz and Wiley, 2014). Such an approach is useful when sample
size is small and when examining results that appear to support
null hypotheses, as in our case (Ellison, 2004; Garamszegi, 2016).
We used packages ‘lme4’ (Bates et al., 2015), ‘brms’ (Bürkner,
2017, 2018) and ‘bayestestR’ (Makowski et al., 2019) in RStudio
version 1.1.463 (RStudio Team, 2016) to analyze these data.

The Shapiro–Wilks test was used to examine the normality of
data and, in turn, determine the appropriate link function for the
distribution of response variables. Because the two innovation

tasks have been shown to vary in their level of difficulty (Chow
et al., 2018), we first examined whether the level of task difficulty
(easy or difficult problem) had an effect on innovation latency.
For this analysis, we included the squirrels that solved both the
easy and the difficult problems, and conducted a Generalized
Linear Mixed Model (GLMM) with gamma log-link distribution
that included task (easy and difficult) as a fixed factor, the
total latency to achieve the first success for each food-extraction
problem as the response variable, and site as a random variable.

For frequentist model testing, we used Tukey’s HSD tests
for P-value adjustments for multiple group comparisons. We
considered the significance level of a two-tailed test when
P ≤ 0.05. We report descriptive statistics including means with
standard deviations and the two-tailed significance tests. For
Bayesian null hypothesis testing, we included informative prior
distributions based on the findings for wild and laboratory gray
squirrels using the same or similar tasks (see details below).
We report median estimate, lower and upper bound of highest
posterior distribution (HPD), credible interval (CI) and Bayes
factor (BF10). Bayesian statistics included 4 chains, each with
10,000 iterations and 1,000 warmup samples (totalling 36,000 for
post-warmup samples).

For each innovation task, squirrel group (i.e., native rural,
native urban, non-native rural, and non-native urban) was a
fixed factor to assess group differences in solving outcome
(success/failure). We used Generalized Linear Model (GLM) with
binominal distribution and logit link function to compare the
number of squirrels that were innovators or non-innovators on
their first visit and subsequent visits. To examine whether the
innovators in the four habitats differed in the mean solving
latency with increased experience (i.e., learning rate) of each
innovation task, we used our previous findings (Chow et al.,
2018) as a guide for the number of successes required to reach
the asymptote in each task. We included squirrels that had
completed 4 blocks of 5 successes (20 successes) for the easy
problem and 7 blocks of 5 successes (35 successes) for the difficult
problem. A block of mean solving latency was the average of
five total solving latencies to achieve success. To accommodate
variables with numerical values that were positively skewed
but not strongly centered on zero, we used GLM with gamma
distribution and log link function to model solving latency of the
first block of success for each of the innovation tasks. A GLMM
with gamma distribution and log link function was used to assess
whether solving latency in subsequent blocks of success was
affected by group, success block number, and their interaction.
Due to convergence or single fit issues, all models included
random effect squirrel identity (see additional analyses including
site as a random variable in Supplementary Tables 1,2). In
Bayesian model testing, information for prior distribution of the
solving latency in each innovation task (the easy task: M = 4.32s;
SD = 4.51; the difficult problem: M = 12.66s; SD = 21.22) was
obtained from Chow et al. (2018) who used the same task in
another population of non-native gray squirrels.

For the recall test, we analyzed innovators that had
participated in the difficult problem and returned to the recall
test. Each innovator varied in the number of successes for the
difficult problem. Thus, we obtained the mean of the very last
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five total solving latencies in the difficult problem for each
innovator as their “last block of mean solving latency.” We
then used a GLMM to compare this mean latency with the
mean recall latency of the first block (i.e., the mean of the
very first five total solving latencies to achieve success) for
the recall test. We also used a GLMM to examine whether
additional learning occurred during the recall test. We obtained
a lower number of successes per innovator for this test than
the difficult problem because the recall test was presented to
the squirrels for 1 day only (see Table 1 for experimental
protocol). Nevertheless, 18 (out of 21 innovators) completed
2 blocks of 5 successes (10 successes), which allowed us to
conduct between-group analyses. In all GLMM models, group,
success block number, and their interaction were included as
fixed variables. We additionally controlled for the number of
previously successful experiences that each innovator obtained
as a covariate, whereas individual identity was set as a random
variable to simplify the model structure (see additional analyses
including site as a random variable in Supplementary Table 3).
In Bayesian analyses, we took the average of the first five successes
(i.e., a block; M = 4.60; SD = 2.53) in a study that assessed
laboratory squirrels’ long-term memory (Chow et al., 2017) for
the prior distribution.

For the spatial-learning task, we examined three
performances. These included: (1) the total number of first
openings that the squirrels made before reaching the criterion
(i.e., proficiency); (2) the number of first openings on unrewarded
containers (or errors) that the squirrels made before reaching
the learning criterion (i.e., efficiency); and (3) the number of
first openings on rewarded containers (or correct openings)
that the squirrels made before reaching the learning criterion
(i.e., accuracy). In model testing for the spatial-learning task,
we used GLMM Poisson distribution with log link function to
accommodate count data. Group was the fixed factor whereas
squirrel identity was the random effect (see additional analyses
including site as a random variable in Supplementary Table 4).
For Bayesian analyses, we used a design similar to that of Chow
et al. (2015) for a study of gray squirrels in the laboratory; this

included the mean (M) and standard deviation (SD) for the total
number of first openings before reaching the criterion (M = 29.4;
SD = 11.13), the number of errors in first openings before
reaching the criterion (M = 6.20; SD = 3.19) and the number of
correct first openings before reaching the criterion (M = 22.8;
SD = 10.45).

RESULTS

Comparison for the Two Innovation
Tasks
Twenty-six squirrels participated in both tasks. The squirrels took
significantly less time to solve the easy problem than the difficult
problem (GLMM: χ2

1 = 7.38, P = 0.007). On average, squirrels
used 10 s (SD ± 11.30) to solve the easy problem and 21.13 s
(SD ± 20.98) to solve the difficult problem.

Group Comparisons of Innovation Tasks
Fifty-one squirrels attempted to solve the easy problem (see
SV1_easy_task_LukeC in Supplementary Materials). Figure 2A
shows the proportion of innovators in each group on the first
visit and in the subsequent visits. The difference between the
number of innovators in the four groups was not significant
on the first visit (GLM: χ2

3 = 4.24, P = 0.237) or the
subsequent visits (χ2

3 = 5.54, P = 0.137). Thirty-two innovators
completed 4 blocks of 5 successes. The four groups did not differ
significantly in solving latency on the first block (χ2

1 = 7.29,
P = 0.063, Figure 2B). The innovators in all four groups
significantly decreased their mean solving latency with increased
experience (GLMM: χ2

1 = 8.42, P = 0.004, Figure 2B). The
interaction between group and blocks of successes were also
significant (group∗success blocks: χ2

1 = 9.72, P = 0.021). Post
hoc analyses in the interaction between groups and success
blocks revealed marginal significance between the native rural
group and the native urban group (P = 0.055, Table 2 and
Figure 2B) and between the native rural group and the non-
native rural group (P = 0.064, Table 2). Bayesian inference

FIGURE 2 | Comparisons of the performance in the easy problem among the four squirrel groups (native rural, native urban, non-native rural, and non-native urban
group). (A) Success rate (the number of innovators that lifted a lid) on the first visit (First) and in the subsequent visit (Final), and (B) mean total solving latency to
obtain a success (in seconds) across 4 blocks of 5 successes (20 successes).
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tests showed that significant lower solving latency across success
blocks was observed in the native rural group than the native
urban group and the non-native rural group. Despite this, the
Bayes factor showed that these results remained anecdotal. Aside
from these two results, all other results provide moderate to
very strong support for the null hypothesis over the alternative
hypothesis (Table 2).

Sixty-seven squirrels participated in the difficult problem
(see SV2_difficult_task_JessicaJ in Supplementary Material).
Figure 3A showed the proportion of innovators for the difficult
problem on the first visit and in the subsequent visits. There was
a significant difference in the number of squirrels successfully
solving the problem between the four groups (GLM χ2

3 = 10.07,
P = 0.018, Figure 3A). Post hoc analyses revealed that the native
urban group had a higher success rate than the non-native urban
group in solving the difficult problem on the first visit (P = 0.022;
Figure 3A). In the subsequent visit, the difference in the success
rate between the number of innovators in the four groups was
not significant (χ2

3 = 7.32, P = 0.062, Figure 3A). Eighteen
innovators completed 7 blocks of 5 successes. Neither group
nor the interaction between group and blocks of successes were
significant (GLMM group: χ2

3 = 1.10, P = 0.776, group∗block:
χ2

3 = 2.14, P = 0.543, Table 3 and Figure 3B). The innovators
significantly decreased their mean solving latency to achieve
success with increased experience (χ2

1 = 5.13, P = 0.023,
Figure 3B). Bayes factor values indicated moderate to extremely
strong results favoring the null hypothesis over the alternative
hypothesis (Table 3).

Within- and Between- Group
Performance in the Recall Test
Twenty-five days after the innovators had experienced the
difficult problem, 21 innovators participated in the recall test

(Figure 4A) and all innovators successfully solved the same
problem after the extended period. The solution that the
innovators used to solve the problem on their first return was the
same as the solution used on their very last success, indicating
that all squirrels remembered the learned successful solution
for this problem.

At the within-group level, the innovators did not show a
significant difference between their mean innovation latency
in the very last five successes of the difficult problem and
the mean recall latency in the first block of the recall test
(last_first: GLMM χ2

3 ≤ 0.01, P = 0.957, Figure 4A and
Table 4). The interaction between group and blocks was also
not significant (group∗last_first: χ2

3 = 1.40, P = 0.706, Table 4).
Bayes factors indicated moderate to strong evidence favoring the
null over the alternative hypothesis. At the between-group level,
we found that groups significantly differed in their mean recall
latency on the first block of the recall test (group: χ2

3 = 8.20,
P = 0.042, Figure 4B). However, pairwise comparisons indicated
no significant difference between groups. Whereas Bayesian
inference test showed a significant difference between the native
urban and non-native rural group, the Bayes factor indicated the
significant difference was anecdotal (Table 4). As the difficult
problem required 40 or more successes to reach asymptote, we
examined whether the highly-experienced innovators would be
able to retrieve the learned solution for the difficult problem
(as opposed to the less experienced innovators who were still
learning the solution). To do so, we further analyzed the
innovators that were highly experienced with the task (i.e.,
innovation latency reached a plateau) by including those that
had completed 7 blocks of 5 successes (35 successes) in the
difficult problem and that had returned to the recall test (Nnative

rural = 2, Nnative urban = 4, Nnon-native rural = 5, Nnon-native urban = 5).
When we compared the innovators’ very last 5 successes’ of

TABLE 2 | GLMM and Bayesian test on the effect of squirrel group (native rural, native urban, non-native rural, and non-native urban group), success block number, and
their interaction (Group*Block) on solving latency of the easy problem.

Task Fixed variable Frequentist approach Bayesian approach

Estimate S.E. Z ratio P Estimate HPD BF10 H0 > H1

L U

Easyproblem Group Native rural Native urban −0.16 0.22 −0.75 0.878 −0.16 −0.52 0.22 0.035 S-H0

Native rural Non-native rural 0.20 0.24 0.82 0.843 0.19 −0.22 0.61 0.033 S-H0

Native rural Non-native urban −0.04 0.22 −0.20 0.997 −0.05 −0.43 0.33 0.025 VS-H0

Native urban Non-Native rural 0.36 0.19 1.92 0.218 0.35 0.04 0.68 0.218 M-H0

Native urban Non-native urban 0.12 0.16 0.73 0.885 0.11 −0.17 0.38 0.025 VS-H0

Non-native rural Non-native urban −0.24 0.19 −1.26 0.591 −0.25 −0.57 0.08 0.056 S-H0

Group*Block Native rural Native urban 0.27 0.11 2.54 0.055 0.25 0.02 0.49 0.766 A-H0

Native rural Non-native rural 0.29 0.12 2.48 0.064 0.27 <0.01 0.52 0.329 A-H0

Native rural Non-native urban 0.13 0.11 1.19 0.634 0.13 −0.12 0.36 0.129 M-H0

Native urban Non-native rural 0.02 0.09 0.26 0.994 0.01 −0.18 0.21 0.048 S-H0

Native urban Non-native urban −0.14 0.08 −1.86 0.244 −0.13 −0.29 0.04 0.168 M-H0

Non-native rural Non-native urban −0.16 0.09 −1.79 0.378 −0.14 −0.34 0.06 0.116 M-H0

This table includes estimates, standard error (S.E.), Z ratio, p-values for the frequentist approach as well as estimate, lower and upper highest posterior distribution
(HPD), bayes factor (BF10), and the strength of support for the null hypothesis relative to the alternative (H0 > H1): extremely strong (ES), very strong (VS), strong (S),
moderate/substantial (M), and anecdotal (A). Bold values indicate significant difference between the two groups.
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FIGURE 3 | Comparison of the performance in the difficult problem among the four squirrel groups (native rural, native urban, non-native rural, and non-native urban
group). (A) Success rate (the number of innovators causing a lever/nut drop) on the first visit (First) and in the subsequent visits (Final), and (B) mean total latency to
obtain a success (in seconds) across 7 blocks of 5 successes (35 successes).

TABLE 3 | GLMM and Bayesian test on the effect of squirrel group (native rural, native urban, non-native rural, and non-native urban group), success block number, and
their interaction (Group*Block) on solving latency of the difficult problem.

Task Fixed variable Frequentist approach Bayesian approach

Estimate S.E. Z ratio P Estimate HPD BF10 H0 > H1

L U

Difficult problem Group Native rural Native urban −0.36 0.36 −1.00 0.749 −0.36 −1.07 0.37 0.020 VS-H0

Native rural Non-native rural −0.39 0.38 −1.02 0.736 −0.39 −1.17 0.38 0.017 VS-H0

Native rural Non-native urban −0.56 0.40 −1.42 0.490 −0.55 −1.34 0.26 0.034 S-H0

Native urban Non-native rural −0.03 0.25 −0.13 0.999 −0.03 −0.55 0.48 0.008 ES-H0

Native urban Non-native urban −0.20 0.27 −0.74 0.882 −0.19 −0.74 0.37 0.011 VS-H0

Non-native rural Non-native urban −0.17 0.31 −0.55 0.947 −0.16 −0.80 0.43 0.010 VS-H0

Group*Block Native rural Native urban 0.02 0.08 0.25 0.994 0.01 −0.16 0.18 0.051 S-H0

Native rural Non-native rural 0.02 0.09 0.25 0.995 0.01 −0.17 0.19 0.019 VS-H0

Native rural Non-native urban −0.08 0.09 −0.83 0.839 −0.08 −0.28 0.11 0.084 S-H0

Native urban Non-native rural <0.01 0.06 0.02 1 <−0.01 −0.13 0.13 0.023 VS-H0

Native urban Non-native urban −0.10 0.07 −1.38 0.514 −0.09 −0.24 0.06 0.102 M-H0

Non-native rural Non-native urban −0.10 0.08 −1.27 0.582 −0.09 −0.25 0.07 0.052 S-H0

This table includes estimate, standard error (S.E.), Z ratio, p-values for the frequentist approach and estimate, lower and upper highest posterior distribution (HPD),
bayes factor (BF10), and the strength of support for the null hypothesis relative to the alternative (H0 > H1): extremely strong (ES), very strong (VS), strong (S),
moderate/substantial (M), and anecdotal (A).

innovation latency with their first block of recall latency, the four
groups showed comparable results (group: χ2

3 = 5.47, P = 0.140;
last_first: χ2

1 = 0.10, P = 0.758; group∗last first: χ2
3 = 1.91,

P = 0.592).
For the innovators that had completed two blocks of success

in the recall test, the four groups significantly differed in their
solving latency (χ2

3 = 8.32, P = 0.040); post hoc analyses showed
that the native urban group had a significantly higher solving
latency than the other three groups (Figure 4B). Recall latency
across the two blocks of successes was not significant (χ2

1 = 1.21,
P = 0.271). However, the interaction between group and success
blocks was significant (first_second: χ2

3 = 17.06, P < 0.001);
the native urban group showed a decrease in solving latency
across the two blocks (P < 0.001, Table 4). When we included
the innovators that had completed 35 successes (Nnativerural = 3,

Nnativeurban = 6, Nnon-nativerural = 5, Nnon-nativeurban = 4), further
learning at the group level became non-significant (group:
χ2

3 = 6.38, P = 0.094; first_second: χ2
1 = 0.20, P = 0.658;

group∗first_second: χ2
3 = 4.20, P = 0.240).

Group Comparisons in Spatial-Learning
Task
Forty-six squirrels participated in the spatial-learning task
(see SV3_spatial_learning_Arrow in Supplementary Material).
Table 5 shows the results for between-group comparisons. The
difference in the number of total openings between the four
groups was not significant (GLMM χ2

3 = 1.22, P = 0.748,
Figure 5A). Bayes factors ranged from <0.001 to 0.024,
thus providing evidence favoring the null hypothesis over the
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FIGURE 4 | Comparison of the performance in the recall test among the four squirrel groups (native rural, native urban, non-native rural, and non-native urban
group). (A) The very last block (i.e., mean total latency of the last five successes) of the difficult problem and the first block (i.e., mean total latency of the first five
successes) of the recall test for each group. (B) The first block and the second block of the recall test across 2 blocks of 5 successes (10 successes) for each group.

TABLE 4 | The recall test: GLMM and Bayesian approach testing the effect of squirrel group (native rural, native urban, non-native rural, and non-native urban group) on
success block number, and their interaction on recall latency.

Task Fixed variable Frequentist approach Bayes approach

Estimate S.E. Z ratio P Estimate HPD BF10 H0 > H1

L U

Recall test Last vs.
first block
(within group)
(N = 21)

Native rural Native rural 0.04 0.27 0.15 1 0.04 −0.75 0.78 0.184 M-H0

Native urban Native urban 0.01 0.17 0.04 1 <0.01 −0.49 0.48 0.132 M-H0

Non-native rural Non-native rural 0.17 0.22 0.81 0.993 0.17 −0.44 0.76 0.206 M-H0

Non-native urban Non-native urban −0.18 0.21 −0.85 0.990 −0.16 −0.77 0.44 0.185 M-H0

Native rural Native urban −1.42 0.79 −1.78 0.631 −1.07 −2.54 0.58 0.415 A-H0

First block
(between groups)
(N = 18)

Native rural Non-native rural 0.36 0.82 0.44 1 0.87 −0.72 2.57 0.006 ES-H0

Native rural Non-native urban 0.10 0.86 0.11 1 0.32 −1.30 2.03 0.194 M-H0

Native urban Non-native rural 1.78 0.68 2.61 0.152 1.94 0.65 3.32 1.161 A-H1

Native urban Non-native urban 1.51 0.73 2.09 0.424 1.41 −0.07 2.81 1.356 A-H0

Non-native rural Non-native urban −0.26 0.75 −0.35 1 −0.54 −2.13 0.90 0.019 M-H0

First vs. second block
(within group)
(N = 18)

Native rural Native rural 0.19 0.17 1.10 0.957 0.19 −0.33 0.68 0.163 M-H0

Native urban Native urban 0.56 0.12 4.51 <0.001 0.55 0.17 0.91 6.002 M–H1

Non-native rural Non-native rural −0.14 0.13 −1.08 0.962 −0.13 −0.52 0.26 0.138 M-H0

Non-native urban Non-native urban −0.02 0.15 −0.12 1 −0.02 −0.46 0.41 0.114 M-H0

Second block
(between groups)
(N = 18)

Native rural Native urban −1.04 0.79 −1.32 0.893 −0.72 −2.26 0.85 0.222 M-H0

Native rural Non-native rural 0.32 0.82 0.04 1 0.53 −1.10 2.22 0.003 ES-H0

Native rural Non-native urban −0.11 0.86 −0.13 1 0.12 −1.53 1.81 0.165 M-H0

Native urban Non-native rural 1.08 0.68 1.58 0.761 1.25 −0.04 2.64 0.112 M-H0

Native urban Non-native urban 0.94 0.73 1.29 0.902 0.84 −0.60 2.26 0.377 A-H0

Non-native rural Non-native urban −0.14 0.75 −0.19 1 −0.42 −1.97 1.04 0.014 VS-H0

This table includes estimate, standard error (S.E.), Z ratio, p-values for the frequentist approach as well as estimate, lower and upper highest posterior distribution (HPD),
bayes factor (BF10) and its corresponding strength of support for the null hypothesis relative to the alternative (H0 > H1): extremely strong (ES), very strong (VS), strong
(S), moderate/substantial (M), and anecdotal (A). Bold values indicates significant trends supporting alternative hypothesis.

alternative hypothesis. The four groups also showed comparable
numbers of first openings on unrewarded containers (χ2

3 = 3.13,
P = 0.372, Figure 5B) and rewarded containers (χ2

3 = 2.00,
P = 0.572, Figure 5C) before reaching the learning criterion.
Bayes factors ranged from <0.001 to 0.229, indicating moderate
to strong support for the null over the alternative hypothesis.

DISCUSSION

Enhanced cognitive ability may result from the adaptation
process in new environments in urban or non-native areas,
but the ‘enhancement’ may as well reflect a typical species
characteristic. Here, we have followed up on previous findings
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TABLE 5 | The spatial learning task: results of GLMM and Bayesian approach testing the effect of squirrel group (native rural, native urban, non-native rural, and
non-native urban group), success block number, and their interaction on the performance of the spatial learning task.

Task Fixed variable Frequentist approach Bayes approach

Estimate S.E. Z ratio P Estimate HPD BF10 H0 > H1

L U

Spatial learning
task

Total first
openings

Native rural Native urban −0.15 0.35 −0.42 0.975 −0.14 −0.88 0.61 0.012 VS-H0

Native rural Non-native rural −0.42 0.39 −1.09 0.695 −0.38 −1.25 0.43 <0.001 ES-H0

Native rural Non-native urban −0.21 0.38 −0.57 0.942 −0.22 −1.04 0.60 0.019 VS-H0

Native urban Non-native rural −0.28 0.38 −0.73 0.886 −0.25 −1.10 0.55 <0.001 ES-H0

Native urban Non-native urban −0.07 0.37 −0.18 0.998 −0.08 −0.89 0.73 0.024 VS-H0

Non-native rural Non-native urban 0.21 0.41 0.52 0.956 0.16 −0.72 1.03 <0.001 ES-H0

Error first openings Native rural Native urban −0.34 0.33 −1.02 0.741 −0.32 −1.05 0.40 0.082 S-H0

Native rural Non-native rural −0.45 0.37 −1.20 0.625 −0.33 −1.17 0.49 0.001 ES-H0

Native rural Non-native urban −0.61 0.36 −1.70 0.325 −0.61 −1.40 0.16 0.229 M-H0

Native urban Non-native rural −0.11 0.36 −0.30 0.990 −0.01 −0.78 0.83 0.006 ES-H0

Native urban Non-native urban −0.27 0.35 −0.78 0.863 −0.29 −1.06 0.45 0.108 M-H0

Non-native rural Non-native urban −0.16 0.38 −0.42 0.976 −0.28 −1.12 0.56 0.005 ES-H0

Correct first
openings

Native rural Native urban 0.02 0.38 0.04 1 0.03 −0.80 0.89 0.018 VS-H0

Native rural Non-native rural −0.33 0.43 −0.77 0.866 −0.29 −1.24 0.64 <0.001 ES-H0

Native rural Non-native urban 0.31 0.42 0.74 0.880 0.32 −0.60 1.26 0.030 VS-H0

Native urban Non-native rural −0.35 0.42 −0.83 0.843 −0.32 −1.21 0.64 0.002 ES-H0

Native urban Non-native urban 0.30 0.42 0.72 0.891 0.30 −0.56 1.23 0.037 S-H0

Non-native rural Non-native urban 0.64 0.46 1.41 0.491 0.62 −0.44 1.58 0.002 ES-H0

This table includes estimate, standard error (S.E.), Z ratio, p-values for the frequentist approach and estimates of lower and upper highest posterior distribution (HPD),
bayes factor (BF10), and the strength of support for the null hypothesis relative to the alternative (H0 > H1): extremely strong (ES), very strong (VS), strong (S),
moderate/substantial (M), and anecdotal (A).

demonstrating that a higher success rate in innovation was
observed in non-native gray squirrels compared with native
red squirrels residing in the foreign environment. We used
an intra-specific comparative paradigm to determine the likely
cause of ‘enhanced’ cognitive ability by comparing cognitive
task performances (in innovation, spatial learning and motor
memory) of gray squirrels residing in rural and urban habitats
in both native and non-native environments.

We found that the innovators in the four groups showed
comparable proficiency and latency in solving the easy problem
(Figures 2A,B). Differences were also observed in the number of
innovators successfully solving the difficult problem on their first
visit between the non-native urban group and the native urban
group, but not between the rural and urban groups (Figure 3A).
These findings appear to contradict the assumption that novel
environments, as in habitats that are out of a species’ native
range or urban environments, would enhance performance. The
fact that success rate was comparable among the four groups in
subsequent visits may have suggested that other traits such as
persistence, which are key to innovation success, differ between
populations, and thus, influence the success rate in the first
visit (see Supplementary Information Note 3). Variation in
these traits may be moderated by more subtle and variable
environmental characteristics (e.g., green canopy coverage, direct
human disturbance) in urban habitats.

The fact that the squirrels in the native urban group
outperformed the non-native urban group on their first visit

in the difficult problem may reveal the readiness of individuals
exploiting novel resources in their (new) environments. Our
findings appear to suggest that a lower degree of readiness (or
high neophobic response to novel objects) in utilizing novel
resources is seen in the non-native urban group. Higher levels
of neophobia to food and novel objects has been shown to
have undergone adaptation in non-native cane toads (Rhinella
marina) compared with their native counterparts (Candler and
Bernal, 2015). However, this explanation is unlikely because
when we observed squirrels in the field (e.g., hiding behind
a tree in rural sites or standing 25 m away from the
apparatus in urban sites), all groups would more-or-less readily
approach or manipulate novel objects. In addition to this,
within 1–2 min after setting up the apparatus, the squirrels
either took the freely available nuts during the habituation
phase or attempted to solve the problem when they first
observed each food-extraction task, even though our set up
was not the ideal method for measuring neophobia (the
setup of the video camera may introduce measurement bias
as squirrels may approach the apparatus behind the video
camera). Nevertheless, other reports have suggested that gray
squirrels efficiently exploit new resources in urban environments.
For example, gray squirrels living in cities use different
artificial structures such as chimneys, attics, or roofs as dreys
(Clark, 1994) and consume different types of food such as
sunflower seeds that are not naturally present in their habitats
(Bowers and Breland, 1996) or artificially-processed food from
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FIGURE 5 | Comparison of the performance of a spatial-learning task across
the four squirrel groups (native rural, native urban, non-native rural, and
non-native urban group). (A) Proficiency, the total number of first openings in
rewarded and non-rewarded containers before reaching the learning criterion.
(B) Efficiency, the number of non-rewarded containers opened or error
openings before reaching the learning criterion. (C) Accuracy, the number of
rewarded containers opened or correct openings before reaching the learning
criterion.

trash cans (PKY. Chow, personal observation). Accordingly, an
alternative explanation for such differences may follow from
traits that are important for innovation performance as discussed
above.

Despite evidence of a higher success rate in solving the difficult
problem in the native urban group than the non-native urban

group, we also found that the squirrels in the native urban
group showed additional learning in the recall test. This suggests
that the squirrels in the native urban group invest less time for
learning when they encounter new food sources. However, this
result should be interpreted with caution because this is more
likely related to the fixed number of trials presented to squirrels
(Table 1). A limited number of rewards was shared among a
higher number of innovators from the first visits, leading the
native urban group to obtain a lower mean number of successful
experiences than the non-native urban group before the recall
test. This could be further supported by the analysis on the highly
experienced innovators across the four groups. They showed
no further improvement in the recall test, which indicates the
innovators in the native urban group invest in learning and
securing new food sources (Table 4).

Thus far, we have highlighted the similarities and differences
between groups. Our results overall indicate that the four
groups mostly show comparable performance, thus favoring
the hypothesis that the ‘enhancement’ of this trait is likely a
species characteristics. However, our results in solving novel
problems also suggests that these cognitive abilities may have
undergone mild modifications during the adaptive process
when invading new environments, but are not relate to
urbanization. Here, we consider other possibilities that may
explain the comparable performance between the four groups
in the cognitive tasks. One possibility is that our sampling
effort in only one non-native urban population may limit
the detection of differences between the groups. However, it
seems unlikely because another non-native founding population
that had solved the same easy and difficult problems also
showed comparable success rate and efficiency (Chow et al.,
2018). This indicates that some of the results are replicated.
In addition to this, our use of Bayesian analyses allowed us
to assess the distribution of these data in relation to the
previous results. The fact that Bayes factors of comparable task
performances indicate strong to extremely strong evidence for
the null hypothesis over the alternative hypothesis strengthens
the conclusion that the previously observed ‘enhanced’ problem-
solving performance in gray squirrels is likely an inherited trait
or species characteristics.

Another possibility that would have limited the detection of
differences between groups may have been related to our test
procedure. For example, the gray squirrel is a scatter-hoarder
(Jacobs and Liman, 1991; Macdonald, 1997) that has excellent
spatial learning memory as a result of this specialization
(Shettleworth, 1990; Vander Wall, 1990, p.3; Pravosudov and
Roth, 2013). Perhaps, our recall test could follow the test duration
of a previous study in which the non-native laboratory gray
squirrels dealt with the same difficult problem after nearly 2 years
instead of 25 days in the present study. However, the fact that
less than half of the innovators returned to solve the difficult
problem, possibly as a result of dispersal (Koprowski, 1996),
reflects our practical constraint for assessing long-term memory
in wild populations. Nevertheless, we were able to show that
all four groups of innovators are capable of retaining relevant
information for at least 25 days despite differences in the recall
latency observed in the four groups.
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As a final note, we emphasize that because the present
study has not examined the variation in cognitive ability
at different invasion stages, our findings here in this long-
established population should not be taken to suggest that there
is no variation in ability and performance at other invasion
stages. For example, enhanced performance and flexibility may
be particularly important for a species at the early stage
of establishment (i.e., ‘the adaptive flexibility’ hypothesis, see
Wright et al., 2010) and may decrease to its original level
when a species successfully establishes in a novel environment.
If this hypothesis is true, then better performance would
be observed in populations that are expanding than those
that are established in foreign environments. Indeed, there is
evidence that there are differences in phenotypic traits such as
reproductive rate of gray squirrels which is higher in frontier
populations than those in established populations (Goldstein
et al., 2015). Accordingly, we suggest future studies should
test the ‘adaptive flexibility hypothesis’ by comparing flexibility
(alongside other cognitive performances of squirrels) between
frontier populations with established populations. One might
also examine whether there is a general pattern across cognitive
tasks (‘g’) and whether such patterns would be similar or differ
in new environments (e.g., rural vs. urban area). However, if
performance of the frontier population is comparable with the
established population, then the findings will further strengthen
the conclusion that this trait is likely a species characteristic
as has been suggested in other traits that have been proposed
to render ‘inherent superiority’ (e.g., competitive ability, see
Elton, 1958).

CONCLUSION

We used an intra-specific comparative paradigm to compare
cognitive performance in rural and urban squirrels in both
their native and non-native environments. Our results suggest
that although some cognitive abilities such as solving novel
food-extraction problems may have undergone mild variation
during the adaptive process in novel environments (but less
in urban areas), comparable task performance suggests that
the previously observed ‘enhanced’ cognitive performance
of gray squirrels is a pre-adaptive characteristic. This pre-
adaptive characteristic may be related to their habitat and
lifestyle as a food generalist. This, alongside, other pre-adaptive
biological and reproductive traits (Parker et al., 2013) may
help to explain why they are well-adapted in both rural
and urban habitats (Bonnington et al., 2014), and why few
numbers of introduced gray squirrels (see Wood et al., 2007)
often result in a high rate of establishment (80% or 59

out of 74 introductions, see Bertolino, 2009) and invasion
(Lowe et al., 2004).
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