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Abstract

Invasive alien species are a major threat to global biodiversity, thus recent work has aimed to identify traits of successful
invaders to better inform management efforts and predictions of future invasions. Personality and intraspecific behavioral
variation are important characteristics that may mediate individuals’ and species’ invasion success. However, to the best
of our knowledge, no study to date has looked at the personality differences between an invasive species in its native and
invasive ranges. Here, we filled this gap by studying the sociality and self-grooming behavior of eastern gray squirrels
(Sciurus carolinensis) in their native range in Northeastern USA and in their invasive range in Italy. We used the open
field and mirror-image stimulation tests to assess the personality of 466 unique gray squirrels, including 271 individuals
from the native population and 195 from the invasive population. We found that both the distribution and the median value
of sociality significantly differed between populations, with a higher median value of sociality among invasive squirrels,
while the distribution and median of self-grooming, a proxy for stress-coping ability, did not significantly differ between
populations. Overall, we demonstrate that certain personality traits differ between native and invasive populations, high-
lighting the importance of considering intraspecific behavioral diversity for the prediction and management of invasive
alien species. We urge further work to elucidate the mechanisms behind such personality differences.

Keywords Arboreal squirrel - Biological invasion - Intraspecific variation - Invasive alien species - Self-grooming -
Sociality

Introduction

Biological invasions are a major driver of global change,
threatening the functioning of ecosystems and causing
severe economic losses (Bellard et al. 2016; PysSek et al.
2020; Diagne et al. 2021). Invasions by alien species, or
species introduced to new regions due to human activity,
are steadily increasing, with the problem being exacerbated
Handling editor: Amando Bautista. by climate change, land-use change, and increasing global
connectivity and trade networks (PySek et al. 2020; Seebens
et al. 2020; Diagne et al. 2021). This is putting pressure on
biodiversity, as invasive alien species, or alien species which
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a species more likely to be a successful invader (Capellini
et al. 2015; Pili et al. 2024), we have a limited understand-
ing of whether some individuals are particularly important
in mediating invasion success. Identification of individual
traits that facilitate invasion can have important conse-
quences for conservation, as it may help prioritize manage-
ment efforts and predict future invasions (Pili et al. 2024).
Behavior and personality (i.e., behavioral differences
between individuals maintained across time and contexts;
Réale et al. 2007; Dingemanse et al. 2010; Carter et al. 2013)
may play an important role in determining species’ inva-
sion success (Fogarty et al. 2011; Wolf and Weissing 2012;
Carere and Gherardi 2013; Macali et al. 2024). Indeed, an
“invasion syndrome”, including boldness, aggression, activ-
ity, and exploration, has been hypothesized to aid individu-
als in all phases of the introduction process, highlighting
the role of personality in affecting invasion (Sih et al. 2004;
Chapple et al. 2011, 2012). Sociality may also mediate
invasion success (Weis 2010; Capelle et al. 2015), as, for
example, both sociality and aggression facilitated the rapid
spread of the invasive round goby (Neogobius melanosto-
mus) in Canada (Capelle et al. 2015). In general, the role of
intraspecific behavioral variation is crucial, as it can result
in differential abilities among individuals, impacting inva-
sion success at the individual level and promoting success
at the species level (Fogarty et al. 2011). Due to the pres-
sures placed on introduced populations, only a subset of
individuals are successful through each stage of the inva-
sion process, thus increased intraspecific behavioral varia-
tion facilitates a species’ invasion success (Fogarty et al.
2011; Chapple et al. 2012). Moreover, due to the filtering
effect invasion has on introduced populations, these popula-
tions may differ in personality from native populations of
the same species because only certain individuals are able to
invade and persist (Chapple et al. 2012; Blight et al. 2017).
However, it is important to consider that trait differences
between native and invasive populations may be attributed
to multiple mechanisms (Nota et al. 2024). Differences may
be due to founder effects, where originally introduced indi-
viduals exhibited certain personalities and reduced varia-
tion, which were maintained in the invasive range, leading
to differences between populations (Nota et al. 2024; Blight
et al. 2017). Another possibility, however, is that habitat
conditions or different competitors in the invasive range
exert selective pressures that differ from those in the native
range, selecting for behaviors that provide context-related
advantages in the novel environment (Nota et al. 2024).
Despite difficulties in disentangling the mechanisms
involved in driving personality distributions of native and
invasive populations, comparing personality traits, such
as boldness, exploration, and social tendency, in a species’
native and invasive ranges can enhance our understanding
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of factors that drive species’ invasion success (Chapple et
al. 2012). For example, inclusion of behavioral traits has
improved predictions of establishment success among birds
(Sol et al. 2002; Blackburn et al. 2009), and an understand-
ing of a population’s behavioral profile can be useful for
deciding on specific management methods for personalities
(Merrick and Koprowski 2017; Eccard et al. 2023). How-
ever, the number of studies that have explored this ques-
tion is limited (Pintor and Sih 2009; Candler et al. 2015;
Blight et al. 2017). A study on cane toads (Rhinella marina)
in their native and invasive range found lower levels of neo-
phobia (estimated through presenting novel feeding oppor-
tunities) in the introduced population compared with the
native one, suggesting a different ability to exploit novel
resources among invasive individuals (Candler et al. 2015).
Among signal crayfishes (Pacifastacus leniusculus) and
ants (Linepithema humile), individuals in invasive popula-
tions were more aggressive and active foragers than those in
native populations (Pintor and Sih 2009; Blight et al. 2017).
Past studies have compared behavioral tendencies between
populations, but no study, to the best of our knowledge, has
used repeated behavioral assays on individuals from native
and invasive populations to investigate changes in the distri-
bution of repeatable personality traits between populations.
As a consequence, past works lack the key step (assessment
of repeatability) required for considering a trait as ‘person-
ality’. Comparative studies on established populations of
invasive alien species in both of their ranges are fundamen-
tal to understanding which traits are related to successful
introductions, to inform predictions of future invasions and
apply efficient behavior-based management (Berger-Tal et
al. 2011; Goldstein et al. 2015).

Tree squirrels are highly successful invasive alien species
due to their ecology and ability to adapt to different habi-
tats (Palmer et al. 2007; Bertolino 2009). They have been
introduced worldwide and show high potential to establish
populations (Wood et al. 2007; Bertolino 2009; Mazzamuto
et al. 2021). The eastern gray squirrel (Sciurus carolinen-
sis) is registered on the “100 of the World’s Worst Invasive
Alien Species” list (Lowe et al. 2000) with an establishment
success rate of 80% (Bertolino 2009), well over the mean of
50-60% reported for many vertebrates (Jeschke and Strayer
2005). This species, native to the eastern United States and
parts of Canada (Koprowski 1994), was the object of various
introductions in several regions, including Europe, South
Africa, and Australia (Wauters et al. 2023). Especially in
Britain and Italy, gray squirrels are expanding their invasive
ranges, causing local extinctions of the native squirrel spe-
cies, the Eurasian red squirrel (Sciurus vulgaris; Bertolino
2009; Wauters et al. 2023). The gray squirrel is also a fun-
damental species with potentially ecosystem-level impacts
due to its role as a primary seed predator and disperser of
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large-seeded tree species, such as oaks (Quercus; Barnett
1977, Steele 2021).

In this study, we used eastern gray squirrels as a model
system to fill the gap in knowledge about the potential dif-
ferences in personality between native and invasive popula-
tions. We compared the distribution of repeatable personality
traits within gray squirrel populations from their native
North American range and from their invasive range in Italy.
Although the native populations we sampled are not neces-
sarily the ones from which the invasive Italian populations
originated, we compared squirrels across multiple study
sites in both their native (across four states in the USA) and
invasive range. We provide a first step toward increasing
our knowledge of personality in native and invasive popula-
tions and laying the foundation for future studies aimed at
understanding the mechanisms behind invasive populations’
personality differences. Specifically, we assessed how gray
squirrels in invasive versus native populations differed in
the entire distribution of their (1) behaviors towards conspe-
cifics, including sociality and aggression in a mirror-image
stimulation test, and (2) in their stress-coping ability, mea-
sured here as self-grooming behavior in an open-field test,
which in rodents is often considered a measure of sensitivity
to stress (Estanislau et al. 2019; Andronikashvili et al. 2024;
although other meanings of this behavior have been theo-
rized; Bursten et al. 2000). We expected to see differences
in the distribution of personality between the two popula-
tions, as sociality might play a role in facilitating rapidly
growing populations (Capelle et al. 2015), aggression could
allow individuals to outcompete native species (Weis 2010),
and stress-coping may facilitate invasive animals’ reaction
to novel habitats.

Materials and methods

To compare gray squirrels’ personality distributions between
populations in their native and invasive ranges, we used
data collected as part of two separate studies (Tranquillo et
al. 2024; Merz et al. 2025) with different aims, conducted in
the Northeastern USA in 2020-2023 and in Italy from 2015
to 2021. These studies used similar methods for quantifying
personality among gray squirrels, facilitating the compari-
sons and analyses we conduct here. Below, we detail meth-
ods of squirrel trapping and behavioral assessments from
both studies, highlighting the similarities as well as impor-
tant methodological differences, which we address.

Study areas

We trapped squirrels throughout their native range in
Northeastern USA, including in the states of Rhode Island,

Massachusetts, New Hampshire, and Maine (Fig. 1). Most
USA sites were in suburban or urban areas, often on uni-
versity or high school campuses or in urban parks, thus in
wooded habitats with some open grassy areas (Table S1).
One site in Maine was in a rural, fully wooded area. All sites
were dominated by temperate broadleaf and mixed forests.
Study sites in Italy were established in Piedmont and Lom-
bardy in Northern Italy (Fig. 1), where the gray squirrel, first
introduced in 1948, is an invasive alien species. All sites in
the invasive range were in woodland or park-like habitats,
including two urban parks and five more natural sites (Table
S1). Italian sites were all dominated by mature seed-bearing
trees.

Squirrel trapping and behavioral testing

Data from USA sites was collected from 2020 to 2023,
whereas at Italian sites, it was collected from 2015 to 2021.
We trapped all gray squirrels using Tomahawk live traps
(models 202.5 & 102XL; Tomahawk Live Trap Co., WI,
USA). We baited traps with peanut butter at the USA sites,
while at the Italian sites we baited traps with walnuts and
hazelnuts and conducted a pre-baiting period followed by
a trapping session. Trapping was conducted between the
months of June and November from 2020 to 2023 in the
USA. In Italy, trapping was conducted between December
2015 and April 2016 at one site, between November 2016
and January 2017 and between October 2020 and December
2020 at another site, and between May 2020 and October
2021 at all other sites. Traps were set in the morning and
checked periodically throughout the day.

The methods adopted in both study areas to quantify per-
sonality were similar, but not identical, therefore we care-
fully selected behavioral variables that would make the data
as comparable as possible. Upon capture, all squirrels went
through behavioral testing including an open field test to
measure activity and stress-coping in a novel environment
(Fernandez-Teruel and Estanislau 2016; Mazzamuto et al.
2019; Gharnit et al. 2020; Fig. 1) and a mirror-image stimu-
lation test to measure sociality and aggression (Svendsen
and Armitage 1973; Mazzamuto et al. 2019; Fig. 1). For
squirrels captured at sites in the USA, we transferred cap-
tured squirrels into a clean 79 X 79 x 90 cm white arena with
a clear plexiglass top and recorded squirrel behavior from
above for a 5-minute open field test. Then, we revealed a
mirror by sliding back one side of the arena and we recorded
animals for another 2.5-minute mirror-image stimulation
test. For squirrels captured in Italy, we transferred individu-
als into a 51x51x51 cm white polycarbonate box for the
open field test and recorded their behavior from above for
4 min with a camera fitted into a hole in the lid of the arena.
We then removed a sliding panel from one wall of the arena,
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A. Study areas

* Study site with native population

B. Behavioral assays

W Study site with introduced
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Fig. 1 We compared the distribution of personality traits between
native versus invasive populations of eastern gray squirrels (Sciurus
carolinensis). A.) We trapped gray squirrels (1) within their native
range throughout the Northeastern USA, the inset map of the USA
shows the extent of the gray squirrel native range in blue hatch (IUCN
and NatureServe 2008). Blue stars represent study sites within the
native range of the gray squirrel. We also trapped squirrels from (2)

revealing a mirror, and recorded a 3-minute mirror-image
stimulation test. Behavioral assays were repeated during
different trapping sessions to obtain multiple measures for
the same individual. Invasive gray squirrels in Italy were
euthanized by CO, inhalation during a final and separate
trapping session, after personality test execution and initial
release back into the wild for use in ongoing experiments,
as indicated by Italian legislation on invasive alien species.
Euthanasia followed EC and AVMA guidelines (Close et al.
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invasive populations in Northern Italy. Red stars represent study sites
within squirrels’ invasive range. B.) We tested the personality of gray
squirrels, quantifying their (1) stress-coping ability by the proportion
of time they spent grooming in the open field test and (2) their sociality
by the proportion of time they spent socially interacting with the mir-
ror in the mirror-image stimulation test. Credit for gray squirrel range
map: IUCN and NatureServe 2008

1996; Leary et al. 2020). All squirrel capture, handling, and
arena tests followed the guidelines of the American Society
of Mammalogists (Sikes et al. 2016).

We weighed squirrels and recorded data on sex and repro-
ductive status of all captures. We also marked each animal
with a numbered metal ear tag (National Band and Tag Co.,
Newport, Kentucky) for individual identification. Handling
and marking was performed before personality testing at
sites in Italy and after behavioral testing at USA sites. This
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difference presents a significant divergence between meth-
ods conducted in the two ranges with potential impacts on
behavioral testing, as animals tagged before testing may
have increased stress and reactivity (see the limitations sec-
tion of the Discussion for a full discussion of this potential
issue). This variation was unavoidable, thus while we have
confidence in the overall trends we identify, our results may
be biased due to these different handling procedures (see
also the Discussion section).

Following data collection in the field, recordings of
behavioral assays were analyzed to quantify behavioral
traits. Due to the size difference between the arenas used
and the different lengths of the tests at our different field
sites, there were certain traits related to activity and explora-
tion in the open field that we could not compare. We elected
to utilize proportional variables, as they account for the dif-
ference in the length of the tests. We chose three behavioral
traits that were most comparable between the two testing
arenas, including the proportion of time a squirrel spent
grooming itself in the open field test, a measure we inter-
preted as indicative of stress-coping ability (Fernandez-Ter-
uel and Estanislau 2016), the proportion of time a squirrel
spent interacting with the mirror non-aggressively (i.e.,
sniffing or touching the mirror in a non-aggressive stance),
a measure of sociality (Mazzamuto et al. 2019), and the pro-
portion of time a squirrel spent attacking the mirror (i.e.,
lunging at the mirror) during the mirror-image stimulation
test, a measure of aggressiveness (Mazzamuto et al. 2019).
Accordingly, an observer recorded the amount of time squir-
rels spent in each behavior using the software ANY-maze©
(version 5.1; Stoelting CO, USA) for videos recorded in the
USA and the software CowLog 3.0.2 (Hanninen and Pastell
2009) for videos recorded in Italy.

Behavioral and statistical analysis

Among all the mirror-image stimulation tests we conducted,
we only recorded two aggressive events among native squir-
rels and one among invasive squirrels. Therefore, aggres-
sive behavior was not considered for further analyses. We
ran a repeatability analysis to determine whether the other
two behavioral traits we quantified could be considered as
personality traits. We calculated the adjusted repeatability,
or the amount of among-individual variance in the data
(Dingemanse and Dochtermann 2013), of each trait and con-
sidered them as animal personality if the 95% confidence
interval on the repeatability estimate did not overlap zero
(Nakagawa and Schielzeth 2010). For the repeatability esti-
mates, we included data from squirrels caught in all years
and at all sites, including those which were only caught
once as it is generally advised not to remove these individu-
als from analyses (Martin et al. 2011), strengthening our

statistical power to detect significantly repeatable traits. We
used a Box-Cox transformation (Box and Cox 1964) on the
behavioral data to approach normality. We included squir-
rel sex (categorical variable with two levels), squirrel body
mass (centered and scaled; covariate), testing month (mod-
eled as a second-order polynomial to consider a possible
nonlinear effects) to account for seasonality, site of capture
(categorical variable with 19 levels; Table S1), to account
for population differences within the native and invasive
ranges, and a binomial variable describing whether the test
was an individual’s first or not, to account for habituation
(Dingemanse et al. 2012), as fixed effects. Individual squir-
rel ID was included as a random effect. We used the ‘rptR’
package (Stoffel et al. 2017) in R (version 4.4.0, R Core
Team 2024) to run the repeatability models.

We also calculated the mean BLUP (best linear unbiased
prediction) value over 1,000 simulations using the ‘arm’
package (Gelman and Su 2018) for each trait. We used a
linear mixed effect model including the same fixed effects
we included in our repeatability models (squirrel sex, body
mass, testing month, site of capture, and whether an obser-
vation was from an individual’s first test or not) to obtain
one personality value (BLUP) for each squirrel for each trait
(Dingemanse et al. 2020; Vandal et al. 2024). It was neces-
sary to get one behavioral measure per individual squirrel
per trait to account for repeated observations of individu-
als in our analysis comparing the personality distributions
between the two squirrel populations. Thus, we used the
mean BLUP value, versus simply one calculated BLUP
value, because it obtains this unique value for each squir-
rel necessary for further analyses while accounting for vari-
ability in the behavioral measurements of individuals and
minimizing possible bias (Martin and Réale 2008; Peignier
et al. 2023). This method addresses concerns that the use
of BLUPs does not account for uncertainty (Hadfield et al.
2010; Houslay and Wilson 2017), as averaging across many
simulations results in less precise estimates but reduces bias
(Dingemanse et al. 2020). Further mentions of personality
refer to this mean BLUP value.

We checked model residuals from the linear mixed
effects models used to calculate our BLUPs and these resid-
uals indicated that our data does not conform to assumptions
of normality. Trying multiple types of transformations, the
Box-Cox transformation most improved the distribution of
our data (Box and Cox 1964), although it was not possible
to fully reach normality. Thus, we moved forward using
the Box-Cox transformation for the BLUP and repeatabil-
ity models, but we acknowledge that this violation of the
normality assumption may influence our results. Therefore,
we checked correlations between calculated BLUP values
and raw personality data finding high values (»=0.62 for
grooming and r=0.67 for sociality, p<0.05 in both cases),
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indicating the reliability of the BLUP values as measures
of individual personalities. We are unable to check the reli-
ability of our repeatability estimates in this way; thus, we
discuss this limitation in the discussion. We emphasize that
repeatability analyses were used only to determine whether
behavioral data could be considered personality or not,
and all following results and conclusions remain the same
regardless of our repeatability estimates.

We used two methods to assess whether the distribution
of personality traits differed between the native and the
invasive populations. We conducted both analyses using the
mean BLUP values per individual as personality variables,
including only one observation per individual in each analy-
sis because these tests were unable to account for repeated
measurements. Additionally, since BLUP values were cal-
culated from linear mixed effect models including fixed
effects, the personality variables included in our analyses
accounted for variation in these factors. First, we performed
non-parametric Kruskal-Wallis tests (Brehm et al. 2019) in
R, comparing the mean rank values of personality traits for
each of the two populations and testing the null hypothesis
that the population distributions are identical. Additionally,
we calculated the phenotypic distance between the popula-
tions with the non-parametric Ap test (Brehm et al. 2019)
using the MATLAB software (The MathWorks Inc. 2022).
This method calculates a non-parametric distance measure
based on a joint cumulative distribution function, with
higher absolute Ap values corresponding to greater distance,
but values may be either positive or negative depending on
which population has the larger median for the trait of inter-
est (Safran et al. 2012).

Results
Behavioral analysis
We caught and measured the behavior of 466 unique gray

squirrels, including 271 (F=142; M=129; 311 observa-
tions) from the native population remeasured an average

of 1.15 times (range: 1-5) and 195 (F=103; M=92; 312
observations) from the invasive population remeasured an
average of 1.6 times (range: 1-4). Squirrels in the native
range were from 12 populations with an average of 23 squir-
rels tested per population (range: 1-129) and squirrels in the
invasive range were from 7 populations with an average of
28 squirrels tested per population (range: 15-52).

Both stress-coping ability, or proportion of time spent
grooming (R=0.314 [0.17, 0.44]), and sociality, or pro-
portion of time spent socially interacting with the mir-
ror (R=0.414 [0.28, 0.53]), were significantly repeatable
(Table 1). For the grooming variable, 30% of the variance
was explained by squirrel ID and 29% by the fixed effects,
while for sociality, 41% of the variance was explained by
squirrel ID and 8% was explained by the fixed effects.

Personality distributions

The mean rank value for stress-coping ability (i.e., groom-
ing) was not significantly different between the two popula-
tions (Kruskal-Wallis y*> = 0.07, p=0.80). In contrast, the
mean rank value of sociality did significantly differ between
native and invasive gray squirrel populations (Kruskal-
Wallis y* = 9.67, p=0.002), with a higher median value of
sociality among invasive squirrels.

Additionally, the distribution of stress-coping ability did
not differ between the two populations (Ap =-4.97, p=0.29;
Fig. 2), but distributions of sociality among native squirrels
versus among invasive squirrels were significantly different
(Ap =-15.20, p<0.001; Fig. 2).

Discussion

Through a large-scale field experiment conducted in both
the USA and Italy, we highlight personality differences
between native and invasive populations of the eastern gray
squirrel. Specifically, there was a different distribution of
sociality values among invasive squirrels compared to the
distribution among native squirrels, and there was a higher

Table 1 Adjusted repeatability estimates for two personality traits and 95% confidence intervals (CI) calculated for gray squirrels from all years
and sites, including both native and invasive populations. The mean proportion of time squirrels spent in each behavior are displayed, as well as

the range of proportions of time spent in each behavior across all squirrels

Behavioral Behavioral test ~ Mean Range Repeatability (standard ~ 95% CI Observations Indi-
Variable error) viduals
Proportion time Open field 0.028 0-0.56 Random effect: [0.16,0.45] 613 459
grooming test 0.30 (0.074)

Fixed effects: [0.23, 0.44]

0.29 (0.052)
Proportion time Mirror-image 0.02 0-0.995 Random effect: [0.27,0.53] 613 459
social stimulation test 0.41 (0.067)

Fixed effects: [0.08, 0.19]

0.085 (0.03)
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Fig. 2 Probability density plots of (A) stress-coping ability and (B)
sociality of gray squirrels in native and invasive populations. Best lin-
ear unbiased predictions (BLUPs; Dingemanse et al. 2020) are plotted
on the x-axis as our personality variables. The distribution of stress-

median value of sociality, indicating that there were more
squirrels that behaved more socially with the mirror in the
invasive than in the native populations. However, the distri-
bution of stress-coping ability, or time spent self-grooming
in the open-field test, did not differ between populations.
We emphasize the need to consider intraspecific variation
when making predictions about the invasion risk and poten-
tial impacts of a species in new environments.

Differences in sociality between native and invasive
populations

The median value for sociality, scored as the proportion of
time squirrels spent interacting socially with a mirror, was
higher among invasive squirrels (Fig. 2). Gray squirrels
have a complex social system, often exhibiting extensive
home range overlap and minimal territoriality, but with indi-
viduals able to exhibit dominance over others (Koprowski
1994; Gurnell et al. 2001). Here, we interpret social interac-
tions with the mirror in the mirror-image stimulation test as
indicating sociality towards conspecifics (Mazzamuto et al.
2019; Wauters et al. 2019), but further research is needed to
validate how measures of sociality in this test correlate with
social behavior and tendency in free-living squirrels.
Evidence indicates that sociality may be an important
trait mediating squirrels’ success in novel habitats. Specifi-
cally, gray squirrels in urban environments are more social
than those in suburban areas (measured in a mirror-image
stimulation test; Tranquillo et al. 2024). Thus, squirrels in
both introduced ranges and novel urban environments show
enhanced sociality, suggesting the importance of this trait
for squirrels’ persistence in novel habitats. Additionally, due

BoAs .
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0.2 4

0.1 4

0.0 4
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Sociality

coping ability is not significantly different between the two popula-
tions, but the distribution of sociality significantly differed, and the
median value of sociality is higher among invasive squirrels

to parasite release (Romeo et al. 2014) and the tendency of
invasive populations to spread, invasive populations grow
quickly and often face high densities which may favor
social individuals (Chapple et al. 2012; Capelle et al. 2015).
Invasive gray squirrels’ capacity to spread was indicated
by a study in Northern Italy which found a slightly higher
fecundity in the invasive population than in native popula-
tions (Santicchia et al. 2015) and by a study in central Italy
(Umbria), which found high reproductive success among
invasive squirrels (Maranesi et al. 2020). Although gray
squirrel aggressiveness increases with competition (Parker
and Nilon 2008), it is unknown how sociality may correlate
with competition. High competition and reproduction may
contribute to the increased sociality of invasive populations,
but more research should investigate the link between soci-
ality and competition.

Squirrel sociality also mediates their selection and con-
sumption of food, with social squirrels (measured in a mir-
ror-image stimulation test) more likely to eat novel seeds
(Merz et al. 2025). Since sociality varies among introduced
and native populations and has consequences for squirrel
novel seed consumption, squirrel’s role in the seed dispersal
process in introduced regions may be different than in their
native range. To predict the impact of this invasive species in
their introduced regions, we must consider both the impacts
of invasion on the personality composition of the popula-
tion and the consequences of personality on individuals’
roles in the ecosystem. Overall, sociality is a complex trait
which may mediate squirrels’ reaction to novelty, enhancing
their success in novel habitats. Consequently, we emphasize
the need to consider individual differences and traits such
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as sociality when predicting invasive species’ success and
impacts in new regions.

Consistency in stress-coping ability across
populations

In contrast to sociality, gray squirrels’ time spent groom-
ing did not vary between native and invasive populations
(Fig. 2). Here, we interpreted self-grooming as an indication
of stress-coping ability (Fernandez-Teruel and Estanislau
2016; Estanislau et al. 2019; Andronikashvili et al. 2024).
However, other interpretations of self-grooming have been
suggested (Bursten et al. 2000) and the role of self-groom-
ing in rodents remains debated. Future work determining
the role of self-grooming among gray squirrels would allow
for further and more specific interpretations of our results.

Gray squirrels are highly successful invaders, well-
adapted to thrive in a variety of habitats (Palmer et al. 2007,
Bertolino 2009), suggesting that invasive populations may
not need to adapt their stress-coping ability to be success-
ful. Similarly, gray squirrels in rural and urban habitats in
both native and non-native environments had overall com-
parable cognitive performances, suggesting a preadaptation
that allows squirrels to perform well in different environ-
ments (Chow et al. 2021). Thus, gray squirrels may be pre-
adapted to cope with the challenges of novel environments.
In fact, gray squirrels in the same invasive population as
we studied here exhibited no difference in fecal glucocor-
ticoid metabolite levels, an integrated measure of individu-
als’ stress, along an urbanization gradient (Santicchia et al.
2024). Our results complement those findings, with both
suggesting that gray squirrels have a preadaptation for an
enhanced ability to cope with stress and novel environmen-
tal challenges (Hufbauer et al. 2012; Santicchia et al. 2024).
Additionally or alternatively, various personality traits may
be advantageous at different stages of the invasion process,
thus our results from a long-established invasive population
(>10 years) does not mean that there was no variation in
stress-coping ability at earlier invasion stages (e.g., trans-
portation or establishment stages; Chapple et al. 2012; Nota
et al. 2024).

In summary, our results suggest that certain personality
traits vary between native and invasive populations while
others do not, highlighting the need for further research to
understand the mechanisms behind such differences (Nota
et al. 2024).

Mechanisms of personality variation among
populations

We provide evidence that invasive and native populations
vary in their degree of sociality, but we cannot differentiate

@ Springer

between potential mechanisms for this variation. Individu-
als originally introduced into the invasive range may have
exhibited higher levels of sociality and reduced variation,
indicating a founder effect, or habitat and environmen-
tal pressures in the invasive range may have selected for
sociality if it provides a context-related advantage in the
novel environment (Blight et al. 2017). Hence, we advocate
studies measuring both fitness components (e.g. survival,
reproductive success) and personality traits, and investi-
gating their correlations to elucidate whether differences in
personality are conveying fitness advantages within specific
habitats (e.g. Santicchia et al. 2018; Wauters et al. 2019).
Furthermore, comparing the personality distributions of
squirrels across other invasive populations in distinct habi-
tats and at different stages of the invasion process would
help elucidate the mechanisms behind our results and test
the adaptive flexibility hypothesis, which states that behav-
ioral diversity is high during the initial stages of introduc-
tion and then declines during establishment due to social
learning of successful behaviors (Wright et al. 2010). Over-
all, we encourage further work into the drivers of behavioral
variation among invasive and native squirrel populations.

Limitations

Although this work was the result of combining data from
two different studies (Tranquillo et al. 2024; Merz et al.
2025), and thus some methods were not the same, we strived
to focus on the most comparable traits. Some differences
were unavoidable, however, such as the fact that squirrels in
our two study sites underwent a different order of handling
and marking versus behavioral testing, with squirrels in the
invasive population being handled before behavioral assays.
However, steps were taken to reduce the stress of handling
invasive individuals, including using a cloth handling bag
to weigh and mark them, not directly handling them, and
ensuring that all manipulation lasted less than five minutes.
Additionally, squirrels in both populations experienced
some degree of manipulation before testing, as trapping and
transporting squirrels in traps necessitates human interac-
tion and stress. Thus, we are confident that squirrels under-
went similar enough experiences prior to and during open
field tests, reducing potential bias in behavioral measures
due to different handling procedures. This is also supported
by the fact that we did not observe any significant difference
in self-grooming between populations (Fig. 2). Squirrels in
the two populations were also tested in arenas of different
sizes, and although we eliminated behavioral traits that are
directly affected by arena size (i.e., mean speed, distance
travelled), it is possible that stress-coping behaviors may be
affected by arena size. Further research is needed to deter-
mine if arena size impacts stress-coping behaviors in gray
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squirrels, but the arenas used here were both sufficiently
large to allow squirrel movement and exploration and were
similar in novelty to squirrels, thus they both served as effi-
cient open-field test arenas and allowed comparison among
behaviors such as stress-coping (Savazza et al. 2025).

Additionally, the behavioral data we collected on both
grooming and sociality of gray squirrels were not normally
distributed and we were unable to reach normality even
after data transformations. Thus, we suggest caution when
interpreting our repeatability estimates as those models rely
on the assumption of normality. We used the significant
repeatability estimates as evidence that grooming and soci-
ality behaviors could be considered personality traits. How-
ever, since these repeatability estimates may be influenced
by the violation of the normality assumption, we acknowl-
edge that those behaviors may not be true personality traits.
Even if this were the case, however, grooming and sociality
would still be important behavioral traits, and our results
still indicate that the amount of social behavior exhibited
among squirrels in invasive populations versus those in the
native population differs.

Lastly, some unmeasured factors of the habitats in which
squirrels were living in this study, such as predation pres-
sure, population density, or food availability, could have
potential confounding effects (Mortelliti and Brehm 2020;
Bucklaew and Dochtermann 2021; Tranquillo et al. 2023).
We accounted for site differences within populations by
including site of capture as a fixed effect in our repeatability
and BLUP calculations. However, there is still the potential
that our native and invasive sites varied in some factor we
did not measure, which may have affected personality.

Implications and conclusions

We contributed to current research identifying traits of suc-
cessful invaders to better inform predictions of biological
invasions and their impacts. We show that sociality distribu-
tions differed between native and invasive populations of
eastern gray squirrels and that median values of sociality
were higher among invasive squirrels. This is timely and
important work because changing climate conditions are
expected to promote further spread of gray squirrels (Di
Febbraro et al. 2013). Additionally, increasing urbanization
(United Nations, 2022) may facilitate their invasion, in part
because urban squirrels tend to be more social (Tranquillo et
al. 2024), and we found that successful invasive populations
also tend to be more social. We add to research recording
changes in personality distributions following anthropo-
genic disturbances such as urbanization (Miranda et al. 2013;
Dammhahn et al. 2020) and forest management (Brehm et
al. 2019) by documenting the difference in personality after
a human-caused biological invasion. We highlight the need

to consider the consequences of behavioral compositional
changes on ecosystem services to predict invasive species’
impacts. Personality has consequences for individuals’
roles in ecosystem functioning (Hunter et al. 2022; Mortel-
liti 2023), specifically altering gray squirrel’s seed caching
behavior (Merz et al. 2025). Hence, to fully predict inva-
sive alien species’ impacts in introduced regions, we must
integrate the altered personality distribution of invasive
populations with the impact of those personality traits on
individuals’ roles in the ecosystem. Overall, we urge contin-
ued research looking at the mechanisms behind personality
differences between invasive and native populations and the
incorporation of intraspecific behavioral variation in predic-
tions and management of invasive alien species.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s42991-0
25-00555-2.

Acknowledgements Thanks to many field technicians and undergrad-
uate students for help with data collection and video analysis. We also
thank who granted us permission to conduct fieldwork at our field sites
in the USA and Citta Metropolitana di Torino, Regione Lombardia,
Parco Adda Nord, botanic garden of the Department of Life Sciences
and Systems Biology University of Torino, UN campus of Turin, and
to the other owners of private estates for allowing fieldwork on their
properties in Italy.

Author contributions All authors contributed to the study conception,
design, and data collection. Analyses were performed by Margaret R.
Merz. The first draft of the manuscript was written by Margaret R.
Merz and Claudia Tranquillo. All authors contributed critically to the
drafts and gave final approval for publication.

Funding Open access funding provided by Universita degli Studi
dell'lnsubria within the CRUI-CARE Agreement. The USA-based
research for this project was funded by an NSF Career Award
(I0S#1940525), Penobscot Experimental Forest Research Funds, Uni-
versity of Maine RRF Graduate Assistantship and RRF Undergraduate
Assistantships, and was supported by the USDA National Institute of
Food and Agriculture, Mclntire-Stennis Project numbers ME041620
and ME041913 through the Maine Agricultural and Forest Experiment
Station.

Data availability All data and code needed to replicate analyses are
deposited on Figshare: https://figshare.com/s/74ed90647f9dd27e6bd]1.

Declarations

Ethical approval USA-based research was approved by the Univer-
sity of Maine’s Institutional Animal Care and Use Committee (IACUC
numbers A2015_11 02, A2018_11_01 and A2021-12-01). Legal re-
quirements according to the Italian Wildlife Protection and Hunting
Law (L.N. 157 from 1992) and fieldwork was approved by authoriza-
tion decrees n. 294-34626 of 12 September 2014 from the Provincia di
Torino and authorizations n. 62-3025 of 20 March 2017, n. 1015 of 20
March 2020 from Citta Metropolitana di Torino, and by authorization
decrees n. 1938 of 18 February 2020 from Direzione Generale Agri-
coltura, Alimentazione E Sistemi Verdi, Regione Lombardia.

@ Springer


https://doi.org/10.1007/s42991-025-00555-2
https://doi.org/10.1007/s42991-025-00555-2
https://figshare.com/s/74ed90647f9dd27e6bd1

M. R. Merz et al.

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Andronikashvili G, Gurashvili T, Dondoladze K, Nikolaishvili M,
Makashvili M (2024) Neurobiology of supporting syntactic
chains of self-grooming in rodents and its biochecmical charac-
teristics. J Biosci Med 12(4):330-352. https://doi.org/10.4236/jb
m.2024.124025

Barnett RJ (1977) The effect of burial by squirrels on germination and
survival of oak and hickory nuts. Am Midl Nat 98(2):319-330. h
ttps://www.jstor.org/stable/2424983

Bellard C, Cassey P, Blackburn TM (2016) Alien species as a driver of
recent extinctions. Biol Lett 12(2):20150623. https://doi.org/10.1
098/rsb1.2015.0623

Berger-Tal O, Polak T, Oron A, Lubin Y, Kotler BP, Saltz D (2011)
Integrating animal behavior and conservation biology: a concep-
tual framework. Behav Ecol 22:236-239. https://doi.org/10.1093
/beheco/arq224

Bertolino S (2009) Animal trade and non-indigenous species intro-
duction: the world-wide spread of squirrels. Divers Distrib
15(4):701-708. https://doi.org/10.1111/1.1472-4642.2009.00574
X

Blackburn TM, Cassey P, Lockwood JL (2009) The role of species
traits in the establishment success of exotic birds. Glob Chang
Biol 15(12):2852-2860. https://doi.org/10.1111/j.1365-2486.200
8.01841.x

Blight O, Josens R, Bertelsmeier C, Abril S, Boulay R, Cerda X (2017)
Differences in behavioural traits among native and introduced
colonies of an invasive ant. Biol Invasions 19(5):1389—-1398. http
s://doi.org/10.1007/s10530-016-1353-5

Box GEP, Cox DR (1964) An analysis of transformations. J R Stat
26(2):211-243. https://doi.org/10.1111/j.2517-6161.1964.tb005
53x

Brehm AM, Mortelliti A, Maynard GA, Zydlewski J (2019) Land-use
change and the ecological consequences of personality in small
mammals. Ecol Lett 22(9):1387-1395. https://doi.org/10.1111/e
le.13324

Bucklaew A, Dochtermann N (2021) The effects of exposure to preda-
tors on personality and plasticity. Ethology 127:158-165. https://
doi.org/10.1111/eth.13107

Bursten SN, Berridge KC, Owings DH (2000) Do California ground
squirrels (Spermophilus beecheyi) use ritualized syntactic cepha-
locaudal grooming as an antagonistic signal? J Comp Psychol
114(3):281-290. https://doi.org/10.1037/0735-7036.114.3.281

Candler S, Bernal XE (2015) Differences in neophobia between
cane toads from introduced and native populations. Behav Ecol
26(1):97-104. https://doi.org/10.1093/beheco/arul 62

@ Springer

Capelle PM, McCallum ES, Balshine S (2015) Aggression and social-
ity: conflicting or complementary traits of a successful invader?
Behav 152(2):127-146. https://doi-org.wv-o-ursus-proxy02.ursu
s.maine.edu/https://doi.org/10.1163/1568539X-00003235

Capellini I, Baker J, Allen WL, Street SE, Venditti C (2015) The role
of life history traits in mammalian invasion success. Ecol Lett
18:1099-1107. https://doi.org/10.1111/ele.12493

Carere C, Gherardi F (2013) Animal personalities matter for biological
invasions. Trends Ecol Evol 28(1):5-6. https://doi.org/10.1016/j
.tree.2012.10.006

Carter AJ, Feeney WE, Marshall HH, Cowlishaw G, Heinsohn R
(2013) Animal personality: what are behavioural ecologists mea-
suring? Biol Rev 88(2):465-475. https://doi.org/10.1111/brv.120
07

Chapple DG, Simmonds SM, Wong BBM (2011) Know when to
run, know when to hide: can behavioral differences explain the
divergent invasion success of two sympatric lizards? Ecol Evol
1(3):278-289. https://doi.org/10.1002/ece3.22

Chapple DG, Simmonds SM, Wong BBM (2012) Can behavioral and
personality traits influence the success of unintentional species
introductions? Trends Ecol Evol 27(1):57-64. https://doi.org/10
.1016/j.tree.2011.09.010

Chinchio E, Romeo C, Crotta M, Ferrari N (2022) Knowledge gaps
in invasive species infections: alien mammals of European union
concern as a case study. Sci Total Environ 846:157448. https://do
i.org/10.1016/j.scitotenv.2022.157448

Chow PKY, Clayton NS, Steele MA (2021) Cognitive performance
of wild eastern gray squirrels (Sciurus carolinensis) in rural and
urban, native, and non-native environments. Front Ecol Evol
9:615899. https://doi.org/10.3389/fevo.2021.615899

Close B, Banister K, Baumans V, Bernoth EM, Bromage N, Bunyan
J, Erhardt W, Flecknell P, Gregory N, Hackbarth H et al (1996)
Recommendations for euthanasia of experimental animals: part
1. Lab Anim 30(4):293-316. https://doi.org/10.1258/002367796
780739871

Dammhahn M, Mazza V, Schirmer A, Géttsche C, Eccard JA (2020)
Of City and village mice: behavioural adjustments of striped field
mice to urban environments. Sci Rep 10(1):13056. https://doi.org
/10.1038/541598-020-69998-6

Di Febbraro M, Lurz PWW, Genovesi P, Maiorano L, Girargello M,
Bertolino S (2013) The use of Climatic niches in screening pro-
cedures for introduced species to evaluate risk of spread: a case
with the American Eastern grey squirrel. PLoS ONE 8:¢66559. h
ttps://doi.org/10.1371/journal.pone.0066559

Diagne C, Leroy B, Vaissiére A-C, Gozlan RE, Roiz D, Jari¢ I,
Salles J-M, Bradshaw CJA, Courchamp F (2021) High and ris-
ing economic costs of biological invasions worldwide. Nature
592(7855):571-576.  https://doi.org/10.1038/s41586-021-0340
5-6

Dingemanse NJ, Dochtermann NA (2013) Quantifying individual
variation in behaviour: mixed-effect modelling approaches. J
Anim Ecol 82(1):39-54. https://doi.org/10.1111/1365-2656.120
13

Dingemanse NJ, Kazem AJN, Réale D, Wright J (2010) Behavioural
reaction norms: animal personality meets individual plasticity.
Trends Ecol Evol 25(2):81-89. https://doi.org/10.1016/j.tree.20
09.07.013

Dingemanse NJ, Bouwman KM, van de Pol M, van Overveld T, Pat-
rick SC, Matthysen E, Quinn JL (2012) Variation in personality
and behavioural plasticity across four populations of the great tit
Parus major: population variation in personality and behavioural
plasticity. J Anim Ecol 81(1):116-126. https://doi.org/10.1111/j.1
365-2656.2011.01877.x

Dingemanse NJ, Moiron M, Araya-Ajoy YG, Mouchet A, Abbey-Lee
RN (2020) Individual variation in age-dependent reproduction:


https://doi-org.wv-o-ursus-proxy02.ursus.maine.edu/
https://doi-org.wv-o-ursus-proxy02.ursus.maine.edu/
https://doi.org/10.1163/1568539X-00003235
https://doi.org/10.1111/ele.12493
https://doi.org/10.1016/j.tree.2012.10.006
https://doi.org/10.1016/j.tree.2012.10.006
https://doi.org/10.1111/brv.12007
https://doi.org/10.1111/brv.12007
https://doi.org/10.1002/ece3.22
https://doi.org/10.1016/j.tree.2011.09.010
https://doi.org/10.1016/j.tree.2011.09.010
https://doi.org/10.1016/j.scitotenv.2022.157448
https://doi.org/10.1016/j.scitotenv.2022.157448
https://doi.org/10.3389/fevo.2021.615899
https://doi.org/10.1258/002367796780739871
https://doi.org/10.1258/002367796780739871
https://doi.org/10.1038/s41598-020-69998-6
https://doi.org/10.1038/s41598-020-69998-6
https://doi.org/10.1371/journal.pone.0066559
https://doi.org/10.1371/journal.pone.0066559
https://doi.org/10.1038/s41586-021-03405-6
https://doi.org/10.1038/s41586-021-03405-6
https://doi.org/10.1111/1365-2656.12013
https://doi.org/10.1111/1365-2656.12013
https://doi.org/10.1016/j.tree.2009.07.013
https://doi.org/10.1016/j.tree.2009.07.013
https://doi.org/10.1111/j.1365-2656.2011.01877.x
https://doi.org/10.1111/j.1365-2656.2011.01877.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4236/jbm.2024.124025
https://doi.org/10.4236/jbm.2024.124025
https://www.jstor.org/stable/2424983
https://www.jstor.org/stable/2424983
https://doi.org/10.1098/rsbl.2015.0623
https://doi.org/10.1098/rsbl.2015.0623
https://doi.org/10.1093/beheco/arq224
https://doi.org/10.1093/beheco/arq224
https://doi.org/10.1111/j.1472-4642.2009.00574.x
https://doi.org/10.1111/j.1472-4642.2009.00574.x
https://doi.org/10.1111/j.1365-2486.2008.01841.x
https://doi.org/10.1111/j.1365-2486.2008.01841.x
https://doi.org/10.1007/s10530-016-1353-5
https://doi.org/10.1007/s10530-016-1353-5
https://doi.org/10.1111/j.2517-6161.1964.tb00553.x
https://doi.org/10.1111/j.2517-6161.1964.tb00553.x
https://doi.org/10.1111/ele.13324
https://doi.org/10.1111/ele.13324
https://doi.org/10.1111/eth.13107
https://doi.org/10.1111/eth.13107
https://doi.org/10.1037/0735-7036.114.3.281
https://doi.org/10.1093/beheco/aru162

Personality differences between native and invasive populations of the eastern gray squirrel

fast explorers live fast but senesce young? J Anim Ecol 8§9(2):601—
613. https://doi.org/10.1111/1365-2656.13122

Eccard JA, Mazza V, Holland C, Stuart P (2023) The timid invasion:
behavioural adjustments and range expansion in a non-native
rodent. Proc R Soc B 290(2003):20230823. https://doi.org/10.1
098/rspb.2023.0823

Estanislau C, Veloso AWN, Filgueiras GB, Maio TP, Dal-C6l MLC,
Cunha DC, Klein R, Carmona LF, Fernandez-Teruel A (2019) Rat
self-grooming and its relationships with anxiety, dearousal and
perseveration: evidence for a self-grooming trait. Physiol Behav
209:112585. https://doi.org/10.1016/j.physbeh.2019.112585

Fernandez-Teruel A, Estanislau C (2016) Meanings of self-grooming
depend on an inverted U-shaped function with aversiveness. Nat
Rev Neurosci 17:591. https://doi.org/10.1038/nrn.2016.102

Fogarty S, Cote J, Sih A (2011) Social personality polymorphism and
the spread of invasive species: a model. Am Nat 177(3):273-287.
https://doi.org/10.1086/658174

Gelman A, Su Y-S (2018) arm: Data analysis using regression and
multilevel/hierarchical models. R Package version 1.10-1. https
://cran.r-project.org/package=arm

Gharnit E, Bergeron P, Garant D, Reéle D (2020) Exploration profiles
drive activity patterns and temporal niche specialization in a wild
rodent. Behav Ecol 31(3):772-783. https://doi.org/10.1093/behe
co/araa022

Goldstein EA, Butler F, Lawton C (2015) Frontier population dynam-
ics of an invasive squirrel species: do introduced populations
function differently than those in the native range? Biol Invasions
17(4):1181-1197. https://doi.org/10.1007/s10530-014-0787-x

Gurnell J, Wauters LA, Preatoni D, Tosi G (2001) Spacing behaviour,
kinship, and population dynamics of grey squirrels in anewly
colonized broadleaf woodland in Italy. Can J Zool 79:1533-1543

Hadfield JD, Wilson AJ, Garant D, Sheldon BC, Kruuk LEB (2010)
The misuse of BLUP in ecology and evolution. Am Nat
175(1):116-125. https://doi.org/10.1086/648604

Haénninen L, Pastell M (2009) CowLog: open-source software for cod-
ing behaviors from digital video. Behav Res Methods 41(2):472—
476. https://doi.org/10.3758/BRM.41.2.472

Houslay TM, Wilson AJ (2017) Avoiding the misuse of BLUP in
behavioural ecology. Behav Ecol 28(4):948-952. https://doi.org
/10.1093/beheco/arx023

Hufbauer RA, Facon B, Ravigné V, Turgeon J, Foucaud J, Lee CE,
Rey O, Estoup A (2012) Anthropogenically induced adaptation to
invade (AIAI): contemporary adaptation to human-altered habi-
tats within the native range can promote invasions. Evol Appl
5(1):89-101. https://doi.org/10.1111/j.1752-4571.2011.00211.x

Hunter ML, Boone SR, Brehm AM, Mortelliti A (2022) Modulation of
ecosystem services by animal personalities. Front Ecol Environ
20(1):58-63. https://doi.org/10.1002/fee.2418

IUCN (International Union for Conservation of Nature) & Nature-
Serve (2008) Sciurus carolinensis. The IUCN Red List of Threat-
ened Species. Version 2016-2. https:/www.iucnredlist.org.
Downloaded on 20 September 2024

Jeschke JM, Strayer DL (2005) Invasion success of vertebrates in
Europe and North America. PNAS 102(20):7198-7202. https://
pubmed.ncbi.nlm.nih.gov/15849267/

Koprowski JL (1994) Sciurus carolinensis.
480(480):19. https://doi.org/10.2307/3504224

Leary S, Underwood W, Anthony R, Cartner S, Corey D, Grandin
T, Greenacre CB, Gwaltney-Bran S, McCrackin MA, Meyer R,
Miller D, Shearer J, Turner T, Yanong R (2020) AVMA guidelines
for the euthanasia of animals: 2020 edition. American Veterinary
Medical Association, Schaumburg, IL, USA

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of the
world’s worst invasive alien species: a selection from the global
invasive species database. The invasive species specialist group

Mamm Species

(ISSG), a specialist group of the species survival commission
(SSC) of the World Conservation Union (IUCN), New Zealand

Macali A, Ferretti S, Scozzafava S, Gatto E, Carere C (2024) Differ-
ent behavioral profiles between invasive and native nudibranchs:
means for invasion success? Curr Zool 70(3):406—417. https://do
i.org/10.1093/cz/z0ae028

Maranesi M, Bufalari A, Dall’Aglio C, Paoloni D, Moretti G, Crotti S,
Manuali E, Stazi M, Bergamasco F, Cruciani D, Di Meo A, Boiti
C, Zerano M, Mercati F (2020) Reproductive traits of an invasive
alien population of grey squirrel (Sciurus carolinensis) in central
Italy. Animals 10(4):738. https://doi-org.wv-o-ursus-proxy02.urs
us.mainehttps://doi.org/10.3390/ani10040738

Martin JGA, Réale D (2008) Animal temperament and human distur-
bance: Implications for the response of wildlife to tourism. Behav
Process 77(1):66—72. https://doi.org/10.1016/j.beproc.2007.06.0
04

Martin JGA, Nussey DH, Wilson AJ, Réale D (2011) Measuring indi-
vidual differences in reaction norms in field and experimental
studies: a power analysis of random regression models. Methods
Ecol Evol 2(4):362-374. https://doi.org/10.1111/j.2041-210X.20
10.00084.x

Mazzamuto MV, Cremonesi G, Santicchia F, Preatoni D, Martinoli A,
Wauters LA (2019) Rodents in the arena: a critical evaluation of
methods measuring personality traits. Ethol Ecol Evol 31(1):38-
58. https://doi.org/10.1080/03949370.2018.1488768

Mazzamuto MV, Wauters LA, Koprowski JL (2021) Exotic pet trade
as a cause of biological invasions: the case of tree squirrels of the
genus Callosciurus. Biology 10(10):1046. https://doi.org/10.339
0/biology10101046

Merrick MJ, Koprowski JL (2017) Should we consider individual
behavior differences in applied wildlife conservation studies?
Biol Conserv 209:34—44. https://doi.org/10.1016/j.biocon.2017.
01.021

Merz MR, Colombini F, Mortelliti A (2025) Over the limit: conse-
quences of gray squirrel personality on the shifting range limits
of oak and hickory species. Glob Ecol Conserv 59:¢03539. https:
//doi.org/10.1016/j.gecc0.2025.e03539

Miranda AC, Schielzeth H, Sonntag T, Partecke J (2013) Urbanization
and its effects on personality traits: a result of microevolution or
phenotypic plasticity? Glob Chang Biol 19(9):2634-2644. https:/
/doi.org/10.1111/gcb.12258

Mortelliti A (2023) The importance of animal behavior for ecosystem
services. Trends Ecol Evol 38(4):320-323. https://doi.org/10.101
6/j.tree.2022.10.009

Mortelliti A, Brehm AM (2020) Environmental heterogeneity and pop-
ulation density affect the functional diversity of personality traits
in small mammal populations. Proc R Soc B 287:20201713. http
s://doi.org/10.1098/rspb.2020.1713

Nakagawa S, Schielzeth H (2010) Repeatability for Gaussian and
non-Gaussian data: a practical guide for biologists. Biol Rev
85(4):935-956. https://doi.org/10.1111/j.1469-185X.2010.0014
1.x

Nota A, Bertolino S, Tiralongo F, Santovito A (2024) Adaptation to
bioinvasions: when does it occur? Glob Chang Biol 30(6):¢17362.
https://doi.org/10.1111/gcb.17362

Palmer GH, Koprowski J, Pernas T (2007) Tree squirrels as invasive
species: conservation and management implications. In: Witmer
GW, Pitt WC, Fagerstone KA (eds). Managing vertebrate inva-
sive species: proceedings of an international symposium. USDA/
APHIS/WS, National Wildlife Research Center, Fort Collins,
CO, pp 273-282

Parker T, Nilon C (2008) Gray squirrel density, habitat suitability, and
behavior in urban parks. Urban Ecosyst 11(3):243-255. https://d
o0i.org/10.1007/511252-008-0060-0

Peignier M, Araya-Ajoy YG, Ringler M, Ringler E (2023) Personality
traits differentially affect components of reproductive success in a

@ Springer


https://doi.org/10.1093/cz/zoae028
https://doi.org/10.1093/cz/zoae028
https://doi-org.wv-o-ursus-proxy02.ursus.maine
https://doi-org.wv-o-ursus-proxy02.ursus.maine
https://doi.org/10.3390/ani10040738
https://doi.org/10.1016/j.beproc.2007.06.004
https://doi.org/10.1016/j.beproc.2007.06.004
https://doi.org/10.1111/j.2041-210X.2010.00084.x
https://doi.org/10.1111/j.2041-210X.2010.00084.x
https://doi.org/10.1080/03949370.2018.1488768
https://doi.org/10.3390/biology10101046
https://doi.org/10.3390/biology10101046
https://doi.org/10.1016/j.biocon.2017.01.021
https://doi.org/10.1016/j.biocon.2017.01.021
https://doi.org/10.1016/j.gecco.2025.e03539
https://doi.org/10.1016/j.gecco.2025.e03539
https://doi.org/10.1111/gcb.12258
https://doi.org/10.1111/gcb.12258
https://doi.org/10.1016/j.tree.2022.10.009
https://doi.org/10.1016/j.tree.2022.10.009
https://doi.org/10.1098/rspb.2020.1713
https://doi.org/10.1098/rspb.2020.1713
https://doi.org/10.1111/j.1469-185X.2010.00141.x
https://doi.org/10.1111/j.1469-185X.2010.00141.x
https://doi.org/10.1111/gcb.17362
https://doi.org/10.1111/gcb.17362
https://doi.org/10.1007/s11252-008-0060-0
https://doi.org/10.1007/s11252-008-0060-0
https://doi.org/10.1111/1365-2656.13122
https://doi.org/10.1098/rspb.2023.0823
https://doi.org/10.1098/rspb.2023.0823
https://doi.org/10.1016/j.physbeh.2019.112585
https://doi.org/10.1038/nrn.2016.102
https://doi.org/10.1086/658174
https://doi.org/10.1086/658174
https://cran.r-project.org/package=arm
https://cran.r-project.org/package=arm
https://doi.org/10.1093/beheco/araa022
https://doi.org/10.1093/beheco/araa022
https://doi.org/10.1007/s10530-014-0787-x
https://doi.org/10.1086/648604
https://doi.org/10.3758/BRM.41.2.472
https://doi.org/10.1093/beheco/arx023
https://doi.org/10.1093/beheco/arx023
https://doi.org/10.1111/j.1752-4571.2011.00211.x
https://doi.org/10.1002/fee.2418
https://www.iucnredlist.org
https://pubmed.ncbi.nlm.nih.gov/15849267/
https://pubmed.ncbi.nlm.nih.gov/15849267/
https://doi.org/10.2307/3504224

M. R. Merz et al.

Neotropical poison frog. Proc R Soc B 290:20231551. https://doi
.org/10.1098/rspb.2023.1551

Pili AN, Leroy B, Measey JG, Farquhar JE, Toomes A, Cassey P,
Chekunov S, Greni¢ M, van Winkel D, Maria L, Diesmos MLL,
Diesmos AC, Zurell D, Courchamp F, Chapple DG (2024) Fore-
casting potential invaders to prevent future biological invasions
worldwide. Glob Chang Biol 30:¢17399. https://doi.org/10.1111
/geb.17399

Pintor LM, Sih A (2009) Differences in growth and foraging behavior
of native and introduced populations of an invasive crayfish. Biol
Invasions 11:1895-1902. https://doi.org/10.1007/s10530-008-93
67-2

Pysek P, Hulme PE, Simberloff D, Bacher S, Blackburn TM, Carl-
ton JT, Dawson W, Essl F, Foxcroft LC, Genovesi P, Jeschke JM,
Kiihn I, Liebhold AM, Mandrak NE, Meyerson LA, Pauchard A,
Pergl J, Roy HE, Seebens H, van Kleunen M, Vila M, Wingfield
MJ, Richardson DM (2020) Scientists’ warning on invasive alien
species. Biol Rev 95(6):1511-1534. https://doi.org/10.1111/brv.
12627

R Core Team (2024) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. https://www.R-project.org/

Réale D, Reader SM, Sol D, McDougall PT, Dingemanse NJ (2007)
Integrating animal temperament within ecology and evolution.
Biol Rev 82:291-318. https://doi.org/10.1111/j.1469-185X.2007
.00010.x

Romeo C, Wauters LA, Cauchie S, Martinoli A, Matthysen E, Saino N,
Ferrari N (2014) Faecal egg counts from field experiment reveal
density dependence in helminth fecundity: Strongyloides robus-
tus infecting grey squirrels (Sciurus carolinensis). Parasitol Res
113(9):3403-3408. https://doi.org/10.1007/s00436-014-4005-7

Safran R, Flaxman S, Kopp M, Irwin DE, Briggs D, Evans MR, Funk
WC, Gray DA, Hebets EA, Seddon N, Scordato E (2012) A
robust new metric of phenotypic distance to estimate and com-
pare multiple trait differences among populations. Curr Zool
58(3):426—439. https://doi.org/10.1093/czoolo/58.3.426

Santicchia F, Romeo C, Grilli G, Vezzoso S, Wauters LA, Mazzamuto
MYV, Martinoli A, Ferrari N (2015) The use of uterine scars to
explore fecundity levels in invasive alien tree squirrels. Hystrix
26(2):95-101. https://doi.org/10.4404/hystrix-26.2-11428

Santicchia F, Gagnaison C, Bisi F, Martinoli A, Matthysen E, Bertolino
S, Wauters LA (2018) Habitat-dependent effects of personality on
survival and reproduction in red squirrels. Behav Ecol Sociobiol
72:134. https://doi.org/10.1007/s00265-018-2546-y

Santicchia F, Tranquillo C, Wauters LA, Palme R, Panzeri M, Prea-
toni D, Bisi F, Martinoli A (2024) Physiological stress response to
urbanisation differs between native and invasive squirrel species.
Sci Total Environ 922:171336. https://doi.org/10.1016/j.scitoten
v.2024.171336

Savazza S, Merz MR, Mortelliti A (2025) Measuring personality in
wild small mammals: a review of methods and proposal for a
standardised approach. Mammal Rev €70010. https://doi.org/10
.1111/mam.70010

Seebens H, Bacher S, Blackburn TM, Capinha C, Dawson W, Dull-
inger S, Genovesi P, Hulme PE, van Kleunen M, Kiihn I, Jeschke
JM, Lenzner B, Liebhold AM, Pattison Z, Pergl J, PySek P, Winter
M, Essl F (2020) Projecting the continental accumulation of alien
species through to 2050. Glob Chang Biol 27(5):970-982. https:/
/doi.org/10.1111/gcb.15333

Sih A, Bell A, Johnson JC (2004) Behavioral syndromes: an ecological
and evolutionary overview. Trends Ecol Evol 19(7):372-378. http
s://doi.org/10.1016/j.tree.2004.04.009

@ Springer

Sikes RS, The Animal Care and Use Committee of the American Soci-
ety of Mammalogists (2016) Guidelines of the American society
of mammalogists for the use of wild mammals in research and
education. ] Mammal 97(3):663—688. https://doi.org/10.1093/jm
ammal/gyw078

Sol D, Timmermans S, Lefebvre L (2002) Behavioral flexibility and
invasion success in birds. Anim Behav 63(3):495-502. https://do
i.org/10.1006/anbe.2001.1953

Steele MA (2021) Oak seed dispersal: A study in plant-animal interac-
tions. Johns Hopkins University, Baltimore, Maryland, USA

Stoffel MA, Nakagawa S, Schielzeth H (2017) RptR: repeatability
Estimation and variance decomposition by generalized linear
mixed-effects models. Methods Ecol Evol 8(11):1639-1644. htt
ps://doi.org/10.1111/2041-210X.12797

Svendsen GE, Armitage KB (1973) Mirror-image stimulation applied
to field behavioral studies. Ecology 54(3):623—627. https://doi.o
1rg/10.2307/1935349

The MathWorks Inc (2022) MATLAB version: 9.13.0 (R2022b). The
MathWorks Inc., Natick, Massachusetts. https://www.mathwork
s.com

Tranquillo C, Wauters LA, Santicchia F, Preatoni D, Martinoli A (2023)
Living on the edge: morphological and behavioral adaptations to
a marginal high-elevation habitat in an arboreal mammal. Integr
Zool 18:746-761. https://doi.org/10.1111/1749-4877.12679

Tranquillo C, Santicchia F, Romeo C, Bisi F, Panzeri M, Preatoni D,
Martinoli A, Alberdi A, Wauters LA (2024) Going urban: varia-
tion in personality traits of an invasive species along an urbaniza-
tion gradient. ] Mammal 105(6):1300-1308. https://doi.org/10.1
093/jmammal/gyae077

United Nations Human Settlements Programme (2022) World cit-
ies report 2022: envisaging the future of cities. United Nations
Human Settlements Programme, Nairobi

Vandal K, Garant D, Bergeron P, Réale D (2024) Exploration and
social environment affect inbreeding avoidance in a small mam-
mal. Behav Ecol 35(1):arad107. https://doi.org/10.1093/beheco/
arad107

Wauters LA, Mazzamuto MV, Santicchia F, Van Dongen S, Preatoni
DG, Martinoli A (2019) Interspecific competition affects the
expression of personality-traits in natural populations. Sci Rep
9(1):11189. https://doi.org/10.1038/s41598-019-47694-4

Wauters LA, Lurz PWW, Santicchia F, Romeo C, Ferrari N, Martinoli
A, Gurnell J (2023) Interactions between native and invasive spe-
cies: a systematic review of the red squirrel-gray squirrel para-
digm. Front Ecol Evol 11:1083008. https://doi.org/10.3389/fevo
.2023.1083008

Weis JS (2010) The role of behavior in the success of invasive crusta-
ceans. Mar Freshw Behav Physiol 43(2):83e98. https://doi.org/10
.1080/10236244.2010.480838

Wolf M, Weissing FJ (2012) Animal personalities: consequences for
ecology and evolution. Trends Ecol Evol 27(8):452-461. https://
doi.org/10.1016/j.tree.2012.05.001

Wood DJA, Koprowski JL, Lurz PWW (2007) Tree squirrel introduc-
tion: a theoretical approach with population viability analysis. J
Mammal 88(5):1271-1279. https://doi.org/10.1644/06-MAMM
-A-303.1

Wright TF, Eberhard JR, Hobson EA, Avery ML, Russello MA (2010)
Behavioral flexibility and species invasions: the adaptive flexibil-
ity hypothesis. Ethol Ecol Evol 22(4):393—404. https://doi.org/10
.1080/03949370.2010.505580

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1093/jmammal/gyw078
https://doi.org/10.1093/jmammal/gyw078
https://doi.org/10.1006/anbe.2001.1953
https://doi.org/10.1006/anbe.2001.1953
https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.2307/1935349
https://doi.org/10.2307/1935349
https://www.mathworks.com
https://www.mathworks.com
https://doi.org/10.1111/1749-4877.12679
https://doi.org/10.1093/jmammal/gyae077
https://doi.org/10.1093/jmammal/gyae077
https://doi.org/10.1093/beheco/arad107
https://doi.org/10.1093/beheco/arad107
https://doi.org/10.1038/s41598-019-47694-4
https://doi.org/10.3389/fevo.2023.1083008
https://doi.org/10.3389/fevo.2023.1083008
https://doi.org/10.1080/10236244.2010.480838
https://doi.org/10.1080/10236244.2010.480838
https://doi.org/10.1016/j.tree.2012.05.001
https://doi.org/10.1016/j.tree.2012.05.001
https://doi.org/10.1644/06-MAMM-A-303.1
https://doi.org/10.1644/06-MAMM-A-303.1
https://doi.org/10.1080/03949370.2010.505580
https://doi.org/10.1080/03949370.2010.505580
https://doi.org/10.1098/rspb.2023.1551
https://doi.org/10.1098/rspb.2023.1551
https://doi.org/10.1111/gcb.17399
https://doi.org/10.1111/gcb.17399
https://doi.org/10.1007/s10530-008-9367-2
https://doi.org/10.1007/s10530-008-9367-2
https://doi.org/10.1111/brv.12627
https://doi.org/10.1111/brv.12627
https://www.R-project.org/
https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.1007/s00436-014-4005-7
https://doi.org/10.1093/czoolo/58.3.426
https://doi.org/10.4404/hystrix-26.2-11428
https://doi.org/10.1007/s00265-018-2546-y
https://doi.org/10.1016/j.scitotenv.2024.171336
https://doi.org/10.1016/j.scitotenv.2024.171336
https://doi.org/10.1111/mam.70010
https://doi.org/10.1111/mam.70010
https://doi.org/10.1111/gcb.15333
https://doi.org/10.1111/gcb.15333
https://doi.org/10.1016/j.tree.2004.04.009
https://doi.org/10.1016/j.tree.2004.04.009

	﻿Personality differences between native and invasive populations of the eastern gray squirrel
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study areas
	﻿Squirrel trapping and behavioral testing
	﻿Behavioral and statistical analysis

	﻿Results
	﻿Behavioral analysis
	﻿Personality distributions

	﻿Discussion
	﻿Differences in sociality between native and invasive populations
	﻿Consistency in stress-coping ability across populations
	﻿Mechanisms of personality variation among populations
	﻿Limitations
	﻿Implications and conclusions

	﻿References


