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ABSTRACT

Free-living animals cope with environmental stressors through physiological and behavioural responses. Ac-
cording to the unidimensional model, these responses are integrated within a coping style: proactive individuals
(bold, active-explorative and social) have a lower hypothalamic-pituitary-adrenal (HPA) axis reactivity than
reactive ones (shy, less active-explorative, less social). These associations may change when individuals are
exposed to human-induced rapid environmental change (HIREC), such as the introduction of invasive alien
species (IAS). Here, we studied Eurasian red squirrels to investigate the relationship between personality traits
and one integrated measure of HPA axis activity, both in areas uncolonized (natural populations) and colonized
by an IAS, the Eastern grey squirrel (invaded populations). We expected an association between physiological
and behavioural responses, and that activity, exploration and social tendency would covary, forming a behav-
ioural syndrome in natural populations, while competition with the IAS was predicted to disrupt these associ-
ations. We used faecal glucocorticoid metabolites (FGMs) as an integrated measure of adrenocortical activity,
and measured the levels of four personality traits (exploration, activity, activity-exploration and social tendency)
with an open field test and a mirror image stimulation test. We found no correlation between FGMs and per-
sonality traits, neither in natural nor invaded populations. However, we found correlations among personality
traits in areas without interspecific competition, indicating a behavioural syndrome, which was disrupted in
invaded populations. This is one of the few studies showing that an IAS, acting as an environmental stressor,
alters a native species’ behavioural syndrome, but does not influence its coping style.

1. Introduction

et al.,, 2013). An animal’s personality is described by various behav-
ioural (or personality) traits, such as boldness (defined as an individual’s

Vertebrates react to environmental stressors, defined by Boonstra
(2013) as unpredictable and/or noxious environmental stimuli which
threaten (or are perceived to threaten) survival and/or homeostasis,
using a suite of behavioural and physiological responses, which allow
them to maintain, or return to homeostasis and reduce fitness loss
(Koolhaas et al., 1999, 2010; Romero, 2004; Clary et al., 2014).
Different individuals within a population often show consistent differ-
ences in these behavioural responses across a range of contexts and
situations, which defines their personality (Réale et al., 2007; Carter
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propensity for risk-taking), activity, exploration (tendency to explore a
new environment or object), aggressiveness, or sociability (towards
conspecifics) (e.g. Réale et al., 2007). When some of these different
personality traits are closely associated, they are considered to form a
behavioural syndrome (Réale et al., 2007; Sih et al., 2004, 2012).
Similarly, individuals also vary in their physiological reactions to
stressors and it has been postulated that behavioural and physiological
responses are integrated within a so-called coping style (unidimensional
model, Koolhaas et al., 1999).
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Coping styles have been described to vary along a proactive-reactive
continuum. Proactive animals actively deal with environmental
stressors, usually have low hypothalamic—pituitary—adrenal (HPA) axis
activity and present bold, active-explorative and more aggressive per-
sonalities (Koolhaas et al., 2010; Lendvai et al., 2011; Boulton et al.,
2015; Santicchia et al., 2020a). In contrast, reactive individuals tend to
be more shy, less active and less aggressive and usually have elevated
HPA axis reactivity (Carere et al., 2010; Koolhaas et al., 1999, 2010;
Costantini et al., 2012). The downstream products of the HPA axis are
glucocorticoids (GCs: cortisol and/or corticosterone) released by the
adrenal cortex and most studies assessing covariation between behav-
iour and HPA axis reactivity quantify GCs (e.g. van Kesteren et al., 2019;
Westrick et al., 2021), although we emphasize that they are only one
component of a complex process and quantify a limited part of physio-
logical response to stressors (Breuner et al., 2013; Romero et al., 2015;
MacDougall-Shackleton et al., 2019). According to the above unidi-
mensional model, behavioural and physiological responses should
change in an integrated matter with reactive individuals exhibiting
increased GC concentrations compared to proactive ones. In other
words, there should be strong among-individual covariation between
personality types and the physiological stress response (potentially re-
flected in measures of GCs) and the latter should also be repeatable at
the individual’s level (Koolhaas et al., 1999; Carere et al., 2010; Boulton
et al., 2015; Westrick et al., 2019).

The existence of personality traits and their association in a behav-
ioural syndrome assumes that these traits have limited within-individual
plasticity, which might preclude rapid adaptation when environmental
changes favour only one of the traits but not the others (Sih et al., 2004;
but see Trnka et al., 2018). This can become problematic, and, ulti-
mately, might reduce the fitness of individuals, when new and rapid
changes in the environment occur [e.g. Human-Induced Rapid Envi-
ronmental Change, HIREC (Sih et al., 2012, Sih, 2013)]. For example,
when a population of a native species becomes exposed to a novel
environmental stressor, such as a competing invasive alien species (IAS),
the average expression of certain personality traits might change and
their within-species variation can be reduced (Sih, 2013; Wong and
Candolin, 2015; Ruland and Jeschke, 2020). Consequently, behavioural
syndromes that occurred in populations of the native species might be
disrupted after colonization by the IAS. Moreover, recent exposure to an
IAS can also alter the physiological stress response, resulting in higher
GC concentrations (Narayan et al., 2015; Santicchia et al., 2018), which
could influence the association between personality traits and the
physiological stress response. A typical example of HIREC affecting
native Eurasian red squirrels (Sciurus vulgaris) is the introduction and
subsequent spread of the Eastern grey squirrel (Sciurus carolinensis). The
latter is an IAS in Italy and the British Isles, and naturally occurs in North
America (Gurnell et al., 2004; Bertolino et al., 2014; Shuttleworth et al.,
2016; McInnes et al., 2020).

Here, we studied six populations of Eurasian red squirrels in N. Italy,
three living in areas without the invasive species (red-only sites) and
three in areas colonized by grey squirrels, the invasive congener (red-
grey sites) to investigate four hypotheses. (1) Under natural conditions
(red-only sites), different personality traits, activity, exploration and
social tendency (as an indicator of intraspecific interactions) strongly
covary forming a behavioural syndrome. (2) in red-only populations, the
proactive individuals (high levels of activity, exploration and social
tendency) have reduced HPA axis activity resulting in lower production
of GCs (unidimensional model, Koolhaas et al., 1999). In contrast, (3)
when confronted with grey squirrels, that intensively compete for food
resources (Wauters et al., 2002a, 2002b; Gurnell et al., 2004) and thus
represent a strong environmental stressor (Dochtermann et al., 2012),
all red squirrels, independent of their coping style, will show elevated
GC concentrations (Santicchia et al., 2018), that will cause a disruption
of the link between physiological and behavioural responses. Finally, (4)
since native species may change their behaviour to minimize the impacts
from invasive species (Ruland and Jeschke, 2020), we expect a
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disruption of the behavioural syndrome in sites colonized by grey
squirrels.

We used faecal glucocorticoid metabolite (FGM) concentrations as a
non-invasive, integrated measure of both baseline and stress-induced GC
levels, which has been used as a proxy of an animal’s HPA axis activity
over a specific period of time (Dantzer et al., 2016; Palme, 2019; Romeo
et al., 2020; Santicchia et al., 2018, 2020a and references therein). FGM
concentrations are of course only one measure in response to environ-
mental changes, but they have proven to be a reliable biomarker of the
physiological stress response of an individual that corresponds to their
circulating GCs over a specific period of time (Sheriff et al., 2011; Palme,
2019). For example, compared to one-off measures of plasma GCs or
even GCs in response to exposure to an acute stressor, FGM concentra-
tions are a more repeatable measure of HPA axis activity (Taff et al.,
2018). However, they reflect the situation a species-specific time before
the sample is collected (Palme, 2019). Estimates of gut passage time
from a closely related species (North American red squirrel) where FGMs
increased 8-12 h after pharmaceutical stimulation (Dantzer et al., 2010)
leads us to believe that our measures of FGM concentrations in this
species reflect circulating GCs about 8-12 h before. We then estimated
two Bayesian MCMCglmm models, one for each population type (red-
only and red-grey), to obtain the population-type specific estimates of
the correlations among the behavioural variables and FGMs, necessary
to test our hypotheses. In natural (red-only) populations we expect
positive correlations among the personality traits activity, exploration,
and social tendency, and with FGMs. In invaded (red-grey) populations,
we predict a lack of significant correlations among the personality traits
and, based on our previous studies (Santicchia et al., 2018), higher
FGMs with no association between individual variation in FGMs and the
expression of the personality traits.

2. Materials and methods
2.1. Study sites, trapping and handling squirrels

We trapped Eurasian red squirrels in six study sites distributed in
Lombardy and Piedmont (Northern Italy) between May 2016 and
October 2019. Three of them (Bormio, Cancano and Valfurva) are red-
only sites, uncolonized by the Eastern grey squirrel, while the other
three (Castelbarco, Vanzago and Passatempo) are red-grey sites, where
the native species co-occurs with the introduced species. Details on
study sites habitat are reported in Appendix A2 and Table A.1. Capture-
mark-recapture (CMR) sessions were carried out one to three times per
year, each session lasted from 3 to 5 days and capture sessions were
deliberately spaced out to include spring- summer (April-August),
autumn (September-November) and winter (December-March). Each
CMR session involved the use of 20 to 40 single capture live traps (model
202, Tomahawk Live Trap Co., Hazelhurst, WI, USA), with a fine mesh
added underneath to prevent contamination between urine and faeces,
placed on the ground or at breast height against tree trunks. Distance
among traps arranged in each study site varied between 50 and 150 m.
We pre-baited traps with hazelnuts three to four times over a 30 day
period, then baited and set for capture session. Traps were activated and
checked three times per day to reduce time squirrels were confined in a
trap and to minimize time since defecation (max 3 h). The first check
was done in late morning, to give the squirrels time to visit the traps, and
the last check shortly before sunset to make sure that no animal
remained in a trap overnight. Before handling, we completely covered
the trap with a cloth to reduce the behavioural response to capture (the
animal becomes quiet and stops moving around). After species identi-
fication, each captured red squirrel was driven into a cotton handling
bag (zipper-tube; Wauters and Dhondt, 1989) to reduce direct contact
with the operator and at first capture squirrels were marked using a
numbered metal ear-tag (Monel 1005-1L1 ear-tag size 2.3-10 mm, 0.2 g
or less than 0.1% of squirrel’s body mass; National Band & Tag Co.
Newport, KY, USA) putting the tag near the base of the ear to reduce risk
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of injury. To reduce stress, only trained researchers handled the squir-
rels, and handling time was kept as short as possible (< 5 min). Body
mass (g) was taken weighing each squirrel to nearest 5 g with a Pesola
spring balance (Pesola AG, Baar, Switzerland), and the right hind foot
length was measured to the nearest 0.5 mm with a thin ruler. Hind foot
length is, a reliable proxy for a squirrel body size (Wauters et al., 2007).
Sex and age class were determined from external genitalia and body
mass, juvenile red squirrels weighing less than 250 g (Wauters and
Dhondt, 1989) were excluded from our dataset. We checked also
reproductive condition for each captured squirrel. We defined a female
as nonbreeding (anestrous, vulva small, no longitudinal opening, not
lactating), post-oestrous and pregnant (vulva partly or strongly swollen
with longitudinal opening, enlarged abdomen during late pregnancy), or
lactating (nipples large, milk excretion can be stimulated). Male’s
reproductive condition can be determined observing testes size and
position; we classified males as nonbreeding (testes abdominal or sem-
iscrotal with scrotum small) or breeding (testes scrotal and scrotum
large) (Dantzer et al., 2016; Santicchia et al., 2018, 2020b). After each
capture, the trap, mesh and the ground under the trap were cleaned to
remove possible remains of faecal material.

2.2. Arena test personality measures

After checking a red squirrel’s identity, we released it inside a
portable arena by opening a sliding door and allowing the animal to
move from the handling bag into the arena (Mazzamuto et al., 2019;
Santicchia et al., 2021). We performed an open field test (OFT; 4 min)
which serves to estimate activity, exploration and immobility in a novel
environment followed by a mirror image stimulation test (MIS; 3 min)
which allowed to determine an animal’s degree of sociability or avoid-
ance, aggressiveness, and being alert towards a conspecific, as well as its
tendency for expressing behaviours that define a combined activity-
exploration trait (Mazzamuto et al., 2019; Wauters et al., 2019; San-
ticchia et al., 2020b, 2021; details in Appendix, A3). At the end of the
experiment, the squirrel was released by opening the sliding door and
the arena was cleaned with 90% ethylic alcohol to eliminate possible
urine or faeces and to avoid that the scent of the previous squirrel affects
the behaviour of the next animal. For each experiment we calculated the
time that individuals spent in each behavioural state (behaviours
defined in Table A.3) using the CowLog 3.0.2 software (Hanninen and
Pastell, 2009). To reduce the number of behaviours observed into few
personality-linked variables we used the expert-based method (EB;
Mazzamuto et al., 2019), which consists in a classification of behaviours
into groups, summing the values of the single behaviours to obtain
scores for few personality-linked variables, based on researchers’ pre-
vious knowledge. This method was validated in previous studies on red
squirrels (Mazzamuto et al., 2019; Santicchia et al., 2021). To check the
assumptions of repeatability of the traits, squirrels were tested multiple
times to have repeated measures (individuals tested multiple times: n =
61, mean + SE = 2.44 + 0.10, range = 2-5). Nevertheless, to increase
the power of the test, also squirrels with only one estimate were included
in the adjusted repeatability estimates (Martin et al., 2011; Santicchia
et al., 2021).

2.3. Ethical note

Trapping, marking and handling of red squirrels and arena test ex-
periments were carried out in accordance with the Guidelines for the
treatment of animals in behavioural research and teaching (Anonymous,
2020, 159, I-XI; https://doi.org/10.1016/j.anbehav.2019.11.002).
Approval and legal requirements according to the Italian Wildlife Pro-
tection and Hunting Law L.N. 157 from 1992 and authorizations N.
294-34,626 of 12/09/2014 (2014-2016) from the Provincia di Torino
and N. 62-3025 (2017-2019) from the Citta Metropolitana di Torino,
and Decreto N. 11,190 (29/11/2013) and decrees N. 9523 of 15/10/
2014 and N. 198 (13/01/2017) from Direzione Generale Agricoltura,
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Regione Lombardia; and the permission Protocol N. 414 of 28/02/2014
of the Stelvio National Park.

2.4. Extraction and quantification of FGMs

FGM concentrations reflect the integrated average circulating GCs
within an individual animal over some species-specific time period
(Sheriff et al., 2011). Although GC are much more than only a stress
hormone and FGMs are only one measure of HPA axis activity (Mac-
Dougall-Shackleton et al., 2019), they have proven to be a reliable
biomarker of exposure of an animal to internal or external stressors. For
example, in our study species, trapping and captivity (environmental
stressor) causes a significant elevation in FGM concentrations (Dantzer
et al., 2016), while another study on grey squirrels (Sciurus carolinensis)
showed that animals with higher FGMs were responsible for the greatest
endoparasite (Strongyloides robustus) egg shedding (Romeo et al., 2020).
Like most species, the exact window of time that FGM concentrations
reflect circulating GCs is not known with great certainty, but based upon
our previous study (Dantzer et al., 2016) and a study in a similar species
(North American red squirrels: Dantzer et al., 2010), it is likely that FGM
concentrations reflect circulating GCs over several hours.

In this study, fresh faecal samples (<3 h) of trapped squirrels that
had not previously been trapped or handled within 72 h prior to capture
(see below), were collected from underneath the traps, stored dry at
—20 °C and classified as being taken in the morning (10.00-13.00 h) or
in the afternoon (15.00-18.00 h) to account for potential variation in
FGMs over the 24-h cycle (Palme, 2019; Romeo et al., 2020; Santicchia
et al., 2020a). We used a 5a-pregnane-3p, 118, 21-triol-20-one enzyme
immunoassay (EIA) to measure FGM concentrations (ng/g dry faeces;
Touma et al., 2003). This EIA detects GC metabolites with a 5a-3f, 11-
diol structure (for cross-reactivity see Touma et al., 2003). Assay vali-
dation in this species showed that faecal samples collected from traps
represent an integrated measure of glucocorticoids, with peak concen-
trations occurring 24 to 36 h after initial captivity (Dantzer et al., 2016).
Hence, we sampled only squirrels that had not been trapped or handled
within 72 h prior to capture to exclude effects of capture stress on FGM
concentrations. Details of the EIA procedure and its validation for
Eurasian red squirrels can be found elsewhere (Dantzer et al., 2016;
Santicchia et al., 2018). We analyzed samples in duplicate. Intra-assay
CVs were 8.4% + 7.0% (mean + SD). Pools of red squirrel faeces ex-
tracts were used as intra-assay controls at dilutions of 1:200 (~30%
binding) and 1:1600 (~60% binding). Average inter-assay coefficients
of variation (CVs) were 14.6% and 14.9%, respectively, for pools diluted
1:200 and 1:1600.

2.5. Repeatability of personality traits and FGM concentrations

We estimated the repeatability of square-root-transformed values of
activity, exploration and immobility from OFT and sociability, avoid-
ance, alert and activity-exploration from MIS (Table 1). Moreover, we
also estimated the repeatability of social tendency, a new variable that
combined avoidance and sociability scores (Pearson correlation coeffi-
cient sociability-avoidance: r = —0.85) which measures the tendency to
react more or less social or amenable to the mirror image (Santicchia
et al., 2020b). We calculated social tendency with the formula:

Social tendency = log [(sociability score + (1 — avoidance score) )/2 |

Adjusted repeatability (R) was estimated using Bayesian generalized
linear mixed effects models based on a Markov Chain Monte Carlo al-
gorithm with the R package MCMCglmm version 2.29 (Hadfield, 2010),
calculated as the between-individual variation divided by the sum of the
between-individual and residual variation. For each model we used one
expert-based personality trait as dependent variable and squirrel iden-
tity (ID) as random effect. We included site type (red only or red-grey),
sex, year, arena test order (categorical factor: first [coded as 1] vs.
subsequent ones [all coded as 0], based on results from earlier studies
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Table 1
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Square-root-transformed values of the proportions of time spent (mean and SD) in behaviours related to each of the traits from OFT and MIS. Mean and SD of estimated
social tendency (see ‘Repeatability of personality traits and FGM concentrations’) and mean and SD of faecal glucocorticoid metabolites concentrations (FGM; ng/g dry
faeces). Data are presented for each site-type (red-only or red-grey). Adjusted repeatability (R) and its 95% Credibility Interval based on all data (site-types combined).

Entire dataset (n = 257) Red-only Red-grey Repeatability
(n =164, ID = 107) (n=93,1ID = 62)
Test Variable Mean SD Mean SD R 95% CI
Immobility 0.73 0.18 0.66 0.28 0.26 0.02 to 0.46
OFT Exploration 0.21 0.10 0.21 0.13 0.12 0.03 to 0.31
Activity 0.57 0.17 0.60 0.21 0.34 0.12 to 0.54
Sociability 0.19 0.28 0.38 0.37 0.01 0.002 to 0.17
Avoidance 0.68 0.31 0.52 0.38 0.01 0.001 to 0.09
MIS Activity-exploration 0.37 0.20 0.41 0.21 0.40 0.15 to 0.60
Alert 0.32 0.20 0.24 0.15 0.04 0.007 to 0.24
Social tendency -1.98 1.15 —1.44 1.33 0.001 0.0001 to 0.21
FGMs 19,414 18,395 19,122 18,395 0.00 0.00 to 0.17
which showed that scores of arena test personality traits differed be- Table 2
able

tween the first arena and all the subsequent ones; Santicchia et al.,
2020b, 2021) and number of days since the previous arena test as fixed
effects. Arena test order and number of days from the previous test were
included to account for habituation and temporal proximity between
two tests (number of days since the previous arena test: mean + SE =
132 + 11, median = 54, range = 3-966).

We also estimated the adjusted repeatability of FGM concentrations
included as a dependent variable in MCMCglmm model with ID as
random effect. Site type, sex, squirrel density (calculated on a seasonal
basis as minimum number alive, MNA/site size; details in Table A.1),
season (Winter [December to March], Spring-Summer [April to August]
or Autumn [September to November]) and daytime (faeces collected
during the morning or afternoon) were added as fixed effects. Different
fixed effects were used in this model compared to the models on per-
sonality traits because a different set of environmental factors is known
to affect FGM values than those potentially affecting variation in per-
sonality traits.

For each model, posterior distributions were based on 1,050,000
iterations with a burn-in of 50,000 iterations and thinning of 40, such
that 25,000 iterations were used to obtain point estimates and 95%
credibility intervals (CIs). For the random effects and residual variation,
an inverse-gamma prior uninformative for the model was used (Wilson
et al., 2010). Also squirrels that had only one estimate for the arena test
personality traits or FGM concentrations were included in the adjusted
repeatability estimates (n = 169, F = 63, M = 106; Martin et al., 2011;
Santicchia et al., 2021). Details about repeatability estimates on the
restricted dataset (only individuals tested multiple times) are reported in
Appendix, Table A.8. We applied the Gelman-Rubin statistic (Gelman
and Rubin, 1992) and Geweke diagnostic (Geweke, 1992) which
confirmed model consistency and convergence. Full model outputs are
provided in Appendix, Tables A.4, A.5, A.6 and A.7.

2.6. Relationship between personality traits and FGM concentrations

Since we expected different relationships between personality and
FGMs in relation to the presence/absence of the invasive species, we
performed two models, one for each site type (red-only or red-grey),
using Bayesian generalized linear mixed effects models based on a
Markov Chain Monte Carlo algorithm (Hadfield, 2010). Data used in the
models were related to observations with both arena test and FGM
concentration measures (sample sizes in Table A.2). We then tested
explicitly for any differences in the various correlations between per-
sonality traits (activity, exploration, activity-exploration), social ten-
dency and FGM concentrations between the site types (red-only and red-
grey) by comparing the slopes of the posterior distributions from the two
separate models (Table 2).

Square root transformed values of activity, exploration, activity-
exploration personality traits social tendency and FGM concentrations

Differences between posterior slopes of the correlation estimates (see Fig. 2)
based on the two MCMCglmm models (Differences = red-only — red-grey: mean
+ SD and 95% CI). Differences are based on the correlations between the pairs of
dependent variables in the first and second column.

Dependent variables Difference

Exploration 0.69 + 0.57 (—0.37 to 1.70)
Activity Activity-exploration 0.16 £ 0.39 (—0.40 to 1.26)
Social tendency 0.76 £+ 0.56 (—0.17 to 1.78)
FGMs —0.25 £+ 0.69 (—1.50 to 1.14)
Activity-exploration 0.73 £+ 0.60 (—0.46 to 1.75)
Exploration Social tendency 0.67 + 0.60 (—0.46 to 1.75)
FGMs —0.47 £ 0.66 (—1.63 to 0.92)
Activity-exploration Social tendency 0.66 + 0.54 (—0.12 to 1.76)
FGMs —0.17 £+ 0.68 (—1.46 to 1.23)

Social tendency FGMs 0.02 £+ 0.69 (—1.34 to 1.41)

were treated as dependent variables after centering and scaling [(x; —
mean x)/SD x] with a Gaussian residual error distribution. Even if not
repeatable (see Table 1), social tendency was included in the models to
have a measure of how social squirrels behaved during MIS test. As
repeated observations were present, and to estimate both among-
individual and within-individual variation of the dependent variables,
individual (ID) was added as random effect. Sex, body mass (centered
and scaled), squirrel density (centered and scaled; details in Table A.1),
year, season (as defined above for the FGM repeatability model), day-
time, female and male reproductive condition (as detailed above in
“Study sites, trapping and handling squirrels”) were included as fixed ef-
fects. Details on seasonal densities are reported in Table A.1. In all
models, the effect of arena test order was only estimated for activity,
exploration, activity-exploration and social tendency, while the effect of
daytime, female and male reproductive condition were estimated only
for FGM concentrations. For both the residual and between-individual
variation, an unstructured variance-covariance matrix was modelled,
allowing the estimation of correlations among the dependent variables
(covariance divided by the square root of the product of the variances).
Posterior distributions were based on 2,100,000 iterations with a burn-
in of 100,000 iterations and thinning of 300, with an effective sample of
6667 iterations. We used non-informative inverse Wishart prior
(Tables A.9 e A.10; Houslay and Wilson, 2017). We applied the Gelman-
Rubin statistic (Gelman and Rubin, 1992) and Geweke diagnostic
(Geweke, 1992) which confirmed model consistency and convergence.
Full model outputs are provided in Appendix, Tables A.9 and A.10. All
the statistical analyses were carried out using the software R (R Core
Team, 2021).

3. Results

We analyzed 164 faecal samples of 107 different squirrels (F = 37, M
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= 70) present in red-only sites (Fig. 1) and 93 faecal samples of 62 in-
dividuals (F = 26, M = 36) captured in red-grey sites (Fig. 1) from 2016
to 2019 (for details see Table A.2). During OFT, squirrels engaged most
of their time in activity or in staying immobile, while less time was spent
exploring the arena. During MIS, many animals spend a lot of time
avoiding their mirror image or in activity-exploration behaviours. So-
ciability behaviours were on average more common in the red-grey than
in the red-only sites (Table 1), as found in earlier studies (Wauters et al.,
2019).

We estimated the adjusted repeatability of all the seven expert-based
traits and the new variable, social tendency. Immobility, exploration
and activity, measured during the OFT and activity-exploration
measured during the MIS had a poor to moderate repeatability (range:
0.12-0.40; see Table 1). Therefore, we considered exploration, activity
and activity-exploration as personality traits in our MCMCglmm models
(see ‘Relationship between personality traits and FGM concentrations’).
Since immobility is strongly and negatively correlated with activity (r =
—0.91; n = 257; p < 0.0001), this personality trait was not included in
the models. In this dataset, alert, sociability or avoidance traits, or the
social tendency score were not repeatable (Table 1). However, to have a
variable measuring an animal’s tendency to behave more social, social
tendency was included as dependent variable in the MCMCglmm.
Finally, the adjusted repeatability of FGM was close to 0, hence FGMs
were not repeatable.

3.1. Among- and within individual variance and behavioural syndrome

In the red-only sites (n = 164), all the posterior estimates of the
correlations among the personality traits and of the traits with social
tendency were significant, indicating a behavioural syndrome of active
red squirrels being also more explorative and more social and showing
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more active-explorative behaviour during MIS (Fig. 2). This was not the
case in the red-grey sites (n = 93) were none of the personality traits, nor
social tendency were correlated (all correlation estimates included 0 in
their 95% CIs; Fig. 2). Either in the natural situation (red-only) or co-
occurring with the invasive species (red-grey), FGM was not corre-
lated with any of the personality traits or with social tendency (Fig. 2).

The among-individual variances of activity from OFT and of activity-
exploration from MIS tended to be higher in the red-only than in the red-
grey sites (Table 3a), although the 95% ClIs of the estimated differences
included 0 (—0.08 to 0.43 and — 0.09 to 0.58, respectively). This sug-
gests that more phenotypic variation in activity and activity-exploration
is maintained in red squirrel populations without the invasive congener
than in populations that co-exist with grey squirrels. In contrast, FGM
values showed lower among-individual variation in the red-only than in
the red-grey sites (Table 3a), but also here the 95% Cls of estimated
difference included 0 (—0.64 to 0.15).

The within-individual variances were lower in red-only than in red-
grey sites for exploration and social tendency (Table 3b) suggesting
higher plasticity in these behaviours when the invasive species was
present. In contrast, the within-individual variance of FGM tended to be
higher in red-only than in red-grey sites, but the 95% CIs of estimated
difference included 0 (—0.07 to 0.73).

3.2. Red-only sites: fixed effects

We found several significant relationships of fixed effects. Heavier
red squirrels were significantly more explorative than individuals with
lower body mass (f = 0.22, 95% CI = 0.06 to 0.36, pMCMC = 0.005),
and squirrels were more explorative (f = —0.27, 95% CI = —0.44 to
—0.09, pMCMC = 0.003) and active-explorative (§ = —0.32, 95% CI =
—0.54 to —0.12, pMCMC = 0.004) when squirrel density decreased.
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Fig. 1. Concentrations of faecal glucocorticoid metabolites (FGMs) in red-only [n = 164; ID = 107 (37 females, 70 males)] and red-grey [n = 93, ID = 62 (26 females,
36 males)] study sites. Boxplots show median (solid horizontal line), mean (black diamonds), and 1st (25%) and 3rd (75%) quartiles. Some data points shown

represent samples collected from the same individuals.
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Fig. 2. Correlations (estimate +95% credibility intervals) between the dependent variables derived from the two MCMCglmm models (by site-type: red-only or red-

grey). Significant results (0 not included in the 95% CIs).

Table 3

Mean (95% CI) between-individual variances (a) and within-individual vari-
ances (b) and the differences in between-individual and within-individual var-
iances of the dependent variables in the red-only and red-grey site-types
(Differences = red-only — red-grey) based on the two MCMCglmm models (see
‘Relationship between personality traits and FGM concentrations’).

Dependent Red-only Red-grey Difference Difference
variables mean + SD 95% CI
a) between-individual
Activity 0.30(0.11to  0.11(0.01to  0.18 +0.13 —0.08 to
0.52) 0.30) 0.43
Exploration 0.15 (0.03 to 0.17 (0.02 to —-0.02 + —0.34 to
0.32) 0.47) 0.14 0.22
Activity- 0.37 (0.10 to 0.13 (0.01 to 0.24 £ 0.17 —0.09 to
exploration 0.68) 0.35) 0.58
Social tendency 0.17 (0.03to  0.21 (0.02 to —0.04 + —0.46 to
0.37) 0.60) 0.18 0.25
FGMs 0.12 (0.01 to 0.32 (0.05 to —0.20 + —0.64 to
0.35) 0.73) 0.20 0.15
b) within-individual
Activity 0.37(0.25to0  0.45(0.28to  —0.08 + -0.32 to
0.54) 0.66) 0.12 0.16
Exploration 0.45 (0.31 to 0.84 (0.56 to -0.39 + —0.77 to
0.61) 1.20) 0.18 -0.07
Activity- 0.51(0.33to  0.53(0.33to0  —0.02 £+ —0.32 to
exploration 0.75) 0.76) 0.15 0.29
Social tendency 0.76 (0.59 to 0.93 (0.59 to -0.18 + —0.62 to
0.98) 1.35) 0.22 0.23
FGMs 0.95(0.70to  0.59 (0.35to0  0.35+0.20 —0.07 to
1.22) 0.93) 0.73

During summer-spring, individuals were more explorative than in
autumn (f = 0.51, 95% CI = 0.25 to 0.77, pMCMC = 0.0003). Activity
and exploration where higher during the first than during subsequent
arena tests (activity f = 0.84, 95% CI = 0.57 to 1.12, pMCMC <0.0001;
exploration p = 0.29, 95% CI = 0.01 to 0.54, pMCMC = 0.032). Also,
social tendency varied with arena test order, levels of this trait were
lower during the first MIS than the following (p = —0.36, 95% CI =
—0.03 to —0.70, pMCMC = 0.034). Moreover, the expression of per-
sonality traits varied among years (Appendix, Table A.9). In this dataset
(n = 164), there were no significant effects of sex, body mass, year,
density, season, daytime and reproductive condition of males or females

on FGMs (Appendix, Table A.9).

3.3. Red-grey sites: fixed effects

In red-grey sites (n = 93), sex had an effect on social tendency, males
were less social than females (B = —0.54, 95% CI = —1.04 to —0.02,
pMCMC = 0.036). Similarly as in red-only sites, red squirrels showed
higher activity (p = —0.21, 95% CI = —0.38 to —0.05, pMCMC = 0.014)
and engaged more time in active-explorative behaviours (p = —0.22,
95% CI = —0.39 to —0.04, pMCMC = 0.016) at lower than at higher
squirrel densities. A similar tendency was observed for exploration (f =
—0.21, 95% CI = —0.42 to 0.03, pMCMC = 0.064). Furthermore, as for
red-only sites, there were significant year effects (Appendix,
Table A.10). Squirrels tended to spend more time in activity in the first
than in subsequent arena tests (§ = 0.42, 95% CI = —0.01 to 0.84,
pMCMC = 0.059).

In contrast with red-only sites, when red squirrels co-occurred with
the invasive competitor there were significant relationships between
fixed effects and FGMs. Females (f = 1.08, 95% CI = 0.22 to 1.99,
pMCMC = 0.015) and individuals with lower body mass (p = —0.41,
95% CI = —0.65 to —0.18, pMCMC = 0.0001) had higher levels of FGMs
than, respectively, males and heavier squirrels. In addition, FGMs were
lower in nonbreeding females than in pregnant and lactating ones (f =
—1.30, 95% CI = —2.29 to —0.32, pMCMC = 0.010).

4. Discussion

According to the unidimensional model, personality traits and
physiological stress responses will be integrated within divergent coping
styles, which may represent opposite ends of a continuously varying
reactive-proactive axis (Koolhaas et al., 1999; Boulton et al., 2015).
Moreover, if this model is valid, both behavioural and stress response
traits should be repeatable, and they should co-vary along a major axis
of among-individual variation. In this study on Eurasian red squirrels,
our integrated measure of the physiological stress response, faecal
glucocorticoid metabolites (FGMs), was not repeatable and FGMs did
not correlate with any of the behavioural and personality traits
considered: activity and exploration measured during OFT; or a com-
bined trait of active-explorative behaviour and a tendency to behave
more social or amicable towards the mirror image, estimated from MIS
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test. This finding is in contrast with our second hypothesis of a negative
correlation between a proactive coping style (individuals with higher
levels of activity, exploration and social or amicable behaviour towards
the mirror image) and the concentration of FGMs under natural condi-
tions, and thus gives no support to the unidimensional model (Koolhaas
et al., 1999). Moreover, this lack of covariance between FGMs and
personality traits was similar in red-only and in red-grey sites; hence it
was not influenced by the occurrence of non-native grey squirrels, an
invasive species that is considered an environmental stressor (Santicchia
et al., 2018), and tends to outcompete the native red squirrel, causing
(local) extinctions (Wauters et al., 2002a, 2002b; Gurnell et al., 2004;
Bertolino et al., 2014; Romeo et al., 2021). However, lack of association
between individual variation in FGM concentrations and variation in
behavioural traits in the presence of the IAS was not caused by an
elevation in FGMs in red squirrels co-occurring with the competitor,
since, in contrast with our third hypothesis (elevated FGM concentra-
tions will cause a disruption of the link between physiological and
behavioural responses), and an earlier study (Santicchia et al., 2018), we
did not find higher FGMs in red squirrels from red-grey than from red-
only sites. Why we recorded lower average FGMs in red-grey sites in
this study than in the earlier one (Santicchia et al., 2018) remains to be
investigated. A tentative explanation could be that red squirrels undergo
habituation of the stress response after a longer time of coexistence with
the IAS (Cyr and Romero, 2009). Alternatively, GC release may be
attenuated in time (due to physiological desensitization or to exhaus-
tion), leading to think that the animal is no more chronically stressed.
However, although the individual’s stress response decreases with the
exposure of the stressor, it could still exhibit health effects which
demonstrate that there is no true habituation: such effects could be
reproductive failure, decreased body condition, reduced survival,
increased parasite load, or behavioural alterations (Cyr and Romero,
2009). In order to understand what in our study system caused the lower
FGMs in 2016-2019 than those measured previously, more detailed
analyses are needed.

Finally, in accordance with our first and fourth hypothesis, where we
predicted that under natural conditions (red-only sites) different per-
sonality traits will strongly covary forming a behavioural syndrome, and
that this behavioural syndrome will be disrupted in sites colonized by
grey squirrels, there was a strong correlation among the personality
traits in the red-only sites, but no such correlation was found where red
squirrels had to compete with the invasive congener. Where effects of
HIREC on the expression of personality traits and the occurrence of
behavioural syndromes have been demonstrated for environmental
changes such us urbanisation (Scales et al., 2011; Sol et al., 2013) and
pollution (Royauté et al., 2014), there are few empirical studies showing
that interspecific competition by an introduced species disrupts a
behavioural syndrome in the native species (reviewed by Ruland and
Jeschke, 2020).

4.1. Personality traits and FGM concentrations relationships

Contrary to many studies on free-living and captive animals (Raulo
and Dantzer, 2018; Westrick et al., 2019), we did not find any associa-
tion between red squirrels’ FGM concentrations and their behavioural
responses, independently from the presence of the invasive congener.
Moreover, unlike a previous meta-analysis (Taff et al., 2018) and study
in captive red squirrels (Dantzer et al., 2016), we found no significant
repeatability of FGM concentrations in wild red squirrels, suggesting
that the FGMs in individual red squirrels can vary strongly over time (see
also Dantzer et al., 2016). In fact, our models showed that, at least in the
red-grey sites, variation in FGMs was affected by a squirrel’s sex and
body mass, and, for females, by reproductive condition, and the within-
individual variance in FGMs was large in both site-types (see Table 3).
Hence, in red squirrels the expression of personality traits and the FGM
concentrations are not consistent with a simple proactive-reactive axis
of an integrated stress-coping style, indicating that these relationships
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are more complex than previously suggested (Koolhaas et al., 1999;
Lendvai et al., 2011; Boulton et al., 2015), and are consistent with a
multi-dimensional interpretation of personality and the stress response
in natural populations (Koolhaas et al., 2010; Clary et al., 2014; Westrick
et al., 2019; Santicchia et al., 2020a).

Indeed, the unidimensional model (Koolhaas et al., 1999) was
mainly based on studies of captive-held animals, most of which showed
significant correlations between behaviour measures and the GC con-
centrations, varying along a reactive-proactive continuum. For example,
in male wild house mice (Mus musculus domesticus), selected for short
and long attack latency, the second line had a higher production of
corticosterone after the application of the initial stressor (Veenema
et al., 2003). In captive great tits (Parus major), fast-bold explorers and
slow-shy explorers lines had a different HPA axis activation, indicating a
correlation between behaviour and the physiological stress response
(Baugh et al., 2012). Conversely, in natural populations, the correlation,
or lack of it, between behavioural and physiological responses varies
among species, and in a review on a wide variety of vertebrates, only
46% of studies on wild animals found an association between proactive
coping type and lower GCs secretion (Raulo and Dantzer, 2018). In fact,
already a decade ago, Koolhaas and colleagues proposed an alternative
two-tier model, where behavioural responses are consistent for an in-
dividual and vary along the proactive-reactive continuum, but the
physiological stress response is independent and varies along a different
axis (two-tier model, Koolhaas et al., 2010). Several empirical studies
supported this model. A recent study on territorial North American red
squirrel (Tamiasciurus hudsonicus) showed that FGM concentrations,
used as an integrated measure of the short-term physiological stress
response, were not correlated with three personality traits (activity,
aggressiveness and docility) measured in the arena test or during
handling (Westrick et al., 2019). Also, a study on invasive Eastern grey
squirrels (S. carolinensis) in Italy found similar results, where three
personality traits (activity, sociability and activity-exploration)
measured in the arena test were not related to FGM concentrations
(Santicchia et al., 2020a). Furthermore, in the alpine marmot (Marmota
marmota), there was no association between personality traits and
plasma cortisol concentrations, a measure of acute physiological stress
(Ferrari et al., 2013). In contrast, other studies on natural populations of
sciurid rodents found some significant correlations, although the di-
rection of the associations was not always the same (Costantini et al.,
2012; Montiglio et al., 2012; Clary et al., 2014; Zhang et al., 2020). For
example, in Richardson’s ground squirrels (Urocitellus richardsonii) there
was a positive association between the personality trait vigilance and
FGM:s, in accordance with the unidimensional model (Clary et al., 2014).
While, another study on the alpine marmot, found a positive correlation
between activity-exploration and blood cortisol levels, but in the
opposite direction than predicted by the model (Costantini et al., 2012).
In conclusion, the type of stress measure used (e.g. blood cortisol, FGM,
hair cortisol; Palme, 2019), the species’ ecology, the influences of fluc-
tuating environmental variables, and the occurrence of IAS are all fac-
tors that might influence the expression of an individual’s behavioural
and physiological responses, causing complex and highly variable as-
sociations (Killen et al., 2013; Hamalainen et al., 2021; Westrick et al.,
2021). Moreover, it must be underlined that FGM concentrations are an
integrated measure of both baseline GCs levels and of short-time
changes (increase or decrease) in GCs production due to, respectively,
the upregulation or the downregulation of HPA axis dynamics. There-
fore, FGMs may not be the best measure to look for an association be-
tween behavioural traits and the physiological stress response.
Conducting experimental stress challenges that measure the ability of
the HPA axis to mount as well as to terminate the GCs release (van
Kesteren et al., 2019; Westrick et al., 2021) may have a higher likelihood
to reveal associations with behavioural traits.
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4.2. Effects of intrinsic and extrinsic factors on expression of personality
traits

Heavier squirrels inhabiting red-only sites are more explorative than
individuals with lower body mass. A similar positive association,
generally with boldness or exploration, was found in different studies on
tree squirrels (Eurasian red squirrel: Santicchia et al., 2021; Eastern grey
squirrel: Santicchia et al., 2019, 2020a; Eastern chipmunk, Tamias
striatus: Martin and Réale, 2008). Body mass is an indicator of body
condition and is, at least partly, influenced by food availability (Wauters
and Dhondt, 1989; Wauters et al., 2007). Hence, a possible explanation
is that more explorative squirrels are more likely to find high-quality
resources (Wolf et al., 2007; Wauters et al., 2021).

In both site-types, squirrels’ behaviour was influenced by population
density. At higher densities, squirrels were less explorative and active-
explorative in red-only sites, and showed a lower activity, exploration
(not significant) and activity-exploration in red-grey sites. Another
study on red squirrels on Fota Island, Ireland, showed variation in ani-
mals’ personality associated with differences in population density.
Squirrels inhabiting higher density areas showed lower levels of
aggression and activity (Haigh et al., 2017) than those occupying lower
density areas. This could again be linked to more active-explorative
squirrels being more capable of acquiring resources and may be
advantaged in lower density sites in periods and/or areas of poorer
habitat quality (Wauters et al., 2021). Similar results were documented
for the Natal multimammate mouse (Mastomys natalensis) where
changes in densities were strongly associated with variation in person-
ality (Borremans et al., 2017; Vanden Broecke et al., 2019). In red-grey
sites, females expressed a significantly higher social tendency than
males. The new variable social tendency is determined by both socia-
bility and avoidance scores (see social tendency formula). Hence, this
result is in accordance with a previous study where female red squirrels
exhibit less avoidance and higher sociability than males (Wauters et al.,
2019).

4.3. Behavioural syndrome disruption

The study of personality traits and behavioural syndromes is
important for evolutionary ecologists because: (i) an individual’s per-
sonality and the expression of various personality traits linked in a
behavioural syndrome can affect its fitness (e.g. Smith and Blumstein,
2008); and (ii) when the costs and benefits of different personality traits
vary among different habitats, the existence of a behavioural syndrome
can result in suboptimal behaviour in some environments (Sih et al.,
2012). In the red-only sites, the behavioural traits activity, exploration
(from OFT), a combined active-explorative trait and the tendency to
behave more social and amicable towards the mirror image (from MIS),
correlated in a behavioural syndrome, suggesting limited plasticity in
the expression of these traits by red squirrels. In the red-grey sites, thus
when the habitat occupied by the red squirrel population was invaded
by the IAS, this syndrome no longer occurred. This was predicted in a
conceptual model by Sih (2013) who regarded invasions by alien species
a form of human-induced rapid environmental change (HIREC, Table 1
in Sih et al., 2012). In fact, HIREC can become strong and rapidly acting
selective forces that challenge animals’ ability to respond adaptively to
how the environment is changing (Scales et al., 2011; Bokony et al.,
2012; Royauté et al., 2014; Lapiedra et al., 2017). Consequently, they
can produce a shift in behavioural variation among individuals within
populations (Dochtermann and Dingemanse, 2013; Royauté et al., 2014;
Lapiedra et al., 2017), as well as in hormonal responses, such as the GC
concentrations (Wingfield, 2013). Hence, the occurrence of an invasive
alien species (IAS) could favour different personality types in a native
species than those observed in areas where the invasive competitor is
not yet present (Wauters et al., 2019). In fact, it has been demonstrated
that, in some cases, IAS influence the behaviour of native species (Peck
et al., 2014; Ruland and Jeschke, 2020) and the correlations between
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traits, thus the behavioural syndrome (see Royauté et al., 2014 and
references therein), (i) because certain traits of the syndrome are more
advantageous where the IAS is present, but others not; or (ii) the effect of
the IAS on the native species’ expression of personality trait(s) is so
severe than the syndrome is disrupted. This breakdown of behavioural
correlations in the native species can enhance the invasive species’
dominance in interspecific competition (Wauters et al., 2002a; Gurnell
et al., 2004; Sih et al., 2012). Indeed, in this study the among individual
variance in the traits activity and activity-exploration was higher for red
squirrels in red-only sites than for those sharing the habitat with grey
squirrels. This might result in reduced capacity for red squirrels to
respond to changing environmental conditions when co-occurring with
the invasive competitor. In contrast, the within-individual variation in
exploration behaviour was significantly higher in red-grey than in red-
only sites. Hence red squirrels that had to compete with grey squirrels
had a more flexible expression of exploration in the open field test,
which could be an advantage when searching for energy-rich food re-
sources and/or high-quality patches in habitats shared with the domi-
nant competitor.

Alternatively, lack of a previously existing behavioural syndrome in
the sites with also grey squirrels, might allow these red squirrel pop-
ulations to take other evolutionary trajectories than those available to
allopatric red squirrels (Adriaenssens and Johnsson, 2013; Dochtermann
and Dingemanse, 2013; Lapiedra et al., 2017). However, since the
outcome of competition between the two species is the replacement of
native red by invasive grey squirrels in large parts of Great Britain and in
North Italy (Gurnell et al., 2004, 2015; Bertolino et al., 2014), it is un-
likely that behavioural adaptations in co-occurring red squirrels have
any fitness benefits (see also Wauters and Gurnell, 1999; Gurnell et al.,
2004; Wauters et al., 2019).

For the MCMCglmm model in red-grey sites, the 95% CIs of the
posterior correlation estimates among the behavioural traits were very
wide. This can be attributed to two aspects. No doubt, because corre-
lations are much more difficult to estimate accurately, the smaller
sample size in the red-grey than in the red-only sites caused the intervals
to become relatively wide. In addition, the between-individual variation
in the personality traits is, inherently, not very high. The estimated
correlations are based on this between-individual variation and not the
total variation, again leading to more wide intervals. In a previous study
using a larger dataset for the same populations (n = 152 in Santicchia
et al., 2020b, against the n = 93 in this study), a similar lack of associ-
ation between the traits activity and social tendency and between
activity-exploration and social tendency was found, and these estimates
had narrower 95% CIs. Thus, our results are in line with previous
findings.

5. Conclusions

This is one of the few studies investigating the impacts of an IAS,
acting as an environmental stressor through interspecific competition,
on changes in the expression of personality traits and the related
behavioural syndrome in a native species (Sih, 2013; Ruland and
Jeschke, 2020). Behavioural syndrome emergence and persistence has
been highly debated, but there is still no clear understanding how they
are maintained by natural selection (e.g. Adriaenssens and Johnsson,
2013; Dochtermann and Dingemanse, 2013). Studying covariation
among behavioural or personality traits and how it varies with envi-
ronmental context (Killen et al., 2013), in this case the absence or
presence of an IAS, could inform about the native species’ potential for
adaptation under the global widespread problem of IAS introductions.
Furthermore, investigating physiological responses in wild populations
may be more complex as previously identified. Future studies using
multiple stress response measures and their integration with behav-
ioural traits will enhance our understanding of the mechanisms involved
in the interspecific competition between invasive and native vertebrate
species.
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