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Abstract

In an ever more urbanized world, animals have to cope with different challenging conditions that may shape the indi-
vidual’s phenotype in the urban environment. Since body mass and body size are found to be related to fitness in many
species, investigating the variation in these two morphological traits along the rural-urban gradient, is a first step to
understand how animals adapt to urbanization. Here we studied two tree squirrels, the native Eurasian red squirrel (Sci-
urus vulgaris) and the invasive Eastern grey squirrel (Sciurus carolinensis), using a pseudo-experimental design with
replicated study sites (2 rural, 2 suburban and 2 urban sites for each species). We investigated whether squirrels differed
in body size and body mass along the urbanization gradient and whether the invasive alien squirrels had more marked
differences along the gradient, showing a higher adaptation capacity. We did not find variation in body size in red squir-
rels along the gradient, but invasive grey squirrels were slightly larger in urban than in other area-types. In both species,
animals of either sex were heavier in the urban than in the rural sites, while the difference between urban and suburban
areas depends on species and sex. Hence, morphologically both native and invasive species showed similar changes, with
higher body mass in urban habitat, which could result in higher fitness, since body mass in squirrels species is positively
related to reproductive success.

Keywords Urbanization gradient - Urban ecology - Tree squirrels - Sciurus vulgaris + Sciurus carolinensis -
Morphology

Introduction

In recent years cities have grown very rapidly and a fur-
ther increase is expected in the coming decades (United
Nations 2019, Li et al. 2021). It is known that this process
has an impact on both local flora and fauna, in particular, the
urban environment presents different selective forces that
can shape the animals’ phenotypes, resulting in differences
among conspecifics that live along the rural-urban gradient
(Alberti et al. 2017; Santini et al. 2019). Adaptations, mainly
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by generalist species, to cope with the different conditions
of the new environment have been reported for all classes
of vertebrates (McDonnell and Hahs 2015). The observed
changes are mostly related to the animals’ behavior (Lowry
et al. 2013; Ritzel and Gallo 2020), physiology (Scheun et
al. 2015; Lyons et al. 2017) and morphology (Stepkovitch et
al. 2019; Putman and Tippie 2020). In particular, it has been
shown that morphological traits vary between individuals
of the same species that live in urban and rural areas, but
the trait change direction varies among species (Iglesias-
Carrasco et al. 2017; Santini et al. 2019; Ritzel and Gallo
2020). For example, house sparrows (Passer domesticus)
are smaller and lighter in more urbanized habitats (Meillere
et al. 2015), while there was an opposite tendency in red
foxes (Vulpes vulpes), with urban individuals having larger
body size and mass than foxes in rural habitats (Stepkovitch
et al. 2019).

Direct relationships between body mass and/or body
size with fitness components (survival or reproduction)
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are found in many mammal species (Wauters and Dhondt
1995; Festa-Bianchet et al. 1997; Wauters et al. 2007; San-
ticchia et al. 2018a; Rode et al. 2020). Therefore, investigat-
ing inter-individual variation in body size and mass along
the habitat gradient from natural (rural) to urban is a first
step to understand potential adaptations of a species to the
human-modified environment. It is also the basis to study
the impact of urbanization on that species and, where nec-
essary, identify efficient conservation actions. Moreover,
the urban environment has a role in enhancing the risk of
biological invasions of invasive species: in fact, many alien
species easily enter and establish in cities (Cadotte et al.
2017; Wauters and Martinoli 2018; Borden and Flory 2021).
Hence, investigating also how invasive alien species adapt
to urban areas will be important to target their management
(Borden and Flory 2021).

Among mammals, different species of tree squirrels are
known to show various levels of adaptation to and occur-
rence in urban environments (Partan et al. 2010; McCleery
and Parker 2011; Uchida et al. 2016). Green spaces in cities,
such as public parks or private gardens, seem to be rela-
tively favorable for squirrel species, if appropriately man-
aged (Rézouki et al. 2014; Jokimaiki et al. 2017; Fingland
et al. 2021). For example, Eurasian red squirrels (Sciurus
vulgaris) occur in higher densities in some urban than in
rural habitats in Finland (Jokimiki et al. 2017), and the
same trend was described also for Eastern grey squirrels
(Sciurus carolinensis) in their original distribution range
(Koprowski 1994). Moreover, several tree squirrel species
have been introduced to areas outside their native range,
showing a tendency to become invasive (invasive alien spe-
cies, hereinafter IAS, European Commission 2016; Mazza-
muto et al. 2021), thus allowing comparisons of adaptations
to the urban environment between native and alien species.

Here we studied two tree squirrels in Italy: the Eurasian
red squirrel, the native species, and the Eastern grey squir-
rel, the introduced IAS. Red squirrels occur in continuous
conifer forests in the Alps and the Apennines, in lowland
mixed deciduous woods (Wauters et al. 2001a, 2008) and
also in urban parks and gardens (Jokiméki et al. 2017;
Thomas et al. 2018; Beliniak et al. 2021). Grey squirrels
instead have been introduced in the United Kingdom, Ire-
land and Italy, where they exert negative impacts on bio-
diversity and replace the native congener (Teangana et al.
2000; Bertolino et al. 2014; Gurnell et al. 2015).

To examine how the native and the invasive species are
adapting to the human-modified environment, we inves-
tigated if there are any differences in two morphological
traits (hind foot length and body mass) among individuals
along a gradient from rural, over suburban to urban areas. In
tree squirrels, hind foot length is correlated with total head
and body length and thus is considered a reliable proxy
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for animal’s body size (Wauters and Dhondt 1989a), while
body mass is an indicator of body condition and correlates
with several fitness parameters (Wauters and Dhondt 1989b,
1995; Wauters et al. 2007; Tranquillo et al. 2022). Further-
more, we calculated tree species diversity in each study
site to account for differences in tree species composition
among areas and to determine the dominant species, a factor
that can affect squirrels’ body size or mass (Wauters et al.
2007; Tranquillo et al. 2022).

Since previous studies on morphological traits of red
squirrels reported habitat-related changes in body size and/
or body mass (Wauters et al. 2007; Tranquillo et al. 2022),
and the occurrence of morphological adaptations associ-
ated with different habitats is also likely for grey squirrels
(Koprowski 1994; Lurz and Lloyd 2000), we predicted: (i)
differences in squirrels body size and body mass along the
rural-urban gradient. The direction of this relationship is dif-
ficult to predict since each mammal species shows differ-
ent responses to the urban environment (Ritzel and Gallo
2020). However, since invasive alien grey squirrels, similar
to many IAS, may thrive in urban habitats, we also predict
(il) more marked differences along the rural-urban gradi-
ent in the invasive squirrel species than in the native one.
If higher invasion success of the invasive species in urban
environments (Cadotte et al. 2017; Santana Marques et al.
2020) would be associated with a better condition (higher
body mass), then (iii) we expect an increase in body mass
from rural to urban areas.

Materials and methods
Study sites

We used a pseudo-experimental study design. Overall,
study sites were selected based on a combination of the
surrounding landscape (Online Resource, Fig. S1 for pro-
portion built surface per area-type), general habitat and
elevation (mixed lowland woods and parks with mature
seed-producing trees), and permission to access and moni-
tor squirrels in both public and private areas. We considered
urban those sites completely surrounded by an urban matrix,
rural sites are separated from cities (> 1 km) and surrounded
by agricultural land, while suburban sites are only partly
surrounded by an urbanized matrix, thus presenting inter-
mediate characteristics between the other two area-types.
Built-up fraction was high for urban sites, low for rural, and
intermediate for suburban ones (Online Resource, Fig. S1).
Red squirrels were monitored by capture-mark-recapture
(CMR) in six study sites in the Po plane: 2 rural sites (Gola-
secca, Calusco), 2 suburban sites (Pineta, Varesesub), and
2 urban sites (Vareseurban, Gallarate) (Fig. 1). Some study
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Fig. 1 Location of the trapping grids of Eurasian red squirrels and Eastern grey squirrels

sites had more than one trapping grid, but since grids were
within the species’ range of dispersal distances (Wauters et
al. 2011), each site was considered to contain a single squir-
rel population (Table 1). CMR sessions were carried out
seasonally (Winter from December to mid-March; Spring-
summer from end of March to end of August; Autumn from
September to November; Santicchia et al. 2018b) from
October 2020 to April 2022. Grey squirrels were monitored
by CMR and removal sampling in six study sites in the Po
plane: 2 rural sites (Commande, Piobesi), 2 suburban sites
(Adda Nord, RS), and 2 urban sites (ILO, Torino Giardino
Botanico) (Fig. 1). Also for this species, CMR sessions were
carried out seasonally, but over a longer time period (Janu-
ary 2011 to February 2022). For all sites we recorded the
presence of only one squirrel species (Table 1).

To obtain a measure of tree species diversity, we deter-
mined the three trees closest to each trap location and then
summed for all locations over the entire study site, provid-
ing an estimate of the dominant tree species for the study
sites. Tree species diversity was calculated using the Simp-
son’s index of diversity 1-D, where D = X piz and p; is the

proportion of species i in the community. The closer to 1,
the higher the species diversity.

Trapping and handling

We trapped squirrels using Tomahawk live traps (model
202 with finer mesh, Tomahawk Live Trap Co., WI, USA)
baited with hazelnuts and walnuts. About one month before
each trapping session, traps blocked open or hair-tubes
were pre-baited about once every 10 days. Once activated,
we checked traps three times per day to reduce the time a
squirrel was confined in the trap. A trapped squirrel was
flushed from the trap in a zipper-tube handling bag, and, at
first capture, individually marked with a numbered metal
ear tag (Monel 1005 1L1 National Band and Tag Co, New-
port, Kentucky, USA). Sex and reproductive condition were
determined based on external genitalia and size of the nip-
ples (Wauters and Dhondt 1993; Wauters et al. 2007; Tran-
quillo et al. 2022). Males were classified based on testes size
and position [testes small and abdominal (non-breeding) or
testes large and scrotal (breeding)]. Females were classified
as anoestrus, post-oestrus/pregnant, or lactating (Wauters et
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Simpson’s diversity index

Dominant tree species (%)

Size (ha)

Area-type

Table 1 Squirrel study sites according to area-type (rural, suburban, urban). For each site the three most dominant tree species (in % abundance) and the Simpson’s tree-species diversity index are

reported
Study sites

(n grids)

@ Springer

Red squirrel
Golasecca (2)
Calusco (1)
Pineta (3)

0.764
0.808
0.880
0.921

Quercus sp. (32%) Prunus serotina (27%) Castanea sativa (23%)

36.72

rural

Corylus avellana (31%) Robinia pseudoacacia (25%) Carpinus betulus (10%)

Castanea sativa (23%) Picea abies (19%) Pinus sylvestris (10%)
Castanea sativa (21%) Acer sp. (13%) Corylus avellana (6%)
Taxus baccata (20%) Picea abies (10%) Carpinus betulus (9%)
Cedrus sp. (17%) Taxus baccata (15%) Fagus sylvatica (8%)

20.64

rural

52.90
21.09

suburban

suburban

Varesesub (3)

0913

16.81

urban

Vareseurban (2)
Gallarate (3)

0.916

12.52

urban

Grey squirrel
Commande (1)
Piobesi (1)

0.832

Quercus sp. (34%) Carpinus betulus (15%) Tilia cordata (9%)

3.20
2.26

rural
rural

0.773
0.903
0.924

Carpinus betulus (43%) Quercus sp. (10%) Tilia cordata (10%)

Corylus avellana (17%) Tilia cordata (13%) Robinia pseudoacacia (12%)

Picea abies (15%) Quercus sp. (10%) Cedrus libani (8%)

8.52
2.10
9.91
7.22

suburban

Adda Nord (1)

RS (1)

suburban
urban

0.916

Quercus sp. (19%) Fagus sylvatica (10%) Picea abies (8%)

ILO (1)

0.932

Quercus sp. (19%) Corylus avellana (9%) Fraxinus excelsior (5%)

urban

Torino (1)

al. 2007; Santicchia et al. 2022). At each capture, we mea-
sured the length of the right hind foot (claws excluded) to
the nearest 0.5 mm using a thin ruler and weighed squirrels
with a Pesola spring balance to the nearest 5 g (Wauters et
al. 2007; Romeo et al. 2020).

Statistical analyses

Data of red and grey squirrels were analyzed separately in R
version 4.1.2 (R Core Team 2021) with Linear Mixed Mod-
els (LMM). Juveniles (determined based on size of geni-
talia and body mass <250 g for red squirrels and <400 g
for greys) were removed from the analysis (Wauters and
Dhondt 1989b; Koprowski 1994; Wauters et al. 2007). To
account for measuring errors of foot length and for fluctua-
tions in body mass over time and with reproductive con-
dition, we used repeated measures of both variables and
estimated within and among individual variance using lin-
ear mixed models (Zuur et al. 2010). Foot length and body
mass were measured on average 3.79+ SE 0.30 times for
red and 1.80+ SE 0.07 for grey squirrels. Estimates of the
among- and within-individual variance in foot length and
in body mass are presented in the full models in the Online
Resource (Table S1 and S2).

We first explored the effects of area-type (rural, subur-
ban or urban) and sex as fixed effects, and the area-type by
sex interaction on variation in hind foot length. To account
for repeated measures and for potential variation between
study sites, squirrel identity nested in study site was added
as a random intercept. The LMM was fitted by REML and
t-tests were calculated using Satterthwaite’s method with
the R package “Ime4” v 1.1-28 (Bates et al. 2015).

Next, we investigated whether area-type affected varia-
tion in body mass. Since body mass fluctuates seasonally
and with reproductive condition, and since effects of repro-
ductive condition differ between the sexes (Wauters and
Lens 1995; Wauters et al. 2007), we ran a LMM for each
sex separately. We used body mass as the dependent vari-
able, hind foot length as explanatory continuous variable
and area-type, season and reproductive condition as fixed
effects. We further included the interaction of foot length
with area-type in the full model, and added squirrel iden-
tity nested in study site as a random intercept to account for
repeated measures over time.

In all LMMs, we tested interactions and fixed effects
using Type-III SS and performed model selection using a
backward procedure based on p-values (eliminating param-
eters with partial p>0.10). Pairwise comparisons were
based on differences between least square means (DLSM).
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Table 2 Mean (+SD) right hind foot length (mm) and body mass (g)
of red squirrels according to area-type and sex. Sample sizes between

brackets
Area-type Females Males
Foot length
Rural (50)57.5+2.3 (71)57.3+2.4
Suburban (72) 58.0+1.3 (74)57.8+1.2
Urban (66) 58.5+1.3 (34)57.7+1.2
Body mass
Rural (50) 30025 (71) 308 +28
Suburban (72) 335+38 (74) 307 +25
Urban (66) 347+29 (34) 336+24
Results

Red squirrels

Mean hind foot length (+SD) of red squirrels was
57.8+ 1.7 mm (n=367 observations of 97 different animals,
range 53.0 to 62.0 mm). Divided by area-type, the mean
length of the right hind foot was 57.4+2.4 mm (n=121)
in rural sites, 57.9+1.2 mm (n=146) in suburban sites,
58.2+ 1.3 mm (n=100) in urban sites. Foot length did not
differ according to area-type (F, ; = 0.11; p=0.89) or sex
(Fy, 91 = 1.25; p=0.27) and there was no area*sex interac-
tion (F, g9 = 0.15; p=0.86; Table 2).

Female red squirrels weighed on average 330+37 g
(188 measures of 45 different animals, range 250 to

a
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Rural M Suburban I Urban

420 g). Body mass of females increased with foot length
(estimate+SE=8.35+1.83, t;,,=4.56; p<0.0001), and
females were heavier in the urban than in the rural sites
(estimate+SE=30.9+10.1, t;0=3.06; p=0.004) while
there was no body mass difference between urban and sub-
urban populations (estimate+SE=6.1+9.2, t;4=0.66;
p=0.51; Table 2; Fig. 2). Lactating and post-oestrus female
red squirrels were heavier than non-breeding ones (respec-
tively: estimate+SE=23.0+3.6; t,,5=6.39; p<0.0001;
and estimate + SE=20.3+3.9; t,54=5.22; p<0.0001). Sea-
sonal changes in body mass were small and not significant
(F3, 150 = 1.98; p=0.14; all pairwise comparisons p >0.05).
The interaction of foot length with area-type was not signifi-
cant and removed during model selection (Online Resource,
Table S2).

Male red squirrels weighed on average 313+29 g
(179 measures of 52 different animals, range 250-375 g).
Body mass of males increased with foot length (esti-
mate+SE=3.45+1.19, t,5=2.90; p=0.004), and
males were heavier in the urban than in the rural (esti-
mate+SE=30.19+8.25, t,3=3.66; p=0.0006) and in the
suburban sites (estimate+SE=23.46+8.41, t;,=2.79;
p=0.008; Table 2; Fig. 2). The interaction of foot length
with area-type was not significant and removed during
model selection (Online Resource, Table S2). Also, repro-
ductive condition did not affect variation in male body mass
and was removed from the model. Although males tended

b 700

()]
o
o

Body mass (Q)
*

(8]
o
o

400 1

Sex

Rural M Suburban M Urban

Fig. 2 (a) Body mass (g) of females and males Eurasian red squirrels for each area-type; (b) body mass (g) of females and males Eastern grey
squirrels for each area-type. Boxplots show median (solid horizontal line), mean (black diamond) and 1st (25%) and 3rd (75%) quartiles
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to be heaviest in autumn (pairwise comparison with spring-
summer p=0.063), the season effect was small and not sig-
nificant (F, 14, = 1.88; p=0.16).

Grey squirrels

Mean hind foot length (£SD) of grey squirrels was
61.9+1.7 mm (n=679 observations of 380 different ani-
mals, range 56.0 to 68.0 mm). Calculated per area-type,
mean hind foot length was 61.9+1.6 mm (n=296) in
rural sites, 61.7+1.8 mm (n=282) in suburban sites and
62.5+1.9 mm (n=101) in urban sites. Foot length did not
differ according to sex (F, 345 =0.06; p=0.81) and there was
no area*sex interaction (F, 345 = 0.23; p=0.79). However,
grey squirrels were slightly larger in the urban sites than
in the suburban (estimate+SE=1.09+0.24; ty;=4.52;
p<0.0001) and rural sites (estimate+SE=0.95+0.25;
t370=3.77; p=0.0002) (Table 3).

Female grey squirrels weighed on average 546+56 g
(351 measures of 191 different animals, range 400 to
685 g). Body mass of females increased with foot length
(estimate+SE=7.46+1.39, t3,5=5.38; p<0.0001), and
females were heavier in the urban than in the suburban
(estimate+SE=60.9+9.8, t3;,=6.23; p<0.0001) and
in the rural sites (estimate+SE=53.9+10.0, t;;;=5.42;
p<0.0001; Table 3; Fig. 2). Lactating and post-oestrus
female grey squirrels were heavier than non-breeding
ones (respectively: estimate + SE=8.53 +4.88; ty33=1.75;
p=0.082; and estimate+SE=19.8+5.0; t,,;,=3.96;
p=0.0001). The effects of season (partial p> 0.30) and the
interaction of foot length with area-type were not signifi-
cant and removed during model selection (Online Resource,
Table S2).

Male grey squirrels weighed on average 528+57 g
(328 measures of 189 different animals, range 400-700 g).
Body mass of males increased with foot length (esti-
mate+SE=10.02+1.57, t309=6.38; p<0.0001), and
males were heavier in the urban than in the rural (esti-
mate + SE=46.5+9.1, t;;,=5.14; p<0.0001) and in the
suburban sites (estimate+SE=59.8+8.6, t;3,=6.96;

Table 3 Mean (+SD) right hind foot length (mm) and body mass (g)
of grey squirrels according to area-type and sex. Sample sizes between
brackets

Area-type Females Males
Foot length
Rural (159) 62.0+1.8 (137)61.7+1.4
Suburban (142) 61.6+1.7 (140) 61.8+1.9
Urban (50) 62.5+1.9 (51)62.6+1.8
Body mass
Rural (159) 540 +52 (137) 519+49
Suburban (142) 532 +50 (140) 515 +52
Urban (50) 603 +49 (51) 583 +61
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p<0.0001; Table 3; Fig. 2). Males with scrotal testes were
heavier than non-breeding males (estimate + SE=30.8 +4.9,
tyug=0.25; p<0.0001), and males grey squirrels were
heavier in autumn than in the other seasons (spring-sum-
mer estimate+SE=11.7+4.9, t,;5=2.38; p=0.018; win-
ter estimate+SE=18.9+4.9, t,,,=3.88; p=0.0001). The
interaction of foot length with area-type was not significant
and removed during model selection (Online Resource,
Table S2).

Discussion

Both native red and invasive alien grey squirrels showed
phenotypic differences among populations living in rural,
suburban or urban areas. Hind foot length, a proxy for body
size (Wauters and Dhondt 1989a), did not differ between the
three area-types for red squirrels, while grey squirrels were
slightly larger in urban than in other area types, even if we
believe this difference is not biologically significant. In both
species, animals of either sex were heavier in the urban than
in the rural sites. Body mass differences between the urban
and suburban sites were more subtle and varied with species
and sex. Hence, both native red squirrels and invasive alien
grey squirrels showed similar changes in body mass to liv-
ing in urbanized green areas and the direction of the weight
increase, lower in rural, higher in urban sites, was the same
for both species.

Our findings of heavier animals in urban than in rural
sites are similar to those from a previous study on eastern
chipmunk (7amias striatus) where a higher body condi-
tion in urban individuals than in conspecific in the natural
environment was observed (Lyons et al. 2017). However,
the morphological response of squirrels to the urbanization
process is still unclear. In fact, our results are in contrast
with those reported by Wist et al. (2022) and Beliniak et
al. (2022), who found that Eurasian red squirrels in the city
weighed less than conspecifics in a nearby rural habitat.
Hence, the types and amount of both natural food resources
and those supplemented by humans are likely to influence
body mass responses in sciurids.

Red squirrels have been used as model species to inves-
tigate possible adaptations to urban environments in sev-
eral European countries, but the majority of these studies
monitored animals in only one urban (or urban park) and
one non-urban (or non-urban park) site. Most studies about
the success of squirrels in the urban environment have
associated this success to the supplemental food, inten-
tionally or inadvertently present in urban parks (Bonning-
ton et al. 2014; Rézouki et al. 2014; Jokimaki et al. 2017;
Fingland et al. 2021). In some areas, food supplemented
by humans can become the principal part of the squirrels’
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diet (Krauze-Gryz and Gryz 2015). For example, Reher and
colleagues (2016) found higher body mass in Eurasian red
squirrels with a core area located near high-mass and high-
energy anthropogenically-provided food sources, and that
body mass was not related to the availability of natural food
sources. Furthermore, Beliniak and colleagues (2021) sug-
gested that Eurasian red squirrels’ activity is driven by visi-
tor frequency: in urban parks they were more active during
the periods of higher human presence, thus the chances of
obtaining supplementary food should increase and the time
devoted to food search decrease.

In our study sites, we observed people providing addi-
tional food (hazelnuts and walnuts) to red squirrels in only
one trapping site; while other sources of inadvertently left
supplemental food (e.g. garbage) that red squirrels can find
in our study sites are limited. In contrast, our grey squirrels
readily took extra food in both urban study sites. Hence,
for urban invasive alien grey squirrels, that show little fear
from humans with some individuals taken nuts from the
hand (LAW pers. obs.), the higher body mass of subadults
and adults in the urban sites could be related to higher food-
energy intake. However, for urban red squirrels in our study
sites, this seems unlikely. We suggest a role for tree-species
composition in urban parks and gardens (Table 1) influenc-
ing red squirrel body mass. Moreover, several tree species
whose seeds are preferred by red squirrels (hornbeam seeds,
hazelnuts, beechnuts, Norway spruce seeds; Wauters et
al. 1992, 2001b; Molinari et al. 2006; Rubino et al. 2012;
Jokimiki et al. 2017) and by grey squirrels (acorns, beech-
nuts, ash seeds; Koprowski 1994; Wauters et al. 2001b)
were common in their respective urban sites. Hence, a wide
variety of high-energy seeds, with different phenology and
thus a prolonged availability in time, is likely to guarantee a
relatively constant availability of mature tree seeds in urban
habitats. In contrast, the rural habitats are often character-
ized by a lower tree species diversity and by few species of
trees selected for their seeds, probably providing less pre-
dictable food resources that vary more strongly both season-
ally and among years (e.g., Lurz and Lloyd 2000; Wauters
et al. 2001a, 2004; Boutin et al. 2006). Also tree density and
the more open, parklike structure of the urban study sites
could influence the productivity of single trees, receiving
more sunlight than in a closed forest stand typical of the
rural sites (e.g., Dylewski et al. 2016; Mazzamuto et al.
2018; Hamal&inen et al. 2020).

Quantitative detailed studies on activity patterns and
foraging (food choice) of squirrels, seed availability and
seed quality (nutrient and energy content) will be necessary
to explore the causal relationships between tree-species
abundance, seed abundance and squirrel body mass in the
different area-types. This would allow to estimate rate of
energy-intake and compare it among squirrels occurring

in rural, suburban and urban areas, and to what extend it
explains variation in body mass (e.g. Wauters et al. 2001b).
This approach would also allow to explore the role of both
native (e.g. Taxus baccata) and exotic, ornamental trees (e.g.
Cedrus sp., Taxodium sp.), common in parks, but absent (or
rare in the case of 7. baccata) in rural habitats.

In this research we considered also suburban areas, that
had vegetation characteristics intermediate between the
urban and rural sites (see also Table 1). Much as urban sites,
they contained exotic ornamental tree species, but in com-
mon with rural sites, most of the dominant tree species typi-
cal of the natural and rural forests were also present. With
this study design, we did not only evaluate the difference
rural-urban, but we observed also changes along the urban-
ization gradient. Here, body mass patterns were species and
sex-specific. In fact, both male and female grey squirrels
were heavier in urban than in suburban sites, where they
did not receive supplemental food. In contrast, red squir-
rel males were heavier in urban than in suburban sites, but
this was not the case for females. Differences in body mass
among sexes in red squirrels have already been noted (e.g.,
Tranquillo etal. 2022). First of all, body mass is a key trait for
females to increase reproductive success (Mari et al. 2008),
affecting several traits involved in reproduction such as the
probability to enter oestrus and lactation success (Wauters
and Dhondt 1989b, 1995; Wauters and Lens 1995). Thus, in
the suburban environment, energy investment presumably
differs among sexes with stronger pressure on females than
on males to maintain a high body mass. Secondly, space
use of males, that typically have larger home ranges than
females (e.g., Wauters and Dhondt 1992; Mazzamuto et al.
2020) may differ between small urban and larger suburban
sites, resulting in higher energy expenditure (and lower
body mass) in the suburban habitats. At this stage, this is
only a tentative explanation that could be verified by radio-
tracking squirrels along the rural-urban gradient.

Our study also revealed a difference between the two
species. The size (hind foot length) of red squirrels did not
differ among area-types, while grey squirrels in the urban
environment were significantly larger than in suburban and
rural sites. However, the mean difference in hind foot length
between urban and rural grey squirrels was only 0.5 to
0.9 mm, thus less than 1 to 1.5% of mean length (Table 3),
compared to a more than 60 g, or about 10% average weight
difference. Therefore, we believe that the observed differ-
ence in body size of grey squirrels along the urbanization
gradient was small and biologically of little relevance.

Overall, our findings partially support the first predic-
tion: squirrels were heavier, but not in accordance with
the first hypothesis (squirrels differ in body size and body
mass among the three area-types); only body mass changes
along the urbanization gradient while body size is probably
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driven by forces present in all study areas. Moreover, these
results did not support the second hypothesis, where we
predicted more marked differences among area-types in
the invasive species, unexpected the two squirrels showed
similar responses to the urban environment. In particular,
the higher weight of urban squirrels seems to indicate that
both species have a fitness advantage to live in this habitat;
indeed, as mentioned above, body mass is positively related
to females’ reproductive success and to males’ mating suc-
cess (Wauters et al. 1990; Koprowski 1993).

We studied morphological changes in body size and
body mass, of a native and an invasive alien tree squirrel
species, using a pseudo-experimental study design with
replicates for each type of study site, along a rural-urban
gradient. In conclusion, our findings give partial support to
the three predictions. In agreement with prediction i, both
species differed in body mass along the rural-urban gradi-
ent, but, at least in native red squirrels, this was not the case
for body size. The direction of mass increase was the same
in both species, with heavier animals in the urban sites. This
was predicted (prediction iii) for the invasive grey squirrels,
which are expected to thrive in parks and woodlots with
high anthropogenic disturbance, while for native red squir-
rels patterns from previous studies were area-specific, with
both higher and/or seasonally more constant body mass
(Turner et al. 2017, this study) or lower body mass (Wist et
al. 2022) in urban than in rural habitats. Finally, in contrast
with prediction ii, the percentage increase in mean body
mass from rural to urban sites, around 10%, was similar for
the native and the invasive species. Hence, morphologically
both squirrel species seem equally well adapted to the urban
environment, where higher body mass could have a positive
effect on reproduction, at least in females. High reproductive
output in a single year, linked to high body mass (Wauters
and Lens 1995; Wauters and Dhondt 1995), could be more
important in urban areas where human-induced mortality
(road victims, predation by domestic cats) is likely to reduce
squirrel survival. However, to truly understand how squir-
rels benefit from the urban habitat, future long-term studies
monitoring variation in survival and reproductive success
along the rural-urban gradient are needed.
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