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Abstract: Interactions between the introduced gray squirrel (Sciurus carolinensis) and the native
red squirrel (S. vulgaris) play an important role in the ecological equilibrium of European forest
ecosystems. However, the range dynamics of the grey squirrel and red squirrel under future climate
change scenarios remain unknown. The present study examined the range dynamics of grey squirrels
and red squirrels in Europe and their range overlap now and in the future based on climate change.
Under the most optimistic climate change scenario (SSP126), expansion of the grey squirrel’s range
was mainly predicted in Germany, France, Croatia, Serbia, and Bulgaria. Under the most pessimistic
climate change scenario (SSP585), expansion of the grey squirrel’s range was predicted in vast and
scattered regions. Additionally, France, Italy, and Germany were overlapping ranges for the grey
squirrel and red squirrel in the future under the SSP126 scenario but not under the current conditions,
suggesting that there will be new regions where grey squirrels may threaten red squirrels in the future
under SSP126. The range overlaps under the SSP585 scenario but not under the current conditions
were vast and scattered, suggesting that there will be new regions in the future where grey squirrel
may displace red squirrels under SSP585. Despite considerable variation, we detected expansions
in the grey squirrel and red squirrel ranges and an increase in overlapping ranges between grey
squirrels and red squirrels in the future. Therefore, our prediction suggests increasing threats of grey
squirrels toward red squirrels in Europe in the future under climate change, which may impact the
ecological equilibrium of European forest ecosystems.
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1. Introduction

Biological invasion causes adverse effects on ecosystems [1,2], the economy, and
human health [3,4], particularly loss of global biodiversity [5,6]. Although human activities,
such as international trade and transport, promote worldwide biological invasions [7],
global climate change is also playing a role, and recent studies have shown that global
climate change is a primary factor responsible for the global distribution of invasive species
and their shifts in the future [8-13]. Therefore, understanding the impacts of climate change
on biological invasions and the underlying mechanisms are key challenges for ecological
research and conservation biology [9,14].

Investigating the range dynamics of alien invasive species (AIS) and the underlying
mechanisms is of great significance since efficient strategies against biological invasions
can be developed [15-18]. Therefore, an essential need is to project the range dynamics
of AIS under future climate change scenarios [19-21]. Previous studies have shown that
the ranges of AIS may be modified by future climate change, probably because AIS will
track their once-occupied climatic-suitable habitats, and climate change could reallocate
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suitable habitats [12,22,23]. Most studies have shown that climate change will promote
biological invasions [8,12,22-24]. However, de Albuquerque et al. (2019) reported that
climate change may cause a contraction of the potential range of highly invasive buffelgrass
(Cenchrus ciliaris L.) [25]. Additionally, Gong et al. (2020) showed that climate change
could have two-sided effects on the potential ranges of AIS, possibly because the impacts
of climate change on the potential ranges of AIS will be species-specific [20]. Therefore,
the dynamics of the potential ranges of AIS under climate change remain controversial, so
further investigations are needed [8].

Range overlap between AIS and native species is important since overlaps are gen-
erally closely associated with inter-specific competition [26], food web dynamics [27], the
persistence of less competitive species [27,28], and conservation initiatives [29]. Therefore,
it is essential to understand range overlaps between AIS and native species and the under-
lying mechanisms. As discussed above, climate change may change the range dynamics of
AIS; hence, it is reasonable to infer that climate change could modify the range overlap of
native species and AIS.

The introduced grey squirrel (Sciurus carolinensis) is impacting the equilibrium of
European forest ecosystems by breaking trophic cascades of European forest ecosystems
between herbivores and plants [30]. As an invader from North America, the grey squirrel
was first introduced into Europe in 1892 [31], and it has reportedly posed a huge threat
to the red squirrel (Sciurus vulgaris), a sympatric rodent native to Europe. In addition
to competition against red squirrels [32-34], grey squirrels have considerably displaced
red squirrels by passing helminth [35,36] and pathogenic squirrelpox virus (SQPV) infec-
tions [37-39]. Many studies have investigated the invasions of grey squirrels and their
threats to the survival of red squirrel populations in Europe [34,37,40-42]. Additionally, a
variety of studies have focused their attention on the interactions between red squirrels
and grey squirrels [43], including the effects of habitat fragmentation on interspecific com-
petition [42], the differentiation of niche use between grey squirrels and red squirrels [28],
resource partitioning between grey squirrels and red squirrels [34], and the ranges of grey
squirrels in Europe [44,45]. These studies have provided essential information for counter-
ing the competition between grey squirrels and red squirrels and developing conservation
strategies for red squirrels in Europe.

Notably, many studies have explored the range dynamics or distribution patterns of
grey squirrels [41,44-51]. These studies have promoted our understanding of the spatial
patterns of grey squirrels and threats against red squirrels. Nevertheless, most of these
studies investigated the roles of non-climatic factors, such as population dynamic metrics,
vegetation, and land cover, in the range dynamics or distribution patterns of grey squirrels,
whereas the effects of climate have received little attention, despite vegetation patterns and
land cover being closely associated with climate change [52-54], which in turn has shuffled
the distribution or range dynamics of grey squirrels [55,56].

Di Febbraro et al. (2016, 2019) used species distribution models (SDMs) to investigate
range dynamics of the grey squirrel and provided important information for developing
strategies against grey squirrel invasions [44,45]. However, they did not investigate the
potential range overlap between red squirrels and grey squirrels or shifts in the ranges
under climate change. In the present study, we assumed that climate change will induce
changes in the grey squirrel and red squirrel ranges, resulting in considerable shifts in
range overlap between them.

In summary, climate change may induce changes in the ranges of grey squirrels and red
squirrels, resulting in shifts in the range overlaps between them, which could modify their
interactions and the survival of red squirrels in Europe. Here, from a perspective on climatic
suitability, we developed range-dynamic models to examine the range dynamics of grey
squirrels and red squirrels, and we determined the degree of range overlap between them
under a climate change scenario. The results provide novel information for developing
strategies to counter the invasion of grey squirrels and to conserve red squirrels in Europe
in the future.



Forests 2023, 14, 1150

30f16

2. Materials and Methods
2.1. Species Occurrence Records

We downloaded 674,269 occurrence records for grey squirrels (176,095) and
497,874 records for red squirrels from the Global Biodiversity Information Facility (ac-
cessed on 1 May 2021). Then, we refined the dataset by removing the occurrence records
with uncertainty in the geographical coordinates >10 km. To account for the effects of
spatial autocorrelation, we applied SDMtoolbox software, version 2.0, to spatially rarefy the
occurrence records with a radius of 10 km [57,58]. We obtained 13,477 occurrence records,
including the occurrence records for grey squirrels (1352) and red squirrels (12,125) in
Europe (Figure 1, Online dataset 1).
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Figure 1. Occurrence records of the grey and red squirrels. Black points in (a,b) indicate the occurrence
records of grey and red squirrels in Europe, respectively. After spatial rarefication and time stamp
filtering, we retrieved totals of 1354 and 12,125 records of grey and red squirrels, respectively.

2.2. Climatic Predictors

We downloaded the spatial layers of 19 bioclimatic predictors for the current conditions
(an average of the 1970-2000 values) with a spatial resolution of 5 arc min from WorldClim
2.1 [59]. Then, we retrieved the spatial layers of 19 bioclimatic predictors for the future
climate change scenarios (2100) at a spatial resolution of 5 arc min, in which we adopted
two General Circulation Models (GCMs), FIO-ESM-2-0 and MPI-ESM1-2-HR, which are
robust and complementary [60]. Additionally, due to strong influences of climatic change
(scenarios) on the range shifts of grey squirrels and red squirrels (and other small mammals
of forests) [45,61], we selected SSP126 and SSP585 to represent the most optimistic and
pessimistic climatic change scenarios, respectively. In summary, we obtained four climatic
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change scenarios, including SSP126 derived from FIO-ESM-2-0 (F126) and MPI-ESM1-2-HR
(M126) and SSP585 derived from FIO-ESM-2-0 (F585) and MPI-ESM1-2-HR (M585).

2.3. Climatic Predictors in the Ecological Niche Models (ENMs)

With reference to Liu et al. (2020), we used the following methodologies to reduce the
effects of multi-collinearity among the climatic predictors in the ecological niche models
for projecting the potential grey squirrel and red squirrel ranges [17]. First, biomod?2,
an assembled ecological niche model platform [62], was used to build the preliminary
ecological niche models to estimate the relative importance values of the 19 predictors
(Table S1). Second, Pearson’s pairwise correlation analyses were conducted to identify the
collinearity among the 19 predictors, in which the threshold of collinearity was a correlation
coefficient >0.7 [63] (Table S2). Then, we removed the predictor with smaller relative
importance in each pair of predictors that showed collinearity. We ended these processes
when strong collinearity was not observed. The retained climatic predictors were found in
Table S3.

2.4. Potential Ranges of Grey Squirrels and Red Squirrels

Using the occurrence records of grey squirrels and the current spatial layers of the
retained climatic predictors for grey squirrels (Table S3), we applied Biomod?2, an ensemble
platform for ecological niche models [62], to develop ecological niche models to project the
potential ranges of grey squirrels in Europe. Seven algorithms were applied: classification
tree analysis, artificial neural networks, flexible discriminant analysis, a maximum entropy
model, a generalized additive model, a generalized boosting model, and the random forest
classifier [63]. We followed the method recommended by Barbet-Massin et al. (2012) to
retrieve pseudo-existence records (PAs) [64]; i.e., if the number of occurrence records was
<1000, we randomly selected 1000 PAs, or we randomly selected an equal number of
PAs. We obtained the importance values for each predictor using these ecological niche
models. A similar method was applied to project the potential ranges of grey squirrels
in future scenarios, in which we used the occurrence records of grey squirrels and the
retained climatic predictor spatial layers in future scenarios. This method was applicable
for projecting the potential ranges of reds squirrel under the current conditions and in
future scenarios.

We used a five-time cross-validation procedure to evaluate the reliability of the ecolog-
ical niche models. In this procedure, we used 70% of the occurrence records to develop the
ecological niche models and the remaining 30% to assess the reliability of the ecological
niche models. To guarantee the reliability of the ensemble ecological niche models, we only
retained the ecological niche models with areas under the receiver operating characteristic
curve (AUC) >0.8 or true skill statistics (TSS) >0.7 [65]. The maximization sensitivity-
specificity sum threshold (MSS threshold) was applied to calibrate the potential ranges of
each species. This MSS threshold approach considers both the sensitivity and specificity
of models, as well their sum, and the threshold is determined by maximizing the sum of
sensitivity and specificity [66]. This threshold approach has shown good performance in a
comparative study of the thresholds [67].

2.5. Range Shifts and Overlap of Grey Squirrels and Red Squirrels

We developed a dynamic range model to investigate the range shifts in grey squirrels
and red squirrels. In this model, we divided all ranges of a species into three elements:
range unfilling (RU), range stability (RS), and range expansion (RE). RU was defined as the
range potentially occupied only by a species under the current conditions. RS was defined
as the range potentially occupied by a species under the current conditions and in future
scenarios. RE was defined as the range potentially occupied by a species only in future
scenarios. The range of a species in a future scenario (RF) was defined as the sum of RE
and RS, and the range of a species under the current conditions (RC) was defined as the
sum of RS and RU.
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Range ratio (RR) [68] is an index reflecting the changes in range sizes of a species from
current conditions to future scenarios, and it could be calculated as follows:

RF

RR=%¢

Range similarity index (RSI) [68] is an index representing the changes in range centroids
of a species from current conditions to future scenarios, and it could be calculated as follows:

2RS

RSI= RC + RF

Additionally, we overlapped the potential ranges of grey squirrels and red squirrels
under the current conditions and in the future climate change scenarios to identify the
regions requiring attention to strategize against grey squirrels under the current conditions
and in future scenarios.

3. Results
3.1. Performance of Ecological Niche Models and the Maximization Sensitivity-Specificity
Sum Threshold

All ecological niche models showed excellent performance: areas under the receiver
operating characteristic curve and true skill statistics for grey squirrels (red squirrels)
were 0.99 (0.92) and 0.97 (0.69), respectively, exceeding their respective thresholds. The
maximization sensitivity—specificity sum thresholds for determining the potential ranges of
grey squirrels and red squirrels under the current conditions were 0.49 and 0.50, respectively.
Under the scenarios of F126, F585, M126, and M585, the maximization sensitivity-specificity
sum thresholds for calibrating the potential ranges of grey squirrels were 0.32, 0.03, 0.43,
and 0.01, respectively, and those under the scenarios of F126, F585, M126, and M585 were
0.40, 0.22, 0.43, and 0.34, respectively.

3.2. Predictors Responsible for the Potential Ranges of Grey Squirrels and Red Squirrels

Our ecological niche models showed that, for the potential ranges of grey squirrels,
the mean temperature of the coldest quarter had the highest importance value (0.474),
followed by temperature seasonality (0.328), while precipitation of the wettest quarter
showed the lowest importance value (0.011), followed by the mean temperature of the
wettest quarter (0.016) (Table S3). The species response curve indicated that grey squirrel
habitat suitability increased with the increase in the mean temperature of the coldest quarter
(Figure 2a). The most important predictors of the potential ranges of red squirrels were
temperature seasonality (0.638), followed by mean temperature of the warmest quarter
(0.109), whereas the mean diurnal range (0.032) and precipitation seasonality (0.031) were
the least important predictors (Table S3). The species response curve showed that habitat
suitability for red squirrels roughly decreased with the increase in temperature seasonality
(Figure 2b). In summary, the most important predictors for the potential climatic change
ranges of both species were temperature-related variables.
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Figure 2. Responses curves of squirrels to the most important predictors. (a,b) indicate grey squirrels to
mean temperature of the coldest quarter and red squirrels to temperature seasonality, respectively. With
the increase in mean temperature of the coldest quarter, habitat suitability for grey squirrels increased.
With the increase in temperature seasonality, habitat suitability for red squirrels roughly decreased.

3.3. Potential Ranges of Grey Squirrels and Red Squirrels

Under the current conditions, the potential ranges of grey squirrels were mainly
observed in the entire territory of the UK, Ireland, and scattered regions of northern Italy,
covering 33.45 x 10* km? (Figure 3a). The potential ranges of red squirrels under the current
conditions were predicted to be western Europe, Estonia, and some scattered regions in
eastern Europe, covering 262.41 x 10* km? (Figure 3b).

I Potential i
: [ = Miles
B No-potential 0 400 800 1600 2400 3200

Figure 3. Potential ranges of grey and red squirrels under the current conditions. (a,b) indicate the
potential ranges of grey and red squirrels under the current conditions, respectively. Red and grey
indicate the potential ranges and no potential, respectively.

The potential ranges of grey squirrels under the F126 scenario were identified in
Iceland, Ireland, the UK, France, Italy, the Netherlands, Croatia, Serbia, and Bulgaria,
covering 65.00 x 10* km? (Figure 4a). Under the M126 scenario, the potential ranges
of grey squirrels were observed in the UK, Ireland, Serbia, Italy, Croatia, and Bulgaria,
covering 44.86 x 10* km? (Figure 4b). Under the F585 scenario, the potential ranges of
grey squirrels were in Iceland, Ireland, the UK, Spain, Portugal, France, Norway, Sweden,
most of southern Europe, and the southwest part of Russia, covering 424.88 x 10* km?
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(Figure 4c). The potential ranges of grey squirrels under the M585 scenario were similar to
those under F585, covering 519.77 x 10* km? (Figure 4d).

—— Miles
0 625 1250 2500 3750 5000

I Potential
[ No-potential

Figure 4. Potential ranges of grey squirrels under the future climate change scenarios. (a,b) indicate
the potential ranges of grey squirrels under the scenarios of SSP126 derived from two General
Circulation Models (GCMs), i.e., FIO-ESM-2-0 and MPI-ESM1-2-HR, respectively. (c,d) indicate the
potential ranges of grey squirrels under the scenarios of SSP585 derived from two General Circulation
Models (GCMs), i.e., FIO-ESM-2-0 and MPI-ESM1-2-HR, respectively. (e f) indicate the potential
ranges of red squirrels under the scenarios of SSP126 derived from two General Circulation Models
(GCMs), i.e., FIO-ESM-2-0 and MPI-ESM1-2-HR, respectively. (g,h) indicate the potential ranges of
red squirrels under the scenarios of SSP585 derived from two General Circulation Models (GCMs),
i.e., FIO-ESM-2-0 and MPI-ESM1-2-HR, respectively. Red and grey indicate the potential ranges and
no potential, respectively.

Under the F126 scenario, the potential ranges of red squirrels were mainly predicted to
be in western Europe, Norway, Sweden, Finland, and Estonia, covering 297.25 x 10* km?2
(Figure 4e). The potential ranges of red squirrels under the M126 scenario were similar
to those under the F126 scenario, covering 304.60 x 10* km? (Figure 4f). Under the F585
scenario, the potential ranges of red squirrels were in western Europe, northern Europe,
and northwest Russia, covering 449.87 x 10* km? (Figure 4g). The potential ranges of red
squirrels under the M585 scenario were similar to those under the F585 scenario, covering
328.21 x 10* km?(Figure 4h).
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3.4. Range Dynamics of Grey Squirrels and Red Squirrels

Our range models showed that, under the F126 scenario, expansion of the grey squirrel
ranges mainly occurred in Iceland, the Netherlands, Germany, France, Italy, Croatia, Serbia,
and Bulgaria, covering 32.41 x 10* km? (Figure 5a), and stable ranges were observed in Ireland
and the UK, covering 32.59 x 10* km? (Figure 5a). Range unfilling was mainly projected in a
small part of the eastern UK, covering 0.85 x 10* km? (Figure 5a). Additionally, the range ratio
and range similarity index were 1.94 and 0.66, respectively. Expansion of the grey squirrel
ranges was observed under the M126 scenario in Germany, France, Croatia, Serbia, and
Bulgaria, covering 14.16 x 10* km? (Figure 5b), and stable ranges were detected in Ireland and
the UK, covering 30.69 x 10* km? (Figure 5b). Range unfilling was projected in the UK and
a small part of western France, and Italy, covering 2.75 x 10* km? (Figure 5b). Additionally,
the range ratio and range similarity index were 1.34 and 0.78, respectively. Under the F585
scenario, expansion of the grey squirrel range was observed in Iceland, southwest Russia,
eastern Europe, Austria, Italy, eastern France, Spain, Portugal, eastern Germany, southern
Sweden, and the coastal regions of Norway, covering 396.41 x 10* km? (Figure 5c), and
stable ranges were identified in Ireland and the UK, covering 28.40 x 10* km? (Figure 5c).
Range unfilling was mainly projected in the eastern part of the UK, covering 5.04 x 10* km?
(Figure 5¢c). Additionally, the range ratio and range similarity index were 12.70 and 0.12,
respectively. The range dynamics of grey squirrels under the M585 scenario were similar
to those under the F585 scenario, covering 486.39 x 10%,33.29 x 10%, and 0.15 x 10* km?,
respectively, and the range ratio and range similarity index were 15.54 and 0.12, respectively,
(Figure 5d).

Under the F126 scenario, the red squirrel ranges expanded in a scattered pattern but
were observed in Iceland, the UK, Norway, Sweden, Finland, Poland, the Czech Republic,
Slovakia, Romania, Croatia, Latvia, Lithuania, and the northwest coast of Russia, covering
65.69 x 10* km? (Figure 5e), and range unfilling was also detected in a scattered pattern,
and was mainly observed in Sweden, Finland, Estonia, Poland, the Czech Republic and
Slovakia, and Spain, covering 30.86 x 10* km? (Figure 5e). The ranges were stable in most
of western Europe, covering 231.50 x 10* km? (Figure 5e). Additionally, the range ratio and
range similarity index were 1.13 and 0.83, respectively. Under the M126 scenario, the red
squirrel ranges expanded in eastern Europe, Finland, Sweden, and western Russia, covering
70.86 x 10* km? (Figure 5f), and the pattern of the stable ranges was similar to those under the
F126 scenario, covering 233.69 x 10* km? (Figure 5f). Range unfilling was primarily observed
in Spain, Finland, and Estonia, covering 28.68 x 10* km? (Figure 5f). Additionally, the range
ratio and range similarity index were 1.16 and 0.82, respectively. The red squirrel ranges
expanded under the F585 scenario in Iceland, Latvia, Lithuania, Poland, Norway, Sweden,
and northwest Russia, covering 242.54 x 10* km? (Figure 5g), and the ranges were stable in
western Europe, covering 207.25 x 10* km? (Figure 5g). Range unfilling was detected in a
scattered pattern and was mainly predicted in Portugal, Spain, southwest Finland, Sweden,
East Germany, Romania, and Italy, covering 55.11 x 10* km? (Figure 5g). Additionally, the
range ratio and range similarity index were 1.71 and 0.58, respectively. Under the M585
scenario, the expansion, stability, and unfilling of the red squirrel ranges were similar to those
under the F585 scenario, covering 142.58 x 10%,185.57 x 10%, and 76.80 x 10* km? (Figure 5h),
respectively, with range ratio and range similarity index values of 1.25 and 0.63, respectively.
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Figure 5. Range dynamics of grey squirrels under the future climate change scenarios. (a,b) indicate
range dynamics of grey squirrels under the scenarios of SSP126 derived from two General Circulation
Models (GCMs), i.e., FIO-ESM-2-0 and MPI-ESM1-2-HR, respectively. (¢,d) indicate range dynamics
of grey squirrels under the scenarios of SSP585 derived from two General Circulation Models (GCMs),
i.e., FIO-ESM-2-0 and MPI-ESM1-2-HR, respectively. (e,f) indicate range dynamics of red squirrels
under the scenarios of SSP126 derived from two General Circulation Models (GCMs), i.e., FIO-ESM-
2-0 and MPI-ESM1-2-HR, respectively. (gh) indicate range dynamics of red squirrels under the
scenarios of SSP585 derived from two General Circulation Models (GCMs), i.e., FIO-ESM-2-0 and
MPI-ESM1-2-HR, respectively. Red, orange, and blue indicated range expansion, range stability, and
range unfilling, respectively.

3.5. Range Overlap between Grey Squirrel and Red Squirrel

The ranges of grey squirrels and red squirrels overlapped under the current conditions in
Ireland and the UK, covering 30.40 x 10* km? (Figure 6a). Under the F126 scenario, the ranges
of grey squirrels and red squirrels overlapped in Ireland, the UK, France, Belgium, the Nether-
lands, Germany, Italy, Croatia, and peripheral regions of Iceland, covering 48.90 x 10* km?
(Figure 6b). Under the M126 scenario, the ranges of grey squirrels and red squirrels over-
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lapped in Ireland, the UK, Italy, and Croatia, covering 35.64 x 10* km?2 (Figure 6¢). Under
the F585 scenario, the ranges of grey squirrels and red squirrels ranges overlapped in a scat-
tered pattern in Iceland, Ireland, the UK, France, Spain, Norway, Sweden, Switzerland, Italy,
Austria, Poland, Lithuania, Latvia, Estonia, Russia, and Slovenia, covering 128.86 x 10* km?
(Figure 6d). The overlap between the ranges of grey squirrels and red squirrels under the
MB585 scenario was also scattered and was similar to that under the F585 scenario with a larger
area, covering 141.88 x 10* km? (Figure 6e). In summary, compared with those between grey
squirrels and red squirrels, overlapped ranges between them in the future showed larger
range sizes, although considerable variation remained.

N
I Overlap
[ No-overlap A

0 550 1100 2200 3300 4400

Figure 6. Range overlap between grey and red squirrels. (a) indicates range overlap between grey
and red squirrels under the current conditions. (b,c) indicate range overlap under the scenarios of
SSP126 derived from two General Circulation Models (GCMs), i.e., FIO-ESM-2-0 and MPI-ESM1-
2-HR, respectively. (d,e) indicate range overlap under the scenarios of SSP585 derived from two
General Circulation Models (GCMs), i.e., FIO-ESM-2-0 and MPI-ESM1-2-HR, respectively. Red and
grey indicate the range overlap and no overlap, respectively.

Under the F126 scenario, the future range overlap of the grey squirrel and red squirrel,
but in the current conditions (expanded range overlap), was observed in France, Switzer-
land, Austria, Germany, Italy, Belgium, and the Netherlands, covering 19.34 x 10* km?
(Figure 7a). Under the M126 scenario, an expanded range overlap was observed in France,
the UK, Italy, Croatia, Norway, and Germany, covering 7.47 x 10* km? (Figure 7b). Under
the F585 scenario, the expanded range overlap was scattered in Iceland, Spain, Norway,
Sweden, Switzerland, Italy, Austria, Poland, Lithuania, Latvia, Estonia, Russia, and Slove-
nia, covering 103.46 x 10* km? (Figure 7c). Under the M585 scenario, the expanded range
overlap was also scattered, and the spatial patterns were similar to those under the F585
scenario with a larger area, covering 113.27 x 10* km? (Figure 7d).
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Figure 7. Expanded range overlap in future, but not current, conditions. (a—d) indicate the range
overlap in future, but not in current, conditions under SSP126 derived from FIO-ESM-2-0, SSP126
derived from MPI-ESM1-2-HR, SSP585 derived from FIO-ESM-2-0, and SSP585 derived from MPI-
ESM1-2-HR, respectively.

4. Discussion

Using two robust and complementary GCMs, we developed range dynamic models
to estimate the shifts in the potential ranges of grey squirrels and red squirrels under future
climate change scenarios, and we identified the regions to which grey squirrels may expand
in the future. Additionally, we predicted the regions in which the ranges of the two species
would overlap in the future. Therefore, from the perspective of climatic suitability, our
study provides important information for developing strategies to counter the invasion of
grey squirrels and conserve red squirrels in Europe under future climate change.

Our ecological niche models showed that the mean temperature of the coldest quarter
was the most important value predicting the potential ranges of grey squirrels, and a positive
relationship was detected between the mean temperature of the coldest quarter and the habitat
suitability of grey squirrels. This finding suggests that changes in the mean temperature during
the coldest quarter in the future may play an essential role in the range dynamics of grey
squirrels and that the grey squirrel range may expand by the increase in the mean temperature
of the coldest quarter, which is similar also for some other Sciuridae species. For example,
Stapp et al. (1991) found that winter energy was closely associated with the distribution of
southern flying squirrels (Glaucomys volans) [69]. In addition, Jokinen et al. (2019) reported
that winter temperatures had relatively large predictive power for the distribution patterns of
the Siberian flying squirrel (Pteromys volans) [70].

The most important predictor of the potential ranges of red squirrels was temperature
seasonality, and a negative relationship was observed between temperature seasonality and
red squirrel habitat suitability. This result suggests that changes in temperature seasonality
in the future will largely determine the range dynamics of red squirrels and that the future
expansion of the red squirrel ranges observed in our study may be induced by a decrease
in temperature seasonality, consistent with Aidoo et al. (2022) and Johovic et al. (2020),
who found that decreasing temperature seasonality is closely associated with the range
expansion of their target AIS [71,72]. In summary, climate change may play an important
role in the range dynamics of AIS, and climatic predictors responsible for the dynamics
may vary among AIS [20].

Our results showed that the range of grey squirrels expanded under the F126 scenario
in Iceland, the Netherlands, Germany, France, Italy, Croatia, Serbia, and Bulgaria, covering
32.41 x 10* km?. Under the M126 scenario, expansion of the range of grey squirrels was
observed in Germany, France, Croatia, Serbia, and Bulgaria, covering 14.16 X 10* km?2.
Although the sizes of the expanded ranges under the SSP126 scenario varied considerably
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with the GCM, the Netherlands, France, Germany, Croatia, Serbia, and Bulgaria consistently
remained parts of the expanded grey squirrel ranges. Therefore, if we could efficiently
control future climate change, these two regions would be focal regions for controlling the
invasion of grey squirrels in the future. Under the F585 and M585 scenarios, expansion
of the grey squirrel ranges included vast regions (396.41 x 10* and 486.39 x 10* km?,
respectively), including Iceland, southwest Russia, eastern Europe, Austria, Italy, eastern
France, Spain, Portugal, eastern Germany, southern Sweden, the Netherlands, Iceland, and
the coastal regions of Norway, suggesting that we should efficiently control future climate
change, or these vast regions will be invaded by grey squirrels in the future.

Under the current conditions and all of the climate change scenarios, Ireland and
the UK were consistently in overlapping regions of the grey squirrel and red squirrel
ranges in the future. Therefore, these two areas are the focal regions for controlling the
grey squirrel threats against red squirrel conservation, and strict control management
strategies are already ongoing in the UK and Ireland [43]. Additionally, under the SSP126
scenario, France, Italy, and Germany were in the overlap ranges of grey squirrels and
red squirrels but not under the current conditions. This finding suggests that, under the
most optimistic climate change scenario, grey squirrels may displace red squirrels in these
three regions in the future. Therefore, these regions were the new regions where grey
squirrels may displace red squirrels in the future. Under the SSP585 scenario, but not
under the current conditions, range overlap was in scattered patterns in Iceland, France,
Spain, Norway, Sweden, Switzerland, Italy, Austria, Poland, Lithuania, Latvia, Estonia,
Russia, and Slovenia, suggesting that, under the most pessimistic climate change scenario,
these regions are the new regions where grey squirrels may displace red squirrels in the
future, and the cost of controlling the threats of grey squirrels against red squirrels would
be huge. Our future strategy for controlling the invasion of grey squirrels and conserving
red squirrels should be modified for these regions.

A variety of studies have projected the range of grey squirrels at the local or country
scale using spatially explicit population dynamics models and the vegetation distribution
or land cover [41,48-51], with climatic change receiving little attention, although vegetation
distribution or land cover used in spatially explicit population dynamics models may be
affected by climate changes [52-54]. As a result, the grey squirrel and red squirrel distri-
bution patterns were closely associated with vegetation distribution or land cover [55,56].
Nevertheless, our study projected the range dynamics of grey squirrels and red squirrels
from a climatic suitability perspective and their potential range overlap on the European
scale. Therefore, our European scale study provides novel information on controlling grey
squirrel and red squirrel conservation in the future.

Using similar methods (i.e., ecological niche models), Febbraro et al. (2016) predicted
the future patterns of alien squirrels under climate change scenarios and invasion hotspots
at the global scale [44]. However, they did not investigate grey squirrel range dynamics
under climate change scenarios. In contrast, our study developed range dynamic models to
explore the potential expansion of the ranges, the stability of the ranges, and range unfilling
by grey squirrels, as well as the range overlap between red squirrels at the European
scale, which from a climatic suitability perspective may provide information for efficiently
controlling the invasion of grey squirrels and conserving red squirrels in Europe.

The grey squirrel range ratio from current conditions to the future ranged from 1.34
to 15.54, suggesting an increase in the potential ranges of grey squirrels, suggesting that
climate change will promote the invasion of grey squirrels in Europe, although great
uncertainty remains. Additionally, the similarity index values for the current conditions
and the future ranges were 0.12 to 0.66, suggesting that grey squirrels under future climate
change scenarios may occupy different range positions across space from those under the
current conditions, although great uncertainty remains. Therefore, future strategies against
grey squirrel invasions may need to be modified to meet the shifts in the range positions of
grey squirrels in the future.
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Grey squirrels are impacting trophic cascades of European forest ecosystems, especially
those between herbivores and plants, suggesting huge impacts on the ecological equilibrium
of European forest ecosystems [30]. We observed amplification of the grey squirrel range
under future climate scenarios, i.e., larger potential ranges compared with those under
the current conditions, as well as larger range overlap between grey squirrels and red
squirrels, suggesting a greater threat against the red squirrel in the future. However, our
observations varied considerably with the two different GCMs used, i.e., FIO-ESM-2-0 and
MPI-ESM1-2-HR. For example, under the F126 and M126 scenarios, the expanded areas of
the grey squirrel range were 32.41 x 10* km? and 14.16 x 10* km?, respectively, and the
range overlaps were 48.90 x 10* km? and 35.64 x 10* km?, respectively. Additionally, our
observations varied considerably with these two climate change scenarios. For example,
under the SSP126 and SSP585 climate change scenarios, the range overlap areas derived
from MPI-ESM1-2-HR were 35.64 x 10* km? and 141.88 x 10* km?, respectively. In
summary, although we have observed increases in the potential ranges of grey squirrels
and red squirrels and their overlap from current conditions to the future, the observations
may vary considerably with the GCM and the climate change scenario.

5. Conclusions

The present study detected expansions in the grey squirrel and red squirrel ranges
under both the most optimistic and pessimistic climate change scenario in the future.
Despite the considerable variation, overlapped ranges between grey squirrels and red
squirrels in the future showed larger sizes than those under current conditions. Therefore,
the range dynamics of grey squirrels and red squirrels and their overlap suggest increasing
threats of grey squirrels against red squirrels in Europe, which may result in the accelerating
decline of red squirrel populations in Europe and impact the biodiversity and ecological
equilibrium of European forest ecosystems, although great uncertainty remains, and further
investigations are needed.
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