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Abstract

Species introduction represents one of the most serious threats for biodiversity. The realized climatic niche of an invasive
species can be used to predict its potential distribution in new areas, providing a basis for screening procedures in the
compilation of black and white lists to prevent new introductions. We tested this assertion by modeling the realized climatic
niche of the Eastern grey squirrel Sciurus carolinensis. Maxent was used to develop three models: one considering only
records from the native range (NRM), a second including records from native and invasive range (NIRM), a third calibrated
with invasive occurrences and projected in the native range (RCM). Niche conservatism was tested considering both a niche
equivalency and a niche similarity test. NRM failed to predict suitable parts of the currently invaded range in Europe, while
RCM underestimated the suitability in the native range. NIRM accurately predicted both the native and invasive range. The
niche equivalency hypothesis was rejected due to a significant difference between the grey squirrel’s niche in native and
invasive ranges. The niche similarity test yielded no significant results. Our analyses support the hypothesis of a shift in the
species’ climatic niche in the area of introductions. Species Distribution Models (SDMs) appear to be a useful tool in the
compilation of black lists, allowing identifying areas vulnerable to invasions. We advise caution in the use of SDMs based
only on the native range of a species for the compilation of white lists for other geographic areas, due to the significant risk
of underestimating its potential invasive range.
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Introduction

Species introduction represent one of the main factors in the

ongoing biodiversity crisis, with important impacts on ecosystems

[1–3], and huge economic losses [4,5]. Given that eradication and

control of established populations of introduced species is costly

and difficult to implement [6–9], strategies aiming at mitigating

these impacts should focus on prevention and early warning and

rapid response. The implementation of such strategies requires the

development and adoption of screening tools designed to identify

potentially harmful species before importing them into a country

[10], or to facilitate prompt response in the event of new

introductions [11]. In particular, the development of black and

white lists would help in the first screening of species proposed for

import [12,13]. Such lists should contain species already identified

as invasive or that have the potential to be so (black lists), or species

classified at low risk following a risk assessment procedure, or

based on long-standing experience (white lists). One of the

correlates of successful introductions that often emerges, is a

match between the ecological conditions of the donor and the

invaded areas [14–17]. Introduced species have a higher

probability of successfully establishing viable populations in areas

with a climate that is similar to the native region. According to a

precautionary approach, species already established in a country

should be banned from other countries with similar ecological and

climatic conditions, but for species never introduced before this

source of information is lacking. If for instance, we consider the pet

trade that is an important vector of introductions for vertebrates

[16,18], it is intuitive that banning species that have already

proved to be harmful will stimulate the trade of alternative species,

never traded before. An evaluation of these new species that do not

have a previous history of introduction is thus required.

Furthermore, when recording a new invasion, it is important to

have quick screening tools to support decision making in terms of

appropriate responses [11].

In recent years, Species Distribution Models (SDMs) have been

widely used in many fields, including biodiversity research [19],

conservation biology [20] and invasion biology [21,22]. These
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models are calibrated on the realized niche [23] and rely on the

assumptions that species location data used for modelling are

representative of its true climatic requirements; that observed

species distributions are in equilibrium with current climate; and

that the correct climatic predictors have been included in the

model [24]. Many studies have used climatic predictors to model

patterns of invasion events [21,25]. However, the application of

SDMs in predicting geography of present and future species

invasions requires another fundamental assumption, so-called

‘niche conservatism’. This assumes that the species’ niche

maintains its original features over space and time [26]. Assuming

niche conservatism, SDMs predict possible invasion events only in

areas with similar climatic conditions to the species’ native range.

Biological invasions represent an ideal opportunity to verify niche

conservatism assumptions, allowing the investigation of spatial

niche dynamics in non-native environments, a process usually

occurring over time. Thus many recent studies used SDMs to

evaluate differences in species’ niches between the native and non-

native range [21,25,27–29].

The overall objective of this study was to provide a foundation

for screening procedures that will use the realized climatic niche of

a species in its native range in order to evaluate its adaptability in

new areas. If the realized climatic niche of a species could be used

to predict the areas of the world where it could adapt, then this

modelling procedure would be an economic and effective tool in

compiling black and white lists to prevent new introductions.

We test this assertion using the American eastern grey squirrel

(Sciurus carolinensis) (henceforth simply referred to as ‘grey squirrel’),

a rodent of the family Sciuridae that has been successfully

introduced into many countries, as a case study. The grey squirrel

naturally occurs in the Eastern side of North America, ranging

from the Mexican Gulf to Southern Canada [30]. It has been

introduced to many localities of North America, Australia (now

extinct), South Africa, Great Britain, Ireland and Italy [18,31,32].

At present, the range of the grey squirrel in Europe covers most of

England and Wales, part of Scotland, the Eastern part of Ireland,

as well as extensive areas in North Western and Central Italy [33–

35].

The grey squirrel represents a serious threat for biodiversity in

its non-native range. Its spread in the British Isles and in Northern

Italy is causing the progressive decline of the native red squirrel

(Sciurus vulgaris) through disease mediated competition [36–38]. It

also causes significant and costly damage to forests and tree

plantations, and may prey on eggs and chicks of many forest birds

[39,40]. A modelling approach has been used to predict the grey

squirrel population expansion at a regional and local scale, but this

approach has relied on limited life history information for the

species in its new range and did not consider climatic factors [41–

44]. We ask the following questions: i) Does the grey squirrel

introduced into Europe maintain the same realized climatic niche

as in its native range? ii) What are the areas at risk of invasion at a

global level? iii) How useful can SDMs be in compiling black and

white lists and estimating potential distribution of invasive alien

species?

Materials and Methods

Species Records
Species occurrences for both invaded and native ranges were

derived from different resources, including online databases as the

Global Biodiversity Information Facility (GBIF, http://www.gbif.

org), the Mammal Networked Information System (MaNIS,

http://manisnet.org/) and the specimen online collections of

‘‘American Museum of Natural History’’ (http://www.amnh.org/

), ‘‘Smithsonian Institution National Museum of Natural History’’

(http://www.mnh.si.edu/) and ‘‘Royal Ontario Museum’’ (http://

www.rom.on.ca/). Species records for Piedmont (Northern Italy)

were provided by S.B. (unpublished data). Occurrences without

coordinates were georeferenced using BioGeomancer [45], if a

geographic indication equivalent to an administrative level of

‘‘municipality’’ (as intended by the Darwin Core data standard-

ization system; http://terms.gbif.org/wiki/dwc:municipality) was

provided, otherwise they were discarded. Duplicate records falling

into the same municipality boundaries were excluded. Records not

falling into the IUCN native range [46] were excluded from the

dataset. For the invasive range, records from United Kingdom,

Ireland and Northern Italy were used. These countries represent

the oldest areas of introduction, with documented self-sustaining

populations, which colonized both natural and man-modified

habitats. We collected a total of 2997 records of presence, 981 for

the native range and 2016 for the invasive one (Fig. 1).

Climate Data
The selection of environmental predictor variables in SDMs is

often a function of the scale of the analysis; but in general, the

predictors describing the physical environment often fall into three

classes: 1) climate, 2) topography, and/or 3) land use. The

predictive power of SDMs at broad scales may not be substantially

improved by including variables other than climate [47], but land-

use and topographic variables related to direct and resource

gradients, may be more important at finer, regional scales [48,49].

Although it is undeniable that non-climatic factors related to the

physical environment and interspecific dynamics (i.e. competition,

predation) play major a role in determining the distribution of the

grey squirrel, an analysis based only climatic variables can give a

first good approximation of distribution of a species at the global

scale [49].

Climate data were obtained from the Worldclim database [50].

Worldclim contains interpolated surfaces for 19 climatic variables,

available at different spatial resolutions. Given that our aim was to

broadly screen for climatically suitable areas for the grey squirrel,

across the main geographic regions of the world, we decided not to

use the finest resolution data available within Worldclim (30 arc-

second resolution). We decided instead to use the dataset with a

2.5 arc-minutes resolution. We chose a subset of the climatic

variables on the basis of what is known about the grey squirrel

ecology and our knowledge of the species. The grey squirrel seems

to be primarily limited by low temperatures and abundant

precipitations, especially during winter. The severity of winter

weather was negatively associated with population size of grey

squirrels and survival from summer to winter [51]. A severe frost

could reduce food availability and food quality determining lighter

body weight, reduced reproductive rate and increased mortality in

young and subadults [52]. [51] confirmed the interaction between

food availability and winter climate, showing that the severity of

winter weather could mask the positive effects of tree seed

availability limiting grey squirrel densities. These effects are

indirectly confirmed by the limited spread of the grey squirrel

introduced to West Scotland, a region characterized by heavy

rains and low temperatures [33,53]; see also Fig. 1. We thus

selected all the variables related to winter temperature and

precipitations. Because of potential problems with multi-collinear-

ity [54] we further reduced our variables to four: Mean

Temperature of the Wettest Quarter (MTWQ); Mean Temper-

ature of the Coldest Quarter (MTCQ); Precipitation of the Wettest

Quarter (PWQ); Precipitation of the Coldest Quarter (PCQ).

These variables were retained as they showed a correlation of 0.80

or less as measured by the Pearson’s correlation coefficient.

Climatic Niches in Alien Species Risk Assessments
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Figure 1. Occurrences of S. carolinensis in native range (a) and invasive range (b), used to calibrate models.
doi:10.1371/journal.pone.0066559.g001
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Pearson’s correlation tests were performed using statistical

software R 2.14.2 [55].

Modelling Approach
All the models were calibrated using Maxent [56,57]. Maxent is

a machine - learning method that estimates species distributions

using environmental predictors together with species occurrences.

This algorithm, based on an application of the maximum entropy

principle in an ecological context [58], estimates the distribution

probability in such a way as to satisfy a set of constraints derived

from environmental conditions at species’ presence sites. These

constraints impose that the expected value of each environmental

predictor falls as close as possible to the empirical mean of that

predictor measured over the presence records. Between all the

possible distributions that satisfy constraints, the algorithm chooses

the closest to the uniform, maximizing the entropy. Maxent has

generally shown to perform better than other similar techniques,

especially in predicting invasive species distributions outside their

native ranges [59–61].

We kept the default settings in the algorithm, with the exception

of the number of replicates and default prevalence. In order to

obtain a reliable evaluation of the model, we randomly split the

occurrence data into two subsets, using 70% of records to calibrate

the model and the remaining 30% to evaluate the model. This

procedure was replicated 10 times, each time randomly selecting

different 70% - 30% portions of occurrence data. The final model

was obtained averaging the 10 runs. For each replicate, we

evaluated the predictive performance of the models by calculating

the area under curve (AUC), the sensitivity, specificity and true

skill statistic (TSS). All metrics were calculated using the R package

‘‘PresenceAbsence’’ [62].

Moreover, to account for the fact that the species is quite

common and easy to observe across most of its geographical range,

we set the default prevalence to 0.7.

Native, Invasive and Reciprocal Models
We calibrated three different models: one considering only

records from the native range (NRM), the second including

records from native and invasive range (NIRM), the third, so-

called ‘‘reciprocal’’ [21,25], calibrated with invasive occurrences

and projected in the native range (RCM). For the computation of

the NRM, background points were randomly placed in the entire

North American continent, assuming this area to be potentially

available for the species in terms of dispersal but not entirely

occupied because of climatic constraints. Background points for

the NIRM were randomly placed also in United Kingdom,

Ireland and Piedmont (Northern Italy). Because the majority of the

records available to us were derived from the invasive range (2016

against 981), they were not used as a whole to calibrate NIRM. In

order to decrease the potential bias occurring from invasive range

being over-represented [21], 10 subsets of 10% of the records from

the invasive range were randomly selected and a single NIRM has

been calibrated from each selection, then the results and the

performance metrics were averaged. The three models were then

projected worldwide.

The main vector of squirrel’s introductions is the pet trade and

the subsequent release of captive animals [18]. Therefore,

countries at risk of invasion are those where the grey squirrel is

imported. A complete list of countries where squirrels are traded is

not available and theoretically grey squirrels could be traded

everywhere. For this reason, our predictions considered all

countries and not only those where grey squirrels were already

introduced or where their trade is reported.

Niche Overlap Among Native and Invasive Range
Comparisons of the climatic niches, between the native and

invasive range, were carried out using the analytical framework

proposed by [63]. The analysis of two environmental niches

follows three steps:

i) Data preprocessing. In this step the environmental space, as

obtained from a multivariate ordination using the climatic data or

from the prediction of a species distribution model is divided in

cells, each representing a unique vector of environmental

conditions nij, occurring at one or more sites in the geographical

space. A Kernel density function [64], is then employed to

calculate the density of number of occurrences and number of sites

with particular environmental conditions nij, for each cell of the

environmental space. These densities are divided respectively by

the maximum number of occurrences in any one cell of the

environmental space, max(nij), and by the number of sites with the

most common environment, max(Nij), as follows:

oij~
d nij

� �
max nij

� � , eij~
d Nij

� �
max Nij

� � ð1Þ

oij and eij represent two indexes which range from 0, for

environments without occurrences nor sites, to 1, for environments

with maximum number of occurrences and sites. Then zij, the

occupancy of each environment nij by the species, is calculated as

follows:

zij~
oij

�
eij

max o=eð Þ , if eij=0

zij~0, if eij~0

ð2Þ

This index also ranges from 0 to 1 and allows unbiased

comparisons of occurrence densities between different entities

occurring in ranges with environments not equally available [63].

This data preprocessing step overcomes problems related to the

spatial resolution of the data, corrects observed occurrence

densities for each region (invasive vs. native) in light of the

availability of environmental space and most importantly, makes

optimal use of both geographical and environmental spaces.

ii) Calculation of the niche overlap measure. In this step the

niche overlap in the environmental space is measured, using a

revised version of the D metric [65], as follows:

D~1{
1

2

X
ij

Dz1ij{z2ij D
�

ð3Þ
 

D metric provides a calculation of the niche overlap between

two species by comparing their occupancy values, zij, calculated in

equation 2, over the environmental space.

iii) Performing tests of niche equivalency and similarity [66].

Both equivalency and similarity tests are based on a randomization

process. Niche equivalency test evaluates if the niches of two

species are effectively identical or if niche overlap value measured

between them could be simply due to chance. This test requires

the calculation of a null distribution of 100 simulated niche overlap

values, obtained by pooling the occurrences of the two species,

randomly splitting them with the same proportions of the original

dataset and quantifying niche overlap values between each couple

of simulated niches. If the observed niche overlap value falls

Climatic Niches in Alien Species Risk Assessments
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outside the 95% of the null distribution of simulated values,

equivalency of the two niches can be rejected. In a similar manner,

niche similarity test evaluates how much similarities/dissimilarities

between niches of two species can be ascribed to ecological issues

(habitat selection and/or suitability) or simply to chance. This

second test also involves the calculation of a null distribution of

100 simulated niche overlap values, whereas, in this case, it is

obtained shifting randomly the center of the observed distribution

of occurrences in one species’ range and calculating niche overlap

values between the simulated niches and the observed niche

calculated in the other species’ range (range 1 R range 2). The

procedure is also carried out in the opposite direction, simulating

niches in range 2 and calculating niche overlap with observed

niche in range 1 (range 1 r range 2). If the observed niche overlap

value is greater/smaller than the null distribution of the simulated

values, the two niches are more similar/different than expected by

chance [63,66].

Broennimann’s framework makes use of a number of ordination

and SDMs methods to compare environmental niches (see above

mentioned step i). Here we decided to focus on ordination

methods considered more appropriate than SDMs to investigate

niche overlap [63]. We applied all the ordination methods

suggested by [63]. However, as they all yielded similar results

only those obtained from the Principal Component Analysis

calibrated on the entire environmental space of the two ranges

including species occurrences (PCA - env) were reported. Other

methods and results are provided in Supplementary Table S1.

Following [63] the PCA’s were calibrated both using data from the

native range and then projecting results into the invasive range,

and using data from both ranges as a whole.

Results

Maxent Modelling
Both NRM and NIRM showed excellent predictive abilities

(AUC .0.9) according to [67]. The predictive ability of the RCM

was poor (AUC ,0.7). The inclusion of occurrences from the

invasive range of the species had little impact on the predictive

power of the model, with the AUC changing from 0.922 for NRM

to 0.910 for NIRM. Threshold - dependent measures also showed

the NRM as the best model in terms of predictive performance,

with 94.3% of presences and 86.1% of absences correctly

predicted, and a TSS value of 0.80, consistently better than

random [68] (Table 1).

The geographical projections of the grey squirrel’s climatic

niche predicted by the three models showed that NRM failed to

predict a large extent of the invasive range in the Eastern parts of

the United Kingdom, whereas it accurately predicted an

unsuitable area in Western Scotland, where the species is absent.

The RCM highly underestimated and shifted the native range of

the species westwards in North America. NIRM accurately

predicted both the native and invasive range, including the lack

of suitable climatic conditions in Western Scotland (Fig. 2).

Worldwide projections of the NIRM predicted many highly

suitable areas on all continents, including a large extent of Europe

and Subsaharan Africa, areas of South Eastern Asia and South

America and South Eastern regions of Australia, identifying these

as highly vulnerable areas in case of grey squirrel’s introduction

(Fig. 3).

Niche Shift
Within the ordination techniques used to calculate niche

overlap (see Table S1 in Supporting Information), PCA - env

showed the highest niche overlap value, both when calibrated

using data from the native range and when coupling these data

with occurrences from invasive range. Niche equivalency hypoth-

esis was rejected in both cases, revealing significant differences

between the grey squirrel’s niche in native and invasive ranges.

Niche similarity yielded no significant results, leading to nonrejec-

tion of the null hypotheses of niche similarities due to chance

(Table 2).

Results of PCA - env, defined as the best method [63] emphasise

how the grey squirrel’s niche center underwent a shift in its

position moving toward colder environments when colonizing the

non-native range, moreover expanding its shape with an inclusion

of wetter environments (Fig. 4).

Discussion

Species Distribution Models estimate climatic requirements of a

species building its realized niche and could be used to predict the

potential risk and extent of spread of species introduced into new

areas [61,69]. The ability to perform an effective screening of

species is based on the assumption of ‘niche conservatism’, that a

species maintains its native niche over space and time [26]. We

tested this hypothesis with the grey squirrel investigating the

overlap between native and invasive climatic niches.

Model Performance
The analyses performed in this study showed that invasive

populations of the grey squirrel in Europe occupy climatic

conditions not represented in the native distribution of the species.

They occurred in colder and wetter areas compared to their native

range. This supports the hypothesis of a shift in the species’s

climatic niche in the area of introductions. The result was

confirmed by the failure of the model calibrated with native

occurrences (NRM) and the one calibrated with invasive

occurrences (RCM) in predicting respectively invasive and native

distributions and by the detection of a statistically significant

difference between native and invasive climatic niche.

Although both NRM and the model calibrated pooling native

and invasive occurrences (NIRM) offered excellent AUCs, they

showed very different performances in predicting native and

Table 1. Results of model validation.

Model Area of calibration AUC Sensitivity Specificity TSS

NRM North America 0.922 0.943 0.861 0.805

RCM UK, Ireland, Piedmont (Italy) 0.652 0.746 0.514 0.261

avNIRM North America+UK, Ireland, Piedmont (Italy) 0.910* (sd = 0.0008) 0.942* 0.860* 0.802*

NRM = Native Range Model, RCM = Reciprocal Model, avNIRM = averaged Native+Invasive Range Model.
‘‘*’’indicates averaged values.
doi:10.1371/journal.pone.0066559.t001

Climatic Niches in Alien Species Risk Assessments
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invasive distributions. NRM accurately predicted the native

distribution in North America, whereas it partially failed to

predict the invasive distribution in UK and Piedmont. The NRM

in particular, predicted the species to be absent from Western

Scotland, a cold and rainy area which has actually remained

unoccupied by grey squirrel, despite the fact that this region was

among the first introduction sites in the UK (introduction at Loch

Long, Western Scotland in 1892 [53]). On the other hand, NRM

failed to predict the distribution of grey squirrels in South Eastern

England, where the species has successfully spread during the last

century [34]. In addition, it predicted a large unsuitable area in

Piedmont, where the grey squirrel is currently still expanding its

Figure 2. Predicted distribution of the grey squirrel for North America, United Kingdom, Ireland and Piedmont, as obtained from
the Native Range (a), Native+Invasive Range (b), and Reciprocal Models (c).
doi:10.1371/journal.pone.0066559.g002

Climatic Niches in Alien Species Risk Assessments
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range [44]. The NIRM method performed consistently better than

the NRM, accurately predicting both native and invasive

distributions. Predictions calculated by NIRM correctly described

the distribution of grey squirrels in UK and Piedmont, and

accurately predicted the species’ absence in Western Scotland.

Moreover, NIRM correctly predicted invasive distribution of the

species in South Africa, where the species has been confined to the

Western Cape region and unable to colonize natural habitats and

expand its range [70,71]. Grey squirrels introduced to Australia

went extinct (Melbourne and Ballarat, Victoria) or were eradicated

(Adelaide, South Australia) [32]; NIRM predicted unsuitable areas

near Melbourne and Adelaide, whereas Ballarat was incorrectly

predicted as suitable. Based on these predictions, large areas of

Western Europe, Central Africa, Brazil and South Australia are

considered highly suitable for the grey squirrel, highlighting the

need to develop regional and national invasive species strategies

that restrict the importation and trade of this species. Considering

that warmer and drier conditions seem to favor the spread of the

grey squirrel, the present climate change may further benefit the

species in new areas of introductions.

The greater reliability shown by NIRM compared to NRM

confirmed results reported in other studies [27,72], where it is

emphasised that SDMs calibrated with occurrences both from

native and invasive ranges are more accurate in identifying areas

vulnerable to future introductions. [69] argued that taking into

account both ranges allows the fitted realized niche to better

approximate the fundamental niche of the species. The failure of

NRM and RCM in predicting respectively invasive and native

distributions supports findings by other studies [21,25,27,29]

where the failure was ascribed to a shift in species’ niche during the

invasion process. However, statistical methods implemented in the

previous studies to fit niches and test significance of potential shifts

(SDMs and Principal Component Analysis in [25]; SDMs, PCA

and Between - Class Analysis in [27] and [21]; SDMs, PCA and

niche equivalency and niche similarity tests sensu [66] in [29]) have

been criticized of being affected by the availability and distribution

of environmental gradients in native and invasive ranges, as all

these techniques start from the recorded occurrences of species

[63,73].

Niche Conservatism
Our study represents one of the first applications of the

framework implemented by [60] which overcomes the previous

limitations, providing an unbiased evaluation of the dynamics of

grey squirrel’s climatic niche during the invasion process. In fact, a

strong non-equivalency between native and invasive niches,

confirmed by 7 ordination methods and 3 SDMs methods (see

Supplementary Table S1), supports the hypothesis of a shift in the

species’ climatic niche toward colder and wetter environments,

illustrating the potential and ability of species to adapt to new

environments. The analyses carried out in this study do not allow

the attribution of the resulted niche shift to a realized versus a

fundamental niche without experiments on physiological limits of

the species. It is therefore not possible to discriminate if native grey

squirrel populations are already preadapted to colder and wetter

climates, although they do not occupy them in their native range

due perhaps to dispersal limitations or competitors/predators

Figure 3. Worldwide projections of grey squirrel’s climatic niche calculated by NIRM.
doi:10.1371/journal.pone.0066559.g003

Table 2. Results of niche shift analysis.

Technique Area of calibration D metric
Niche equivalency test
significance level

Niche similarity test (range
1Rrange 2) significance level

Niche similarity test (range
1rrange 2) significance level

PCA - env Native+Invasive range 0.208 ,0.01 ns ns

PCA - env* Native range 0.243 ,0.01 ns ns

‘‘*’’ indicates methods calibrated in native range and projected in invasive range. D metric quantifies niche overlap (Schoener, 1970). Arrows specify directions of niche
similarity test (see text).
doi:10.1371/journal.pone.0066559.t002

Climatic Niches in Alien Species Risk Assessments
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pressure, or if micro-evolutionary changes and adaptions to the

new environments occurred during and post the invasion process

[72]. [27] argued that Centaurea maculosa shifted its climatic niche

directly in the invasive range. The SDM calibrated with invasive

occurrences and projected in native range did not predict any

highly suitable areas within the observed range of the species,

leading authors to exclude the existence of subpopulations

preadapted to the novel climatic conditions of the invasive range.

The RCM calibrated in this study showed the opposite result,

predicting a large suitable area within the grey squirrel’s native

range (Ohio, Alabama, Maryland, New Jersey, Virginia, West

Virginia, North Carolina, South Carolina, Tennessee, Kentucky)

and suggesting the existence of subpopulations preadapted to

colder and wetter climates. However, the poor predictive

performance of RCM (AUC ,0.7) did not allow us to make

predictions with a high level of confidence with respect to this

hypothesis. As argued by other authors [74,75] high levels of

intraspecific genetic variability could make species able to adapt

quickly to environmental changes (or new environments in the

case of introduced species). The existence of native subpopulations

preadapted to wetter and colder climates, coupled with the release

from a community in North America composed of many squirrel

species [76] could have limited the distribution of the grey squirrel

in its native range and allowed introduced individuals to spread in

novel climates. The latter would suggest a shift in the realized

niche. Multiple introduction events in UK [77] could also have

provided high levels of intraspecific genetic variability, facilitating

the adaptation of the grey squirrel to habitats in the British Isles.

Conclusions
In agreement with similar published studies [27,29], NRM

accurately predicted areas of successful introductions in UK,

Ireland, Piedmont, South Africa and Australia, but failed to

predict patterns of subsequent species spread. The results

confirmed how SDMs could be a useful tool for identifying areas

vulnerable to invasions. However the greater reliability of NIRM

and a statistically significant niche shift between grey squirrel’s

native and invasive range also suggest some limitations of SDMs

when applied in risk assessments for invasive alien species. We

clearly showed that an introduced mammal species can colonize

different environments compared to those occurring in its native

range. Our work is based only on a single species, and further

research is needed before being able to generalize the results

obtained. However, based on our findings we recommend caution

in using SDMs for the compilation of white lists of species [12].

Particularly, risk assessment based only on the native range

climatic niche is likely to underestimate suitable areas and the

ability of a species to change its climatic niche. However, SDMs

accurately predicted areas for successful introduction events and

could be a useful tool to compile so-called black lists, that are lists

which identify high risk alien species. They also represents a useful

tool especially for a preliminary screening of the invasion risk or to

guide decision making in case of early detection of new

introductions.

Supporting Information

Table S1 Results of niche shift analysis performed
using all ordination and SDMs methods proposed by
Broennimann et al., (2011). ‘‘*’’ indicates methods calibrated

in native range and projected in invasive range. D metric

quantifies niche overlap (Schoener, 1970). Arrows specify if a

niche similarity test was performed, simulating niches in range 1

and calculating niche overlap with observed niche in range 2, or

vice versa.
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