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OPEN ACCESS

Four native chelonians species occur in Spain, three of which are severely threatened.
In recent surveys, 25 species of alien turtles and tortoises were reported, some of which
had established breeding populations and interfered with native species. In this study,
we used ecological niche models to evaluate which regions are more vulnerable to
colonization by alien turtles and tortoises and which alien chelonians show substantial
environmental overlap with native species. The parameters of the ecological niche models
were iteratively optimized using Akaike procedures, and we assessed the projection
transferability between donor and recipient geographic regions using Mobility-Oriented
Parity estimation. Our results indicated that the Mediterranean and some Atlantic rivers
(Miiio-Sil and Guadalquivir) are particularly vulnerable to colonization by semi-aquatic
alien turtles, while southwestern Spain is exposed to colonization by alien tortoises.
The aquatic species most susceptible to overlap with the four species of native turtles
are those native to the cold and warm temperate regions of North America and China:
Apalone spinifera, Chelydra serpentina, Chrysemys picta, Mauremys mutica, Mauremys
reevesii, Mauremys sinensis, Pelodiscus sinensis, Sternotherus odoratus, and Trachemys
scripta. These results highlight the importance of establishing stricter trade regulations
for certain species with a focus on protecting vulnerable areas.

Key words: conservation, Ecological Niche Models, invasive species, Mediterranean
region, Mobility-Oriented Parity Estimation, reptiles, trade regulation

Introduction

The Iberian Peninsula is considered a biodiversity hotspot in the Mediterranean
ecoregion, due to its climatic heterogeneity and its role as an environmental
refugium during recent Pleistocene glacial episodes (Lopez-Lopez et al. 2011).
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However, this diversity is threatened by the profound alteration of landscapes
due to the anthropic impacts of urbanization and agricultural activity (Lloret
et al. 2002). This alteration of natural landscapes simplifies native biotic
communities, generating empty niches that favour commensal species with
high reproductive rates (Reino et al. 2009). A new disturbance factor has
recently been introduced, fueled by this simplification of communities, the
increasing presence of alien species (Angulo et al. 2021; Saez-Gémez and
Prenda 2022).

Alien species typically begin their colonization process in disturbed areas,
usually close to urban centers. From these habitats, they progressively expand
toward more natural environments, frequently displacing or exterminating
native species, either through competition or predation (Thomson et al. 2010;
Li et al. 2011). Once an alien species has become established, control measures
are difficult to implement and often ineffective. Therefore, it is critical to
quickly identify those species that have a higher probability of successtul
colonization and also overlap with native species (Chang et al. 2022).

Four species of native turtles occur on the Iberian Peninsula: two tortoises
of the genus Testudo (T. graeca and T. hermanni) and two semi-aquatic turtles,
Emys orbicularis and Mauremys leprosa (Salvador 2014). Three of these species
are severely threatened, occupying small, often pristine, and protected areas,
with low population numbers (Diaz-Paniagua et al. 2001; Couturier et al. 2014;
Bertolero et al. 2020). The fragility of these populations suggests that the
expansion of alien species can be very detrimental to endangered native species,
since alien species remove populations of native species through competition,
predation, pathogen transmission, or even hybridization (Fujii et al. 2014;
Polo-Cavia et al. 2014; Martinez-Silvestre et al. 2015a; Ueno et al. 2021).

Despite these risks and evidence that an increasing number of alien
turtle species are becoming naturalized in Spain (Martinez-Silvestre et al.
2001; Soler et al. 2010; Poch et al. 2020; Gonzalez de la Vega et al. 2021),
there have been only a few studies on the impact of these species on native
species, such as habitat overlap or agonistic behaviours of Trachemys scripta
(Martinez-Silvestre et al. 2012; Escoriza et al. 2021). In this study, we evaluated
the level of overlap in ecological niches between alien freshwater turtles and
tortoises and native species from Spain. We hypothesize that (i) given the
climatic heterogeneity of Spain, there are more favourable areas for the
colonization of alien chelonian species (regions particularly sensitive to
invasion) and (ii) there are differences in niche overlap between the native
and alien species, due to niche partitioning between the native species of
turtles and tortoises (Escoriza and Ben Hassine 2022) (species particularly
sensitive to invasion).

Materials and methods

Study region and surveys

The study was carried out in Spain (Iberian Peninsula, Balearic Islands and
Canary Islands). The climate of the Iberian Peninsula and Balearic Islands is
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mostly warm Mediterranean, humid-subhumid type (Csa Koppen classification),
or steppe type (Bsk Koppen classification). In the northwest, the climate is
sub-Mediterranean/temperate oceanic (Csb-Cwa Koppen classification)
(Beck et al. 2018). In the Canary Islands, a hot desert climate (BWh Koppen
classification) predominates in the eastern islands (Lanzarote and Fuerteventura)
and subtropical subhumid in the western islands (La Palma, El Hierro and
La Gomera) with transitional stages in Tenerife and Gran Canaria (Beck
et al. 2018).

We surveyed rivers, lakes, reservoirs, ponds, urban parks, open forests,
and traditional agricultural lands in northeastern Spain. Surveys were carried
out using visual transects with binoculars and baited funnel traps, between
April and October 2000-2021. Data from rescue centers have also been
included. Individuals were identified at the species level following Conant
and Collins (1998), Bonin et al. (2006), and Ernst and Lovich (2009). The
data obtained during the samplings was used to compile a list of species
presence and not to calibrate the ecological niche models, since in most cases
these records did not correspond to naturalized populations (Poch et al. 2020).

Environmental Data

We obtained data on 19 bioclimatic variables and elevation from the
WorldClim 2 database, with a spatial resolution of 30 arc seconds (Fick and
Hijmans 2017). The final number of variables used to build predictive models
was evaluated using the variance inflation factor (VIF) (Dormann et al. 2013).
To estimate the VIF, we defined buffer polygons of 200 km around the location
of each species and generated 1000 random points within these polygons. The
climate data obtained for the random points and the species occurrences
were used to perform a logistic regression. We started with a simple model
that included only BIO10 (mean temperature of the warmest quarter),
BIO11 (mean temperature of the coldest quarter), BIO12 (annual precipitation),
and elevation. These variables were initially chosen because of their relevance
to the life history of the target species (Pearson et al. 2014), and included winter
and summer temperatures (associated with hibernation and the development
of embryos) and environmental water availability (Storey et al. 1988; Stephens
and Wiens 2003). Terrain elevation was also added because this variable
has an additional effect independent of climate since many species of aquatic
turtles only occupy low-elevation areas where rivers are wider and slower
(Ernst and Lovich 2009; Legler and Vogt 2013). Variables with VIF values > 10
were excluded from subsequent analyses (Schroeder et al. 1990). The variables
finally included in the models were BIO10 + BIO11 + BIO12 + elevation +
BIO3+ BIOS + BIO9 + BIO15.

Occurrence data

To generate ecological niche models, the occurrence data of 20 species of
aquatic turtles and five species of tortoises were obtained from the GBIF
database and scientific publications (Supplementary material Table S1).
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To reduce spatial autocorrelation bias (Boria et al. 2014), records that are closer
than 10 km from each other were removed from the analysis using spThin
routines (Aiello-Lammens et al. 2015) in R (R Development Team 2023).
Bias grids were also constructed to compensate for possible spatial clustering
in species records (Syfert et al. 2013). The use of these grids assumes that the
occurrence data could be observer-biased (Elith et al. 2011). However, turtles
are often not randomly distributed, and their presence is circumscribed to
areas with very specific environmental conditions (e.g. threatened species in
nature reserves; Mazzotti 2004; Zenboudji et al. 2016). Therefore, the use of
bias grids in these species may result in a significant reduction in the model
performance (Warren et al. 2014). For this reason, in this study, we built niche
models with and without bias grids. These grids were generated with the
species-occurrence data as binary layers using the raster package (Hijmans
2023) in R and Quantum GIS (Quantum GIS Development Team 2023).

The niche models were calibrated from data obtained for the native
distributions of alien species and in regions where these species were introduced
and showed evidence of reproduction (e.g., Pelusios castaneus in Guadaloupe
or Testudo marginata in Sardinia; Soflanidou et al. 1990; Fritz et al. 2011).
Therefore, we did not include locations within the tolerance limits of the
adult individuals where reproduction is unlikely under natural conditions
(Pupins 2007; Cathrine and Monir 2022) and consequently the species cannot
be considered invasive.

Data analysis

The analyses evaluated (i) the climatic suitability of Spain for alien turtle
species and (ii) the overlap of niches between invasive and native species.
The regions most vulnerable to colonization by invasive species were evaluated
separately for aquatic and terrestrial species. A suitability map was generated
after calibrating Maxent niche models with only occurrence data (Elith et al.
2011). Several candidates were tested through an iterative process and the best
statistical model was selected using the Akaike information criterion corrected
for finite samples (AICc) with ENMval functions (Muscarella et al. 2014)
in R. The Maxent models were built using various features (L: linear; Q:
quadratic; H: hinge; P: product; T: threshold) and regularization multipliers
(RM). The features and the RM for the best model were used to generate a
mapped projection in Maxent 3.4.4 (Phillips et al. 2006), calibrated using
70% of the species occurrences. The background regions were defined using
a rectangle that encompasses the occurrences of each species, thus
maximizing the inclusion of environmental variation around the occurrence
areas while minimizing the effect of noninformative regions (Acevedo et al.
2012). The predictive capacity of the models was evaluated using the area
under the receiver operating characteristic curve (AUC) and the continuous
Boyce index (CIB) (Hirzel et al. 2006). In general, CIB provides a better
estimate of the predictive ability of presence data models (Hirzel et al. 2006).
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Models with positive CBI values close to 1 show almost perfect predictive
ability, while those with negative values are not predictive (Hirzel et al. 2006).

The best ecological niche models (ENM) were used to estimate the
relationships between climate and species presence in our study region (Lei and
Liu 2021). The environmental similarity between the donor and recipient regions
was tested using Mobility-Oriented Parity (MOP) analysis (Owens et al. 2013).
MOP allows for evaluating model transferability between geographically
separated regions depending on the degree of environmental similarity
(Owens et al. 2013). Maps showing MOP estimates were built using kuenm
(Cobos et al. 2019) in R and Quantum GIS.

Maxent models were also used to estimate niche overlap (Warren et al. 2021).
To do so, 1000 random points were generated throughout Spain and similarities
in the predicted suitability values between native and alien species were
assessed with their kernel density distributions (KDD; Geange et al. 2011).
This analysis was carried out with the package overlapping (Pastore et al.
2022) in the R environment and is summarized in the Supplementary material
(Table S2).

Results

In total, 5927 individuals of 25 alien species (20 semi-aquatic turtles and 5
tortoises) were captured. AUC and CBI values indicated that most of the
models performed well and were reliable, except for the models generated for
Cyclemys dentata and Kinixys belliana, which were not included in the mapped
projections and analyses (Tables S3-S5). The models corrected or not corrected
for observation biases in the occurrences provided different mapped projections.
In general, there was a decrease in the logistic values of the corrected
projections, which tended to be almost zero in some sparsely distributed
species (e.g., native T. hermanni), making the overlap niche values little
informative (Tables 1 and 2). For this reason, in Figure 1 only the overlap
between the uncorrected projections is shown.

Projections over Spain showed that certain regions were more vulnerable
to colonization by alien turtle species (Figures 2 and 3). For aquatic species,
these regions included mainly the basins of Ebro (northeast), Guadalquivir
(southwest), Mifo-Sil drainage (northwest) and the northern and central
Mediterranean coast (including Menorca and Mallorca, Balearic Islands),
based on both types of projections (corrected or not for occurrence data
biases) (Figure 2). In the case of tortoises, the most vulnerable regions were
located in the southwest of Spain and the northeast, including the Balearic
Islands (Figure 3). However, the bias-corrected projection showed lower
suitability values for the northeastern region of the Peninsula and the
Balearic Islands (Figure 3). Overall, the donor and recipient regions are
environmentally similar, with low risk of extrapolation, and therefore these
projections can be considered statistically reliable (Figure 4).
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Table 1. Estimation of niche overlap by kernel density distribution, between alien and the two
native turtles. Values close to 1 indicated almost complete overlap in the environmental suitable
regions in Spain for the species pairs. NB, uncorrected for potential data collection biases;
B, using a bias grid.

Emys orbicularis Mauremys leprosa

NB B NB B
Apalone ferox 0.045 0.005 0.049 0.013
Apalone spinifera 0.822 0.549 0.835 0.381
Chelydra serpentina 0.658 0.312 0.696 0.233
Chrysemys picta 0.778 0.366 0.753 0.479
Graptemys ouachitensis 0.089 0.011 0.104 0.017
Graptemys pseudogeographica 0.069 0.001 0.079 0.001
Macrochelys temminckii 0.091 0.011 0.099 0.023
Mauremys mutica 0.673 0.546 0.710 0.396
Mauremys reevesii 0.675 0.545 0.687 0.373
Mauremys sinensis 0.629 0.451 0.693 0.296
Pelodiscus sinensis 0.830 0.714 0.838 0.477
Pelusios castaneus 0.000 0.000 0.138 0.066
Phrynops hilarii 0.190 0.098 0.216 0.109
Pseudemys concinna 0.152 0.058 0.173 0.090
Pseudemys nelsoni 0.029 0.001 0.008 0.039
Pseudemys peninsularis 0.001 0.006 0.008 0.011
Pseudemys rubiventris 0.018 0.004 0.021 0.001
Sternotherus odoratus 0.379 0.159 0.409 0.154
Trachemys ornata 0.009 0.002 0.016 0.006
Trachemys scripta 0.830 0.726 0.849 0.495

Table 2. Estimation of niche overlap by kernel density distribution, between alien and the two
native tortoises. Values close to 1 indicated almost complete overlap in the environmental suitable
regions in Spain for the species pairs. NB, uncorrected for potential data collection biases;
B, using a bias grid.

Testudo graeca Testudo hermanni

NB B NB B
Terrapene carolina 0.008 0.027 0.234 0.012
Testudo graeca eastern subspecies 0.740 0.336 0.276 0.005
Testudo hermanni eastern subspecies 0.727 0.421 0.201 0.002
Testudo horsfieldii 0.591 0.223 0.328 0.004
Testudo marginata 0.558 0.242 0.420 0.001

As expected, estimates of niche overlap indicated important differences
between alien species (Table 1). The aquatic species that showed greater
overlap in the niche (KDD 2 0.25) with native turtles were Apalone spinifera,
Chelydra serpentina, Chrysemys picta, Mauremys mutica, Mauremys reevesii,
Mauremys sinensis, Pelodiscus sinensis, Sternotherus odoratus and Trachemys
scripta (Table 1), and the terrestrial species were Testudo graeca ibera, Testudo
hermanni boettgeri, Testudo horsfieldii and Testudo marginata (Table 2).

Discussion

This study provides a framework for evaluating the invasive potential of
alien species traded in a region, and thus initiate rapid measures to regulate
their local importation, whether they are pets or garden plants (Head 2017;
Lockwood et al. 2019). These preventive measures could help reduce the
establishment of new invasive species, a growing problem on a global scale
and whose management is usually difficult and expensive (Strayer 2010).
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Figure 1. Map of Spain representing the modeled niche overlap (projections without bias corrections) between native (blue) and
alien (red) species of the alien species of turtles (A) and tortoises (B). The inset shows the Canary Islands.
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correction; B) bias-corrected projections. The inset shows the Canary Islands.
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Figure 3. Map of Spain representing the sum of the projections of the alien species of tortoises. A) projections without bias
correction; B) bias-corrected projections. The inset shows the Canary Islands.

In this study, we applied bias grids to reduce the effect of sampling biases
(Rondinini et al. 2006). However, this method can cause a significant loss
of information, especially evident in species that are not uniformly distributed
in a geographic region. The latter is the case for numerous species of turtles,
whose occurrence is altered by anthropogenic causes and appear to be
distributed in a clustered manner (Vyas 2017; Chessman et al. 2020;
Lamichhane and Khadka 2020). In these cases, the results of the models
generated with bias grids may be partially unreliable and should be compared
with those produced from standard models.

Our results revealed that not all regions of Spain are equally vulnerable
to invasion by alien chelonians species. Projections showed that several large

Escoriza et al. (2024), Management of Biological Invasions 15(1): 145-158, https://doi.org/10.3391/mbi.2024.15.1.09 151


https://doi.org/10.3391/mbi.2024.15.1.09
https://www.invasivesnet.org

)

\Z st e e i S

Similarity

l Low
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hydrographic basins are highly susceptible to invasion, such as the Ebro,
Mifio-Sil and Guadalquivir basins, and the smaller basins of the Mediterranean
coast (e.g., the Jucar, Ter, and Llobregat rivers). These basins are already
populated by several alien species of turtles, some of which may be established
as breeders, such as Trachemys scripta (Lacomba and Sancho 2004; Polo-
Cavia et al. 2010; Martinez-Silvestre et al. 2015b, 2017; Costas and Ayres 2018).
These basins still include populations of native turtles, many of which are
restricted to stretches with high-quality riparian habitats and composed of
low numbers of individuals, and are therefore potentially vulnerable to
negative interactions with other species of turtles (Lacomba and Sancho
2004; Diaz-Paniagua et al. 2014; Escoriza et al. 2020). In contrast, other
regions, such as the central and southeast parts of the Iberian Peninsula
and most of the Canary Islands, show potentially lower invasiveness, due to
prevailing cold steppe or subtropical desert conditions (Rodriguez et al. 2005;
Ollero and van Staalduinen 2012), unfavourable for the establishment of
aquatic turtles (McGaugh 2012).

Our analyses also allowed us to identify a priori which species are more
likely to establish populations in regions suitable for native turtles. These
include several species of North American and Northeast Asian origin.
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Alien species can compete with native species for basking places and trophic
resources (e.g., Trachemys scripta; Cadi and Joly 2004; Martinez-Silvestre et al.
2012), but they can also act as predators (e.g., Chelydra serpentina; Ernst
and Lovich 2009). In addition, two alien species found during surveys
(Trachemys scripta and Mauremys sinensis), are reservoirs for various
pathogens, including viruses, bacteria, and endoparasites that can be
transmitted to and harm native species (Martinez-Silvestre et al. 2013;
Hidalgo-Vila et al. 2011, 2020).

In the niche overlap analysis, E. orbicularis and M. leprosa show similar
overlap values with the alien species. However, our analyses only assessed
broad environmental requirements. It is possible that local overlap between
species could increase or decrease depending on specific habitat conditions,
although within the pool of species present in similar climates. For example,
Iberian species are adapted to using temporary aquatic habitats, both in
their adult and juvenile phases (Keller et al. 1995), while this type of habitat
is not used by some North American species (Ernst and Lovich 2009).

In the case of terrestrial species, the projections indicate that southwestern
Spain, and possibly also the Mediterranean coast and the Balearic Islands,
are the most suitable regions to be colonized by alien tortoises. These zones
include healthy populations of native tortoises and would be very sensitive
to invasion, particularly if they are conspecific individuals of the eastern
Testudo graeca and T. hermanni subspecies, with which hybridization is
frequent in captivity and may also occur in natural populations (Bertolero
2006; Soler et al. 2012; Zenboudji et al. 2016). Overlap analyses indicated
that T. graeca populations are potentially more vulnerable if any of these
alien tortoises can establish naturalized populations, particularly those of
southwestern Spain. The implantation of alien species could hinder the
capacity for future natural expansion of native species, which in western
Andalusia are entirely confined to protected areas (Dofiana National Park;
Diaz-Paniagua et al. 2001).

In conclusion, our findings indicated that the native species are potentially
susceptible to ecological overlap with alien species of turtles. Therefore, the
trade of these alien species should be banned in Spain and other Mediterranean
countries, even if they are not yet listed as harmful or invasive (Toland et al.
2020; Di Blasio et al. 2021). These include aquatic turtles of the temperate
regions of North America and China (like Pelodiscus sinensis, Apalone
spinifera, Trachemys scripta, or Chrysemys picta) and the species of the genus
Testudo (T. marginata or the eastern clades of T. graeca). Overall, this and
future studies can help identify lists of species whose trade must be regulated
(i.e., negative lists) but also for the preparation of positive lists (Toland et al.
2020). However, both positive and negative lists must be built after rigorous
ecological assessments and scientific consensus to be useful tools for
conservation management (Oficialdegui et al. 2023).
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Therefore, we recommend that imports within the studied territory be
limited to species that are not potentially invasive. Species of subtropical-
tropical origin can be used as alternatives to harmful invasive species, as
they have more difficulty adapting to the conditions imposed by the highly
seasonal climates of the Mediterranean and temperate European region
(Kobelt and Nentwig 2008; Bianco 2014).
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