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Anatolia has played an important role in the speciation of many species. Global climatic changes affect
the distribution of many reptiles in different ways, including their range expansion or habitat loss. In
this study, we focused on the genus Anatololacerta which inhabits Anatolia and some Greek islands. In
total, 150 literature records and 20 items of observation data were analysed with the maximum entropy
method (MaxEnt) for the last glacial maximum (LGM), as well as historical (1970-2000) and future
(2081-2100; RCP 4.5) bioclimatic conditions. According to our model, the distribution ranges in the
future conditions for A. danfordi, A. finikensis and A. ibrahimi were more extensive than for the
historical conditions. However, 4. anatolica and A. pelasgiana may experience a potential habitat loss
in the future. Although physical barriers were obstacles in the LGM and historical records, these

barriers may be overcome after the climatic changes taking place in the near future.
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Reptiles have been widely distributed throughout
theworldinatime period ranging from the Palaeozoic
erato the present day (REISZ et al. 2011; BOHM et al.
2013). Although reptiles play important roles in na-
ture, nearly oneinfivespeciesof reptilesarecurrently
at risk of extinction (BOHM et al. 2013). The main
risks for reptile extinction are habitat loss and degra-
dation, pollution, invasive species, disease, climate
change and harvesting from nature by the pet trade
(GIBBONS et al. 2000; MARSHALL et al. 2020). Ter-
restrial reptiles have a narrower distributional range
and are affected by ecological changes due to being
ectotherms (BOHM et al. 2013; CARRANZA et al.
2018; ALATAWI ef al. 2020). The most dramatic sce-
nariofor reptilesrelated to climatic changeistheir ex-
tinction due to habitat changes, which are linked to
preci pitation and temperature changes (GIBBONS et al.
2000; ARAUJO et al. 2006; BOHM et al. 2013).
ARAUJO et al. (2006) reported that climate cooling
would be more dangerous for reptile species than
global warming. Since climate change al so affectsthe
sex determination of some species of turtles and

crocodiles, maleturtlesmay becomeextinct in certain
future scenarios (JANZEN 1994; GONZALEZ et al.
2019). Inthefuture climate scenario, the distributions
of most species may change, along with reductions
and increases in their range or shiftsin the latitudes
and elevations (GOMEZ-RUIZ & LACHER Jr. 2019).

Members of the Lacertidae family are widely dis-
tributed in Eurasiaand Africa, andthefamily isrepre-
sented by around 340 species (ARNOLD et al. 2007,
GARCIA-PORTA et al. 2019). Lacertidslivein numer-
ousenvironmental conditionsranging from desertsto
rainforests and from sea level to high mountains
(GARCIA-PORTA et al. 2019). The Lacertidae family
has been divided into two subfamilies — Lacertinae
and Gallotiinae — as a result of DNA sequencing
(ARNOLD et al. 2007). The Lacertinae subfamily is
further split into two monophyletic tribes: Lacertini
are distributed in Europe, Northwest Africa and
Southwest and East Asia; while Eremiadini are pres-
ent in Africa and in Southwest and Central Asia
(ARNOLD et al. 2007).
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Members of the genus Anatololacerta are distrib-
uted throughout Turkey and the Greek islands (Samos,
Ikaria, Rhodes and Psomis) (ARNOLD et al. 2007;
BELLATI et al. 2015; KARAKASI et al. 2021).
ARNOLD et al. (2007) reported that the Western and
Southern Anatolian Lacerta group should be defined
as a new genus named Anatololacerta. This genus,
which lives in Anatolia and the Aegean islands of Sa-
mos, Ikaria and Rhodes, was represented by three species
at that time: A. anatolica (Werner, 1900), A. danfordi
(Glnther, 1876) and A. oertzeni. The subspecies tax-
onomy of this genus was controversial and included
nine morphological subspecies (4. anatolica, A. a. aegaea,
A. oertzeni, A. 0. budaki, A. o. ibrahimi, A. o. finikensis,
A. o. pelasgiana, A. o. quandtaylori, A. danfordi and
A. d. bileki) (BELLATI et al. 2015; CANDAN et al.
2016). BELLATI et al. (2015) conducted a molecular
study about this genus and reported that this genus
was represented by four species in Anatolia (4. ana-
tolica, A. pelasgiana (Mertens, 1959), A. budaki and
A. danfordi). Inthis study, A. oertzeni was demoted to
the subspecies level and two of the subspecies of
A. oertzeni (A. o. pelasgiana and A. o. budaki) were
recognised as having a species rank (BELLATI et al.
2015). CANDAN et al. (2016) reported that A. oertzeni
and A. danfordi each have two well-supported linea-
ges. The last revision of this genus was conducted by
KARAKASI et al. (2021) who found five well-supported
parapatric species in the genus Anatololacerta. How-
ever, A. anatolica, A. pelasgiana and A. danfordi still
remain distinct species, as in BELLATI et al. (2015),
while A. ibrahimi (Eiselt & Schmidtler, 1987) and
A. finikensis (Eiselt & Schmidtler, 1987) were identi-
fied as separate species (KARAKASI et al. 2021).

The niche for one species includes both biotic (pre-
dations, competition, dispersal limitation, etc.) and
abiotic (climatic, environmental, etc.) factors (STIGALL
2012; HEIDARA 2021). Ecological niche modelling
(ENM) creates a predicted distribution map by using
the climatic and geographical conditions based on
known locality records (GUL et al. 2015). Under the
niche conservatism theory, a species preserves its
ecological niche parameters following environmental
changes, and such a species overcomes those environ-
mental changes by shifting their preferred habitat lat-
erally if they have the dispersal potential (STIGALL
2012; TOK et al. 2016). If the species does not have
the ability for a dispersal potential, they will lose their
range and may become extinct (ARAUJO et al. 2006;
TOK et al. 2016). The prediction of distributions is
more significant in terms of evolutionary biology due
to the resulting gene flow (PROHL ez al. 2010), and for
ecology and conservation biology due to the shifting
between habitats (TOK et al. 2016).

The aim of this study was to determine the possible
distribution of the Anatololacerta genus and its re-
lated species by ecological niche modelling methods
under the last glacial maximum, historical and future
conditions.

Material and Methods

All the occurrence data for the species belonging to
Anatololacerta was obtained from the literature
(150 records from: ANDREN & NILSON 1976;
MULDER 1995; WINDEN et al. 1997; ERDOGAN et al.
2002; OZDEMIR & BARAN 2002; KETE ef al. 2005;
AFSAR & TOK 2011; UYSAL & TOSUNOGLU 2012;
CiHAN & TOK 2014; ESER & ERisMis 2014; OzCAN
& UzUM 2014; TOK & CICEK 2014; BELLATI et al.
2015; EGE et al. 2015; KUCHARZEWSKI 2015, 2016;
KUMLUTAS et al. 2015; CANDAN et al. 2016; MERT
& KIRAC 2017; SARIKAYA et al. 2017; ARSLAN et al.
2018; GIDIS & BASKALE 2020; YILDIRIMHAN ef al.
2020; KARAKASI et al. 2021; OZKAN & BULBUL
2021) and from personal observations (20 records).
The number of localities used by each species was as
follows: 40 localities for 4. anatolica; 27 localities for
A. danfordi; 21 localities for A. finikensis; 49 localities
for A. ibrahimi; and 33 localities for A. pelasgiana.
Geographical coordinates and references are given in
the Supplementary Material. If the coordinates are
stated in the article, they were used directly for the
analysis; however, other coordinates were determined
and checked using Google Earth Pro version 7.3.2.

Nineteen bioclimatic variables were downloaded
from WorldClim vers. 1.4 for the past climatic condi-
tions [Last Glacial Maximum (LGM)] and vers. 2.1
for the historical (1970-2000) and future (2081-2100)
conditions, with a spatial resolution of 2.5 arc-
minutes (approximately 5 km?) (HIJMANS ez al. 2005;
FIcK & HIIMANS 2017). Some of the bioclimatic vari-
ables seemed to be redundant (GUL et al. 2015) and
the correlation matrix was calculated with the Niche
ToolBox web application (OSORIO-OLVERA et al. 2020).
Pearson correlation coefficients higher than 0.75 were
accepted as correlated variables, and these variables were
excluded from the analysis. Six environmental variables
[biol = Annual Mean Temperature; bio2 = Mean Diurnal
Range (mean of the monthly (max temp - min temp));
bio3 = Isothermality (B102/B107) (x100); bio4 = Tem-
perature Seasonality (standard deviation x 100);
biol2 = Annual Precipitation; and biol4 = Precipita-
tion of the Driest Month] remained in the analysis.

For the past climate conditions, the LGM (nearly
21,000 years ago) at a spatial resolution of 2.5 arc-
minutes was used. Data on the LGM climate was gen-
erated with the MIROC-ESM model (Model for Inter-
disciplinary Research on Climate) (HIUMANS et al.
2005). For the future climate conditions (2081-2100
years), the MIROC6 (TATEBE et al. 2019) model with
presentative conservation pathways (THOMSON et al.
2011) predicting climate change emission scenarios
was used with a spatial resolution of 2.5 arc-minutes.

The variables selected after the correlation analysis
were imported into Maxent vers. 3.4.1 (PHILLIPS ef al.
2006; PHILLIPS & DuUDIK 2008; https://biodiversity-
informatics.amnh.org/open_source/maxent/ ), which
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is an effective modelling tool for ecological studies
(GUL et al. 2018). This program was also used to in-
vestigatethegeographical distributionsof speciesand
theclimatic limitations on their distribution (GUL ez al.
2018). The Maxent algorithm estimates (0 isthe low-
est and 1 isthe highest probability) the habitat’ s suit-
ability with amaximum entropy distribution by using
locality point data (GUL et al. 2015; ALATAWI et al.
2020). The features for this study were organised as
20 subsampled replicates, with 5000 iterations and
cloglog outputs. We used Area Under the Curve
(AUC) for an estimation of the significance of the
model, calculated from the Receiver Operating Curve
(ROC) (ALATAWI et al. 2020). The predicted distri-
bution maps obtained from Maxent were imported
into ArcGIS vers. 10.3.1 for avisualisation.

Results

Anatololacerta anatolica

The areas predicted to be suitable for A. anatolica
had a high AUC of 0.944+0.051 for the LGM,
0.945+0.044 for the historical and 0.943+0.038 for
the future bioclimatic conditions (Figure 1, Table 1).
There was only one suitable place, situated in the
centre of the Taurus M ountains. Other parts of Ana-
toliawere unsuitable during the LGM.

West of AmanosMountain, east of the AntalyaGulf,
Mugla Province, Gediz Basin, the Buyik Menderes

basins, Gallipoli and south of the Marmara Sea were
seen as suitable places for the historical bioclimatic
conditions, whiletherest of Anatoliawas determined
to be unsuitable.

Ascan be seen in the future climatic conditions, the
distribution range was narrower than under the his-
torical conditions. Inthefuture, it isexpected that the
possibledistribution of 4. anatolica will include only
the area south of the Marmara Region, especially
around Uludag Mountain.

Anatololacerta danfordi

The areas predicted to be suitable for 4. danfordi
had a high AUC of 0.917+0.123 for the LGM,
0.912+0.145 for the historical and 0.906+0.141 for
thefuture bioclimatic conditions(Figure 2, Table1).
Southeast Anatolia east of Amanos Mountain,
south of the Middle Taurus M ountain and izmir Prov-
ince were determined to be suitable places for this
species, while Thrace, the Black Sea Region and west
of Central Anatoliawere identified to be unsuitable.

Inthehistorical climatic conditions, thedistribution
model showed that the Adana and Mersin Region,
Antalyaand the Aegean Region were suitable places,
while Eastern Anatolia, Thrace and the Black Sea Re-
gion were identified as unsuitable places. When the
distributions between the LGM and historical predic-
tions are compared, the suitable places drift from the
east to the west of Anatoliafor 4. danfordi.

C

Fig. 1. Habitat suitability for Anatololacerta anatolica in Turkey. The arrow shows the only suitable place on the map. a) LGM; b)
historical; and c) future bioclimatic conditions. Warm colours refer to highly suitable places on the map.



48 E. BOZKURT

Table 1

Percent contributions (PC) and permutation importance (PI) values of the genus Anatololacerta
for LGM, historical and future bioclimatic conditions

Variables
. Historical
Species time Biol Bio2 Bio3 Bio4 Biol2 Biol4
PC PI PC PI PC PI PC PI PC PI PC PI
LGM 8.1 8.7 0.5 0 0 0 45.5 63.3 30.6 15.7 15.3 12.3
A. anatolica | Historical 6.8 6.2 0.5 0.1 0 0 46.6 56.7 33.2 19.0 12.9 18.0
Future 7.4 7.3 0.5 0 0 0 45.5 66.9 31.9 18.7 14.7 7.1
LGM 0.3 0.3 0.6 7.9 16.5 8.5 31.2 39.6 9.0 1.7 42.4 42.0
A. danfordi | Historical 0.2 0.4 1.3 5.2 16.0 13.7 29.9 33.7 8.5 2.3 44.1 40.7
Future 0.1 0.2 0.9 54 16.3 9.1 30.5 40.5 8.9 1.9 43.3 42.8
LGM 32.0 14.0 7.5 17.2 43.6 18.4 12.2 12.2 1.5 0 33 38.2
A. finikensis | Historical | 27.8 21.2 9.3 18.3 47.1 8.4 11.0 14.8 1.2 0 3.6 37.3
Future 30.2 11.3 8.5 27.6 46.0 21.0 10.4 12.8 1.6 0 3.4 27.4
LGM 3.5 1.6 4.4 0.9 4.0 2.5 43.0 34.6 19.2 25.1 26.0 353
A. ibrahimi | Historical 3.2 2.8 4.2 4.6 3.9 3.9 42.5 38.4 19.0 18.0 27.2 323
Future 2.5 2.1 3.7 0.7 3.4 2.6 44.1 32.8 19.5 20.3 26.8 41.5
LGM 26.9 1.5 0 0 20.5 30.1 27.4 19.2 12.7 29.1 12.5 20.1
A. pelasgiana| Historical | 27.5 1.2 0 0 19.9 28.3 28.1 18.2 12.0 24.2 12.5 28.2
Future 27.9 1.3 0 0 18.7 22.8 29.8 20.9 114 29.2 12.2 25.9

C

Fig. 2. Habitat suitability for Anatololacerta danfordi in Turkey. a) LGM; b) historical; and ¢) future bioclimatic conditions. Warm
colours refer to highly suitable places on the map.
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C

Fig. 3. Habitat suitability for Anatololacerta finikensis in Turkey. a) LGM; b) historical; and c) future bioclimatic conditions. Warm

colours refer to highly suitable places on the map.

According to the future bioclimatic conditions, the
Aegean Region, Central Anatolia and the Mediterra-
nean Region were identified as suitable places, while
Thrace, the Black SeaRegion, Southeast Anatoliaand
Northeast Anatoliawere determined to be unsuitable
places. The distribution model for the future climatic
conditions showed that suitable places will be more
extensive than in the historical climatic conditions.

Anatololacerta finikensis

The mean AUC values for A. finikensis for the
LGM, historical and future climatic conditions were
calculated as 0.955+0.044, 0.958+0.040 and
0.959+0.041, respectively (Figure 3, Table 1). While
the Aegean Region, Adanaand Sivas wereidentified
as suitable placesfor this species, therest of Anatolia
was determined to be unsuitable.

According to the historical climatic conditions, the
predicted distribution model s showed that the LGM and
historical climatic conditions were mainly similar,
where the Cilicia Region and Antalya appeared to be
suitable. Thedistribution of A. finikensis inthe historical
climatic conditionswasmoreextensvethanintheLGM.

Thedistribution model for thefuture conditionswas
mainly similar to that for the historical climatic condi-
tions, but Central Anatolia appeared to be more suit-
able than in the historical climatic conditions. The
Cilicia Region was also determined to be unsuitable
under the future conditions.

Anatololacerta ibrahimi

The calculated mean AUC values for A. ibrahimi
for the LGM, historical and future climatic conditions
were 0.914+0.063, 0.927+0.052 and 0.921+0.043, re-
spectively (Figure 4, Table 1). All parts of Anatolia
seemed to be unsuitable for 4. ibrahimi under the
LGM bioclimatic conditions.

For the historical conditions, the Mediterranean Region,
Hatay, Aegean Region, west of Central Anatalia, Y ozgat
and the localities between Giimiishane and Amasya
Provinceswere determined to be suitable places, while
the east and southeast areas of Anatoliaand the coast-
lineof the Black Seaappeared to be unsuitable places.

The distribution range of 4. ibrahimi under the fu-
ture conditions was mainly similar to the historical
conditions, but it was more extensive than the histori-
cal climatic conditions. Also, Gallipoli and south of
the mountainsin Northeast Anatoliawere determined
to be suitable places.

Anatololacerta pelasgiana

The mean AUC vaueswere cd culated as 0.908+0.070,
0.902+0.071 and 0.921+0.072 for the LGM, histori-
cal and future bioclimatic conditions, respectively
(Figure 5, Table 1). Under the LGM bioclimatic con-
ditions, Hatay, CiliciaRegion, AntalyaBasin and the
Aegean Region were seen to be suitable places.
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C

Fig. 4. Habitat suitability for Anatololacerta ibrahimi in Turkey. a) LGM; b) historical; and c) future bioclimatic conditions. Warm
colours refer to highly suitable places on the map.

C

Fig. 5. Habitat suitability for Anatololacerta pelasgiana in Turkey. a) LGM; b) historical; and ¢) future bioclimatic conditions. Warm
colours refer to highly suitable places on the map.
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The distribution mode! in the historical conditions
mainly fitted with that of the LGM, but the distribu-
tion was more suitable when compared with the
LGM. It also widened towards the interior of Anato-
lia. East and Southeast Anatolia and the coastline of
the Black Sea Region seem to be unsuitable placesfor
A. pelasgiana.

The distribution range in the future mainly fitted
withthat of theLGM and historical bioclimatic condi-
tions, but it was larger than in the LGM and smaller
thaninthehistorical conditions. Whilethe Mediterra-
nean and Aegean Regions and Hatay were suitable
placesfor thisspecies, the CiliciaRegion, coastline of
the Mediterranean Sea and south of the Marmara Sea
were determined to be suitable places.

Discussion

In relation to speciation, Anatolia plays an impor-
tant roleand contains several refugeswhich have con-
served species during ice ages and gave species the
chanceto migrate to suitable habitats during intergla-
cial periods (GUL et al. 2015). BELLATI et al. (2015)
suggested that physical and climatic changes in the
Pleistocene affected the distribution of the ancestral
Anatololacerta, which alowed for an allopatric di-
vergence of various lineages within Anatolia. Physi-
cal barrierscould also have affected the divergence of
species. While the Blylk Menderes River is consid-
ered to beaphysical barrier between A. anatolica and
A. pelasgiana, the Goksu River alsoisolated 4. danfordi
from therest of Anatololacerta (BELLATI et al. 2015;
KARAKASI et al. 2021). KARAKASI et al. (2021) sug-
gested that thereisno niche overlap for thesefive spe-
cies belonging to Anatololacerta in the whole
distribution region, except for one contact zone be-
tween A. finikensis and A. ibrahimi. Inour study, pos-
sible distribution maps showed the niche overlaps for
al species of Anatololacerta for both historical and
future bioclimatic conditions, but physical barriers
could restrict this possible niche overlapping.

The distribution of reptilesisinfluenced by anthro-
pogenic factorsincluding the human population size,
trade, transportation and climatic changes (BICKFORD
et al. 2010; SILVA-ROCHA et al. 2019). Global cli-
matic changes also affect the distribution of many
reptilesin different ways, leading to range expansion
or habitat oss. One example of range expansion in-
volvesthe Burmese python (Python bivittatus), which
was introduced to North America by the pet trade.
OSLAND et al. (2021) suggested that P. bivittatus
could extend its range further north in response to
winter warming. This assumption was tested not only
in relation to invasive species but also to native spe-
cies, and it has been predicted that some native spe-
ciesmay expand or restrict their distribution rangein
the near future. SRINIVASULU et al. (2021) suggested

that Eryx whitakeri, Eutropis clivicola and Uropelltis
phipsonii may expand their ranges in Western Ghat
withRCP8.5, whilethedistribution range of Kaestlea
laterimaculata may be restricted with RCP 4.5 in the
sameregion. Asaresult of our study, we determined
that while A. danfordi, A. finikensis and A. ibrahimi
have the potentia to expand their distribution range,
there will be apotential narrowing in the distribution
of A. pelasgiana and A. anatolica. However, themain
question regarding this assumption is: how will they
overcome the physical barriers? MARTINEZ-MEYER
(2005) suggested that some barriers for one species
may not be a barrier in the near future, and that eco-
logical differences will make previously unsuitable
areas suitable for certain species. This example pro-
vides an idea of how the physical barriers could be
overcome. Our results also showed possible niche
overlapping for members of the genus Anatololac-
erta. Thus, the interspecies competition that will
emergein thefuture will determinethe speciesdistri-
bution, as well as the climatic suitability. LEGAULT
et al. (2020) suggested that competition between spe-
cies plays a large role during range expansions and
that competition effects should be included in the
models predicting future ranges.

Asseeninour results, somespeciesbelongingtothe
genus Anatololacerta in Anatolia appear to have the
potential to extend their range with the climatic
changesoccurring during the LGM and historical sce-
narios, aswell asin thefuture RCP 4.5 scenarios. The
range extension of the species determined by the
modelsprovideslimited climaticinformation, but this
assumption could be influenced by other factors such
as species competition and physical barriers. Thus,
our results suggest that the genus Anatololacerta
should be monitored in the near future, with morelo-
cality records for niche overlapping and inter- or in-
traspecies competition.
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