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Current and future suitable habitats of a range-restricted species group
(Cyrtodactylus chauquangensis) in Vietnam

Dung Van Tran!, Tuoi Thi Hoang', Thuong Huyen Nguyen', Van Bac Bui', L. Lee Grismer?, Bao
Quang Tran* & Vinh Quang Luu'

Abstract. Climate change is one of the most serious threats to the world’s biodiversity. Reptiles with limited
dispersal capacities, small geographic ranges, or specialised habitats are considered to be especially vulnerable.
In this study, we applied the Maximum Entropy algorithm to predict the current and future suitable habitats of
a range-restricted species group (Cyrtodactylus chauquangensis) in Vietnam. The models show that the current
suitable habitat of C. chauquangensis species group mainly covers areas in Ninh Binh, Thanh Hoa, and a part of
Nghe An provinces, Vietnam, covering approximately 83,521.53 km?. The models also indicate Karst Distance,
Mean Diurnal Range, and Precipitation of Driest Month as the top three important variables in generating the
potential distribution of C. chauquangensis species group. Additionally, we also assessed the impact of climate
change on the future suitable habitat of the group under different scenarios. Under the scenario of climate change
RCP 4.5, the potential distribution for the group is predicted to decrease significantly, with an average of 59.74%
and 65.74% in 2050 and 2070, respectively. For RCP 8.5, the average loss area due to climate change is around
64.18% and 71.44% in 2050 and 2070, respectively. Based on our predictions, suitable habitats in Ninh Binh,
Thanh Hoa, and Nghe An provinces could be potential refugia of the group under the impact of climate change.
We strongly suggest that these areas be highly prioritised for in-situ conservation measures to safeguard species

of the C. chauquangensis group in Vietnam.
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INTRODUCTION

Distributional patterns play an important role in understanding
the biogeographical, ecological, and conservation aspects
of organisms. Ecological niche modelling (ENM) has been
broadly applied to project a species distribution by combing
occurrence localities and environmental predictors (Anderson
et al., 2003; Guisan & Thuiller, 2005). Results of ENM may
provide insights into the relationship between species and
environmental space, ecological interaction, and speciation
(Rissler & Apodaca, 2007). In particular, the ENM approach
has been used to tackle various questions in ecological
studies, for example, guiding field surveys for rare species
(van Schingen et al., 2014; Ngo et al., 2022), supporting
taxonomic classification (Raxworthy et al., 2007; Zhang et
al., 2014), projecting the distribution of species in the past
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(van Riemsdijk et al., 2017), revealing ecological niche
differentiation between species (Pefialver-Alcazar et al.,
2021; Tran et al., 2021; Chan et al., 2022), increasing the
efficiency of conservation efforts (van Schingen et al., 2014;
Tran et al., 2020), and elucidating drivers of diversification
(Chan & Brown, 2020). In particular, ENM has also been
frequently applied to assess the risk of climate change on
the distribution of species such as amphibians (Milanovich
et al., 2010; Ashrafzadeh et al., 2019), birds (Papes, 2007,
Vasquez-Aguilar et al., 2021), mammals (Tran et al., 2020;
Vu et al., 2020; Trinh et al., 2021; Blair et al., 2022), and
reptiles (Bezeng et al., 2018; Ngo et al., 2022).

Previous studies have shown that climate change is one of
the main threats to the biodiversity of the world (Paterson
et al., 2008; Bellard et al., 2014; Trew & Maclean, 2021).
Over a third of global species are predicted to become
extinct by 2050 due to climate change (Thomas et al., 2004).
The effects of climate change may result in the decrease,
or even the disappearance of a species over its historical
distribution or the shift of a species’ range towards the
poles and higher elevations (Walther et al., 2002; Borzée
et al., 2019; Vu et al., 2020). Species with limited dispersal
capacities, small geographic ranges, or specialised habitats are
considered to be more vulnerable to such changes (Thuiller
et al., 2005; Pacifici et al., 2015). Reptiles depend closely
on environmental conditions (e.g., temperature), thus their
distributions are likely to decline significantly under the
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effects of climate change (Aragjo et al., 2006; Bickford et
al., 2010). Understanding changes in a species’ distribution
is crucial to planning conservation actions and management
strategies (Bezeng et al., 2018; Ngo et al., 2022).

The bent-toed gecko genus Cyrtodactylus Gray, 1827
is one of the most species-diverse genera in the family
Gekkonidae with 330 described species thus far (Uetz et
al., 2022) and is the third most speciose vertebrate genus
in the world (Grismer et al., 2021a). Over the past decade,
the still unrealised diversity of the genus Cyrtodactylus
has been demonstrated by the rapid annual increase in
the rate at which new species are being described from
various geographical areas with different habitats, ecotypes,
and topography. The genus extends throughout tropical
South Asia, Indochina, the Philippines, the Indo-Australian
Archipelago, to the Solomon Islands (Grismer et al., 2021a,
b). Most species of Cyrtodactylus occupy habitats with
an abundance of rocky substrates and many species have
independently evolved varying combinations of suites of
characteristics that are adaptive for living exclusively on
rocks—either granite or limestone—and locomoting in all
planes of orientation (Grismer et al., 2015, 2016; Grismer
et al., 2021a, b). Based on the distribution of characteristics
and habitat preferences of Cyrtodactylus species, they have
been divided into 10 different ecotypes, of which the karst
ecotype is the largest and contains the majority of the
most recently described species (Grismer et al., 2021a).
Cyrtodactylus is also recognised as an excellent group for
taxonomic, biogeographic, and ecological research, as well
as a model group for lizard evolution and biogeography
(Grismer et al., 2021a, b; Grismer et al., 2022).

The Cyrtodactylus chauquangensis group (previously
referred to as the C. wayakonei species group [Luu et al.,
2011; Nguyen et al., 2015; Brennan et al., 2017; Pham et
al., 2019; Schneider et al., 2020; Grismer et al., 2021a])
is composed of species endemic to limestone massifs in
northern Indochina, ranging from northern Thailand and Laos
to northeastern Vietnam and Yunnan Province in southern
China. The group is composed of 17 nominal species and a
putative new species (HLM 0357) from northern Thailand
(Grismer et al., 2021b). The nominal species of this group,
Cyrtodactylus chauquangensis, was described by Hoang et al.
(2007) from the karstic region of Chau Quang Village, Quy
Hop District, Nghe An Province. So far, 10 species of the
Cyrtodactylus chauquangensis group have been discovered
in limestone (karst) habitats in Vietnam, of which, one
species was assessed in the [IUCN Red List as Endangered
(C. otai), two species as Vulnerable (C. huongsonensis, and
C. bichnganensis), five species as Least Concern (C. bobrovi,
C. chaugquangensis, C. cucphuongensis, C. puhuensis, C.
soni), and two other species (C. sonlaensis, C. taybacensis)
have not been evaluated yet (IUCN, 2022).

In this paper, we predict which habitats are currently
suitable for a range-restricted species group (Cyrtodactylus
chauquangensis group) in Vietnam by using the Maximum
Entropy algorithm. We also evaluate changes in suitable
habitats under climate change scenarios for 2050 and 2070.
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From the results of our models, we identify predictors
(e.g., karst geology and climatic conditions) that may play
an important role in determining suitable habitats for the
C. chauquangensis group. Additionally, we suggest key
areas that should receive high priority for surveying and
safeguarding the C. chauquangensis group and their future
potential refugia under the impact of climate change.

MATERIAL AND METHODS

Collecting occurrence data. Researchers have proposed that
species’ adaptation to certain environments can be seen in
their ecological niches (Mota-Vargas & Rojas-Soto, 2016;
Maguire et al., 2018; Smith et al., 2019). This means that
separating or grouping certain species together can improve
our understanding of a species’ ecological niche. Currently,
there is a lack of occurrence records of many reptiles and other
wildlife species, including the C. chauguangensis species
groups. In the study, we employed the location data of 10
species of the bent-toed gecko genus Cyrtodactylus within
the C. chauquangensis species group to model their current
potential distribution and evaluate the potential effects of
climate change on the group. The localities of the species
of the C. chauquangensis species group were collected from
our field surveys from 2010 to 2021. Additionally, we used
records from other publications (Hoang et al., 2007; Ngo &
Grismer, 2010; Luu etal., 2011; Ngo & Chan, 2011; Nguyen
etal.,2014; Nguyen et al., 2015, 2017; Le et al., 2016; Pham
et al., 2019; Grismer et al., 2021a). Initially, we gathered
a total of 61 presence records of the group, including C.
bichnganensis (1 locality), C. bobrovi (2), C. chauquangensis
(1), C. cucphuongensis (3), C. huongsonensis (20), C. otai
(3), C. puhuensis (25), C. soni (4), C. sonlaensis (1), and C.
taybacensis (1). In order to avoid model overfitting bias due
to spatial autocorrelation among close-distance localities, we
used the “spThin” package (Aiello-Lammens et al., 2015)
in R version 4.1.2 to thin the occurrence points within 1
km. Finally, 26 localities were employed for prediction
analyses (Fig. 1)

Environmental predictors. The study collected 24 predictors
including climatic conditions, land use and land cover
(LULC), topography, and karst data to project suitable
habitat for the C. chauquangensis species group. For climatic
variables, 19 climatic variables were downloaded from the
World Clim database (http://www.worldclim.com/; Fick &
Hijmans, 2017) with 11 temperature and eight precipitation
variables at the resolution of 30 arcseconds. We also obtained
data of LULC from the Global Land Cover and Land
Use 2019 available at Global Land Analysis & Discovery
website (https://glad.umd.edu/dataset/global-land-cover-land-
use-vl; Hansen et al., 2022). For topographic variables, we
gathered three variables: Elevation, Slope, and Aspect. We
extracted the elevation data from Digital Elevation Model
(GMTED2010; downloaded from https://earthexplorer.usgs.
gov; Danielson & Gesch, 2011), then calculated the Slope
and Aspect values by using ArcMap version 10.2 (ESRI,
2013). Regarding karst data, Blair et al. (2022) recently
highlighted that a model that incorporates both karst and



Tran et al.: Suitable habitat of Cyrtodactylus chauquangensis species group

104°0'0"E 106°0'0"E

%%

) l N ‘g:} 1}24';.

22°0'0"N

20°0'0"N

Present locality
@ C. bichnganensis

20°0'0"N

A C. bobrovi

Legend

[ | C. chauquangensis

Karst mountain

* C. huongsonensis

@® C otai
A C. puhuensis

0 C. soni
72( C. sonlaensis

©  C. taybacensis

.4 Elevation
A Wy High

18°0'0"N

Kilometers

| === National boundary

— Province boundary

18°0'0"N

104°0'0"E 106°0'0"E

Fig. 1. The occurrence localities of the C. chauquangensis species group.
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Table 1. The environmental variables used to generate the suitable distribution of the C. chauquangensis species group in the MaxEnt model

No. Name Sources Description
1 Bio02 WorldClim Mean Diurnal Range (Mean of monthly =max temp -
min temp)
2 Bio04 Temperature Seasonality (standard deviation *100)
3 Bio07 Temperature Annual Range (BIO5-BIO6)
4 Biol0 Mean Temperature of Warmest Quarter
5 Biol4 Precipitation of Driest Month
6 Biol5 Precipitation Seasonality (Coefficient of Variation)
7 Biol6 Precipitation of Wettest Quarter
8 Biol9 Precipitation of Coldest Quarter
9 Elevation Earthexplorer.usgs.gov Height above sea level
10 Slope Degree of rise/run
11 Aspect Direction a slope face
12 Land Cover Global Land Analysis & Discovery Land cover
13 Karst_Distance World Karst Aquifer Map The distance to karst arca

climate data can effectively clarify the distribution of
species adapted to living in karst landscapes. From our field
surveys, the localities of C. chauquangensis group species
were only in the karst habitats in central and northern
Vietnam. Here, we downloaded the karst layer at the vector
data format (polygon) from the World Karst Aquifer Map
(Chen et al., 2017), then, extracted it in the study site by
ArcMap 10.2. To convert the layer to the raster data format,
we used the Euclidean Distance tool in ArcMap 10.2 to
generate the distance to the karst areas. The tool generates
a raster layer covering the study area from the vector layer
of the karst, which indicates the distance from each pixel
to the nearest object in the karst layer. The distance value
of pixels overlapped by the karst polygons were presented
as 0 (Appendix 1). Because of the different resolution of
variables, we resampled the collected predictors to the same
resolution (nearly 0.9 x 0.9 km) with the Resample tool in
ArcMap 10.2 (ESRI). Since the performance of the species
distribution model might be influenced by the background
size of variables (VanDerWal et al., 2009; Barve et al.,
2011), we extracted the predictors by a box buffering 200
km from our occurrence localities following the suggestion
of VanDerWal et al. (2009). We calculated the Pearson’s
correlation index () using ENMTools version 1.4.4 (Warren
et al., 2010), then eliminated one variable from each pair of
highly correlated variables (|| > 0.80) to avoid the influence
of multicollinearity on the modelling process. Consequently,
we used only 13 environmental variables for predictions
(Table 1).

To assess the effect of climate change on the distribution
of the C. chauquangensis species group, we selected
future climate change from two general circulation models
(GCM): ACCESSI1-0 (CSIRO-BOM, Australia), GFDL-
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CM3 (NOAA, GFDL, USA) as per the suggestion of
McSweeney et al. (2015) for the Southeast Asia region. For
each GCM, we selected for two climate change scenarios
of representative concentration pathways (RCPs): RCP 4.5
and RCP 8.5, representing intermediate and the most severe
levels of accumulation of greenhouse gas concentrations in
the future climate by the 2050s (average 2041-2060) and
by the 2070s (average 2061-2080).

Ecological niche modelling. We used MaxEnt model version
3.4.4 (https://biodiversityinformatics. amnh.org/open_source/
maxent/) to project the potential distribution of the C.
chauquangensis species group. Applying the automatic
setting of MaxEnt might lead to the model overfitting and
providing a low precision distribution (Muscarella et al., 2014;
Kass et al., 2021). Therefore, we utilised ENMeval package
version 2.0.0 (Kass et al., 2021) in R version 4.1.2 to turn the
regularisation multiplier values and feature class and select
the optimal model. In the study, we turned six feature classes,
including L, LQ, H, LQH, LQHP, and LQHPT (L = linear,
Q = quadratic, H = hinge, P = product, and T = threshold),
and regularisation multiplier values were adjusted from 1 to
5. In each model, the model performance was evaluated by
the Jackknife partition method. Consequently, we analysed
30 candidate models and selected the optimal model based
on the minimum AICc index (Muscarella et al., 2014; Kass et
al., 2021). To assess the good-of-fit of the model, we applied
the Area Under Curve (AUC) as suggested by Phillips et al.
(2006). The output of the MaxEnt map ranges from 0 to 1,
where the higher value represents a higher suitability level.
To determine suitable or unsuitable habitat for the species,
we used the “Minimum training presence logistic threshold
= 0.03” to maximise the areas for conservation purposes.
Then, we divided the suitable area into three categories by
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Fig. 2. The potential distribution of the C. chauquangensis species group under present conditions generated by MaxEnt, A, Minimum
training presence logistic threshold; B, 10 percentile training presence logistic threshold.

dividing the suitable value of a pixel equally: low suitability
(0.03-0.3), medium suitability (0.3—-0.6), and high suitability
(>0.6). Additionally, we employed the “10 percentile training
presence logistic threshold = 0.4” to identify the priority
surveyed areas for the species group. The level of suitability is
also determined by dividing equally the pixel value, including
low suitability (0.4-0.6), medium suitability (0.6-0.8), and
high suitability (>0.8). The threshold normally generates
a smaller suitable habitat when converting to the suitable
map. To assess the rate of protected suitable habitats of the
species group, we overlapped the predicted suitable area
and boundary of protected areas downloaded from https://
www.protectedplanet.net/en (UNEP-WCMC & TUCN, 2022).

RESULTS

Based on the AICc value (607.77) from the evaluation
metric result, we selected the best model for the C.
chauquangensis species group with feature class = Linear (L)
and regularisation value = 5. The model’s average training
AUC = 0.976 + 0.002, and testing AUC = 0.973 + 0.056
demonstrated excellent predictions.

The predicted suitable habitat of the C. chauquangensis
species group showed discrimination between two different
thresholds “Minimum training presence logistic threshold”
and “10 percentile training presence logistic threshold”. For
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the “Minimum training presence logistic threshold”, the
high and medium suitability areas were mainly found in (i)
Ninh Binh, the north of Thanh Hoa, and (ii) a part of Nghe
An provinces, with an area of 6,296.94 km? and 15,254.73
km? respectively. The low suitability habitat was estimated
to cover 61,969.86 km? in north-eastern (Quang Ninh, Lang
Son, Cao Bang, Tuyen Quang provinces) and north-western
Vietnam (Son La, Dien Bien, Lao Cai provinces) (Fig. 2A,
Table 2).

For suitable habitat of the C. chauquangensis species group
determined by the “10 percentile training presence logistic
threshold”, it was significantly narrower than that of the
“Minimum training presence logistic threshold” with only
15,829.83 km? The highly suitable category was only
predicted in a very small area in Ninh Binh and Thanh
Hoa provinces with 426.06 km?. The medium and low
suitability habitats were 9,532.08 km? and 5,871.69 km? in
size respectively, and concentrated in Ha Noi, Ninh Binh, Son
La, Thanh Hoa, and Nghe An provinces (Fig. 2B; Table 2).

Overlapping between the current protected network and
potential range of the C. chauquangensis species group
showed that only 4,705.29 km? (equally 5.63%) and
2,198.34 km? (equally 13.89%) of suitable area for the C.
chauquangensis species group was predicted to be inside
the current protected area network under the “minimum
training presence logistic threshold”, and the “10 percentile
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Table 2. The suitable habitat area of the C. chauquangensis species group with present environmental variables (Unit: km?).

Present

Minimum training presence logistic threshold

Suitability

10 percentile training presence logistic threshold

Within PAs
Total

Within PAs

km?

%

Total

kInZ

Low 61969.86 2042.82
Medium

High

15254.73 1540.62

6296.94 1121.85

3.30
10.10
17.82

9532.08 1076.49 11.29

5871.69 1050.57 17.89

426.06 71.28 16.73

Total 83521.53 4705.29

5.63

15829.83 2198.34 13.89

training presence logistic threshold” respectively (Table 2).
There are only a few protected areas covering the high and
medium suitability distribution of the C. chauquangensis
species group, including Cuc Phuong National Park (NP),
Ngoc Son—Ngo Luong, Pu Luong, Van Long, Hang Kia—Pa
Co, and Pu Huong, Pu Hu Nature Reserves (NR; Fig. 2).

Our results also showed the most important predictors for
predicting the suitable habitat of the C. chauquangensis
species group. The top three contribution variables were
Karst Distance (35%), Bio2 — Mean Diurnal Range (33.4%),
and Bio 14 — Precipitation of Driest Month (23.3%). The
response curves illustrated the probability of suitability
changes following the fluctuation of environmental variables.
The response curve to Karst Distance revealed that the C.
chauquangensis species group was highly dependent on
habitat in karst mountains. The higher suitable probabilities
mostly occurred within the karst area (Fig. 3A). For both
the Mean Diurnal Range, and Precipitation of Driest Month,
the suitable habitat showed a negative relationship (Figs.
3B, C). Furthermore, the most favoured precipitation of
the driest month of the species group was below around 5
mm (Fig. 3C).

Under the RCP4.5 scenarios, the potential distribution of the
C. chauquangensis species group was predicted to decrease
significantly with an average of 59.74% and 65.74% in 2050
and 2070 respectively (Table 4, Fig. 4). The predicted areas
in Lai Chau, Dien Bien, Son La, and parts of the predicted
areas in Nghe An provinces may be rendered unsuitable.
In Ninh Binh, Thanh Hoa, and central Nghe An provinces,
the high and medium suitability areas of the species group
could be partly replaced by low suitability areas or even
totally disappear (Table 3, Fig. 4). In particular, the potential
distribution projected by the ACCESS1-0 model could be
decreased by approximately 46,927.35 km? in 2050 and
54,981.18 km? in 2070. For the GFDL-CM3 model, the loss
of potential areas was predicted around 52,871.13 km? and
54,832.14 km? in 2050 and 2070, respectively (Table 4).

In terms of the scenarios of RCP8.5, the potential area of
the species group was projected as more severe compared
to the project under the RCP4.5 scenario (Tables 3, 4; Fig.
4). Our models showed that the average loss area due to
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climate change was around 64.18% and 71.44% of the present
distribution in 2050 and 2070, respectively. In particular,
under the ACCESS1-0 model, the loss of suitable areas
accounted for 81.69% (around 68,227.92 km?) in 2050,
and 75.10% (around 62,728.02 km?). Most of the high and
medium suitability areas were projected to disappear or turn
into low suitability areas (Table 3; Fig. 4). The majority
of suitable habitat for the species in the group under both
climate models was predicted to concentrate on the karst
area in Ninh Binh and central Nghe An provinces (Fig. 4).
Our results also showed a qualitative consistency across the
different climate change models and scenarios.

DISCUSSION

Recently, the MaxEnt model has been widely applied to
generate the potential distribution of species. Several studies
have applied the model successfully to predict the potential
distribution of reptiles (Ngo et al., 2019; Chan et al., 2022;
Ngo et al., 2022). With a high value of AUC,;,,, and
AUC, (e (> 0.9), the model showed a high performance
in predicting suitable habitat (Phillips et al., 2006; Lobo et
al., 2008). It is emphasised that the MaxEnt model is useful
for identifying suitable habitat for the C. chauquangensis
species group with limited occurrence data.

ENM generates potential species distribution based on
the relationship between known occurrence localities and
environmental predictors (Guisan & Thuiller, 2005). In
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terms of occurrence data, most researchers normally collect
the occurrence localities at the species level to run models.
However, occurrence data is still very limited due to being
range-restricted and the fact that many species have not
been intensely studied, which is a great challenge for
developing ENM (Anderson et al., 2016; Peterson et al.,
2018). Recently, Smith et al. (2019) suggested that adaptation
to local conditions and sharing of environmental tolerances
could be reflected in ecological niches, thus splitting taxa
or combining related taxa could improve ecological niche
estimation. The strategy for grouping occurrence records
above the species level in estimating ecological niches of
species also has been applied in several previous studies (e.g.,
Raxworthy et al., 2007; Mota-Vargas & Rojas-Soto, 2016).
In this study, the C. chauquangensis species group contains
endemic species adapted to limestone habitats in northern
Indochina (Grismer et al., 2021b). Previous studies suggested
that the predicted suitable habitat of clade models is both
larger (Mota-Vargas & Rojas-Soto, 2016; Maguire et al.,
2018; Collart et al., 2021) and also smoother than combined
subclade models (Maguire et al., 2018). For conservational
purposes, we used the occurrence localities of 10 species in
the C. chauquangensis group with very limited occurrence
localities of each species to generate suitable habitat models
for the group in the present and also assess the impact of
climate change on the group in Vietnam.

The predicted present distribution of the C. chauquangensis
species group with the minimum training presence logistic
threshold covered most of the occurrence records of the group
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Table 3. The suitable habitat area of the C. chauguangensis species group under climate change scenarios (Unit: km?).

ACCESS1-0 GFDL-CM3
Suitability RCP4.5 RCP8.5 RCP4.5 RCP8.5
2050 2070 2050 2070 2050 2070 2050 2070
Low 36037.71 28490.94 15190.74 20177.10 30465.72 28652.94 42461.82 26892.81
Medium 556.47 49.41 102.87 579.96 184.68 36.45 2033.91 21.06
High 0 0 0 36.45 0 0 50.22 0
Total 36594.18 28540.35 15293.61 20793.51 30650.40 28689.39 44545.95 26913.87

Table 4. The change of suitable habitat area of the C. chauquangensis species group under climate change scenarios (Unit: km?).

Present 2050 2070
Model RCP Suitable Suitable Change % Suitable Change %
area area area
ACCESSI1-0 4.5 83521.53 36594.18 -46927.35 -56.19 28540.35 -54981.18 -65.83
GFDL-CM3 4.5 83521.53 30650.40 -52871.13 -63.30 28689.39 -54832.14 -65.65
Average 33622.29 -49899.24 -59.74 28614.87 -54906.66 -65.74
ACCESSI1-0 8.5 83521.53 15293.61 -68227.92 -81.69 20793.51 -62728.02 -75.10
GFDL-CM3 8.5 83521.53 44545.95 -38975.58 -46.67 26913.87 -56607.66 -67.78
Average 29919.78 -53601.75 -64.18 23853.69 -59667.84 -71.44

(Fig. 2). It showed a high predictive performance for the
group. The current high and medium suitability habitats of
the species group are concentrated in two distinctive blocks:
i) the karst area in Ninh Binh and Thanh Hoa provinces,
and ii) the karst area in central Nghe An province. The
karst variables contributed the most to the models, showing
a crucial role of the variable in the habitat selection of the
C. chauquangensis species group, as discussed below. The
discontinuity of the karst mountains between Thanh Hoa
and Nghe An provinces might explain why the potential
distribution of the C. chauquangensis species group in Ninh
Binh and Thanh Hoa provinces was predicted separately
from the suitable area in Nghe An province.

The results of our ENM model can locate areas that provide
suitable habitats for focal species but have not yet been
surveyed (Pearson et al., 2007; Thorn et al., 2009). To date,
only a few studies have reported the successful application
of ENM to find new populations of rare reptiles in northern
Vietnam (e.g., van Schingen et al., 2016; Ngo et al., 2019,
2022). Therefore, we suggest that the high and medium
suitability habitats in Ninh Binh, Thanh Hoa, and Nghe
An provinces should receive high priority for conducting
surveys to explore new populations and/or new distributional
records of these species, providing sufficient data to assess
and update population status in the [IUCN Red List. We also
highly recommend using finer-scale environmental variables
for the models involving the C. chauquangensis species
group, as finer-scale analyses could be very important to help
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researchers, conservationists, and managers by identifying
appropriate suitable locations throughout the range of the
different species (Blair et al., 2022). The finer-scale model
should include microclimatic data, a high resolution of
vegetation layers, and intraspecific information when these
data are available. A sufficiently powerful computer is also
needed to run a finer-scale analysis with the many complex
processes of the ENMs model.

Our model also generated an overprediction area in northeast
Vietnam, where no Cyrtodactylus species are currently
known. Such an overprediction area was considered low
suitability habitat, and occurred only under the minimum
training presence logistic threshold (Fig. 2A). North-eastern
Vietnam is mainly covered by a karst mountain range (see
Fig. 1), and is the environmental refugia of Goniurosaurus
species (Ngo et al., 2022). With the highly strict threshold
(the 10-percentile training presence logistic threshold) the
optimal distribution of the C. chauquangensis species group
was restricted to Ninh Binh, Thanh Hoa, and central Nghe
An provinces, while the overprediction has been excluded
(Fig. 2B). It would be more useful to spend more effort to
find new populations of the species group in the optimal areas
instead of the overpredicted areas, and thus a strict model
can aid in the discovery of new populations with reduced
investigation effort and resources (e. g. time, budget). Hence,
we recommend using an appropriate threshold of the model
for each specific conservation objective.
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Our model showed that the most important variable to
predict the suitable habitat of the C. chauquangensis species
group was the karst habitat, with Bio2 — Mean Diurnal
Range and Bio 14 — Precipitation of Driest Month coming
in second and third respectively. Limestone karsts are the
home of various endemic species, and are globally vital
landscapes (Clements et al., 2006). In a recent study, Blair
et al. (2022) emphasised the significance of karst geology to
predict suitable habitat for Francois’s langur, a primate that
has adapted to limestone landscapes in northern Vietnam.
The research also demonstrated the potential of limestone
karst areas to serve as refuges for species adapted to such
environments under the impacts of climate change. Due to
the physical stability of habitat, karst-dwelling species may
exhibit greater resilience to climate change in comparison
to those adapted to forest environments. In the karstic
area, microclimate heterogeneity could occur and create
microrefugia at various scales, which can allow species to
survive under extreme climatic conditions, leading to the
reduction of the extinction threat of climate change (Suggitt
et al., 2018). So far, the C. chauquangensis species group
has been only recorded in limestone massifs in northern
Indochina (Grismer et al., 2021b). The C. chauquangensis
species group may be too specialised to survive or slowly
adapt to other habitats. We argue that protecting karst
environments will play an essential role in protecting the C.
chauquangensis species group under climate change, besides
other anthropogenic threats (Luu & Lo, 2018). However,
the karst landscapes are facing several threats, especially
cement mining (Clements et al., 2006; Hughes, 2017).
Urgent actions to protect the limestone karsts should be
planned and implemented promptly (Clements et al., 2006).
Furthermore, we believe that the species group’s decreased
suitable habitat was most likely due to other habitat types
located between karst areas that were not represented in
the current karst data map. The karst variable used in the
model was still at a relatively coarse scale, while various
microhabitats/microclimates may be supported by the karst
topography at a finer scale (Blair et al., 2022). Therefore,
we highly recommend using a higher resolution of the karst
variables when it is available for further ENM analysis on
karst-adapted species.

One of the consequences of climate change is that the suitable
range of species could decline or disappear (Vu et al., 2020;
Trinh et al., 2021; Blair et al., 2022; Ngo et al., 2022).
Previous studies have also reported that the distribution of
fauna in the karst mountain ecosystem could shift or retract
under the impact of climate change in northern Vietnam
(Trinh et al., 2021; Blair et al., 2022; Ngo et al., 2022), or
in other types of ecosystems in Vietnam (Tran et al., 2020;
Vu et al., 2020; Yang et al., 2021). The distributions of
species in the Gekkonidae, such as Gekko japonicus (Kim
et al., 2020) and the Eublepharidae, such as Goniurosaurus
lichtenfelderi (Ngo et al., 2022), are also expected to decrease
or become isolated as a result of climate change. Our results
with the model of the C. chauquangensis species group
habitat distribution is consistent with the trend of habitat
contraction under climate change.
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Under the impact of climate change, the suitable habitats in
Ninh Binh, Thanh Hoa, and Nghe An provinces could be
potential refugia for the C. chauquangensis species group in
2050 and 2070, although the suitability level in the area is
likely to turn from high to low suitability (Fig. 4). With high
emission scenarios of RCP8.5, the predicted habitat of the
species group might be impacted more seriously compared
to the RCP4.5 scenarios. In particular, the suitable habitat of
the C. chauquangensis species group is projected to decrease
over time. The suitable habitat that will disappear under
RCP8.5 scenarios was predicted to be around 64.18% and
71.44% in 2050 and 2070, respectively, while for RCP4.5,
the area of habitat loss was approximately 59.74% in 2050
and 65.74% in 2070 (Tables 3, 4). Our results highlight
the importance and urgency of appropriate conservation
solutions in the context of climate change. Research and
the implementation of management measures, which require
collaboration between researchers and authorities, are
essential to protect the populations of the C. chauguangensis
species group and their habitat.

Our analysis of the overlap between the current suitable
habitat of the C. chauquangensis species group and the
existing protected area network in Vietnam revealed that the
current network of protected areas in Vietnam is insufficient
to cover the highly suitable habitat of the species group. Only
a minority of the potential range of this species group was
predicted to be inside protected areas, including Cuc Phuong
NP, Van Long NR (Ninh Binh Province), Thuong Tien,
Ngoc Son—Ngo Luong, Hang Kia—Pa Co NRs (Hoa Binh
Province), Pu Luong, Pu Hu NRs (Thanh Hoa Province),
and Pu Huong NR, a part of Pu Mat NP (Nghe An Province;
see Fig. 2). Therefore, we highly suggest that these areas
should be given high priority as key areas for protecting the
C. chauquangensis species group. Additionally, the current
network of protected areas is inadequate for conserving the
suitable range of the C. chauquangensis species group under
projected effects of climate change in the future. A large
amount of suitable habitat within the existing protected areas
is likely to decrease and/or turn into habitat that has a low
suitability level (Fig. 4).

CONCLUSION

In the current study, the current suitable habitat of the C.
chauquangensis species group is predicted to mainly cover
areas in Ninh Binh, Thanh Hoa, and a part of Nghe An
province, Vietnam with an area of approximately 83,521.53
km?. The model’s most important environmental variables
are Karst Distance, Mean Diurnal Range, and Precipitation
of Driest Month. The potential distribution of the group is
projected to shrink rapidly with an average of 59.74% and
65.74% in 2050 and 2070 respectively, under the RCP 4.5
scenario. For the RCP 8.5 scenario, the potential loss of
habitat area of the species group was projected to be more
severe compared to the project under the RCP4.5 scenario,
at around 64.18% and 71.44% of present distribution loss
in 2050 and 2070, respectively. Based on the model results,
we recommend that the suitable areas in Ninh Binh, Thanh
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Hoa, and Nghe An provinces should receive high priority
for extensive surveys to discover new populations as well
as conservation actions to protect the species group from
the effects of climate change.
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APPENDIX

Appendix 1: The map of Karst Distance variable generated from Karst data layer (Chen et al., 2017) by Euclidean Distance
tool in ArcMap 10.2
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