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Abstract
Western Ghats landscape is unique in habitat diversity and endemism, predicted to undergo massive global warming changes. 
After the Pleistocene, particular micro-climatic conditions prevailed in the Western Ghats, leading to allopatric speciation 
and endemism. We evaluated this hypothesis by modeling the distribution patterns of endemic ancient reptilian genera, the 
Dravidogecko using various environmental variables under past, present, and future climate scenarios. We surveyed 58 
heterogeneous locations for one year in the Nilgiris (Southern Western Ghats), where the species records are not there. We 
used environmental variables like diurnal range, isothermality, altitude, precipitation, canopy height, and density to predict 
the current distribution model. The paleoclimate modeling indicates the presence of species extant throughout the Southern 
Western Ghats in the Pleistocene. The geographical isolation due to the redress of cooler weather from the lower reaches 
enclosed the climatic specialist, Dravidogecko, to the upper reaches leading to allopatric speciation. We conclude that climate-
oriented speciation is under threat as it may lose all the suitable habitats due to global warming and climate change. We also 
nominate a new species named Dravidogecko coonoorenis and predict more species of this genus from the Western Ghats.
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Introduction

The speciation event depends on isolation, habitat condi-
tions, inter-specific interactions, and climate change, lim-
iting its distribution to a specified geographical range. 
Knowledge about biogeography, speciation events, isolation 
patterns, and isolating mechanisms is essential for their con-
servation and understanding of natural history and ecology 
(Franklin 2010; Kim et al. 2020). The changing climate and 
the resultant isolation govern the distribution or isolate the 
population into small fragments leading to allopatric specia-
tion. The speciation of isolated meta-populations in local 
habitat depends on ecological conditions. Such events of 

allopatric speciation and the influence of climate in specia-
tion events have been reported previously throughout the 
Western Ghats (WG), and most of them are endemic spe-
cies (Dutta et al. 2004; Gupta 2010; Biju et al. 2011; Robin 
et al. 2015; Bose 2016; Chaitanya et al. 2019; Raman et al. 
2020a). The spatial–temporal conjunctions on species dis-
tribution were found significant in recent years (Shameer 
et al. 2021), and this is important to understand the threats 
like plummeting population, habitat fragmentation, dete-
rioration, changing climate, and invasive species (Gibbons 
et al. 2000; Thomas et al. 2004; Todd et al. 2010; Urban 
2015). Reptiles are poikilothermic vertebrates occupying 
diverse habitats and rely on the environment for thriving, 
as their physiology and metabolism fluctuate with environ-
mental conditions (Huey and Stevenson 1979; Avery 1979; 
Pough 1980; Heatwole and Taylor 1987; Du et al. 2010). 
The temperature has a potential role in restricting the distri-
bution of reptiles. The reptiles determine their distribution 
towards high altitudes where cold conditions are prevailing. 
When the temperature varies spatially, the maintenance of 
optimal temperature makes poikilotherms survive, and the 
temperature variations induce thermal shifting of the species 
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(Adolph and Porter 1993; Stenseth et al. 2002; Huey et al. 
2009; Huey et al. 2012; Bestion et al. 2015; Rutschmann 
et al. 2016; Piantoni et al. 2019). Shifting reshapes their 
original ranges and forces them to survive in a more fragile 
habitat, and any minor variations in climate lead to extinc-
tion (Ferro et al. 2014; Lemes et al. 2014; Fitzgerald et al. 
2018; Powers and Jetz 2019; Vicente et al. 2019).

Geckos are one of the least understood vertebrate com-
munities. Its taxonomical progression in recent years defined 
many new species through revision, omissions, inclusion, 
and consolidation (Mirza 2010; Venugopal 2010a, b; Palot 
2015; Aengals et al. 2018; Chaitanya et al. 2019). Dravi-
dogecko, by its etymology, is an ancient gecko genus 
endemic to southern WG (Smith 1935; Boulenger 1885; 
Murthy 1993; Johnsingh 2001; Cyriac et al. 2011). For the 
first time, a single specimen of this species was observed 
from the Anamalai hills of WG by Günther (1875) and 
described as Gecko anamallensis. In the initial stages of 
identification, the genus assignment for the species was a 
taxonomical complexity. Boulenger (1885) described the 
species as Hoplodactylus due to its similarity to the New 
Zealand and Bengal specimens. Smith (1933, 1935) clari-
fied the discrepancy of Bengal specimen and placed this 
under a new genera Dravidogecko, and commented that the 
similarities to Hoplodactylus are due to parallel evolution. 
The species is placed under the genus Hemidactylus by 
Bauer and Russell (1995) as Hemidactylus anamallensis. 
Bansal and Karanth (2013), based on molecular evidence, 
re-classified it as Dravidogecko anamallensis. Chaitanya 
et al. (2019) identified the various meta-population as sepa-
rate species. They named it as Dravidogecko septentrionalis, 
Dravidogecko meghamalaiensis, Draviodogecko doughla-
sadamsii, Dravidogecko smithi, Dravidogecko tholpalli, 
and Dravidogecko janakiae as it has considerable genetic 
divergence. The Dravidogecko is noted for its adaptation to 
the colder climate and is an old stock of reptiles seen only 
at the higher altitude. The separation of this cryptic genera 
may have occurred during Eocene in the drifting Indian Plate 
(Bansal and Karanth 2013; Agarwal et al. 2014; Chaitanya 
et al. 2019).

Occurrence data of species with environmental data 
inclusion help precisely map the distribution in a feasible 
habitat (Soberón 2010). Species distribution modeling 
(SDM), otherwise called Environmental Niche Modeling 
(ENM) (Peterson 2006), resolves the range assessment and 
preferable habitat prediction, thereby helps in the conser-
vation of less known species (Whittaker et al. 2005; Stu-
art et al. 2010; Warren and Seifert 2011; Fourcade et al. 
2014). MaxEnt (Phillips et al. 2006) models the ecological 
niche of various taxa covering both flora and fauna based 
on the presence data (Raman et al. 2020a, b). The machine 
language of the MaxEnt has proven the ability to forecast 
the geographical distribution, preferable habitat, and niche 

suitability for data-deficient species even for more minor 
data (Phillips et al. 2006; Elith et al. 2011). Species distri-
bution modeling of reptiles in India is rare, and only a few 
literatures are available (Srinivasulu and Srinivasulu 2016; 
Javed et al. 2017; Srikanthan et al. 2018, Srinivasulu et al. 
2021). Distributional models will offer in-depth knowledge 
about the habitat, which will inform us about the needs and 
needless factors acting around the environment of a species 
that scores high for a management plan.

The WG is an old mountain chain situated in southwest-
ern peninsular India and separates the coastline tracts with 
the Deccan plateau (Pascal et al. 2004). This mountain chain 
existed even before the collision of the Indian plate with 
the Laurasia, is a hot spot of endemism (Vijayakumar et al. 
2001; Roelants et al. 2004; Dutta et al. 2004; Biju et al. 
2010, 2011; Bhupathy et al. 2012; Bhupathy and Sathish-
kumar 2013; Ganesh et al. 2013; Palot 2015; Chaitanya et al. 
2018). Most of the endemic species are climate specialists, 
and the distribution is solely in high altitudes. The climatic 
shift in the ancient geological periods modulated the spe-
cies distribution and accounted for the endemism (War-
shall 1995; Wikramanayake et al. 2002; Robin et al. 2010; 
Chaitanya et al. 2019; Raman et al. 2020a, b). The endemic 
reptiles may have a limited tolerance range and get rapidly 
influenced by global warming than the endemic mammals 
and birds (Taylor and Kumar 2016). The WG is facing 
massive transformation due to climate change (Sony et al. 
2018; Raman et al. 2020a, b), habitat fragmentation (Qureshi 
2014), urbanization, invasion of alien species (Mungi et al. 
2020), and other anthropogenic influences (Cincotta et al. 
2000; Bawa et al. 2007; Feeley et al. 2013). The predic-
tive models based on the endangered mammalian species 
(Raman et al. 2020b) and plants (Sen et al. 2016; Priti et al. 
2016) suggest a significant impact on the ecosystem due to 
climate change resulting in range reduction.

Dravidogecko is a nocturnal species that can tolerate and 
live only in the cold high altitude climatic conditions, unlike 
many other geckos reported so far. Even the slightest varia-
tions in the prevailing climate can have an impact on these 
poikilothermic animals. The cumulative minor changes in 
temperature in the long-term view can have a drastic effect, 
which can even be fatal to these endemic populations. Chait-
anya et al. (2019) observed that each of the existing meta-
populations presently is acclimatized to that specific pockets 
and diverged as separate species. Robin et al. (2015) demon-
strated the divergence of laughing thrush meta-population 
to different WG species. Birds are homeothermic animals, 
which can withstand the fluctuations to a possible degree, 
unlike poikilotherms. The species divergence is an indica-
tion of struggle towards existence in isolated patches hav-
ing optimum climatic conditions. It is urgent to identify and 
map all the suitable habitats in the WG landscape under 
the present climatic scenario, which helps to ascertain the 
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unidentified isolated populations and its ecology. Predicting 
suitable habitats under various emission scenarios may help 
us identify the potential habits under threat. Hence, based on 
the occurrence data, the present study attempts to predict the 
WG's suitable habitats in current and future scenarios for the 
Dravidogecko genera. As an ancient gecko species, we try to 
model the range of distribution in the Pleistocene climate, 
after which the species postulated to have diverged. The 
study attempted to evaluate the hypothesis that the climatic 
change after the Pleistocene causes allopatric speciation. We 
also assess the habitat suitability in the global warming sce-
nario and predict and possibilities of extinction.

Methods

The Western Ghats

The WG landscape in peninsular India is a long stretch 
of mountain chains extending ~1600 km through Gujarat, 
Maharashtra, Goa, Kerala, Karnataka, and Tamil Nadu in 
India. The WG is the faulted ridges of an upraised plateau 
and is not a real mountain (Bhat 2017). The mountain chain 
formed around 120–130 mya by volcanic eruptions, when 
the Indian subcontinent drifted near Reunion Island. Many 
reptiles, including the dinosaurs, became extinct during 
this phase as a result of volcanoes. The 2000 mya old rocks 
found in the Southern WG are evidence of dormal uplift 
erecting the WG (Radhakrishna et al. 2019). Peninsular 
India broke, and the faulting resulted in the uplift of the 
eastern side. The Eocene changes (40–45 mya) in penin-
sular India changed the faunal distribution and geography 
(Karanth 2006). The high rates of the uplifts caused high 
altitudes, slopes, and gorges, which caused the various cli-
mate conditions to become the cradle of speciation of dif-
ferent life forms causing the present level of endemism. 
This hilly undulating terrain with diversified landscape and 
vegetation profoundly influences the climate prevailing in 
peninsular India (Gunnell 1997). This terrain accounts for 
half of the Indian reptiles (Islam and Rahmani 2004) and 
highly diverse amphibian fauna.

Dravidogecko—diagnostic features

The body is grayish brown and marbled with dark brown 
patches. The tail is thick, and at the base, it is cross barred 
with dark brown streaks and covered with small scales. The 
head is compressed and covered with small granular scales. 
The body is dorso-ventrally compressed and elongated with 
small rounded granules throughout the body. The rostral is 
without a median groove, and the nasal is in contact with 
the rostral and the first labial. Digits are moderately short 
long-clawed terminal phalanges that are curved and arise 

angularly from the lamellar pad's distal portion. This species 
is easily differentiated from the Hemidactylus by undivided 
scansors on the toes (Bauer and Russell 1995; Chaitanya 
et al. 2019).

Field survey

We surveyed the bushy regions, abandoned buildings, 
orchards, cowsheds, creeks, concrete retaining walls, and 
tea estates in Coonoor, Kundha, and Kotagiri regions in 
the Nilgiri Hills (Southern WG) for the presence of Dravi-
dogecko from August 2018 to May 2019. We sampled 58 
heterogeneous sampling sites for three hours a night per 
sampling site (7.00 pm to 8.00 pm, 11.00 pm to 12.00 am, 
and 5.00 am to 6.00 am) with the aid of torchlight. We 
recorded the geo-coordinates of the species occurring sites 
and sampled them repeatedly to confirm their presence. The 
genera is easily recognizable, and we identified the species 
in the study location itself without capturing them based on 
morphology. We confirmed the genus by analysing DNA 
from the gecko’s shed tail piece after it was disturbed. We 
charachterised mitochondrial (mt) cytochrome oxidase I sub-
unit (COX1) region and the nuclear recombination activation 
factor 1 (RAG1) gene. As the COX1 region of the genera is 
not charachterised previously, we used the RAG1 region for 
species identification.

Based on the available literature (Günther 1876; Bou-
lenger 1885; Smith 1935; Murthy 1993; Cherian et al. 2000; 
Johnsingh 2001; Ishwar et al. 2001; Agosti and Egloff 2009; 
Chandramouli and Ganesh 2011; Bansal and Karanth 2013; 
Chaitanya et al. 2018; Chaitanya et al. 2019), we georefer-
enced the points of occurrence using Google Earth. We also 
collected the available occurrence points (geo-coordinates) 
from the databases like iNaturalist, GBIF, and Hiveminer. 
We collected 52 locations from the literature and the data-
bases and nineteen sites directly from the Nilgiris. We com-
piled the direct records and literature records and obtained 
71 locations of Dravidogecko for WG. To reduce the bias 
and over prediction, spatially close forms (~ within 4 km) 
were removed for modeling by thinning using the package 
‘spThin’ (Aiello‐Lammens et al. 2015). After spatial thin-
ning, we obtained a total of 41 records for modeling.

DNA analysis

We initially digested the tail sample with ATL buffer (Qia-
gen) for 48 h (Nittu et al. 2021) and done the extraction of 
DNA from the digest using Qiagen DNeasy Blood and Tis-
sue DNA Extraction kit (Cat No. /ID: 69504). We amplified 
the COX1 region using the universal LCO 1490—HCO 2198 
primers (Folmer et al. 1994) using the amplification condi-
tions standardized in our lab (Thunnisa et al. 2021). We used 
the same method as Chaitanya et al. (2019) to amplify the 
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RAG1 regions of the Dravidogecko. We examined the PCR 
products in a 2% agarose gel and cleaned the amplified prod-
ucts with a Qiagen PCR purification kit (Cat No. 28104). 
The purified products were sequenced bidirectionally in 
the ABI 3730 Genetic Analyzer using the Sanger dideoxy 
method after the ‘snapchill’ protocol (Nittu et al. 2021). 
We used the NCBI BLAST platform to look for sequence 
similarities. Using the phangorn 2.5.5 package, we built the 
maximum likelihood tree in R studio (Schliep 2011; Schliep 
et al. 2017). According to Felsenstein (1981), we calculated 
the maximum likelihood with 1000 bootstraps. We used the 
‘HKY’ evolutionary model to optimize the branch lengths 
based on the Bayesian Index Criterion (BIC) values. We 
included NCBI accessions MN520274.1 to MN520279.1 for 
tree construction and visualised in FigTree v1.4.3 software.

Environmental constraints

We used environmental constraints like forest canopy height 
(Simard et al. 2011), tree density (Crowther et al. 2015), 
elevation, and nineteen bio-climatic variables (Fick and 
Hijmans 2017) for current distribution modeling. First, we 
downloaded the ‘elevation’ layer from the National Oceanic 
and Atmospheric Administration, US Department of Com-
merce website. Then, we used the Worldclim database's data 
for the 19 bio-climatic predictor variables labeled as bio 1 to 
19 (Fick and Hijmans 2017). First, we performed a collin-
earity test, and we discarded the highly correlated variables 
from the modeling. We have produced an optimum distribu-
tion model after reducing the masking effect (De Bin et al. 
2016). Next, we selected the variables based on the variance 
inflation factors (VIFs) using ‘usdm’ package (Naimi 2013) 
in the R platform. We discarded the variables having scores 
greater than 5 (VIFs > 5) from the final modeling. Finally, 
we considered eight variables after accounting for collinear-
ity for predicting the ecological niche of Dravidogecko in 
the WG. The selected variables are the bio 3 (isothermality), 
bio 14 (precipitation of driest month), bio 18 (precipitation 
of warmest quarter), and the bio 19 (precipitation of coldest 
quarter) and one topographic layer (elevation), forest canopy 
height, and tree density.

Distribution modeling

We have done the Habitat Suitability Modeling (HSM) of 
Dravidogecko using the MaxEnt software Version 3.3.3 k 
(Phillips et al. 2006). MaxEnt is a widely accepted software 
for predicting the species distribution models with consider-
able predictive accuracy and simplicity (Merow et al. 2013). 
The species distribution model of Dravidogecko was run 
in MaxEnt with 41 replicates using auto features, default 
regularization multiplier (= 1),with 10,000 background 
points and maximum iterations of 5,000 by a subsampling 

procedure. We used approximately 20% of iterations for 
training and the remaining (80%) for modeling. Other set-
tings were kept in the default mode as this approach is con-
sidered to obtain maximum accuracy across multiple models 
without individual configuration (Phillips et al. 2006).We 
also created a bias file (locations having confirmed absence 
based on our survey) to reduce the sampling bias using the 
R package “KernSmooth” (Wand 1994).The contribution of 
all the selected seven bio-climatic variables was estimated 
using the Jackknife protocol. We viewed the output files 
in R using the “raster” package and prepared the distribu-
tion maps. We used GeoCAT software (http://​geocat.​kew.​
org) for calculating the EOO (extent of occurrence) and the 
DIVA-GIS (https://​www.​diva-​gis.​org) tools for estimating 
the change of suitable habitats between past, present, and 
future climatic scenarios.

Habitat prediction under Pleistocene 
and in climate‑changing scenario

We modeled the Pleistocene period using the ‘Pleistocene: 
Last Glacial Maximum (ca. 21 ka), v1.2b data’ (21,000 years 
ago) from the PaleoClim website (www. paleoclim. org). We 
used the CHELSA data (Brown et al. 2018) in 30 arc seconds 
(~ 1 km) based on PMIP3 data. Data use the paleoDEM with 
an interpolation of global glacier cover to better represent 
precipitation and temperature values. We projected the future 
climatic scenario in three representative Concentration Path-
ways 4.5 (RCP 4.5), 6.0 (RCP 6.0), and 8.5 (RCP 8.5) using 
bio-climatic variables. We followed the Hadley Global Envi-
ronment Model 2-Atmosphere Ocean (HADGEM2-AO) of 
30 arc-second (~ 1 km) spatial resolution for climatic projec-
tions. We followed the fifth assessment report (AR5) of the 
Intergovernmental Panel for Climate Change (IPCC 2014). 
RCP 4.5 represents an optimistic emission scenario, where 
emissions will peak around 2040 and then decline. RCP 6.0 
is also a stabilizing emission scenario where the emission 
will stabilize after the 2060s. RCP 8.5 assumes increased 
greenhouse gas emissions throughout the twenty-first cen-
tury (Sharma et al. 2017). Projections were made up to 2070 
in the WG region downloaded from the Consultative Group 
on International Agricultural Research (CGIAR) Research 
Program on Climate Change, Agriculture and Food Security 
(CCAFS) climate data archive (https://​www.​ccafs-​clima​te.​
org/​data). This analysis omitted the topographic features and 
dynamic non-climatic variables expected to change in the 
past and the future.

Appraisal of the model

We estimated two metrics to appraise the data: the Area 
under Receiver Operating Characteristic Curve (AUC) and 
the True Skill Statistics (TSS). The evaluation based on the 
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AUC alone is valid (Austin 2007; Lobo et al. 2008), as this 
alone may not reflect the model information properly, TSS is 
also considered. The AUC is a threshold-independent metric 
that estimates the model's ability to differentiate random and 
background points for model evaluation. The TSS scores are 
a threshold-dependent accuracy measure and were calcu-
lated based on the sensitivity  + specificity − 1 formula. The 
probability threshold measured the sensitivity and specificity 
functions following Allouche et al. (2006).

Results

General observations

Dravidogecko, as reported earlier, is observed as a nocturnal 
lizard (Fig. 1) and seems to be predominantly active during 
early night hours to midnight. We watched them frequently 
in the stunted trees with berries or mostly in pear, apple, 
and custard apple orchards. They are also present in aban-
doned buildings, rocky and human-made crevices near forest 
or plantation areas. We also observed that they hide inside 
the rocky, wooden, and cemented crevices during the day 
start emerging out immediately after dusk. They seem to be 
highly sensitive to light, avoid artificial lights, and prefer to 
stay away from the light when introduced. They try to wrig-
gle and coil the tail when disturbed with light, and during 
the defecation, the tail tip shedding is rare. We also observed 
these geckos as solitary and infrequently in groups ranging 
from 3 to 15 in the same locality. We never found the species 
crawling on the ground but observed in the branches of trees 
or walls and maintained a height of 3–7 ft from the ground. 
On continuous observations, we found they prefer mostly 
the formicids and small insects. The attempt to identify the 
poops of this lizard for prey analysis was not successful. We 
discovered their constant movements through the cable lines 
where formicids are present. We noted the co-occurrence 
of Cnemaspis in the same habitat where Dravidogecko also 
is seen. The solitary individual is chiefly to be males, and 
the preliminary observations assume the breeding period 

corresponds from January to April, and we observed the 
hatchlings in May.

Molecular identification

The sequences of COX1 and the RAG1 were deposited in 
NCBI genbank with accession numbers OK172084 and 
OK181856. The folmer region of the Dravidogecko is not 
previously reported, hence the comparison using this region 
was not possible. However, the sequence shows maximum 
similarity with related gecko species.The BLAST compari-
son using the RAG1 confirmed that the specimen is Dravi-
dogecko itself. The phylogenetic analysis using RAG1 genes, 
placed the species in the Dravidogecko cluster as a separate 
node (Fig. 2).

Model performance

The area under the curve and the value of the receiver-oper-
ated curve indicate the model is highly informative. Any 
score above 0.75 is informative (Chunco et al. 2013). The 
true skill statistics (TSS) holds equal weight on the sensi-
tivity and specificity between − 1 and + 1 (TSS = sensitiv-
ity + specificity − 1). Sensitivity estimates the exactly clas-
sified presence, and specificity is the estimate of the real 
absences. The TSS value and the overall accuracy is 0.81, 
and sensitivity is 1, the specificity is 0.81, the kappa value 
is 0.02, and the kappa max value is 0.44. The values indi-
cate the accuracy of model prediction in current and future 
scenarios of gecko distribution in WG.

Top environmental variables

The most contributed variables (Fig. 3) of geckos habitat 
suitability are bio14 (65.2%), alt (10.3%) bio2 (5.8), bio18 
(5.2%), tree density (5.2%), bio 19(3%), canopy height 
(2.7%) and the bio3 (2.6%). Variables indicate the impor-
tance of precipitation, altitude, diurnal range, temperature, 
density, and vegetation type in predicting habitat suitability. 
The variables of more permutation importance are bio 2 
(52%), bio14 (24.4%), and the alt (10.1) (see supplementary 
material S1 for more details). The Jackknife test for vari-
ables’ importance to predict gecko habitat shows the contri-
bution of significant variables. The altitude response curve 
shows the optimum altitude the animal prefers is around 
1500MSL, after which the curve remains flattened. We also 
observed the presence of gecko between 1000 and 1600 
MSL in the Nilgiris. The bio2 variable (mean diurnal range) 
response is negative, indicating the preference for shorter 
days. The bio14 is the rain in the wettest month, and bio 18 
is the driest quarter corresponds to northeast monsoon in the 
WG. The bio19, precipitation of the coldest quarter, shows 
a negative response in the species distribution. The canopy 

Fig. 1   The Dravidogecko species observed from the study area. The 
banding pattern of the species differ from the reported six species 
suggesting the possibility of becoming a new species
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height variable's response indicates that the species prefer to 
stay on trees with minimum height (supplementary material 
S2). The Dravidogecko shows a positive response towards 
the vegetation density, suggesting its preference for stunted 
bushy vegetation like shola.

Current suitable habitat

Our model predicted the patchy distribution of habitat suit-
ability of gecko towards the southern WG. The habitat suit-
ability index (HSI 0.25–1.0) of gecko in WG is estimated 
to be 21,452 km2, is slightly lower than the extent of occur-
rence (EOO) (24,231.847 km2). On the other hand, the HSI 
was greater than area of occurrence (AOO), 92, 27, 320, and 
648 Km2 for the cell sizes of 1, 2, 4, and 6 Km2, respectively. 
The high suitability area possesses 31.5% of the total HSI 
index. Based on the SDM, we propose seven meta-popu-
lations, they are the Silent Valley- Mukkurthi-Nilgiri, the 
Siruvani-Veliangiri, the Valparai-Anamalai-Palani Hills, 
the Meghamalai, the Wagmon-Poonjar- Elappally, and the 
Shendurny-Agasthyamalai. The core distribution belongs to 
Agathyamalai-Pondmudy-Shendurny, Valparai-Anamalai-
Palani Hills, and the Nilgiris-Silent Valley.

Modeling under paleoclimate and future emission 
scenarios

The distribution of Dravidogecko in the Pleistocene cli-
matic conditions predicts its continuous distribution in the 
entire Southern WG. The prediction indicates a constant 
stretch of population existed in the region, North and South 
of the Palghat gap, and the present patchy distribution is 
primarily climate modulated one. Figure 4 shows HSM 
predicted for the Pleistocene, current, and future climatic 
conditions under three emission scenarios. The model esti-
mate shows the TSS value is 0.88, and the overall accu-
racy is 0.95, sensitivity is 0.96, specificity is 0.91, kappa 
value is 0.06, and the kappa max is 0.50, indicating model 
accuracy. The future bio-climatic variable response shows 
that bio3 and bio14 have a positive relationship, while 
bio2 negatively responds. The alt, bio18, and bio19 have 
mixed reactions with an optimum range of positive interac-
tion (supplementary material S3). The habitat prediction 
models show that only 2226 km2 (0.014% of WG's total 
area) forms a highly suitable habitat for the Dravidogecko. 
There will be a reduction of highly suitable habitat under 
the RCP 4.5 (46.19%), RCP 6.0 (57.1%), and RCP 8.5 
(71.08%) emission scenarios (Fig. 5). Other than the Silent 
Valley-Mukkurthi-Nilgiri and the Agasthyamalai popula-
tion, all the other identified meta-populations are at high 

Fig. 2   Phylogenetic analysis of 
Dravidogecko observed from 
the Nilgiris. The green colour 
represents previously described 
species of Dravidogecko, and 
the Nilgiri specimen, which 
falls outside this cluster, could 
be an ancient stock with more 
ancestral similarities. Molecular 
analysis indicates the speci-
men is a new species and, we 
nominate it as Dravidogecko 
coonoorensis 
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risk of extinction. On evaluating the gain and loss, it is 
clear that there is a significant loss of the core (very highly 
suitable) habitat in all emission scenarios. On the contrary, 
there are a minor gain of moderately and suitable habitats 
under various emission scenarios, corresponding to the 
loss of crucial (very highly suitable) habitat.

Discussion

The quaternary climate change accounts for the changes 
in their distributional range of endemic species to present 
geographic patterns (Hewitt 2000, 2004; Bose 2016; Ray 
et al. 2018). During this period, there was a contraction in 
the existing ranges owing to the climatic change resulting in 
the divergence of isolated meta-population into new species 
(Willis and Niklas 2004; Hewitt 2004; Provan and Bennett 
2008; Stewart et al. 2010; Bose 2016). The evolution and 

speciation of the Dravidogecko happened during the Eocene 
period in the drifting Indian plate (Chaitanya et al. 2019). 
Gupta (2010) reported various species colonized in the WG 
in the late Miocene to early Quaternary when the paleocli-
mate was comparatively favorable. Studies based on the phy-
logeography and paleo-niche modeling (Robin et al. 2010; 
Ray et al. 2018) provided vital insights into the ice age, and 
the continuous precipitation in the WG made these regions 
quite acceptable for colonization (Kim et al. 2008; Farooqui 
et al. 2014). According to the paleoclimate hypothesis, the 
dry glacial period in the interglacial caused speciation 
events. Studies also postulated the divide of deep and wide 
valleys in WGs caused species diversification (Robin et al. 
2015; Vijayakumar et al. 2016). There is enough evidence 
to show that climate changes during the glacial and inter-
glacial period influenced forests and grasslands in the high 
mountain ranges. There may be a species expansion during 
the ice age and a retreat during the interglacial period. The 

Fig. 3   Percentage contribu-
tion of the highly influential 
variables under current (a) and 
future (b) climatic scenario
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recent epoch (or Anthropocene) is in such an interglacial 
period. The prediction analysis for the near future indicates 
the withdrawal may more in a short span, leading to loss 
of suitable habitat and extinction. The climatic change may 
lead the Dravidogecko to isolated populations followed by 
allopatric speciation, as discussed in previous studies (refer 
above). Most of these allopatric splits had occurred around 
2.6 mya, in the Quaternary period, which is right in the case 
of Dravidogecko also (Chaitanya et al. 2019). The MaxEnt-
based analysis also predicts the temperature, precipitation, 
and altitude are the most influential factors in the species 
distribution. The rainfall is speculated as an essential factor 
and can limit species dispersal (Sekar and Karanth 2013). 
Evaluating another school of thought, the rise and fall of 
the sea level stand the reason for primary isolation and 
endemism in the WG (Hallam 1984). The temperature and 

precipitation play a significant role in the distribution and 
further divergence of this ancient poikilothermic lizard. The 
distribution of the Dravidogecko seems highly influenced by 
the bio2, bio3, bio14, bio18, and bio19 variables, indicating 
the influence of precipitation.

The lizards are highly sensitive poikilotherms towards 
temperature and elevation (Roll et al. 2017; Berriozabal-
Islas et  al. 2018). Diversification of reptiles in an area 
mainly relies on the elevation, temperature, and precipitation 
(McCain 2010; Boieiro et al. 2013). The altitudinal gradients 
appeared as the reason for the biogeography and macroecol-
ogy of endemic species. The concepts with a base in evolu-
tion and conservation can attribute to developing a suitable 
spatial model (Kent 2005; Beck et al. 2012). WG being a 
discontinuous mountain, due to geographic barriers, the 
environmental parameters would change to a higher degree, 

Fig. 4   Habitat suitability model of Dravidogecko. a HSM under Pleistocene Climate, b HSM under current climate, c occurrence points on the 
elevation map of the WG, d HSM under RCP 4.5, e HSM under RCP 6, f HSM under RCP 8.5
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hampering similarity even in the same biome. Environmen-
tal variables could be a factor that offers niche dissimilarity, 
otherwise called uniqueness, where speciation occurs. The 
species richness may even differ within significantly smaller 
ranges (Fischer and Lindermayer 2005). Climate change 
is visible today with heavy thunderstorms and prolonged 
drought with temperature in the zenith. These alterations 
can affect an endemic species like Dravidogecko from the 
present surviving pockets in the high altitude. Dravidogecko 
is reported to be present in the wet—deciduous—evergreen 
forests and is even tricky to sight, being strictly nocturnal 
(Johnsingh 2001; Chaitanya et al. 2019). We recorded the 
presence of this ancient gecko from abandoned buildings 
near dense vegetation and orchards. There was a loss of for-
est at a rate of 0.57% annually in the last century (Menon 
and Bawa 1998), and the Southern WG experienced a drastic 
change in the land use pattern (Menon and Bawa 1997). 
The satellite imagery studies showed a loss of 2729 km2 of 
forests in the WG, among which the dense forest shrink by 
19.5% and open forest by 33.2% (Jha et al. 2000). The forest 
loss in the WG is around 35.3% in the last 100 years, notably 
the wet evergreen forest (30.6%), and the moist deciduous 
forest (24.8%) (Reddy et al. 2016). The present prediction 
identifies that the habitat loss will be 14.68–66.89% under 
various emission scenarios. The rainfall, deforestation, and 
altered land use pattern accelerate the weathering leading 
to landslides, impacting the native biota (Sajinkumar et al. 
2011).

The distribution models serve a significant role in predict-
ing the climate change and range shift of a data-deficient 
species (Franklin 2013; El‐Gabbas and Dormann 2018). 

Providing insights into climate change and its impacts on 
biodiversity help to classify risk-prone areas (Srivastava 
et al. 2019). The species distribution presently shows seven 
meta-populations from the distributional range. Based on 
molecular studies we assume, the species we observed from 
upper altitide of the Nilgiris may be a different one and 
an older stock of the Dravidogecko species. The banding 
pattern also differed from the already reported six Dravi-
dogecko species. Hence, we propose it may be a new spe-
cies of Dravidogecko and we nominate this as Dravidogecko 
coonoorenis. However, more studies are suggested on the 
morphology and genetics to confirm species entity. Most of 
the identified meta-populations are new allopatric species 
(Chaitanya et al. 2019), with only one species towards the 
North of the Palghat gap. The distribution map shows the 
species distribution is less towards the North of the Palghat 
gap than towards the south, which can be due to the more 
threat factors prevailing in this region (Raman et al. 2020a, 
b). The distribution further shows to face severe threat soon, 
under various RCP, this may be more profound towards the 
North of Shenkotai to Palakkad gap, with the extinction of 
at least one or two Dravidogecko species. The genera have 
a high negative correlation to the bio2 variable (the diur-
nal range), designating the gecko as a strict nocturnal one. 
Kearney and Predavec (2000) studied the thermoregulatory 
mechanism in nocturnal gecko species. They observed that 
the nocturnal geckos regulate the body temperature to an 
extent like the diurnal lizards. The same concept may stand 
for the nocturnal Dravidogecko, but extend of regulation, 
reasons for nocturnal, and sympatric species interaction are 
unknown.

Fig. 5   Comparison of habitat gain and loss in the current and future 
emission scenarios. The figure shows the highly suitable habitats 
(Core habitats) will get vanished for the genera. The depletion cor-

responds to a minor increase of suitable habitats or buffers in some 
emission criteria. This suggests the range shift due to retreat and 
finally may lead to extinction
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Climate change is one of the most significant threats 
in the Anthropocene (Thomas et al. 2004; Solomon et al. 
2009; Karl et al. 2009; Pereira et al. 2010; Field and Barros 
2014), which has impacts in various taxa leading to extinc-
tion by range shift (Guisan and Zimmermann 2000; Bellard 
et al. 2012). Range shifts may prompt the Dravidogecko to 
migrate to more upper altitude or small pockets, creating 
an uncomfortable zone slowly. Results indicate the ‘highly 
suitable’ (core) habitats decrease in different climate scenar-
ios, and the suitable (buffer) habitat seems to be increasing. 
Hence, we postulate that animal range shifts towards high 
altitude (above the present optimum) by shrinking the pre-
sent ‘highly suitable’ habitats due to the climate change and 
global warming, leading to the population decline. The SDM 
in endemic and endangered animal species and plants from 
the Nilgiris indicates similar results (Sen et al. 2016; Sony 
et al. 2018; Raman et al. 2020a, b). Geckos are distributed 
globally, especially in the warmer belts, where the situation 
is cozy, making their survival fit. Dravidogecko is specially 
adapted to the cooler high altitude and can be the relic of 
an ancient lineage, which thrived in the colder climate and 
restricted its range to an adaptable habitat in the WG during 
the climate change. The SDM works best to understand a 
rarity (McCune 2016), primarily related to climate change 
and habitat degradation (Ksiksi et al. 2019). Therefore, the 
environmental factors existing in the core habitat of the 
Dravidogecko is of high relevance. The disturbance of this 
unique set of ecological factors that structured endemic gen-
era may have huge impacts on them, which may be more 
pronounced in lizards than the other taxa.

Conclusion

The present study suggested the possibility of a new species 
of Dravidogecko and showed patchy distributions of suitable 
isolated habitats of Dravidogecko, indicating more specia-
tion events. We assess the genera cannot thrive in the cli-
matic extremes, instead only in the ecotones or the moderate 
altitudes (< 1600MSL) where environmental factors are suit-
able. The habitat of Dravidogecko are delicate ecosystems, 
and even a minute change may upset the entire equilibrium 
leading to the extinction of habitat specialist prokaryotes. 
The small vertebrates like Dravidogecko are indicators of the 
ecosystem and reflect the changes in the landscape they live. 
The increased anthropogenic stress impacts the WG leading 
to increased greenhouse gas emissions and lesser carbon 
dioxide assimilation. These small-bodied cryptic nocturnal 
species may have a key role in the ecosystem they live. Con-
servation initiatives may be undertaken to preserve habitat of 
this species, which principally lies on climate change miti-
gation. Hence, we conclude, if global warming continues as 

anticipated, there will be massive changes in the WG, which 
backlashes with the extinction of native flora and fauna.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40808-​021-​01284-4.

Acknowledgements  The authors sincerely acknowledge the Tamil 
Nadu Forest Department and Dr. S. Suresh for providing information 
and support. We recognize the support of Mr. Abinesh Anbazhagan 
during the fieldwork.

Funding  No funding was received for conducting this study.

Data availability  The data used in the publication are acknowledged 
appropriately and other collected information are following the regula-
tions of the authority.

Code availability  All the software used in the present study are open-
source software and downloaded accordingly.

Declarations 

Conflict of interest  The authors have no conflicts of interest to declare 
that are relevant to the content of this article.

Ethical approval  The study does not include entry to a reserve area or 
handling a live animal hence, necessary permissions or approval of 
ethics committee is not necessary.

Consent for publication  Consent for publication is not required in the 
present study.

Consent to participate  Consent to participate is not required in the 
present study.

References

Adolph SC, Porter WP (1993) Temperature, activity, and lizard 
life histories. Am Nat 142:273–295. https://​doi.​org/​10.​1086/​
285538

Aengals R, Kumar VMS, Palot MJ, Ganesh SR (2018) A checklist 
of reptiles of India, Version 1.3. Online publication, pp 1–24. 
https://​www.​acade​mia.​edu/​37111​415/A_​CHECK​LIST_​OF_​
REPTI​LES_​OF_​INDIA

Agarwal I, Bauer AM, Jackman TR, Karanth KP (2014) Insights into 
Himalayan biogeography from geckos: a molecular phylogeny 
of Cyrtodactylus (Squamata: Gekkonidae). Mol Phylogenet Evol 
80:145–155. https://​doi.​org/​10.​1016/j.​ympev.​2014.​07.​018

Agosti D, Egloff W (2009) Taxonomic information exchange and copy-
right: the Plazi approach. BMC Res Notes 2:1–9. https://​doi.​org/​
10.​1186/​1756-​0500-2-​53

Aiello-Lammens ME, Boria RA, Radosavljevic A, Vilela B, Anderson 
RP (2015) spThin: an R package for spatial thinning of species 
occurrence records for use in ecological niche models. Ecogra-
phy 38:541–545. https://​doi.​org/​10.​1111/​ecog.​01132

Allouche O, Tsoar A, Kadmon R (2006) Assessing the accuracy of 
species distribution models: prevalence, kappa and the true skill 
statistic (TSS). J Appl Ecol 43:1223–1232. https://​doi.​org/​10.​
1111/j.​1365-​2664.​2006.​01214.x

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



3069Modeling Earth Systems and Environment (2022) 8:3059–3072	

1 3

Austin MP (2007) Species distribution models and ecological theory: 
acritical assesment and some possible new approches. Ecol Mod-
ell 200:1–19. https://​doi.​org/​10.​1016/j.​ecolm​odel.​2006.​07.​005

Avery RA (1979) Lizards-a study in thermoregulation. Edward Arnold
Bansal R, Karanth KP (2013) Phylogenetic analysis and molecular dat-

ing suggest that Hemidactylus anamallensis is not a member of 
the Hemidactylus radiation and has an ancient Late Cretaceous 
origin. PLoS ONE 8:e60615. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00606​15

Bauer AM, Russell AP (1995) The systematic relationships of Dravi-
dogecko anamallensis (Günther, 1875). Asian Herpetol Res 
6:30–35

Bawa KS, Das A, Krishnaswamy J, Karanth KU, Kumar NS, Rao M 
(2007) CEPF Western Ghats and Sri Lanka ecosystem profile. 
ATREE & Wildlife Conservation Society, Bengaluru, India

Beck J, Ballesteros-Mejia L, Buchmann CM, Dengler J, Fritz SA, 
Gruber B, Hof C, Jansen F, Knapp S, Kreft H, Schneider AK 
(2012) What’s on the horizon for macroecology? Ecography 
35:673–683. https://​doi.​org/​10.​1111/j.​1600-​0587.​2012.​07364.x

Bellard C, Bertelsmeier C, Leadley P, Thuiller W, Courchamp F (2012) 
Impacts of climate change on the future of biodiversity. Ecol Lett 
15:365–377. https://​doi.​org/​10.​1111/j.​1461-​0248.​2011.​01736.x

Berriozabal-Islas C, Rodrigues JF, Ramírez-Bautista A, Becerra-López 
JL, Nieto-Montes de Oca A (2018) Effect of climate change in 
lizards of the genus Xenosaurus (Xenosauridae) based on pro-
jected changes in climatic suitability and climatic niche conserv-
atism. Ecol Evol 8:6860–6871. https://​doi.​org/​10.​1002/​ece3.​4200

Bestion E, Teyssier A, Richard M, Clobert J, Cote J (2015) Live fast, 
die young: experimental evidence of population extinction risk 
due to climate change. PLoS Biol 13:e1002281. https://​doi.​org/​
10.​1371/​journ​al.​pbio.​10022​81

Bhat HR (2017) Forest guardians in the Western Ghats. Sahyadri 
E-News 2017(57):2–15

Bhupathy S, Sathishkumar N (2013) CEPF Western Ghats special 
series: status of reptiles in Meghamalai and its environs, Western 
Ghats, Tamil Nadu, India. J Threat Taxa 5:4953–4961

Bhupathy S, Srinivas G, Sathishkumar N, Murugesan M, Babu S, Sug-
anthasakthivel R, Sivakumar P (2012) Diversity and conservation 
of selected biota of the Megamalai landscape, Western Ghats, 
India. Curr Sci 102(4):590–595

Biju SD, Shouche Y, Dubois A, Dutta SK, Bossuyt F (2010) A ground-
dwelling rhacophorid frog from the highest mountain peak of the 
Western Ghats of India. Curr Sci 98(8):1119–1125

Biju SD, Van Bocxlaer I, Mahony S, Dinesh KP, Radhakrishnan C, 
Zachariah A, Giri V, Bossuyt F (2011) A taxonomic review of the 
Night Frog genus Nyctibatrachus Boulenger, 1882 in the West-
ern Ghats, India (Anura: Nyctibatrachidae) with description of 
twelve new species. Zootaxa 3029:1–96

Boieiro M, Carvalho JC, Cardoso P, Aguiar CA, Rego C, e silva ID, 
Amorim IR, Pereira F, Azevedo EB, Borges PA, Serrano AR 
(2013) Spatial factors play a major role as determinants of 
endemic ground beetle beta diversity of Madeira Island Lau-
risilva. PLoS ONE 8:e64591. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00645​91

Bose PS (2016) Vulnerabilities and displacements: adaptation and 
mitigation to climate change as a new development mantra. Area 
48:168–175. https://​doi.​org/​10.​1111/​area.​12178

Boulenger GA (1885) Catalogue of the lizards in the British Museum 
(Natural History). Order of the Trustees, London

Brown JL, Hill DJ, Dolan AM, Carnaval AC, Haywood AM (2018) 
PaleoClim, high spatial resolution paleoclimate surfaces for 
global land areas. Sci Data 5:1–9. https://​doi.​org/​10.​1038/​sdata.​
2018.​254

Chaitanya R, Lajmi A, Giri VB (2018) A new cryptic, rupicolous spe-
cies of Hemidactylus Oken, 1817 (Squamata: Gekkonidae) from 
Meghamalai, Tamil Nadu, India. Zootaxa 4374:49–70

Chaitanya R, Giri VB, Deepak V, Datta-Roy A, Murthy BHCK, 
Karanth P (2019) Diversification in the mountains: a generic 
reappraisal of the Western Ghats endemic gecko genus Dravi-
dogecko Smith, 1933 (Squamata: Gekkonidae) with descriptions 
of six new species. Zootaxa 4688:1–56

Chandramouli SR, Ganesh SR (2011) Herpetofauna of southern West-
ern Ghats, India–reinvestigated after decades. TAPROBANICA: 
the J Asia Biodivers 2:72–85

Cherian PT, Devi KR, Ravichandran MS (2000) Ichthyo and herpeto-
faunal diversity of Kalakad Wildlife Sanctuary. Zoos Print J 
15:203–206

Chunco AJ, Phimmachak S, Sivongxay N, Stuart BL (2013) Predicting 
environmental suitability for a rare and threatened species (Lao 
Newt, Laotriton laoensis) using validated species distribution 
models. PLoS ONE 8:e59853. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00598​53

Cincotta RP, Wisnewski J, Engelman R (2000) Human population 
in the biodiversity hotspots. Nature 404:990–992. https://​doi.​
org/​10.​1038/​35010​105

Crowther TW, Glick HB, Covey KR, Bettigole C, Maynard DS, 
Thomas SM, Smith JR, Hintler G, Duguid MC, Amatulli G, 
Tuanmu MN (2015) Mapping tree density at a global scale. 
Nature 525:201–205. https://​doi.​org/​10.​1038/​natur​e14967

Cyriac VP, Arjun CP, Joy TK (2011) Occurrence of the Anamalai 
Gecko Hemidactylus anamallensis Gunther, 1875 from Chem-
bra, Wayanad, Kerala. Malabar Trogon 9:20–21

De Bin R, Janitza S, Sauerbrei W, Boulesteix AL (2016) Subsam-
pling versus bootstrapping in resampling-based model selec-
tion for multivariable regression. Biometrics 72:272–280. 
https://​doi.​org/​10.​1111/​biom.​12381

Du WG, Ye H, Zhao B, Warner DA, Shine R (2010) Thermal 
acclimation of heart rates in reptilian embryos. PLoS ONE 
5:e15308. https://​doi.​org/​10.​1371/​journ​al.​pone.​00153​08

Dutta SK, Vasudevan K, Chaitra MS, Shanker K, Aggarwal RK 
(2004) Jurassic frogs and the evolution of amphibian endemism 
in the Western Ghats. Curr Sci 86(1):211–216. https://​www.​
jstor.​org/​stable/​24109​537

El-Gabbas A, Dormann CF (2018) Wrong, but useful: regional spe-
cies distribution models may not be improved by range-wide 
data under biased sampling. Ecol Evol 8:2196–2206. https://​
doi.​org/​10.​1002/​ece3.​3834

Elith J, Phillips SJ, Hastie T, Dudík M, Chee YE, Yates CJ (2011) A 
statistical explanation of MaxEnt for ecologists. Divers Distrib 
17:43–57. https://​doi.​org/​10.​1111/j.​1472-​4642.​2010.​00725.x

Farooqui A, Pattan JN, Parthiban G, Srivastava J (2014) Palynologi-
cal record of tropical rain forest vegetation and sea level fluc-
tuations since 140 ka from sediment core, south-eastern Ara-
bian Sea. Palaeogeogr Palaeoclimatol Palaeoecol 411:95–109. 
https://​doi.​org/​10.​1016/j.​palaeo.​2014.​06.​020

Feeley KJ, Hurtado-Astaiza J, Saatchi SS, Silman MR, Clark DB 
(2013) Compositional shifts in Costa Rican forests due to 
climate-driven species migrations. Glob Change Biol. https://​
doi.​org/​10.​1111/​gcb.​12300

Felsenstein J (1981) Evolutionary trees from gene frequencies and 
quantitative characters: finding maximum likelihood estimates. 
Evolution 35(6):1229–1242

Ferro VG, Lemes P, Melo AS, Loyola R (2014) The reduced effec-
tiveness of protected areas under climate change threatens 
Atlantic Forest tiger moths. PLoS ONE 9:e107792. https://​
doi.​org/​10.​1371/​journ​al.​pone.​01077​92

Fick SE, Hijmans RJ (2017) WorldClim 2: new 1-km spatial reso-
lution climate surfaces for global land areas. Int J Climatol 
37:4302–4315. https://​doi.​org/​10.​1002/​joc.​5086

Field CB, Barros VR (2014) Climate change 2014–Impacts, adapta-
tion and vulnerability: regional aspects. Cambridge University 
Press, New York, pp 1133–1811

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



3070	 Modeling Earth Systems and Environment (2022) 8:3059–3072

1 3

Fischer J, Lindenmayer DB (2005) The sensitivity of lizards to 
elevation: a case study from south-eastern Australia. Divers 
Distrib 11:225–233. https://​doi.​org/​10.​1111/j.​1366-​9516.​2005.​
00139.x

Fitzgerald LA, Walkup D, Chyn K, Buchholtz E, Angeli N, Parker M 
(2018) The future for reptiles: advances and challenges in the 
Anthropocene. Encycl Anthropocene 3:163–174

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) DNA prim-
ers for amplification of mitochondrial cytochrome c oxidase 
subunit I from diverse metazoan invertebrates. Mol Mar Biol 
Biotech 3:294–299

Fourcade Y, Engler JO, Rödder D, Secondi J (2014) Mapping spe-
cies distributions with MAXENT using a geographically biased 
sample of presence data: a performance assessment of methods 
for correcting sampling bias. PLoS ONE 9:e97122. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00971​22

Franklin J (2010) Mapping species distributions: spatial inference and 
prediction. Cambridge University Press, New York

Franklin J (2013) Species distribution models in conservation bioge-
ography: developments and challenges. Divers Distrib 19:1217–
1223. https://​doi.​org/​10.​1111/​ddi.​12125

Ganesh SR, Chadramouli SR, Sreekar R, Shankar PG (2013) Reptiles 
of the central Western Ghats, India-a reappraisal and revised 
checklist, with emphasis on the Agumbe Plateau. Russ J Her-
petol 20:181–189

Gibbons JW, Scott DE, Ryan TJ, Buhlmann KA, Tuberville TD, Metts 
BS, Greene JL, Mills T, Leiden Y, Poppy S, Winne CT (2000) 
The Global Decline of Reptiles, Déjà Vu Amphibians: reptile 
species are declining on a global scale. Six significant threats to 
reptile populations are habitat loss and degradation, introduced 
invasive species, environmental pollution, disease, unsustainable 
use, and global climate change. Bioscience 50:653–666. https://​
doi.​org/​10.​1641/​00063​568(2000)​050[0653:​TGDORD]​2.0.​CO;2

Guisan A, Zimmermann NE (2000) Predictive habitat distribution 
models in ecology. Ecol Modell 135(2–3):147–186. https://​doi.​
org/​10.​1016/​S0304-​3800(00)​00354-9

Gunnell Y (1997) Relief and climate in South Asia: the influence of 
the Western Ghats on the current climate pattern of peninsu-
lar India. Int J Climatol 17:1169–1182. https://​doi.​org/​10.​1002/​
(SICI)​1097-​0088(199709)​17:​11%​3c116​9::​AID-​JOC189%​3e3.0.​
CO;2-W

Günther A (1875) Second report on collections of Indian Rep-
tiles obtained by the British Museum. Proc Zool Soc Lond 
1975:224–234

Günther ACLG (1876) 1875 Third report on collections of Indian 
reptiles obtained by the British Museum. Proc Zool Soc Lond 
1875:567–577

Gupta AK (2010) Evolution of the Indian monsoon since late Miocene 
intensification—marine and land proxy records. J Palaeontol Soc 
55:1

Hallam A (1984) Pre-Quaternary sea-level changes. Annu Rev Earth 
Planet Sci 12:205–243. https://​doi.​org/​10.​1146/​annur​ev.​ea.​12.​
050184.​001225

Heatwole HF, Taylor J (1987) Ecology of Reptiles. Surrey Beatty and 
Sons, Chipping Norton. New South Wales, Australia

Hewitt G (2000) The genetic legacy of the Quaternary ice ages. Nature 
405:907–913. https://​doi.​org/​10.​1038/​35016​000

Hewitt CD (2004) Ensembles-based predictions of climate changes 
and their impacts. EOS Trans Am Geophys Union 85:566–566. 
https://​doi.​org/​10.​1029/​2004E​O5200​05

Huey RB, Stevenson RD (1979) Integrating thermal physiology and 
ecology of ectotherms: a discussion of approaches. Am Zool 
19:357–366. https://​doi.​org/​10.​1093/​icb/​19.1.​357

Huey RB, Deutsch CA, Tewksbury JJ, Vitt LJ, Hertz PE, Álvarez Pérez 
HJ, Garland T Jr (2009) Why tropical forest lizards are vulnerable 

to climate warming. P Roy Soc B-Biol Sci 276(1664):1939–
1948. https://​doi.​org/​10.​1098/​rspb.​2008.​1957

Huey RB, Kearney MR, Krockenberger A, Holtum JA, Jess M, Wil-
liams SE (2012) Predicting organismal vulnerability to climate 
warming: roles of behaviour, physiology and adaptation. Philos 
Trans R Soc Lond B Biol Sci 367:1665–1679. https://​doi.​org/​10.​
1098/​rstb.​2012.​0005

IPCC (2014) Climate Change 2014: synthesis report. In: Core Writing 
Team, Pachauri RK, LA Meyer (eds) Contribution of working 
groups I, II and III to the fifth assessment report of the intergov-
ernmental panel on climate change. Geneva, Switzerland

Islam MZ, Rahmani AR (2004) Important Bird Areas in India: priority 
sites for conservation. Bombay Natural History Society and Bird-
life International, UK, Indian Bird Conservation Network, p 1133

Ishwar NM, Chellam R, Kumar A (2001) Distribution of forest floor 
reptiles in the rainforest of Kalakad– Mundanthurai Tiger 
Reserve, South India. Curr Sci 80:413–418. https://​www.​jstor.​
org/​stable/​24105​703

Javed SM, Raj M, Kumar S (2017) Predicting potential habitat suit-
ability for an Endemic Gecko Calodactylodes aureus and its con-
servation implications in India. Trop Ecol 58:271–282

Jha CS, Dutt CB, Bawa KS (2000) Deforestation and land use 
changes in Western Ghats, India. Curr Sci 79(2):231–238. 
https://​www.​jstor.​org/​stable/​24103​455

Johnsingh AJT (2001) The Kalakad-Mundanthurai Tiger reserve: a 
global heritage of biological diversity. Curr Sci 80:378–388

Karanth KP (2006) Out-of-India Gondwanan origin of some tropi-
cal Asian biota. Curr Sci 90:789–792. https://​www.​jstor.​org/​
stable/​24089​190

Karl TR, Melillo JM, Peterson TC, Hassol SJ (2009) Global climate 
change impacts in the United States. Cambridge University 
Press, New York

Kearney M, Predavec M (2000) Do nocturnal ectotherms thermoreg-
ulate? A study of the temperate gecko Christinus marmora-
tus. Ecology 81:2984–2996. https://​doi.​org/​10.​1890/​0012-​
9658(2000)​081[2984:​DNETAS]​2.0.​CO;2

Kent M (2005) Biogeography and Macroecology. Prog Phys Geogr 
29:256–264. https://​doi.​org/​10.​1191/​03091​33305​pp447​pr

Kim SJ, Crowley TJ, Erickson DJ, Govindasamy B, Duffy PB, Lee 
BY (2008) High-resolution climate simulation of the last gla-
cial maximum. Clim Dyn 31:1–16. https://​doi.​org/​10.​1007/​
s00382-​007-​0332-z

Kim DI, Park IK, Bae SY, Fong JJ, Zhang YP, Li SR, Ota H, Kim JS, 
Park D (2020) prediction of present and future distribution of 
the Schlegel’s Japanese gecko (Gekko japonicus) using Max-
Ent modeling. J Ecol Environ 44:1–8. https://​doi.​org/​10.​1186/​
s41610-​020-​0147-y

Ksiksi TS, Remya K, Mousa MT, Al-Badi SK, Al Kaabi SK, Ala-
meemi SM, Fereaa SM, Hassan FE (2019) Climate change-
induced species distribution modeling in hyper-arid ecosys-
tems. F1000 Res 8:978

Lemes P, Melo AS, Loyola RD (2014) Climate change threatens 
protected areas of the Atlantic Forest. Biodivers Conserv 
23:357–368. https://​doi.​org/​10.​1007/​s10531-​013-​0605-2

Lobo JM, Jiménez-Valverde A, Real R (2008) AUC: a misleading 
measure of the performance of predictive distribution models. 
Glob Ecol Biogeogr 17:145–151. https://​doi.​org/​10.​1111/j.​
1466-​8238.​2007.​00358.x

McCain CM (2010) Global analysis of reptile elevational diversity. 
Glob Ecol Biogeogr 19:541–553. https://​doi.​org/​10.​1111/j.​
1466-​8238.​2010.​00528.x

McCune JL (2016) Species distribution models predict rare species 
occurrences despite significant effects of landscape context. J 
Appl Ecol 53:1871–1879. https://​doi.​org/​10.​1111/​1365-​2664.​
12702

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



3071Modeling Earth Systems and Environment (2022) 8:3059–3072	

1 3

Menon S, Bawa KS (1997) Applications of geographic information 
systems, remote-sensing, and a landscape ecology approach 
to biodiversity conservation in the Western Ghats. Curr Sci 
73:134–145. https://​www.​jstor.​org/​stable/​24098​267

Menon S, Bawa KS (1998) Deforestation in the tropics: reconciling 
disparities in estimates for India. Ambio 27:567–577

Merow C, Smith MJ, Silander JA Jr (2013) A practical guide to Max-
Ent for modeling species’ distributions: what it does, and why 
inputs and settings matter. Ecography 36:1058–1069. https://​
doi.​org/​10.​1111/j.​1600-​0587.​2013.​07872.x

Mirza ZA (2010) Comments on “An updated and annotated list of 
lizards (Reptilia: Sauria) based on a review of distribution 
records and checklist of Indian reptiles by PD Venugopal.” J 
Threat Taxa 2:898–898

Mungi NA, Qureshi Q, Jhala YV (2020) Expanding niche and 
degrading forests: key to the successful global invasion of 
Lantana camara (sensu lato). Glob Ecol Conserv 23:e01080. 
https://​doi.​org/​10.​1016/j.​gecco.​2020.​e01080

Murthy TS (1993) An identification key to the reptiles of the Kalakad 
Wildlife Sanctuary, Tamil Nadu, India. Rec Zool Surv India 
91:161–168

Naimi B (2013) usdm: uncertainty analysis for species distribution 
models. Version 1.1‐12. http://​cran.r-​proje​ct.​org/​web/​packa​ges/​
usdm/​index.​html. Accessed 23 Apr 2021

Nittu G, Bhavana PM, Shameer TT, Ramakrishnan B, Archana R, 
Kaushal KK, Khedkar GD, Mohan G, Jyothi M, Sanil R (2021) 
Simple Nested Allele-Specific approach with penultimate mis-
match for precise species and sex identification of tiger and 
leopard. Mol Biol Rep 48:1667–1676. https://​doi.​org/​10.​1007/​
s11033-​021-​06139-w

Palot MJ (2015) A checklist of reptiles of Kerala, India. J Threat Taxa 
7:8010–8022

Pascal JP, Ramesh BR, Franceschi DD (2004) Wet evergreen for-
est types of the southern Western Ghats, India. Trop Ecol 
45:281–292

Pereira HM, Leadley PW, Proença V, Alkemade R, Scharlemann JP, 
Fernandez-Manjarrés JF, Araújo MB, Balvanera P, Biggs R, 
Cheung WW, Chini L (2010) Scenarios for global biodiversity 
in the 21st century. Science 330:1496–1501. https://​doi.​org/​10.​
1126/​scien​ce.​11966​24

Peterson AT (2006) Uses and requirements of ecological niche models 
and related distributional models. Ecol Evol Biol https://​doi.​org/​
10.​17161/​bi.​v3i0.​29

Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy mod-
eling of species geographic distributions. Ecol Modell 190:231–
259. https://​doi.​org/​10.​1016/j.​ecolm​odel.​2005.​03.​026

Piantoni C, Navas CA, Ibargüengoytía NR (2019) A real tale of 
Godzilla: impact of climate warming on the growth of a liz-
ard. Biol J Linn Soc 126:768–782. https://​doi.​org/​10.​1093/​bioli​
nnean/​bly216

Pough FH (1980) The advantages of ectothermy for tetrapods. Am Nat 
115:92–112. https://​doi.​org/​10.​1086/​283547

Powers RP, Jetz W (2019) Global habitat loss and extinction risk 
of terrestrial vertebrates under future land-use- change sce-
narios. Nat Clim Chang 9:323–329. https://​doi.​org/​10.​1038/​
s41558-​019-​0406-z

Priti H, Aravind NA, Shaanker RU, Ravikanth G (2016) Modeling 
impacts of future climate on the distribution of Myristicaceae 
species in the Western Ghats, India. Ecol Eng 89:14–23. https://​
doi.​org/​10.​1016/j.​ecole​ng.​2016.​01.​006

Provan J, Bennett KD (2008) Phylogeographic insights into cryptic 
glacial refugia. Trends Ecol Evol 23:564–571. https://​doi.​org/​
10.​1016/j.​tree.​2008.​06.​010

Qureshi Q (2014) Connecting tiger populations for long-term conserva-
tion. National Tiger Conservation Authority & Wildlife Institute 
of India

Radhakrishna T, Mohamed AR, Venkateshwarlu M, Soumya GS, Pra-
chiti PK (2019) Mechanism of rift flank uplift and escarpment 
formation evidenced by Western Ghats, India. Sci Rep 9:1–7. 
https://​doi.​org/​10.​1038/​s41598-​019-​46564-3

Raman S, Shameer TT, Sanil R, Usha P, Kumar S (2020a) Protrusive 
influence of climate change on the ecological niche of endemic 
brown mongoose (Herpestes fuscus fuscus): a MaxEnt approach 
from Western Ghats, India. Model Earth Syst Environ 6:1795–
1806. https://​doi.​org/​10.​1007/​s40808-​020-​00790-1

Raman S, Shameer TT, Charles B, Sanil R (2020b) Habitat suitability 
model of endangered Latidens salimalii and the probable conse-
quences of global warming. Trop Ecol. https://​doi.​org/​10.​1007/​
s42965-​020-​00114-5

Ray PA, Bonzanigo L, Wi S, Yang YC, Karki P, Garcia LE, Rodriguez 
DJ, Brown CM (2018) Multidimensional stress test for hydro-
power investments facing climate, geophysical and financial 
uncertainty. Glob Environ Change 48:168–181. https://​doi.​org/​
10.​1016/j.​gloen​vcha.​2017.​11.​013

Reddy CS, Jha CS, Dadhwal VK (2016) Assessment and monitoring 
of long-term forest cover changes (1920–2013) in Western Ghats 
biodiversity hotspot. J Earth Syst Sci 125:103–114. https://​doi.​
org/​10.​1007/​s12040-​015-​0645-y

Robin VV, Sinha A, Ramakrishnan U (2010) Ancient geographical 
gaps and paleo-climate shape the phylogeography of an endemic 
bird in the sky islands of southern India. PLoS ONE 5:e13321. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00133​21

Robin VV, Vishnudas CK, Gupta P, Ramakrishnan U (2015) Deep 
and wide valleys drive nested phylogeographic patterns across a 
montane bird community. P Roy Soc B-Biol Sci 282:20150861. 
https://​doi.​org/​10.​1098/​rspb.​2015.​0861

Roelants K, Jiang J, Bossuyt F (2004) Endemic ranid (Amphibia: 
Anura) genera in southern mountain ranges of the Indian subcon-
tinent represent ancient frog lineages: evidence from molecular 
data. Mol Phylogenet Evol 31:730–740. https://​doi.​org/​10.​1016/j.​
ympev.​2003.​09.​011

Roll U, Feldman A, Novosolov M, Allison A, Bauer AM, Bernard R, 
Böhm M, Castro-Herrera F, Chirio L, Collen B, Colli GR (2017) 
The global distribution of tetrapods reveals a need for targeted 
reptile conservation. Nat Ecol Evol 1:1677–1682. https://​doi.​org/​
10.​1038/​s41559-​017-​0332-2

Rutschmann A, Miles DB, Le Galliard JF, Richard M, Moulherat S, 
Sinervo B, Clobert J (2016) Climate and habitat interact to shape 
the thermal reaction norms of breeding phenology across lizard 
populations. J Anim Ecol 85:457–466. https://​doi.​org/​10.​1111/​
1365-​2656.​12473

Sajinkumar KS, Anbazhagan S, Pradeepkumar AP, Rani VR (2011) 
Weathering and landslide occurrences in parts of Western Ghats, 
Kerala. J Geol Soc India 78:249–257. https://​doi.​org/​10.​1007/​
s12594-​011-​0089-1

Schliep KP (2011) phangorn: phylogenetic analysis in R. Bioinformat-
ics 27(4):592–593

Schliep K, Potts AJ, Morrison DA, Grimm GW (2017) Intertwining 
phylogenetic trees and networks. Meth Ecol Evol 8:1212–1220. 
https://​doi.​org/​10.​1111/​2041-​210X.​12760

Sekar S, Karanth P (2013) Flying between sky islands: the effect of nat-
urally fragmented habitat on butterfly population structure. PLoS 
ONE 8:e71573. https://​doi.​org/​10.​1371/​journ​al.​pone.​00715​73

Sen S, Gode A, Ramanujam S, Ravikanth G, Aravind NA (2016) 
Modeling the impact of climate change on wild Piper nigrum 
(Black Pepper) in Western Ghats, India using ecological niche 
models. J Plant Res 129:1033–1040. https://​doi.​org/​10.​1007/​
s10265-​016-​0859-3

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



3072	 Modeling Earth Systems and Environment (2022) 8:3059–3072

1 3

Shameer TT, Mungi NA, Ramesh B, Kumar SV, Easa PS (2021) How 
can spatio-temporal overlap in mammals assist in maximiz-
ing biodiversity conservation? A case study of Periyar Tiger 
Reserve. Biologia 76:1255–1265. https://​doi.​org/​10.​2478/​
s11756-​020-​00645-1

Sharma J, Upgupta S, Jayaraman M, Chaturvedi RK, Bala G, Ravin-
dranath NH (2017) Vulnerability of forests in India: a national 
scale assessment. Environ Manage 60:544–553. https://​doi.​org/​
10.​1007/​s00267-​017-​0894-4

Simard M, Pinto N, Fisher JB, Baccini A (2011) Mapping forest canopy 
height globally with spaceborne lidar. J Geophys Res Biogeosci 
16:G4. https://​doi.​org/​10.​1029/​2011J​G0017​08

Smith MA (1933) Remarks on some Old World geckoes. Records of 
the Indian Museum 35:9–19 

Smith MA (1935) Reptilia and Amphibia. Vol. II: Sauria, Taylor & 
Francis

Soberón JM (2010) Niche and area of distribution modeling: a popula-
tion ecology perspective. Ecography 33:159–167. https://​doi.​org/​
10.​1111/j.​1600-​0587.​2009.​06074.x

Solomon S, Plattner GK, Knutti R, Friedlingstein P (2009) Irreversible 
climate change due to carbon dioxide emissions. Proc Natl Acad 
Sci 106:1704–1709. https://​doi.​org/​10.​1073/​pnas.​08127​21106

Sony RK, Sen S, Kumar S, Sen M, Jayahari KM (2018) Niche mod-
els inform the effects of climate change on the endangered Nil-
giri Tahr (Nilgiritragus hylocrius) populations in the southern 
Western Ghats, India. Ecol Eng 120:355–363. https://​doi.​org/​
10.​1016/j.​ecole​ng.​2018.​06.​017

Srikanthan AN, Kumar GC, Urs AJ, Ganesh SR (2018) Appearances 
are deceptive: molecular phylogeny recovers the Scaly Gecko 
Hemidactylus scabriceps (Reptilia: Squamata: Gekkonidae) as 
a member of a scansorial and rupicolous clade. J Threat Taxa 
10:12147–12162

Srinivasulu A, Srinivasulu C (2016) All that glitters is not gold: a 
projected distribution of the endemic Indian Golden Gecko Calo-
dactylodes aureus (Reptilia: Squamata: Gekkonidae) indicates 
a major range shrinkage due to future climate change. J Threat 
Taxa 8:8883–8892

Srinivasulu A, Srinivasulu B, Srinivasulu C (2021) Ecological niche 
modelling for the conservation of endemic threatened squamates 
(lizards and snakes) in the Western Ghats. Global Ecol Conserv 
28:e01700. https://​doi.​org/​10.​1016/j.​gecco.​2021.​e01700

Srivastava V, Lafond V, Griess VC (2019) Species distribution models 
(SDM): applications, benefits and challenges in invasive species 
management. CAB Rev 14:1–13. https://​doi.​org/​10.​1079/​PAVSN​
NR201​914020

Stenseth NC, Mysterud A, Ottersen G, Hurrell JW, Chan KS, Lima 
M (2002) Ecological effects of climate fluctuations. Science 
297:1292–1296. https://​doi.​org/​10.​1126/​scien​ce.​10712​81

Stewart JR, Lister AM, Barnes I, Dalén L (2010) Refugia revisited: 
individualistic responses of species in space and time. P Roy Soc 
B-Biol Sci 277:661–671. https://​doi.​org/​10.​1098/​rspb.​2009.​1272

Stuart SN, Wilson EO, McNeely JA, Mittermeier RA, Rodríguez JP 
(2010) The barometer of life. Science 328:177–177. https://​doi.​
org/​10.​1126/​scien​ce.​11886​06

Taylor S, Kumar L (2016) Global climate change impacts on pacific 
islands terrestrial biodiversity: a review. Tropic Conserv Sci 
9(1):203–223

Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, 
Collingham YC, Erasmus BF, De Siqueira MF, Grainger A, Han-
nah L, Hughes L (2004) Extinction risk from climate change. 
Nature 427:145–148. https://​doi.​org/​10.​1038/​natur​e02121

Thunnisa AM, Sumithra N, Narmatha S, Jyothi M, Sanil R (2021) 
New species of the genus Bionychiurus Pomorski, 1996 (Col-
lembola: Onychiuridae) from India. Biologia. https://​doi.​org/​10.​
1007/​s11756-​021-​00839-1

Todd BD, Willson JD, Gibbons JW (2010) The global status of reptiles 
and causes of their decline Ecotoxicology of amphibians and 
reptiles. In: Sparling DW, Linder G, Bishop C, Krest S (eds) 
Ecotoxicology of Amphibians and Reptails, 2nd edn. CRC Press, 
Taylor & Francis Group, New York, pp 47–67

Urban MC (2015) Accelerating extinction risk from climate change. 
Science 2:1–3. https://​doi.​org/​10.​1126/​scien​ce.​aaa49​84

Venugopal PD (2010a) An updated and annotated list of Indian lizards 
(Reptilia: Sauria) based on a review of distribution records and 
checklists of Indian reptiles. J Threat Taxa 2(3):725–738

Venugopal PD (2010b) Taxonomic clarity of Indian lizards as a basis 
for inclusion in checklists: Response to Mirza. J Threat Taxa 
2:899–900

Vicente Liz A, Santos V, Ribeiro T, Guimarães M, Verrastro L (2019) 
Are lizards sensitive to anomalous seasonal temperatures? Long-
term thermobiological variability in a subtropical species. PLoS 
ONE 14:e0226399. https://​doi.​org/​10.​1371/​journ​al.​pone.​02263​
99

Vijayakumar SP, Vasudevan K, Ishwar NM (2001) Herpetofaunal mor-
tality on roads in the Anamalai Hills, southern Western Ghats. 
Hamadryad-Madras 26:253–260

Vijayakumar SP, Menezes RC, Jayarajan A, Shanker K (2016) Glacia-
tions, gradients, and geography: multiple drivers of diversifica-
tion of bush frogs in the Western Ghats Escarpment. P Roy Soc 
B-Biol Sci 283:20161011. https://​doi.​org/​10.​1098/​rspb.​2016.​
1011

Wand MP (1994) Fast computation of multivariate kernel estimators. 
J Comput Graph Statist 3:433–445

Warren DL, Seifert SN (2011) Ecological niche modeling in Max-
ent: the importance of model complexity and the performance 
of model selection criteria. Ecol Appl 21:335–342. https://​doi.​
org/​10.​1890/​10-​1171.1

Warshall P (1995) The Madrean sky-island archipelago. Biodiversity 
and Management of the Madrean Archipelago: the Sky-islands 
of Southwestern United States and Northwestern Mexico. In: 
DeBano LF, Folliott PF, Ortega- Rubio A, Gottfried GJ, Hamre 
RH, Edminster CB (eds) USDA Forest Service Rocky Mountain 
Forest and Range Experiment Station, Fort Collins, Colorado, 
pp 6–18

Whittaker RJ, Araújo MB, Jepson P, Ladle RJ, Watson JE, Willis KJ 
(2005) Conservation biogeography: assessment and prospect. 
Divers Distrib. https://​doi.​org/​10.​1111/j.​13669​516.​2005.​00143.x

Wikramanayake ED, Dinerstein E, Loucks CJ (2002) Terrestrial ecore-
gions of the Indo-Pacific: a conservation assessment. Island 
Press, London

Willis KJ, Niklas KJ (2004) The role of Quaternary environmental 
change in plant macroevolution: the exception or the rule? Philos 
Trans R Soc Lond B Biol Sci 359:159–172. https://​doi.​org/​10.​
1098/​rstb.​2003.​1387

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

