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Abstract: Global warming and anthropogenic threats are significant drivers of biodiversity
loss, particularly impacting smaller mammalian species. Hence, this study assessed
two overlooked giant flying squirrel species, Petaurista magnificus and Petaurista nobilis,
distributed across the transboundary regions of the Eastern Himalayas and Indo-Burma
biodiversity hotspots. Utilizing a maximum entropy (MaxEnt) species distribution model, this
study delineated suitable habitats within the IUCN-defined extent of both Petaurista species
based on two modeling approaches: the habitat—climate model (HCM) and the climate-only
model (COM). The models identified suitable habitat coverage of only 3.92% (HCM) and
3.75% (COM) for P. magnificus and 14.17% (HCM) and 10.04% (COM) for P. nobilis. However,
as the HCM integrates both environmental and habitat variables, providing a more holistic
assessment, it revealed limited biological corridor connectivity within the [UCN-defined
extent for both species. Furthermore, the future projections based on the HCM indicate
habitat loss of up to 81.90% for P. magnificus and 89.88% for P. nobilis due to climate change,
alongside severe fragmentation, leading to the disappearance of viable habitat patches. These
remaining suitable patches are expected to shrink and become increasingly isolated in the
future due to climate change. Furthermore, centroid shift analyses based on the HCM predict
a northwestward shift for P. magnificus and a westward shift for P. nobilis under different
climate scenarios. Hence, to address these conservation challenges, the study underscores the
necessity for extensive field surveys, genetic assessments, habitat corridor evaluations, and
the establishment of transboundary conservation frameworks to formulate an evidence-based
species management strategy for both Petaurista species.

Keywords: biodiversity conservation; biological corridor connectivity; habitat fragmentation;
species distribution model; species management plan; transboundary region
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1. Introduction

The escalating impacts of climate change and anthropogenic pressures have placed
substantial stress on natural ecosystems, which serve as critical habitats for a diverse
assemblage of mammalian species [1,2]. These ecosystems are fundamental to species
survival, facilitating ecological interactions and sustaining viable populations over time [3].
However, the rapid degradation of these habitats has led to significant disruptions in
global ecological stability [4,5]. Consequently, approximately half a million species are
now at risk of extinction, contributing to the ongoing sixth mass extinction event [6-8].
Given the severity of this biodiversity crisis, prioritizing targeted research and conservation
initiatives is imperative [3,9,10]. Although numerous studies have attempted to address
these challenges, most have disproportionately focused on charismatic megafauna, leaving
many less conspicuous species understudied and poorly characterized [10-13]. Addressing
this knowledge gap necessitates an integrative approach that combines species distribution
modeling (SDM) with the identification of key ecological drivers shaping spatial patterns
and population dynamics [14]. Advancing these methodologies enhances the understand-
ing of species ecology and also informs more effective conservation strategies under this
habitat loss scenario.

Giant flying squirrels are a distinct group of rodents that have received limited and
sporadic scientific attention despite their significant ecological role [15]. These mam-
mals are known to contribute to forest ecosystem functioning by providing essential
ecosystem services such as pollination and seed dispersal, and serve as indicators of
ecosystem health [16,17]. They are uniquely adapted for gliding, possessing a specialized
membrane, or “patagium”, that extends between their limbs, enabling aerial locomotion.
Globally, 57 species of flying squirrels, classified under 15 genera and forming a mono-
phyletic group within the tribe Pteromyini, subfamily Sciurinae, and family Sciuridae, are
widely distributed across Eurasia and North America [18,19]. Among them, 19 species
are classified under the genus Petaurista and are exclusively distributed across the Asian
continent [20]. Their gliding ability is considered an adaptive extension of their arboreal
lifestyle, facilitating efficient resource exploitation and predator evasion within forested
environments [21,22]. This specialized mode of locomotion has likely played a crucial role
in the diversification of vertebrate lineages that exhibit gliding behavior by allowing access
to tall canopies and expanding ecological opportunities [23,24]. Despite their ecological
significance, flying squirrel populations have been experiencing a steady decline over
the last few decades, primarily due to habitat loss driven by deforestation, degradation
of primary forests, and hunting pressures, particularly in regions such as India [25-29].
Nearly all flying squirrel species are confined to Asia, with the highest diversity occurring
in Southeast Asia, making it a global hotspot for these rodents [15]. In India, 23 species
of flying squirrels have been documented, with 18 occurring in the Eastern Himalayas, a
region characterized by restricted ranges and high endemism [30].

Specifically, among the 37 globally recognized species of flying squirrels, two species,
viz. Hodgson's giant flying squirrel Petaurista magnificus (Hodgson, 1836) and the Bhutan
giant flying squirrel Petaurista nobilis (J. E. Gray, 1842), exhibit overlapping distributions
within the transboundary landscapes of the Himalayan and Indo-Burma biodiversity
hotspots [31,32]. Petaurista magnificus is a large flying squirrel with a head-body length
of 359490 mm and a bushy tail of 415-522 mm ending in distinct black tips. Its deep
maroon fur features black and whitish grizzling, with pectoral patches ranging from saturn
red with a golden tint to creamy buff. The underside varies from orange buff to chestnut
orange, while the limbs and flying membranes are lighter, it has strong, sharp claws, and
its hind foot measures 72-85 mm [33,34]. P. nobilis is a medium-sized flying squirrel with
a head-body length of 347—420 mm and a tail longer than its head and body, measuring
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378-510 mm. It has distinctive shoulder patches extending along the sides, forming a
saddle-like pattern. The dorsal saddle is dark maroon with a narrow pale stripe, while
the underside varies from salmon buff to flesh ocher. Its parachute, limbs, and sides are
orange rufous or orange buff. The hind foot measures 70.5-80.0 mm. This species was
initially classified as a subspecies, P. magnificus, but was later recognized as a distinct
species due to its unique chestnut-brown saddle surrounded by lighter golden-yellow or
orange areas [35]. The most recent assessment by the IUCN SSC Small Mammal Specialist
Group (SMSG) for both species was conducted nearly a decade ago, classifying P. magnificus
as “least concern” and P. nobilis as “near threatened.” Given this context, it is essential
to generate scientific information on their habitat preferences and responses to climate
change in the current scenario. Such information will be instrumental in developing
a transboundary management plan for these species and other sympatric taxa within
their range. Such assessments will aid in the ecological and geographical reevaluation
of both species by the IUCN SSC Small Mammal Specialist Group (SMSG), providing a
foundation for facilitating broader, conservation-focused research initiatives. Enhancement
of understanding the synergistic effects of climate change and land cover dynamics will
provide deeper insights into the differential vulnerabilities of these species, informing more
effective conservation strategies.

Hence, effective species management at both habitat and landscape levels requires a
clear understanding of species distributions and the identification of suitable habitats [36].
In this context, species distribution models (SDMs) serve as valuable tools for predicting
species occurrence across specific geographic regions, providing critical insights for habitat
management and conservation planning [37-40]. In recent years, the integration of climatic
and habitat variables into SDMs has become increasingly important for projecting species
distributions, particularly in assessing range shifts in response to climate change [41-44]. It
is equally essential to systematically assess and identify environmentally suitable areas that
align with the species’ ecological niche and requirements, which are critical for its survival.
Additionally, understanding how key environmental factors interact with changing climate
conditions is essential for identifying and protecting suitable habitats. In this context,
alongside identifying suitable habitats, it is equally critical to map and establish ecological
corridors between these areas to facilitate connectivity, enabling metapopulations to inter-
act, exchange genetic material, and maintain demographic stability, rather than becoming
isolated and vulnerable to the risks associated with small, fragmented populations. Fur-
thermore, identifying the directional movement of a species’ distribution center over time
or across scenarios, known as centroid shift, is essential for understanding range dynamics,
predicting the impacts of climate change, and guiding conservation strategies to support
species persistence [43]. Furthermore, to date, only two ecological modeling and habitat
suitability studies have been conducted on Petaurista philippensis, Petaurista mishmiensis, and
Petaurista mechukaensis within the Indian subcontinent [44,45]. This represents a significant
research gap concerning the ecological data of other sympatric species within the same
taxonomic group. Therefore, implementing adaptive management strategies that account
for future uncertainties is crucial for enhancing the resilience of these two species across
their [IUCN-designated range. Thus, the present study aimed to identify suitable habitats
for both P. magnificus and P. nobilis within the IUCN ranges using both the habitat-climate
model (HCM) and climate-only model (COM) approaches. Furthermore, since the HCM
has been shown to provide a more holistic approach with a comprehensive ecological
and environmental representation [46,47], further assessments were conducted using this
approach exclusively. Therefore, connectivity in the current scenario, dynamics of suitable
areas under future climatic conditions, habitat shape geometry and complexity, as well as
centroid shifts in response to climate change, were all assessed using the HCM approach.
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2. Materials and Methods
2.1. Study Area and Distribution Range

The two species have overlapping distributions within the Eastern Himalayan region,
specifically across Nepal, Bhutan, and Sikkim in India [31,32]. P. magnificus is primarily
restricted to northern South Asia, southern China, and western Southeast Asia. In South
Asia, it has been recorded in Bhutan, India, and Nepal (Figure 1) [48]. In China, it is found
in southern Xizang, while in Southeast Asia, its distribution is limited to western and
northern Myanmar [48]. Conversely, P. nobilis is endemic to Bhutan, India, and Nepal
(Figure 1) [49,50]. However, an observation was reported in Arunachal Pradesh, India,
with subsequent records extending its range to Tawang district and suggesting its possible
occurrence in Tibet, China [51,52]. Given that the IUCN SSC SMSG has established a distinct
boundary for both species, the IUCN-designated range was chosen as the training area
for model development and assessment. The present study primarily relied on secondary
data sources for model training and execution. The occurrence records (P. magnificus = 22;
P. nobilis = 36) were obtained from the GeoCAT website, which aggregates location data
from GBIF and iNaturalist [53]. Additionally, locality information was collected for both
species (P. magnificus = 6; P. nobilis = 9) from the museum collections archived in the National
Zoological Collections of the Zoological Survey of India (Table S1). Hence, to minimize
overfitting and bias in model interpretation, records from captive and museum specimens
were excluded to clearly depict their presence areas within the natural habitat. Additionally,
the spatial correlation of occurrence data was analyzed at a resolution of 1 km? using SDM
Toolbox v2.4 [54]. This resolution was selected to align with the pixel size of raster data,
thereby reducing overfitting and enhancing model accuracy.
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Figure 1. [IUCN-defined distribution range of two flying squirrel species, viz. Petaurista magnificus
and Petaurista nobilis, along with their presence locations obtained from secondary sources. The map
was created using ArcGIS version 10.6, with the inset global map sourced from Google.

2.2. Habitat Requirements

The two Petaurista species are found in two major biodiversity hotspots, the Eastern
Himalayas and Indo-Burma, each with diverse ecosystems and climates [55]. The Eastern
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Himalayas, spanning parts of India, Bhutan, Nepal, and Myanmar, include forests ranging
from tropical lowlands to alpine meadows, with temperatures from —30 °C to 35 °C and
rainfall up to 5000 mm. Indo-Burma, covering northeastern India, Myanmar, and South-
east Asia, features tropical rainforests, wetlands, and montane forests, with temperatures
from 5 °C to 40 °C and rainfall reaching 4000 mm. Specifically, P. magnificus is found in
patches of evergreen forests, occurring at elevations ranging from 400 m above sea level
(a.s.l.) in Arunachal Pradesh, India, to 3700 m a.s.l. in Nepal [30]. In contrast, P. nobilis
primarily inhabits montane forests, with a distribution spanning an elevation gradient of
1500 to 3000 m a.s.1. [32].

2.3. Selection of Variables

A combination of bioclimatic, topographic, habitat, and anthropogenic variables was
utilized to identify suitable habitat patches for the flying squirrels within the study area [56].
The standard set of 19 bioclimatic variables was obtained from the WorldClim database
(https:/ /www.worldclim.org/) and extracted for use within the IUCN-designated ranges
of both species [57]. Given that these species primarily inhabit evergreen and montane
forests, the Euclidean distance to evergreen forests and montane forests was selected as
a key habitat variable for P. magnificus and P. nobilis, respectively. The evergreen forests
are characterized by dense, year-round green foliage in tropical /subtropical regions, while
montane forests are altitude-dependent, with distinct vegetation zones from broadleaf trees
at lower elevations to conifers and alpine meadows higher up. This raster layer was de-
rived from Copernicus Land Use and Land Cover data and processed using the Euclidean
distance function in ArcGIS v.10.8 [58]. Additionally, topographic variables, including
elevation, aspect, and slope, were extracted from 90 m Shuttle Radar Topography Mission
(SRTM) data (http://srtm.csi.cgiar.org/srtmdata/). The Global Human Footprint Dataset
was incorporated as an anthropogenic predictor to evaluate the Human Influence Index
(HII) and assess the extent of human impact on the target species [59]. All spatial variables
were standardized to a resolution of 30 arcseconds (~1 km?) using the spatial analyst ex-
tension in ArcGIS 10.6. Moreover, to ensure analytical robustness, spatial multicollinearity
testing was conducted using VisTrails software [60]. The predictor variables with a Pearson
correlation coefficient (r) exceeding 0.8 were excluded from further analysis to minimize
redundancy (Figures S1-54) [61]. The final dataset included ten key variables for HCM, and
seven variables for COM were used for modeling habitat suitability for the two giant flying
squirrel species. Furthermore, to assess the potential impacts of climate change in HCM
approach, the study analyzed future climate scenarios under two shared socioeconomic
pathways (SSPs), SSP245 and SSP585, for the periods 2041-2060 and 2061-2080. The future
climate projections were based on the HadGEM3-GC31 LL model, part of the Coupled
Model Intercomparison Project Phase 6 (CMIP6). This model was selected for its reliabil-
ity in simulating climate variability and temperature trends across South and Southeast
Asia [62-64]. Moreover, to isolate the effects of climate change on species distribution, non-
climatic variables were held constant during future climate analyses for HCM approaches,
ensuring that projections remained ecologically relevant [65,66].

2.4. Model Development and Execution

SDM analysis was conducted using MaxEnt version 3.4.4, a widely recognized pro-
gram known for its robust predictive performance in ecological modeling [67,68]. Specifi-
cally, two distinct modeling approaches were employed for both species: the habitat—climate
model (HCM) and the climate-only model (COM). The HCM combines climatic and habitat
raster data with topographic variables and anthropogenic factors to comprehensively assess
habitat suitability [46,47,69,70]. Conversely, the COM relies solely on climatic raster data
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and topographic layers to analyze suitability within the training, providing a baseline for
comparative scenario evaluation [43]. The model development employed a bootstrapping
replication approach along with the Bernoulli generalized linear model using the ClogLog
link function [71]. During this process, training data for each occurrence point were treated
as n — 1, and model execution was evaluated over 50 replicate runs, with residual points
assessed accordingly [72]. The spatial jackknife test was used to determine the influence of
predictor variables on species occurrence by analyzing regularized training gain [62]. More-
over, the model evaluation was based on the area under the curve (AUC) of the receiver
operating characteristic (ROC) curve [72]. The AUC values were interpreted as follows:
values below 0.5 indicated insufficient predictive power, 0.5 suggested random prediction,
0.7-0.8 were considered acceptable, 0.8-0.9 were deemed excellent, and values exceeding
0.9 were classified as exceptional model performance [52,73]. Furthermore, the binary
habitat suitability maps were generated using the equal test sensitivity and specificity (SES)
threshold, ensuring reliable habitat predictions for the target species. The raster calculator
was then applied to evaluate zonal statistics utilizing the Zonal Statistics Tool in ArcGIS
10.6 for spatial analysis [74].

2.5. Identification of Connectivity and Centroid Shift

Given the critical role of habitat connectivity in conservation efforts to maintain species
persistence and facilitate gene flow, identifying biological connectivity within habitat
patches was essential [75]. Thus, to achieve this, a circuit-based modeling approach, com-
monly used for designing wildlife corridors, was implemented in the HCM approach [76].
The Circuitscape toolbox in ArcGIS 10.6 was employed to simulate ecological corridors,
with species occurrence points designated as nodes and the conductance surface derived
from the probability outputs generated by the MaxEnt model [77]. Circuitscape models
the species movement and ecological flow across landscapes by simulating connectivity
pathways. In this study, the pairwise source/ground mode settings were applied, where
probability maps from the MaxEnt model served as the conductance raster, and location
points were used as the focal node raster within the pairwise setup module. The output
was generated as current flow maps, which were further analyzed to assess connectivity
patterns across the landscape. This corridor simulation was performed for both present
and future climatic scenarios. Additionally, to evaluate potential distribution shifts due
to climate change, the centroid displacement of suitable habitats for both flying squirrel
species was analyzed across future SSP projections for both timeframes using the HCM
approach. This assessment was conducted using the centroid change function within SDM
Toolbox v2.4, providing insights into potential range shifts and habitat stability under
changing climatic conditions [52].

2.6. Assessment of Habitat Shape Geometry

The qualitative and geometric characteristics of suitable habitat patches for the two
flying squirrel species were analyzed under both current and projected future climatic
scenarios to facilitate comparative assessments utilizing the HCM approach. This evalua-
tion was conducted using class-level metrics in FRAGSTATS software version 4.2.1 [78], a
widely recognized tool in landscape ecology and environmental management. This specific
software enables the spatial analysis of habitat patterns by providing a comprehensive set
of metrics and indices to assess landscape structure and composition [79]. Moreover, the
key shape geometry metrics were incorporated into the analysis, including the number
of patches (NPs), largest patch index (LPI), aggregate index (Al), patch density (PD), and
landscape shape index (LSI) [80]. Furthermore, NPs, PD, and LPI offer detailed insights
into the size and density of habitat patches within a defined geographical area. In contrast,
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the LSI assesses the complexity of patch shapes, while the Al quantifies the proximity
and clustering of patches, reflecting their degree of aggregation or dispersion across the
landscape. Collectively, these metrics provide a comprehensive understanding of habitat
structure, which is crucial for evaluating habitat viability under both present and future
climate conditions.

3. Results
3.1. Assessment of SDM and Habitat Suitability with Corridor Connectivity

Both modeling approaches demonstrated high predictive accuracy in terms of average
training area under the curve (AUC) across multiple runs. Specifically for P. magnificus, the
AUC values reached 0.971 + 0.009 (HCM) and 0.968 + 0.010 (COM), while for P. nobilis,
the AUCs were 0.933 £ 0.021 (HCM) and 0.921 £ 0.030 (COM) (Figures 2 and 3 and S3-56).
Given that both AUC values exceeded 0.9, the models exhibited exceptional performance in
predicting species distributions. The habitat suitability analysis revealed that P. magnificus
occupies approximately 7199 km? (HCM) and 6909 km? (COM) of suitable habitat, consti-
tuting only 3.92% (HCM) and 3.75% (COM) of its total IUCN-defined range. In comparison,
P. nobilis was found to have 7998 km? (HCM) and 5667 km? (COM) of suitable habitat,
representing 14.17% (HCM) and 10.04% (COM) of its IUCN range.
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Figure 2. (A) Suitable area with IUCN extent delineated by the HCM approach for

Petaurista magnificus in the present scenario. (B) Photo of the preserved stuffed skin of P. magnificus
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archived at the National Zoological Collections of the Zoological Survey of India. (C) Average training
ROC (receiver operating characteristic) for the model. (D) Jackknife test for all the selected variables,
where the blue bar shows the importance of each variable in explaining the data variation when used
separately. The green bar shows the loss in overall gain after the particular variable was dropped. Red
bar = total model gain. (E) Response curves of the major contributing predictors governing the habitat
suitability of P. magnificus. (F) Percentage contribution and permutation importance of covariates.
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Figure 3. (A) Suitable area with IUCN extent delineated by the HCM approach for Petaurista nobilis
in the present scenario. (B) Photo of the preserved stuffed skin of P. nobilis archived at the National
Zoological Collections of the Zoological Survey of India. (C) Average training ROC (receiver operating
characteristic) for the model. (D) Jackknife test for all the selected variables, where the blue bar shows
the importance of each variable in explaining the data variation when used separately. The green bar
shows the loss in overall gain after the particular variable was dropped. Red bar = total model gain.
(E) Response curves of the major contributing predictors governing the habitat suitability of P. nobilis.
(F) Percentage contribution and permutation importance of covariates.

The model identified elevation as the most influential variable for P. magnificus, con-
sidering the highest 25.1% contribution and highest permutation importance of 36.6% with
the the HCM approach (Table 1, Figures S6-511). The Human Influence Index (hum_foot)
emerged as a major contributing predictor, accounting for 15.3%; however, it exhibited
relatively low permutation importance, accounting for only 5.1%, indicating a lesser impact
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on the final model’s predictive performance. The habitat variable, Euclidean distance to
evergreen forests (euc_evergreen), contributed 11.1% with a permutation importance of
16.5%, followed by the bioclimatic variable precipitation of the driest month (bio_14), which
contributed 9.1% (Table 1, Figures S5 and 56). Although the bioclimatic variable bio_4 had a
low percentage contribution to the model, it demonstrated the second-highest permutation
importance at 17.1%, highlighting its significant influence on the distribution. In the COM
approach, elevation was identified as the most influential variable, contributing 35% to
the model and exhibiting a permutation importance of 36%. Additionally, precipitation
of the warmest quarter (bio_18) emerged as the second-most influential variable, with
a contribution of 23.8% and a permutation importance of 23% in predicting the distri-
bution of P. magnificus (Table 1, Figures S7, S10, and S11). In contrast, for P. nobilis, the
bioclimatic variable precipitation of the driest month (bio_14) was the most significant
predictor, contributing 34.3% and peak permutation importance of 43.4%. Moreover, el-
evation contributed 9.4% with an importance of 12.5%. The habitat variable Euclidean
distance to montane forests (euc_montane) accounted for 4% of the contribution with a
2.5% permutation importance. Additionally, the anthropogenic variable Human Influ-
ence Index (hum_foot) contributed 5% with a permutation importance of 4% (Table 1,
Figures S5 and S6). Similarly, the COM approach yielded consistent findings, with pre-
cipitation of the driest month (bio_14) emerging as the most influential variable for the
distribution of P. nobilis, exhibiting the highest contribution of 36% and the highest permu-
tation importance of 42.9%. Although elevation had a relatively lower contribution of 12.4%
compared to other bioclimatic variables such as mean diurnal range (bio_2) and annual
precipitation (bio_12), it ranked as the second-most important variable in terms of permu-
tation importance, with a value of 23.8% (Table 1, Figures S7, S10, and S11). These findings
highlight the varying environmental and anthropogenic factors influencing the distribution
of both species, underscoring the need for species-specific conservation strategies.

Table 1. Variable importance and permutation importance for the two flying squirrels in the two
modeling approaches: habitat—climate model (HCM) and climate-only model (COM). Mean diurnal
range (mean of monthly (max temp-min temp)): bio_2; isothermality (BIO2/BIO7) (x100): bio_3;
annual precipitation: bio_12; precipitation of driest month: bio_14; precipitation seasonality (coeffi-
cient of variation): bio_15; precipitation of warmest quarter: bio_18; precipitation of coldest quarter:
bio_19; Euclidean distance to evergreen forests: euc_evergreen; Euclidean distance to montane forests:
euc_montane; Human Influence Index: hum_foot.

Species Modeling Approach Variables Percentage Contribution Permutation Importance
elevation 25.1 36.6
hum_foot 15.3 51
slope 13.5 1.8
euc_evergreen 11.1 16.5
bio_14 9.1 17.1
Petaurista magniﬁcus HCM bio_18 3 1
aspect 5.6 2.4
bio_15 5.4 3.7
bio_3 5.3 3.6

bio_2 1.7 2
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Table 1. Cont.

Species Modeling Approach Variables Percentage Contribution Permutation Importance
elevation 35.7 36
bio_18 23.8 23.12
bio_14 11.6 17

Petaurista magnificus ~ COM bio_3 8.4 5
bio_15 7.6 7.1
bio_2 6.5 6.2
aspect 6.4 55
bio_14 34.3 434
bio_2 16.1 12.9
bio_19 10.3 10.1
elevation 94 12.5
bio_12 8 47

HCM aspect 6.1 44

hum_foot 5 4
euc_montane 4 25

Petaurista nobilis bio_3 3.7 3.9
slope 3 1.6
bio_14 36 429
bio_2 18.2 9.1
bio_12 15.7 11.2

COM elevation 124 23.8

bio_19 7.4 45
aspect 5.8 2.8
bio_3 4.5 5.8

In the current scenario, habitat connectivity for P. magnificus is primarily restricted to eastern

Nepal and the Nepal-India border region, with a mean connectivity value of 0.1118 (Figure 4).

In contrast, for P. nobilis, corridor connectivity was identified within Bhutan and across trans-

boundary regions, specifically between Bhutan and Arunachal Pradesh (India) as well as Bhutan
and Sikkim (India), with a mean connectivity value of 0.6368 (Figure 4).

Connectivity

w

Figure 4. Biological corridor connectivity simulation for two flying squirrel species within their [IUCN

extent under the present scenario in the HCM approach. (A) Petaurista magnificus, (B) Petaurista nobilis.
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3.2. Future Habitat Dynamics and Centroid Shift in Climate Change Scenarios

The assessment of habitat dynamics under future climatic scenarios reveals alarming
trends, with a substantial loss of suitable habitats of up to 89.88% due to climate change.
Notably, both SSP scenarios indicate the most severe habitat decline occurring during the
2061-2080 period for both species (Table 2, Figures 5 and 6). Specifically, for P. magnificus, the
projected reduction in suitable habitat ranges from 9.43% to 81.90%, while for P. nobilis, the
decline is even more pronounced, ranging from 85.97% to 89.88% (Table 2, Figures 5 and 6).
Under SSP245 (2041-2060), habitat loss is estimated at 9.43% for P. magnificus and 85.97% for
P. nobilis. Moreover, in the SSP245 (2061-2080) scenario, the decline increases to 18.73% and
86.37%, respectively. Furthermore, the most severe losses are projected under the SSP585
scenario, where habitat decline reaches 58.14% and 89.49% for P. magnificus and P. nobilis,
respectively, during 2041-2060, escalating further to 81.90% and 89.88% by 2061-2080
(Table 2, Figures 5 and 6).

Table 2. Suitable area (in km?) within the TUCN extent of two flying squirrels in present and future
climatic scenarios based on HCM approach.

Legend
[ Petaurista magnificus
[ intemational Boundary
Habitat Suitability
— High 1

Scenario Petaurista magnificus Petaurista nobilis
SSP245 (2041-2060) 6520 1122
SSP245 (2061-2080) 5850 1090
SSP585 (2041-2060) 3013 840
SSP585 (2061-2080) 1303 809
““““ - SSP245 (2041-2060) : SSP245 (2061-2080) :

g ° 625 125 250 Miles r s 0 625 126 250 Miles
e ] oy

SSP585 (2041-2060) |, SSP585 (2061-2080) |,
4 ;

gy 0 25 125 250 Miles
—_—

Figure 5. Suitable habitats for Petaurista magnificus within the IUCN extent under different future
climatic scenarios with HCM approach. (A,B) represent SSP245, and (C,D) represent SSP585 for
2041-2060 and 2061-2080, respectively.
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Legend

[ Petaurista nobitis
Habitat Suitability
— 1

-

(A)

[ intemational Boundary

SSP245 (2041-2060)

SSP245 (2061-2080) |,

250 Miles, RN 250 Miles.
e

Figure 6. Suitable habitats for Petaurista nobilis within the IUCN extent under different future climatic
scenarios with HCM approach. (A,B) represent SSP245, and (C,D) represent SSP585 for 2041-2060
and 2061-2080, respectively.

The centroid of suitable habitat for P. magnificus is currently located in eastern Nepal,
while for P. nobilis, it is situated in central Bhutan (Figure 7). However, projections indicate
a significant centroid shift for both species in response to future climate change. Specifically,
P. magnificus is expected to experience a northwestward shift, with directional changes
ranging between 151° and 160° across different future climatic scenarios (Figure 7). Simi-
larly, P. nobilis is projected to shift westward, with centroid movement ranging between
182° and 185° in the future (Figure 7).

1572

Centroid Shift

[ 5

——» Present to SSP585 (2041-2060)
——» Present to SSP245 (2041-2060)
——» Present to SSP245 (2061-2080)
—— Present to SSP585 (2061-2080)

20 Miles.
——

Petaurista magnificus| H ~ Petaurista nobilis ¢

B

£ 185° 184° £
Wenlmid Shift

t ——> Present to SSP585 (2041-2060) | ¢

® ——» Present to SSP245 (2041-2060) | *

» Present to SSP245 (2061-2080)

(A)

N D | A ——» Present to SSP585 (2061-2080)
(B) o 10 2 40w | £
S S S i

Figure 7. Centroid shift for two flying squirrel species from present to different future climatic scenar-
ios within their IUCN extent with HCM approach. (A) Petaurista magnificus, (B) Petaurista nobilis.
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3.3. Habitat Quality and Shape Geometry

The assessment of habitat patch geometry for both species indicates severe fragmen-
tation and habitat loss due to climate change (Table 3). Specifically, for P. magnificus, a
significant reduction in suitable patches is observed, with the NPs decreasing by up to
43.62% and PD declining by 35.34%. Additionally, patch sizes shrink considerably, as
evidenced by a 10% to 58% reduction in the LPI, while the LSI decreases by over 6.3%, indi-
cating a shift towards simpler geometric shapes. Furthermore, habitat proximity increases,
as reflected in a 30.80% reduction in the Al, which suggests increased isolation of remaining
patches (Table 3). Similarly, P. nobilis experiences pronounced habitat fragmentation, with a
reduction of over 51% in suitable patches under future climatic scenarios. The patch density
declines drastically, by as much as 93.19%, and the remaining patches become smaller and
more geometrically simplified, as indicated by reductions of over 8.4% in LPI and 42.94%
in LSI (Table 3). Additionally, these patches become more dispersed, with Al decreasing
between 19.03% and 42.08%. Collectively, these findings highlight the severe impact of
climate change on habitat structure for both species, leading to the loss of viable patches
and the formation of smaller, simpler, and more isolated habitat fragments (Table 3).

Table 3. Assessment of habitat shape geometry of two flying squirrels in present and future scenarios
with HCM approach. NPs: number of patches, PD: patch density, LPI: largest patch index, LSI:
landscape shape index, Al: aggregation index.

Species Scenario NPs PD LPI LSI Al
Present 392 850,812,612.9  31.5322 29.6824 65.7295
55P245 (2041-2060) 378 785,405,585.1  28.3777 27.8103 63.9378

Petaurista magnificus ~ SSP245 (2061-2080) 359 658,867,521.4  25.9658 25.9869 61.5918
SSP585 (2041-2060) 316 638,732,160.6  11.1849 25.4091 54.6146
SSP585 (2061-2080) 221 550,134,305.4  13.1236 19.9178 45.4797
Present 285 556,779,820 25.3563 25.2458 72.5612
55P245 (2041-2060) 139 355,717,468.8  23.2228 14.403 58.7506

Petaurista nobilis SSP245 (2061-2080) 125 181,995,412.8  17.4312 11.1045 48.9352
SSP585 (2041-2060) 130 92,410,714.29  14.0476 16.5517 44.3896
SSP585 (2061-2080) 118 37,886,279.36 16.1928 10.8772 42.0243

4. Discussion

Given the ongoing global decline in biodiversity, mammal populations are increas-
ingly impacted by both environmental changes and direct and indirect anthropogenic
pressures [81]. Moreover, the transboundary regions are particularly sensitive to these
human-induced disturbances, necessitating collaborative conservation efforts among neigh-
boring nations [82]. Therefore, the implementation of a well-coordinated transbound-
ary conservation management plan, involving multiple stakeholders working in uni-
son, is critical for ensuring effective biodiversity protection. In this context, identifying
suitable habitats for flying squirrel species—considering bioclimatic, ecological, and an-
thropogenic factors—is essential for guiding transboundary conservation strategies [83].
Such research contributes to the development of joint conservation initiatives, supporting
ongoing collaborative efforts such as the India—Nepal Terai Arc Landscape (TAL) and
the India—Bhutan Manas Tiger Reserve, which are actively engaged in transboundary
wildlife conservation [84].
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The IUCN SSC Small Mammal Specialist Group (SMSG) has delineated the range
boundaries for both P. magnificus and P. nobilis based on confirmed presence records [30,31].
However, the present assessment found that only 3.92% of the IUCN-designated range
is suitable for P. magnificus and 14.17% for P. nobilis, highlighting a significant disparity
in habitat suitability within their estimated extent. This discrepancy is concerning and
underscores the need for more targeted and focused conservation efforts. Furthermore,
the forests of South and Southeast Asia are undergoing rapid deforestation exacerbated by
climate change, posing a severe threat to both species [85]. This habitat loss is particularly
alarming. Given their strong dependence on forested habitats, evergreen forests contribute
11.1% to the habitat suitability of P. magnificus, while montane forests contribute 4% for
P. nobilis. Additionally, both species exhibit a negative relation with increasing distance
from forested areas, indicating that their distribution declines as they move farther from
suitable forest habitats. This reinforces the conclusion that these species are highly reliant
on the transboundary forested landscapes [31,32]. Among climatic factors, precipitation of
the driest month (bio_14) plays a crucial role in determining habitat suitability, contributing
9.1% for P. magnificus and 34.3% for P. nobilis. These findings align with previous studies
emphasizing the significance of bioclimatic variables of other flying squirrel species, includ-
ing P. philippensis, P. mishmiensis, and P. mechukaensis [44,45,86-88]. Additionally, elevation
is a key factor, contributing 25.1% to P. magnificus, which is higher than its 9.4% contribution
to P. nobilis, indicating that P. magnificus occupies higher elevations than P. nobilis. More-
over, the anthropogenic variable Human Influence Index also influences habitat suitability,
as it had a greater impact on P. magnificus than on P. nobilis. This may be attributed to
the broader distribution range of P. magnificus, which brings it into closer proximity to
human settlements.

Furthermore, the identified transboundary corridors for both species require on-
ground assessments, as limited connectivity may hinder their movement. The reduced
connectivity in these corridors can be attributed to geographical barriers such as riverine
systems present in that rugged landscape [89,90]. While these flying squirrels possess the
ability to glide, wide river spans may still act as significant obstacles to movement. As a
result, restricted dispersal may lead to increased intraspecific and interspecific competition,
reduced genetic diversity, and a higher risk of inbreeding. Compounding this issue, climate
change has further exacerbated habitat loss, significantly reducing the availability of suit-
able areas within their range. Furthermore, the projections indicate that habitat suitability
for P. magnificus is expected to decline by 9.43% to 81.90%, while P. nobilis faces an even
greater reduction of 85.97% to 89.88% under future climate scenarios. This consistent trend
of habitat loss driven by climate change and aligns with patterns seen in other sympatric
species within the same genus [45]. Moreover, these findings align with previous studies
demonstrating that high-elevation species are particularly vulnerable to climate shifts,
leading to drastic declines in suitable habitat [91-93]. The loss of suitable areas is especially
concerning given that both species already inhabit relatively small and isolated ranges. This
corroborates prior research indicating that species with restricted distributions are more
susceptible to climate-induced habitat loss, further increasing their extinction risk [94-96].
In addition to habitat reduction, climate change has intensified habitat fragmentation across
the species’ ranges. Many viable habitat patches are projected to be entirely lost, while
those that persist are expected to be smaller and more spatially isolated. These fragmented
patches are critical for the survival of these endemic flying squirrels, emphasizing the
urgent need for targeted conservation efforts. Given the already low connectivity and
the increasing fragmentation of suitable habitats, the vulnerability of these species is sig-
nificantly heightened. Conservation strategies must prioritize maintaining and restoring
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connectivity between habitat patches to prevent further population declines and ensure
their long-term survival [97,98].

5. Limitations and Recommendations

This study assessed habitat suitability for the two Petaurista species using two model-
ing approaches, viz. HCM and COM. Furthermore, given the holistic efficacy and relevance
in integrating both ecological and environmental variables, habitat connectivity, future
climate change vulnerability, habitat quality, shape geometry, and centroid shift were
analyzed based on the HCM approach. However, certain limitations must be acknowl-
edged, as the species’ sporadic and limited records pose challenges for model validation,
and the probabilistic nature of SDM means that slight variations in input parameters
could have influenced the outcomes. Despite these constraints, this study establishes a
strong foundation for further research and conservation efforts. When integrated with
extensive field validation, these findings will contribute significantly to the protection
and long-term survival of these little-known species. Considering the vulnerability of
the two Petaurista species to climate change and other threats within their range, as iden-
tified in the present study, several measures should be implemented for their effective
conservation and management. Hence, rigorous field surveys are essential to confirm
their presence both within and beyond their range, thereby providing deeper insights
into their ecology. Such assessments will strengthen species distribution and ecological
modeling efforts, thereby enhancing conservation management strategies. In addition to
field surveys, acquiring genetic data is crucial for understanding population structure,
gene flow, and phylogenetic relationships. Furthermore, corridor connectivity assessments
should also be conducted to evaluate the degree of habitat fragmentation and the isolation
of viable populations. Such field expeditions should prioritize areas identified as suitable
in the present study, assessing habitat viability and investigating the presence of other
sympatric species. Given the transboundary distribution of these flying squirrels, collabo-
rative conservation initiatives must be established, extending to other sympatric species
inhabiting the same landscapes. Such effective conservation efforts require active commu-
nity involvement in collaboration with conservation organizations such as the IUCN SSC
SMSG, national forest departments, and other governmental agencies. Moreover, regular
transboundary dialogues should be held to monitor and protect forest habitats, ensuring
coordinated conservation actions. Furthermore, national forest departments should receive
support from governmental and non-governmental organizations, research institutions,
and conservation networks to facilitate comprehensive assessments and implement tar-
geted conservation strategies. Additionally, environmental impact assessments (EIAs) must
be conducted for any developmental projects within these ecologically fragile landscapes to
mitigate potential threats. A community-based approach is also critical, involving training
programs and awareness campaigns to educate local populations on nature and wildlife
conservation. Hence, to reinforce conservation efforts, the formation of transboundary joint
committees with the responsibility of coordinating protection measures across these land-
scapes is recommended. These committees should include village leaders, forest personnel,
defense personnel, naturalists, scientists, and other key stakeholders, ensuring a holistic
and community-driven approach to conservation. Their role would be pivotal in moni-
toring wildlife, facilitating conservation activities, and fostering community participation.
Ultimately, safeguarding both current and future suitable habitat patches is imperative
to mitigate extinction risks. Therefore, by addressing these priorities, the present study
provides valuable guidance for future field surveys and contributes to the formulation of
robust species management plans for the conservation of these unique flying squirrels.
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6. Conclusions

The Eastern Himalayas are a biodiversity hotspot home to numerous endemic species.
This study employed SDM to delineate the suitable habitats of two understudied flying
squirrel species utilizing two modeling approaches (HCM and COM). Furthermore, the
present connectivity in their habitats, along with future dynamics of suitable habitats,
habitat quality, shape geometry, and centroid shifts under future scenarios, were assessed
using the HCM approach. The HCM approach was specifically selected for its holistic
representation, as it integrates both ecological and environmental parameters relevant to
the species. The findings reveal alarming trends, with both species experiencing a sig-
nificant decline in suitable habitat due to climate change. The key climatic parameters
influencing their distribution were identified, also underscoring their strong dependence
on forested ecosystems. Based on these findings, several recommendations are proposed,
including genetic assessments to understand population structure and gene flow, corridor
connectivity evaluations to assess habitat fragmentation, and rigorous field studies to
validate model predictions. Additionally, the establishment of joint forest conservation
committees—comprising local communities, forest personnel, defense personnel, natu-
ralists, and scientists—is strongly encouraged. Enhanced institutional support for forest
departments from governmental agencies, NGOs, and conservation organizations is also
emphasized to facilitate effective conservation strategies. This study provides crucial in-
sights for guiding future field research across the transboundary landscapes of the Eastern
Himalayas. It serves as a valuable resource for the development of comprehensive species
management plans aimed at safeguarding these elusive flying squirrel species.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/1ife15040589 /s1. Figure S1. Correlations between the covariates
chosen for the habitat-climate model for P. magnificus. The Pearson correlation coefficient is primarily
used here. However, where the Spearman or Kendall correlation coefficient exceeds the Pearson
correlation coefficient, an “s” or “k” is displayed in the bottom-right corner of the variable box.
Figure S2. Correlations between the covariates chosen for the habitat—climate model for P. nobilis. The
Pearson correlation coefficient is primarily used here. However, where the Spearman or Kendall
correlation coefficient exceeds the Pearson correlation coefficient, an “s” or “k” is displayed in the
bottom-right corner of the variable box. Figure S3. Correlations between the covariates chosen for
the climate-only model for P. magnificus. The Pearson correlation coefficient is primarily used here.
However, where the Spearman or Kendall correlation coefficient exceeds the Pearson correlation
coefficient, an “s” or “k” is displayed in the bottom-right corner of the variable box. Figure S4.
Correlations between the covariates chosen for the climate-only model for P. nobilis. The Pearson
correlation coefficient is primarily used here. However, where the Spearman or Kendall correlation
coefficient exceeds the Pearson correlation coefficient, an “s” or “k” is displayed in the bottom-right
corner of the variable box. Figure S5. Climate-only modeling approach for the two Petaurista species.
(A) Habitat suitability maps and (B) receiver operating characteristic (ROC) curves and area under the
curve (AUC) evaluation plot for P. magnificus. (C) Habitat suitability maps and (D) receiver operating
characteristic (ROC) curves and area under the curve (AUC) evaluation plot for P. nobilis. Figure S6.
Curves showing the training omission rate and predicted area as a function of the cumulative
threshold, averaged over the replicate runs for the two Petaurista species under two different modeling
approaches. Figure S7. Jackknife test for all the selected variables in the climate-only model, where
the blue bar shows the importance of each variable in explaining the data variation where used
separately. The green bar shows the loss in overall gain after the particular variable was dropped.
Red bar = total model gain. (A) P. magnificus and (B) P. nobilis. Figure S8. Curves showing how each
environmental variable affects the Maxent prediction for P. magnificus in the habitat—climate model;
how the predicted probability of presence changes as each environmental variable is varied, keeping

all other environmental variables at their average sample value; the marginal effect of changing exactly
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one variable, whereas the model may take advantage of sets of variables changing together; and the
mean response of the 50 replicate Maxent runs (red) and the mean +/— one standard deviation (blue,
two shades for categorical variables). Figure S9. Curves showing how each environmental variable
affects the Maxent prediction for P. nobilis in the habitat—climate model; how the predicted probability
of presence changes as each environmental variable is varied, keeping all other environmental
variables at their average sample value; the marginal effect of changing exactly one variable, whereas
the model may take advantage of sets of variables changing together; and the mean response of
the 50 replicate Maxent runs (red) and the mean +/— one standard deviation (blue, two shades for
categorical variables). Figure S10. Curves showing how each environmental variable affects the
Maxent prediction for P. magnificus in the climate-only model; how the predicted probability of
presence changes as each environmental variable is varied, keeping all other environmental variables
at their average sample value; the marginal effect of changing exactly one variable, whereas the
model may take advantage of sets of variables changing together; and the mean response of the
50 replicate Maxent runs (red) and the mean +/— one standard deviation (blue, two shades for
categorical variables). Figure S11. Curves showing how each environmental variable affects the
Maxent prediction for P. nobilis in the climate-only model; how the predicted probability of presence
changes as each environmental variable is varied, keeping all other environmental variables at their
average sample value; the marginal effect of changing exactly one variable, whereas the model may
take advantage of sets of variables changing together; and the mean response of the 50 replicate
Maxent runs (red) and the mean +/— one standard deviation (blue, two shades for categorical
variables). Table S1. Locality information on P. magnificus and P. nobilis specimens archived at the
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