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Towards effective conservation
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Kashmir musk deer in the
face of land use change
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Switzerland
Human expansion and anthropogenic activities are causing the conversion of

forests to other land uses in the Himalayas, which is threatening species with

extinction. To address this issue, we used an ensemble model to simulate the

future landscape and assess its impact on the Kashmir Musk Deer (KMD)

distribution in the context of land use change. Our simulation suggests a

decline in croplands and shrublands and increase of mixed forests in the future

scenario. Evergreen broad-leaf and needle-leaf forests are likely to convert to

mixed forests, while croplands and barren areas transform into savannas.

Precipitation, elevation, and mixed forests were found to be the most

significant factors influencing KMD distribution. Only 20,690 km2 out of the

total area of 324,666 km2 is currently suitable for KMD, but this is projected to

increase to 22,701.47 km2 in the future. We predict a habitat gain of about

2,722 km2 in new areas and a loss of 711 km2 in existing habitats for KMD by 2030,

with Uttarakhand state losing much of the suitable habitat. However, new

habitats in future will become available for the species in Jammu and Kashmir.

Our landscape configuration investigation indicates a decline in the number of

patches and aggregation index in the future scenario. Most of the suitable KMD

habitats are outside the current protected areas (PA), making the current PA

network insufficient for long-term conservation. Therefore, we suggest forest

managers to rationalize the boundary of the PAs to include suitable habitats that

are currently not protected for the long-term survival of the KMD.
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land use simulation, habitat suitability, fragmentation, Kashmir musk deer,
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1 Introduction

Even though the Himalayan ecosystem is identified as a global

biodiversity hotspot, it is indubitable that this region is undergoing

tremendous degradation because of growing anthropogenic

pressure and climate change (Mukherjee et al., 2021; Penjor,

2022). Scientists have recently become more interested in the

intriguing issues of the combined effect of land use and climate

change on species distribution and the related environmental

predictors of the species (Singh et al., 2020: Bagaria et al., 2020;

Rathore et al., 2022). Global warming is threatening the biological

integrity of the Himalayan region by altering the climatic isotherms

(Lamsal et al., 2018; Mukherjee et al., 2020; Bagaria et al., 2020;

Dutta et al., 2022). However, conversion of forested habitats to other

land-use forms, along with anthropogenic disturbances, has

significantly altered the landscape configuration of the fragile

Himalayan ecosystem, thereby increasing the extinction risk to

the species (Pandit et al., 2007; Flynn et al., 2009). Besides this,

the growing anthropogenic activities, including agriculture

expansion, growing urban sprawl, increasing linear projects (road,

rails), and overexploitation of ecosystem products are detrimental

to the local biological diversity (Pandit et al., 2007; Chandra et al.,

2020; Chatterjee et al., 2022). To deal with these degradation

drivers, it is imperative to recognise and project the impacts on

the species habitat in the future scenario. We hypothesise increase

in mixed forest or conifer forests will result in increase in suitable

habitats for Kashmir musk deer.

The Himalayan mountain ecosystem is considered the water

tower region of Asia. It provides habitat for diverse flora and fauna,

including ecologically specialist ungulates such as Kashmir musk deer

(Moschus cupreus, hereafter = KMD), a conservation-dependent

species throughout its range (Sharief et al., 2023). The KMD is

distributed in high-elevation mountain ranges of Afghanistan,

Pakistan, India and Nepal in continuous-to-fragmented habitat

patches (Grubb, 2005; Green 1986; Ostrowski et al., 2016; Wangdi

et al., 2019; Singh et al., 2020). In India, it is distributed in the

Western Himalayan region (Jammu and Kashmir, Himachal Pradesh

and Uttarakhand) (Sharief et al., 2023). KMD is a shy and solitary

species which is mostly crepuscular and nocturnal in activity (Harris

and Cai, 1993). It plays an essential role as a herbivore by influencing

the mountain ecosystem’s vegetation composition and nutrient

recycling (Green 1987a; Green 1987b; Bagchi and Ritchie, 2010).

However, climatic and land use changes in recent years have

impacted many species, including KMD (Singh et al., 2020; Dutta

et al., 2022) and the impacts may lead alternation of species

composition as well as the habitat (Laws, 2017; Bagaria et al.,

2020). Since KMD already occupies higher elevation areas between

2,200–4,300 m, much of the area won’t be available for this species in

future climate change and land use change scenario, making it most

vulnerable to such changes Schaller, 1977; Singh et al., 2020).

Furthermore, the musk deer population in its entire range is

dwindling because of the illegal killing for its pods, habitat

fragmentation, and habitat loss as a result of land use change

(Aryal and Subedi, 2011; Aryal et al. 2014; Aryal et al. 2016;
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Khadka et al., 2017). The over-exploitation and habitat

destruction are significant factors for the population decline of

KMD throughout its entire distribution range. Considering the

hastened declines in its population, the species is listed as an

endangered species by the International Union for Conservation

of Nature and Natural resources (IUCN), (Timmins and

Duckworth, 2015) and an Appendix-I species by the Convention

on International Trade in Endangered Species of Wild Fauna and

Flora (CITES, 2015), and the Indian Wildlife Protection Act (1972)

thereby provided it highest protection by listed musk deer under the

Schedule-I species. Hence due to increasing threats and its

endangered status, it becomes crucial to evaluate the current

suitable habitat of KMD as well as predict the anticipated changes

of the landscape in the future for developing a long term

conservation strategy in the North-western Himalayas.

The rising transformation of forest to non-forest land use and

increasing temperature in the Himalayan region are accelerating

biodiversity loss (Brodie, 2016; Penjor, 2022). Although the

cumulative impact of global warming and land use change on all

species is little explored (Chatterjee et al., 2022; Rathore et al., 2022);

however, future simulated landuse change is also under-explored

(Mukherjee et al., 2020; Chatterjee et al., 2022). Hence, understanding

how land use change can affect species distribution is imperative for

creating data-driven conservation and management decisions.

Therefore, we attempted to evaluate the change in suitable habitat

of KMD in the face of land use land cover change and its impact on

the distribution of KMD using the ensemble modelling approach

across its distribution range in the North-western Himalayas. We also

predicted the future simulated impact of land-use change on the

distribution of the species and attempted to identify the current and

future suitable regions in the face of land-use change for conservation

and management planning. Finally, we quantified the proportion of

suitable habitats of KMD inside and outside the Protected Areas (PA)

network. The landscape configuration indices for the current and

future scenario were evaluated to understand the landscape dynamics

in the North-western Himalayas.
2 Materials and methods

2.1 Study area

The present study was conducted in the Western region of the

Indian Himalayas, which includes two states (Himachal Pradesh &

Uttarakhand) and one union territory Jammu and Kashmir (Figure 1).

The area coverage of the landscape is 327,996 km2 which contains

distinct vegetation regimes providing a home to several unique flora

and fauna species. The vegetation is represented by Himalayan

Temperate Forests, Sub-alpine and Alpine Forests, Tropical and

Sub-tropical Broad-leaved Forests, Tropical Coniferous Forests, and

Dry and Moist Deciduous Forests, with an elevation ranging from

177m to 8,569m (Champion and Seth, 1968). The climatic conditions

are harsh, varying temperatures between 32.5°C in summers and

−24.1°C in severe cold winters (Joshi et al., 2019).
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2.2 Species distribution modelling

2.2.1 Kashmir musk deer presence location data
The occurrence GPS locations of KMD were collected from

both the primary as well as secondary data sources. The species

occurrence surveys were conducted during 2018–2020 in the range

districts of Uttarakhand and Himachal Pradesh (Figure 1), and the

secondary data were collected from published studies for the KMD

distribution range. From Jammu and Kashmir we didn’t have any

primary data hence only secondary locations extracted from

published sources were used for modelling (Ali, 2014; Singh et al.,

2020). Therefore, a total of n = 279 presence locations were obtained

by combining primary as well as secondary sources, i.e., published

articles (Syed and Ilyas, 2012; Ali, 2014; Shukla et al., 2018; Nandy

et al., 2020; Pal et al., 2021; Kumar et al., 2022). Out of the total

presence locations, only n = 220 spatially independent occurrence

records of KMD were used in performing distribution modelling of

the KMD in theWestern Himalayas. We have used 1×1 km grid size

(home range) as criteria for retaining the spatially independent

occurrence records of musk deer (Singh et al., 2018). The SDM

toolbox in ArcGIS 10.9 was used for testing special autocorrelation

among the locations.

2.2.2 Data preparation
We used habitat variables considering the ecological needs and

behaviour of the species. These variables were classified into four

categories (bioclimatic, topographic, LULC and anthropogenic) for

mapping the suitable habitats of the KMD (Sharief et al., 2023). We

extracted 19 bioclimatic variables from World Clim Ver. 2

(www.worldclim.org) with ~1 km spatial resolution (Hijmans

et al., 2005). The LULC for 2010 and 2020 was classified using

the MODIS (Moderate Resolution Imaging Spectroradiometer)

Land Cover Type Product (MCD12Q1) version 6 with a 500-m
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resolution (https://earthexplorer.usgs.gov). After reclassifying the

MODIS data, we classified the landscape into 11 different land use

and land covers. The raster images were generated for all the

landuse landcover classes available for the study extent using

ArcGIS 10.9. The topographic predictors (elevation, slope and

aspect) were generated by using the Shuttle Radar Topographic

Mission image downloaded from Earth Explorer (https://

earthexplorer.usgs.gov). The study species is susceptible to

anthropogenic disturbances hence to understand the impact of we

used the global human footprint data (downloaded from SEDAC,

NASA; https://sedac.ciesin.columbia.edu). Similarly we used the

linear features, such as road and water, downloaded from DivaGis

(www.diva.gis.org). We rescaled all the predictors at 30 arcsecs

spatial resolution using the spatial-analyst tool of ArcGIS 10.9. The

collinearity among the predictor variables was removed using the

Pearson correlation test, and the variables with a value higher than

0.8 (rs>0.8) were not dropped from the analysis (Supplementary

Figure 1; Warren et al., 2010). Finally, only 18 spatially independent

variables were retained for modelling the habitat suitability of the

KMD (Supplementary Table 1).

2.2.3 Landuse future simulation
The future LULC was simulated using the MOLUSCE plugin of

QGIS (ver: 2.8.9) by following the cellular automata (CA) model

(NEXTGIS, 2017). The acquired LULC data for 2010 and 2020 was

used for simulating the future landscape for 2030 using the spatial

transition matrix (Liping et al., 2018; Chatterjee et al., 2022). We

used the transition probability matrix and the variables responsible

for the transition to simulate the LULC of 2030 based on past

patterns of LULC changes. (Ullah et al., 2019; Chatterjee et al.,

2022). The transition probability matrix was calculated using the

artificial neural network analysis of LULC data from 2010 and 2020

(Chatterjee et al., 2022). Further, we considered elevation, aspect,
FIGURE 1

Study area map with presence locations of Kashmir musk deer.
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distance to road, topographic roughness index, topographic wetness

index, surface temperature and human footprint as dependent

variables for computing the transition matrix (Chatterjee et al.,

2022). The sampling mode was random, and the neighbourhood

pixels for the analysis were kept at nine cells with 1,000 iterations.

The accuracy of the model was tested using Cohen’s kappa (k)

following our previous study by Chatterjee et al. (2022).

2.2.4 Model building
The SDMs are commonly used to model species–environment

relationships and forecast species spatial distributions (Guisan and

Zimmermann, 2000; Gusian and Thuiller, 2005; Hijmans et al., 2005;

Elith et al., 2006; Hijmans and Elith, 2014; Bagaria et al., 2020; Dutta

et al., 2022). However, current progress in advanced computing

algorithms with varying ensemble procedures producing more

reliable habitat suitability maps (Araújo and New, 2007; Buisson

et al., 2010; Kindt, 2018). Hence, we implemented ensemble

modelling in the R package (‘biomod2’) (Thuiller et al., 2009;

Thuiller et al., 2016) for the distribution modelling of KMD in the

Western Himalayas. All eight modelling algorithms for performing

species distribution modelling in ‘biomode2’ of the R package were

used for selecting the best model. We split the presence location data

into 80% as training and the remaining 20% for testing the model

with ten repetitions. In addition, we followed Zuo et al. (2021) for

better distribution output and to minimise spatial deviation. We

randomly selected 1000 pseudoabsence points, and this process was

repeated twice for model building. The Receivers Operating Curve

(ROC) and True Skill Statistic (TSS) scores were used to understand

the model performance and used the best-performing models for

ensemble model building (Elith and Leathwick, 2009; Mukherjee

et al., 2020; Chatterjee et al., 2022; Dutta et al., 2022). The variable

importance scores of the models were obtained in-built function of

the ‘biomod2’ package. The mean values of variable importance

scores produced by the best model for the final ensemble model

based on a TSS threshold were calculated (Allouche et al., 2006). The

probability distribution surfaces were later converted into a binary

where 0 value was ‘absence’ and 1 was ‘presence’ and considered the

cut-off value as a threshold. We classified the probabilities above the

threshold value as suitable habitat; otherwise non-suitable, and the

same was used for the future scenario of species distribution (Bagaria

et al., 2020).

2.2.5 Landscape dynamics and habitat
configuration analysis

Studies have brought out that habitat fragmentation can lead to

a decline in abundance as well fitness of species in an impacted area

(Kruess and Tscharntke, 1994). Therefore, the predicted probability

surfaces were used for evaluating the fragmentation intensity and

habitat patch placement in the mapped suitable habitats of KMD in

the Western Himalayas. To understand the landscape

configuration, we calculated the landscape metric and assessed the

changes over study decades using FRAGSTATS version 4.2.1

(McGarigal, 2015). We calculated the total area (TA), number of

patches (NP), Patch density (PD), largest patch index (LPI) and
Frontiers in Ecology and Evolution 04
aggregation index (AI), which are used to understand the

fragmentation intensity temporally (Bagaria et al., 2020;

Mukherjee et al., 2021; Chatterjee et al., 2022). Further, the zonal

statistics was calculated to quantify the available proportion of the

KMD habitat distributed within the Protected Areas (PA)

boundaries using ArcGIS 10.9 software. The KMD habitat falling

under the PA boundaries was assessed using the percentage

coverage of the KMD habitat area under each PA of the Western

Himalayas to understand the PA representativeness in the present

and future.
3 Results

3.1 Future simulated landscape

The simulated future LULC for 2030 has 82% overall accuracy

(kappa = 0.82) in the trainingmodel and the projectedmodel with 93%

accuracy (kappa = 0.93). The multi-temporal scenarios comparison

revealed the highest decline between 2010 and 2020 in the croplands

(−5,501.7 km2), followed by barren areas (−4,037.51 km2), grasslands

(−180.31 km2) and shrublands (−44.22 km2). In contrast, the highest

gain was found in savannas (5,148.16 km2), followed by snow

(2,430.15 km2) and mixed forest (1,456.89 km2) (Table 1). However,

between 2020 and 2030 all the land use classes except savanna

(6,822.71 km2), mixed forest (162 km2) and barren area (1.29 km2)

declined in the future scenario. We found the highest decrease in

evergreen needle forests (−2,328.2 km2), followed by grasslands

(−2,188.9 km2) and croplands (−1,448.3 km2) (Table 1). The

transition probability matrix suggests the highest conversion of

shrubland (SLND) into grassland (GLND) (0.41), cropland (CLND)

to Savana (SA) (0.21) and evergreen needle leaf (ENF) and broad leaf

forests (BF) to mixed forests (MF) (0.11). However, in 2030 built-up

(BU), ENF and BF will get converted into SA with values equal to 0.62,

0.39 and 0.16, respectively (Supplementary Table 2).
3.2 Species distribution modelling

3.2.1 Model performance
The ensemble model of the KMD was selected using the TSS

values greater than 0.80 (Supplementary Figure 2). Out of eight

modelling algorithms used for building ensemble models, the best-

performing models were RF, MARS, GBM, and GAM, respectively.

The TSS value (0.86) was the highest for the RF model among all the

modelling algorithms (Supplementary Figure 2). The TSS weighted

mean value of the ensemble model was equal to 0.83, which depicts

the best performance of all the participating models used for

mapping the suitable habitats of KMD. The response curves of all

the models used for developing the ensemble model are provided in

Supplementary Figures 3–6. The variable importance values depict

that bio19 and elevation are the top contributing factors governing

the distribution of KMD.
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3.2.2 Present and future suitable habitat of KMD
The KMD is predicted to occupy a narrow belt of high-altitude

ranges of the Western Himalayas (Figure 2). The present study

revealed that out of 324,666 km2, only 20,690 km2 (6.97%) is the

suitable habitat (Table 2). Our results revealed that out of the total

suitable habitat (20,690 km2), 9,921 km2 is low suitable, 6,118 km2

medium suitable and 4,650 high suitable area for KMD (Table 2,

Figure 2). However, in a future scenario, 22,701.47 km2 is the

suitable habitat of KMD in the western Himalayas covering

10,503 km2 as low suitable areas, 7,104 km2 medium suitable area

and 5,094 km2 high suitable area (Table 2, Figure 2). Approximately

2,722 km2 will become available for the species in 2030 (Table 2,

Figure 3). Furthermore 711 km2 will be lost in 2030, out of which

77 km2 falls inside the protected areas and 634 km2 outside the
Frontiers in Ecology and Evolution 05
protected areas (Table 2, Figure 3). Two variables were found to be

the most significant among all 18 participatory variables for the

distribution of KMD: the precipitation of the coldest quarter (bio19)

and elevation, with variable importance of 0.26 and 0.11,

respectively (Figure 4). These variables were identified as the most

critical factors positively influencing the distribution of KMD in the

Western Himalayas. Furthermore, mixed forests and snow were the

most significant contributors among the land cover type predictors

for determining the distribution of KMD (Figure 4).

3.2.3 Protected area representation
Only around 22.6% of the total KMD habitat is distributed

within the PA network, which is projected to decrease to 10.8% by

2030 in the future scenario (Table 2). Additionally, the future
FIGURE 2

Predicted suitable habitat of Kashmir musk deer at present and in future scenario 2030.
TABLE 1 Land use pattern over the past, present and future scenarios.

LULC

Area (km2) D (km2) Area (%) D (%)

2010 2020 2030 2010–2020 2020–2030 2010 2020 2030 2010–2020 2020–2030

ENF 5620.84 5891.52 3563.3 270.68 −2328.2 1.70 1.78 1.08 0.08 −0.70

BF 1397.43 1647.72 1361.4 250.29 −286.35 0.42 0.50 0.41 0.07 −0.08

MF 11301.8 12758.7 12921 1456.89 162.71 3.42 3.87 3.92 0.44 0.04

SLND 273.48 229.26 223.25 −44.22 −6.01 0.08 0.06 0.06 −0.01 −0.001

SA 53711 58859.2 65682 5148.16 6822.71 16.30 17.86 19.93 1.56 2.07

GLND 56021.8 55841.5 53653 −180.31 −2188.9 17.00 16.94 16.28 −0.05 −0.66

WLND 1187.92 1343.12 1155.7 155.2 −187.4 0.36 0.40 0.35 0.04 −0.05

CLND 23706.9 18205.6 16757 −5501.27 −1448.3 7.19 5.52 5.08 −1.66 −0.43

BU 702.58 754.53 280.34 51.95 −474.18 0.21 0.22 0.08 0.01 −0.14

SN 21070.7 23500.8 23433 2430.15 −67.4 6.39 7.13 7.11 0.73 −0.02

BA 154506 150468 150469 −4037.51 1.29 46.89 45.66 45.66 −1.22 0.0004
LULC, Landuse landcover classes; ENF, evergreen needle leaf forest; BF, broadleaf forest; MF, mixed forest; SLND, shrubland; SA, Savana; GLND, grassland; WLND, wetland; CLND, cropland;
BU, builtup; SN, snow; BA, barren area.
Classification accuracy: ANN training Cohen’ s k = 0.82; Prediction Cohen’ s k = 0.93.
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simulated habitat loss for KMD is expected to occur mainly outside

the PA network. Our results also indicate that, in the present

scenario, the Valley of Flowers Wildlife Sanctuary (WLS)

(m = 0.82) and Govind Pashu Vihar (m = 0.76) have the highest

mean suitability, while Askot Musk Deer Wildlife Sanctuary (WLS)

(m = 0.01) has the lowest mean suitability. However, in the future

scenario, the Valley of Flowers WLS (m = 0.84) is expected to have

the highest proportion of its habitat, followed by Kedarnath WLS

(m = 0.79) and Nargu WLS (m = 0.005), which exhibited the lowest

mean suitability (Figure 5).
3.2.4 Landscape configuration
We observed changes in the landscape dynamics over three

decades with decreased levels of fragmentation in the suitable

habitat of the KMD. The decline in the suitable patch numbers

indicates reduced fragmentation in the habitat of the species in the

study landscape by 2030 (Table 3; Figure 6). Moreover, an increase

in the aggregation index and the largest patch index was also

observed in the future scenario (Figure 6). The landscape

configuration matrices of the suitable habitat of KMD show an

increasing trend in the future scenario (Table 3, Figure 6).
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4 Discussion

Land use change has altered the landscape configuration of all

the ecosystems, which has resulted in a wholesale replacement and

fragmentation of habitats in the Himalayas (Penjor, 2022). In the

Himalayan region, habitat fragmentation and degradation because

of LULC change, agriculture expansion, industrialisation, and

untenable utilisation of natural resources are the primary threats

biodiversity faces (Pandit et al., 2007; Chandra et al., 2020; Dutta

et al., 2022). The habitat utilisation patterns of a species can hint

about the environment they are best adapted for; hence, it is

pertinent to evaluate the LULC changes and examine the species’

habitat requirements to make relevant conservation strategies.

Therefore, we simulated the future landscape and predicted the

present as well as the future distribution ranges of KMD through

ensemble modelling for identifying the ecological requirements of

the species and its responses to LULC change. The future simulated

LULC scrutiny revealed that the croplands (5,501.7 km2) followed

by barren areas (4,037.51 km2) had shown a significant decline,

whereas the mixed forests have increased (1,456.89 km2).

The results of this study are consistent with previous research

conducted by Singh et al. (2018, 2020), indicating that KMD prefers
FIGURE 3

Predicted habitat change of Kashmir musk deer in and outside the protected areas.
TABLE 2 Suitable habitat of KMD in present and future scenario and estimated habitat change in and outside protected areas (estimations are in km2).

Scenario Suitable habitat (km2) Unsuitable habitat (km2) Habitat loss (km2) Habitat gain (km2)

Present 20,690 303,976 - -

Future 22,701.5 301,964 711 2,722

Suitability inside PAs

Present 4,726 9,911 - -

Future 5,140 9,497 77 490
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mixed forests dominated by Himalayan birch, Himalayan fir, and

blue pine tree species. At present, only 20,690 km2 (6.97%) of the

western Himalayas is deemed suitable for KMD, with a marginal

increase of 2,722 km2 projected by 2030 (Table 2). The majority of

the suitable habitats will be located in Jammu and Kashmir, with

only a few patches in Himachal Pradesh (Figure 3). However,

suitable habitats in Uttarakhand will remain unchanged in the

future scenario (Figure 3). Additionally, the ensemble modelling

predicts a loss of 711 km2 in 2030, with 77 km2 falling inside the

PAs and 634 km2 outside the PAs. Future LULC simulations

support the results of the ensemble modelling, indicating an

increase in mixed forests in the future scenario.

Additionally, the transition probability matrix indicates that

SLND was converted to grassland while ENF & BF were converted

to MF, as presented in Supplementary Table 2. These results suggest
Frontiers in Ecology and Evolution 07
that an increase in grasslands and mixed forests within the

landscape could provide more feeding habitats and suitable areas

for the species in future scenarios. This finding is consistent with the

study of Shrestha and Meng (2014), which identified mixed forests

as the preferred habitat for musk deer. This is likely due to the

territorial nature of musk deer, which leads them to occupy forests

that provide shelter, canopy cover to avoid predation and space for

latrine sites.

In addition, the mountain ecosystem’s vegetation composition

is largely influenced by precipitation and altitude, as demonstrated

in studies by Salick et al. (2014) and Zuo et al. (2021). The present

study found that precipitation of the coldest quarter (bio19) and

elevation were the primary variables positively influencing the

distribution of KMD in the Western Himalayas (Figure 4). This

positive association with precipitation is consistent with the limiting
FIGURE 5

Mean suitability of protected areas in the present and future land use land cover change scenarios.
FIGURE 4

Variable importance of predictors used in predicting the habitat suitability of Kashmir musk deer.
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factor for vegetation growth, which is the availability of moisture

during the pre-monsoon season (Singh et al., 2020). Moreover, the

predicted KMD distribution range of 2,500–4,500 m suggests that

KMD prefers to inhabit higher elevations. This preference may be

due to the species’ sensitivity to anthropogenic disturbances, as

KMD may seek to avoid human activity by inhabiting areas less

accessible to humans. Previous studies have also reported a

distribution range for musk deer between 2,500 and 4,200 m

(Sathyakumar, 1994; Vinod & Sathyakumar, 1999; Subedi et al.,

2012; Ilyas, 2014).

Of the land cover variables, mixed forests were found to be the

most influential factor positively determining the distribution of

KMD. This finding is in agreement with observations by Singh et al.

(2018), who suggest that the canopy cover of mixed forests provides

shade and allows the faecal pungency to remain intact for longer,

enhancing effect ive terri torial marking and chemical

communication. Snow was also found to be a significant factor

governing the distribution of KMD in the study area. KMD is well

adapted to high-altitude environments, which typically have low

temperatures, and this may be due to the species’ pneumatic hair,

which acts as insulation against the cold (Green, 1985; Futuyma &

Moreno, 1988; Kattel, 1993).

In the current scenario, Valley of Flowers, Govind Pashu Vihar,

and Kedarnath WLS offer much of the suitable habitats for KMD

among the 34 protected areas. However, Kedarnath WLS is
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expected to become the most suitable after Valley of Flowers

WLS in the future (Figure 5). This is because these protected

areas are already under protection and offer more suitable areas

for the species hence are important for KMD population viability in

the Himalayas.

Habitat configuration analysis indicates decline in the number

of patches in the simulated future land use change scenario.

Furthermore, we also noticed an increase in the aggregation index

by 2030 which suggests that the small patches are aggregating to

form larger patches, ultimately resulting in the decline of patch

number (Table 2, Figure 6). Our results are supported by the

observations of Mukherjee et al. (2021), which suggests the

Western Himalayas may show a decline in the patches density as

well as fragmentation in the future scenario. Furthermore, the

landscape configuration of the suitable habitats within protected

areas remained unchanged in the future land use change scenario

suggesting better management of suitable habitats within protected

areas. Notably, the KMD populations decline is largely attributed to

illegal hunting, anthropogenic pressure such as Non-Timber Forest

Produce collection, habitat degradation and climate change

(Khadka et al., 2017; Singh et al., 2018; Singh et al., 2020).

Therefore, the conservation of KMD is critical since it plays a

vital role in regulating the vegetation composition and sustaining

ecosystem integrity (Green et al., 1987a; Green et al.,1987b). The

suitable habitats of KMD in the current and future scenarios may
FIGURE 6

Graphs depicting landscape configuration matrices of KMD in the western Himalayas.
TABLE 3 Landscape configuration metrics of suitable habitats in the present and future scenario.

Scenario PLAND () NP PD LPI ED AI

Present 6.37 755 0.0023 3.79 0.61 89.19

Future 6.99 721 0.0022 4.01 0.63 89.75
PLAND, percentage of land; NP, number of patches; PD, patch density; LPI, largest patch index; ED, edge density; AI, aggregation index.
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aid managers and other stakeholders in taking informed

management actions. This will be valuable in identifying and

prioritising areas which can meet their ecological needs of the

KMD in the future land use change scenario.
5 Conclusion

Our findings insinuate that the KMD suitable habitats may get

reduced and shifted to new areas. The predicted suitable habitat

gain is more than the loss of suitable areas in 2030 (Table 1,

Figure 3). In the future land use change scenario, a significant

portion of the KMD’s suitable habitats in Uttarakhand is predicted

to be lost, while new suitable habitats are expected to emerge in

Jammu and Kashmir, followed by Himachal Pradesh states

(Figure 3). The shift to new areas may negatively affect the

population viability of KMD, especially given that the majority of

suitable habitats are not protected, and the existing protected areas

in the Western Himalayas are insufficient for protecting the

endangered species. Thus, it is imperative to bring suitable

habitats located in close vicinity to the existing PAs into the

protected area network for effective protection and conservation

planning. The findings of our study on the anticipated impacts of

land use change on KMD can inform decision-making related to the

implementation of habitat management activities

Although KMD is a conservation-dependent species, very little is

known about its ecological aspects, such as population, habitat and

behavioural ecology, which is vital for its long term conservation.

Therefore, further research is urgently needed to estimate the

population of KMD in its entire distribution range and determine

its current status. Furthermore, the population of KMD is

threatened due to poaching for musk pods, unsustainable livestock

grazing, habitat destruction and climate change (Hu and Jiang, 2011;

Nandy et al., 2020; Singh et al., 2020). Hence, for KMD’s long-term

viability species conservation action plan for its entire distribution

range should be the top priority. Finally, it is noteworthy that most

of the threats to KMD are anthropogenic; an integrated conservation

program comprising awareness among local people through

capacity-building programmes, involvement of local communities,

and habitat management seems to be an exigency.
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