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The populations of globally significant species in the Himalaya are invariably 
shrinking due to multiple forms of human manipulation. Over the decades, various 
species’ natural habitats have been influenced by changing climate patterns, 
and the trends are consistently increasing, which is an issue of concern. The 
Hippophae rhamnoides ssp. turkestanica Rousi is a critical species native to the 
Himalaya, belonging to the Elaeagnaceae family. It is widely known for its significant 
ecological, economic, and social benefits. There is a great need to conserve this 
species in the cold desert region to improve the livelihood and socioeconomic 
status of tribal communities. Therefore, the current study aims to assess the 
population status and predict highly suitable areas for Trans-Himalaya species 
under changing climatic conditions. The machine learning algorithm showed 
that Bio_6 (minimum temperature of the coldest month), elevation, and slope 
were the best suitable variables for the habitat prediction along with the CMIP6 
project’s MIROC6 and CMCC-ESM2 climate change models to identify the potential 
distribution area of the species for the future under the SSP245 (middle of the 
way) and SSP585 (fossil-fueled development) scenarios, respectively. The result 
found that a 2.20% (4,028 km2) area is highly suitable for the species’ occurrence. 
The potential suitability areas of the species are predicted to expand along the 
boundary of the present distribution areas at the pace of climatic change. The 
current study findings will help to determine the species resource reserve in 
the Trans-Himalaya. The predicted distribution maps of the species would help 
policymakers and decision-makers design appropriate management and sustainable 
utilization approaches in the near future.
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1 Introduction

The population and habitat of medicinal plants in the Himalaya 
are consistently decreasing due to various anthropic factors. Plants 
have been used for various therapeutic purposes since ancient times 
(Grover et  al., 2002). Indigenous peoples worldwide have a long 
history of using medicinal plants and their derived products for daily 
use. In the current scenario, natural supplements of plants or their 
substitutes as synthetic medicines have acquired great attention 
among the people (Wyk and Wink, 2018). India is one of the largest 
exporters of unprocessed herbal drugs worldwide. The Himalayan 
region is known for its vast reserves of medicinal plants due to their 
promising conditions (Kumar et al., 2024). However, in the present 
scenario, the demand for transporting raw materials has accelerated, 
and people are doing it for business. As a result, illegal logging and 
unscientific harvesting of medicinal plants are increasing in the wild 
(Badola and Aitken, 2003). People harvest the plants on a large scale 
from the wild rather than cultivating them (Samant et al., 1998; Kumar 
et al., 2021). Therefore, the most significant species are fighting for 
survival and have reached the verge of extinction. Hence, monitoring 
the status and habitat of the important plants is very crucial for 
maintaining the hot spot legacy of the Himalayan region (Kumar et 
al., 2023). The existence and habitat of medicinal plants encounter 
severe challenges, which need to be conserved, and machine learning 
techniques known as ecological niche modeling would be significant 
tools for mapping the niche suitability of the species (Figure  1) 
(Kumar, 2023). In this context, species distribution modeling of the 
Hippophae rhamnoides ssp. turkestanica was performed using a 
machine learning algorithm. This species is native to the Himalaya 
region and belongs to the Elaeagnaceae family. It is widely known as 
a lifeline for tribal communities, following various usages, such as 
medicinal, commercial, and livelihood purposes (Figure 2).

In addition, H. rhamnoides ssp. turkestanica is commonly known 
as “Seabuckthorn” an ancient, multipurpose shrub with exceptional 
tolerance to varied temperature conditions and considerable genetic 
variety. The species is distributed in Afghanistan, Mongolia, 
Tadzhikistan, China, Tibet, Trans, and the North Western Himalayan 
Indian Himalayan Region (IHR) between an altitudinal range of 2,500–
4,100 m amsl. Fruits are particularly significant as a rich source of 
vitamins A, B1, B2, B5, C, E, K, P, and others. Various researchers have 
documented that its ecological, agricultural, nutritional, medicinal, 
fuel, fodder, ornamental qualities, and antioxidant properties are well 
known to cure multiple diseases (Singh et al., 2003; Chaurasia et al., 
2008; Singh, 2008; Paul, 2021). Food items made from fruit processing, 
such as syrup, carbonated juice, beer, sweet wine, tea, jam, and jelly, are 
in high demand both domestically and abroad (Singh et al., 2012). 
Besides, these plants have aphrodisiac properties and are also used for 
treating lung infection (Kala, 2005). Previous studies showed that 
H. rhamnoides ssp. turkestanica is vulnerable in the Cold Desert area 
of the IHR (Ved et al., 2003; Kala, 2005; Singh et al., 2022).

The earlier study also revealed that the consequential species of the 
Himalayan region are facing several obstacles due to the changing 
environmental conditions of the mountain region, and these obstacles 
need to be  addressed promptly; otherwise, the population of these 
species will become extinct if proper action is not taken earnestly (Kattel, 
2022). ENM, also known as habitat distribution, species distribution, 
and climate envelope modeling, are alternative names for comparable 
correlative or mechanistic modeling in which field observations have 
been linked to environmental predictor factors based on statistically or 
theoretically determined response surfaces (Guisan and Thuiller, 2005; 
Sillero, 2011) (Figure 1). A prevalent paradigm in broad-scale ecology 
and biogeography uses correlational modeling techniques with known 
species occurrences (Barve et al., 2011). For ENM, many algorithms are 
available, and these can also be differentiated by the requirements for 

FIGURE 1

Overview of species distribution patterns through the ecological niche model.
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data input (Qiao et al., 2019). Among these algorithms, the maximum 
entropy (MaxEnt) algorithm is one of the best suitable models for habitat 
niche modeling; it considers presence-only data, and with very low 
sample sizes, it typically induces good results: 13 records for generalist 
species and three for specialist species (van Proosdij et al., 2016; Ray 
et al., 2018; Sillero et al., 2021). Therefore, the MaxEnt algorithm for 
identifying suitable areas has been performed in the current study.

Climate change in the 20th century has already directly impacted 
the geographical distribution of many species (Beaumont et al., 2008). 
In such a way, the trends of species shifting along with climate change 
are continuing and increasing, and in the 21st century, it has reached 
the threshold capacity (Chapin et al., 2004). However, species respond 
for survival and adapt to biotic and physical surroundings under 
changing climatic conditions (Byrne et  al., 2008; Stigall, 2008; 
Crawford, 2008; Tattersall et al., 2012). These days, rapid changes in 
climate, habitat, and the species’ adaptably responses to environmental 
factors have reached beyond their capacity to survive; consequently, the 
population has reached its marginal scale (Thompson et al., 2009; Roy 
et al., 2024). Therefore, ENM is often used to estimate the possible 
impact of climate change on species ranges. Therefore, we gathered 
Coupled Model Intercomparison Project Phase 6 (CMIP6) future 
climate data under two Shared Socioeconomic Pathways (SSPs) from 
the www.worldclim.org website from 2081 to 2100. Shared Socio-
economic Pathways (SSPs) are a set of concepts for how society will 
progress in the 21st century and how the global environment will 
change. Every SSP includes quantitative information derived from 
integrated assessment, demographic, and socioeconomic models to 
estimate future socioeconomic growth (O’Neill et al., 2016; Kishore 
et al., 2024). SSP245 is the medium pathway of future greenhouse gas 
emissions, an update of scenario RCP4.5, with an additional radiative 
forcing of 4.5 W/m2 by the year 2100. This scenario is predicated on the 
assumption that climate protection measures are being implemented. 
The SSP585 scenario represents the highest end of the range of future 

paths and updates the RCP8.5 pathway with an increased radiative 
forcing of 8.5 W/m2 by the year 2100. This scenario shows a 
development path dominated by fossil fuels, which is linked to high 
levels of greenhouse gas emissions (Riahi et al., 2017; Böttinger and 
Kasang, 2021). However, Lal and Samant (2017) and He et al. (2023) 
have tried to estimate the ENM of H. rhamnoides ssp. turkestanica in 
the cold desert region, but the future habitat suitability across all the 
Trans-Himalayan still needs to be  explored. For this instance, the 
ecological niche modeling of H. rhamnoides ssp. turkestanica was 
performed. The tribal people of the cold desert region of the Trans-
Himalayan region widely use this species for multiple purposes. It is 
essential to comprehend this species’ status adaptation and future 
distribution range by the pace of changing environmental conditions 
across the Himalaya. It would help to conserve the status of this species. 
In the literature, multiple research papers have been published on 
species distribution modeling. However, no frequent study and 
conservation status have been documented in H. rhamnoides ssp. 
turkestanica across Trans-Himalayan region (Tamchos and Dorjey, 
2024). Therefore, predicting species distributions under historic and 
changing climatic conditions by ecological niche modeling (ENM), and 
identifying the current population status of the species, is necessary for 
species conservation, restoration of habitats, and anticipation of future 
consequences. The study will aid in understanding population status, 
environmental factors conducive to the species’ presence, and area 
change (reduction/expansion) as climatic conditions change.

2 Materials and methodology

2.1 Population assessment

The present research on the quantitative assessment of the 
populations of H. rhamnoides ssp. turkestanica was carried out in the 

FIGURE 2

Seabuckthorn plant with fruits and the marginal agricultural land habitat of the species.
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Changthang landscape (Changthang Cold Desert Wildlife Sanctuary, 
Rong Valley, and Gya-Meru region), Ladakh, India. The topography of 
the landscape is formed of deep gorges and vast plateaus. The climate 
of Changthang is poor and unpredictable. The summers are warm but 
short, and thunderstorms can occur at any time of year, often with hail. 
The winters are cold and Arctic-like, despite the latitude, due to the 
high elevation (Dolkar et al., 2018) (Figure 3).

2.2 Sampling methods

The habitats/sites supporting H. rhamnoides ssp. turkestanica 
across the Changthang landscape was selected to assess populations 
during 2019–2020. Habitats were identified based on physical features. 
The geo-reference of each population was obtained with the help of a 
hand-held Global Positioning System (Garmin Montana 650). For 
assessing the vegetation in each site and habitat, a 20 × 20 m plot was 
selected, and 10 quadrats of 5 × 5 m for shrubs and 20 quadrats of 
1 × 1 m for herbs were randomly laid. Standard ecological methods 
were followed to collect and analyze the data (Curtis and McIntosh, 
1950; Mueller-Dombois et al., 1974; Rana et al., 2011; Arya and Samant, 
2016; Sharma and Samant, 2019). Plants were identified with the help 
of local floras (Chaurasia et al., 2008; Dvorský et al., 2018). In each 
quadrat, the number of individuals of each species was noted. Species 

richness (the number of species present in any specific area), density, 
frequency, and relative density of species have been calculated by 
following (Dhar et al., 1997; Joshi and Samant, 2004; Shukla et al., 2021).

2.3 Ecological niche modeling

For the species distribution modeling, the entire natural habitat of 
the species was evaluated. The present study has tried to cover the 
Trans-Himalayan region. During field data species assessment, most of 
the locations and habitats of H. rhamnoides ssp. turkestanica was 
present in cold desert regions such as Ladakh Union Territory, Lahaul 
and Spiti district, and Poh tehsil of Kinnaur district in Himachal 
Pradesh, which covers an area of ⁓1,54,000  km2, respectively. The 
specific secondary distribution habitat and location of H. rhamnoides 
ssp. turkestanica have been collected from two important sources 
(GBIF, 2024) and iNaturalist1 data in the GeoCAT web portal.2 Other 
sources in scientific academia, such as Google Scholar and published 
and unpublished data records, were also considered in the current study.

1 https://www.inaturalist.org/

2 https://geocat.iucnredlist.org/

FIGURE 3

Map shows studied populations of H. rhamnoides ssp. turkestanica in Changthang.
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2.4 Species occurrence data

A total of 130 (08 primary and 122 secondary) occurrence points 
of H. rhamnoides ssp. turkestanica were gathered from primary and 
secondary sources (GBIF, 2024; Singh et al., 2011). Spatial bias arises 
because occurrence records are usually gathered in easily accessible, 
roadside, and well-liked study locations. We understand that sampling 
biases might cause data to be misinterpreted. Therefore, to eliminate 
sampling bias and remove duplicate points, the Geodesic Point 
Decimate tool in QGIS Desktop 3.28.1 was used to spatially thin the 
130 occurrence points. Only 88 data points were left after spatial 
thinning at a 5 km distance, and these 88 points were finally used for 
niche modeling. The gathered occurrence points were converted into 
a Keyhole Markup Language Zipped (KMZ) file using ArcGIS 9.2 and 
uploaded into Google Earth, and illogical points were eliminated.

2.5 Environmental variables

The Digital Elevation Model (DEM) and the present (19 
bioclimatic variables) and future climate data at the resolution of 30 
arc-seconds (~1 km2) were obtained from the www.Worldclim.org 
website (Fick and Hijmans, 2017). For future climate data, we used 
two global climate models (GCMs), i.e., Model for Interdisciplinary 
Research on Climate-Sixth version (MIROC6) and Centro Euro-
Mediterraneo sui Cambiamenti Climatici-Earth System Model 
Version 2 (CMCC-ESM2), under two SSPs, i.e., fossil-fueled 
development (SSP585) and optimistic (SSP245) climate scenarios, for 
the 2081–2,100 period. Earlier studies have demonstrated that these 
GCMs are most frequently applied in South Asia and exhibit the best 
performance in the Indian monsoon region (Bisht et al., 2016; Sun 
et al., 2021; Vinod and Agilan, 2024).

Data on slope and aspect were obtained from DEM using ArcGIS 
9.2. Soil data (30 arc-seconds) were obtained from the FAO soil 
portal,3 Global Human Footprint (Geographic) v2 (1995 – 2004) 
(hfootp_geo) from the websites of Socioeconomic Data and 
Applications Center4 and World-Direct Normal Irradiation (DNI) GIS 
Data from the ENERGYDATA.INFO website,5 and Global land cover 
(300 m) from the European Space Agency GlobCover Portal (Arino 
et al., 2012).

Using the nearest neighbor interpolation approach in ArcGIS 9.2, 
land cover, soil, human footprint, and DNI data were resampled to the 
bioclimatic variables’ resolution (30 arc-seconds). Finally, all these 
variables have been clipped to the Trans-Himalayan region’s shapefile 
and converted to MaxEnt-compatible ^ASCII format using ArcGIS 
9.2. Under climate change, no gap vegetation projections were 
available, and we considered the vegetation to be unchanged over this 
period. Because topographical data (slope, aspect, and elevation) were 
considered stationary, the same data were utilized in future datasets 
(Paul and Samant, 2023; Paul et al., 2023).

Autocorrelation between environmental variables can lead to 
collinearity, overfitting, and inaccurate interpretation of results (Amiri 
et al., 2020). Therefore, the correlation among variables was examined 

3 https://www.fao.org/soils-portal/

4 https://sedac.ciesin.columbia.edu/

5 https://energydata.info/

using the Band Collection Statistics tool in ArcGIS, and the variance 
inflation factor (VIF) was analyzed to see multicollinearity among 
variables. Thirteen environmental variables remained for modeling 
from the 26 selected variables after eliminating the variables with 
cross-correlation values larger than ± 0.80 (Rana et  al., 2022) 
(Figures 4A–E). The finally selected variables were hfootp_geo, DNI, 
land cover, DEM, soil, slope, aspect, Bio_3 [isothermality (BIO2/
BIO7) (×100)], Bio_6 (minimum temperature of coldest month), 
Bio_7 [temperature annual range (BIO5-BIO6)], Bio_8 (mean 
temperature of wettest quarter), Bio_15 [precipitation seasonality 
(coefficient of variation)], and Bio_19 (precipitation of coldest quarter).

2.6 Modeling parameters

To predict distribution maps, the most popular ENM tool is 
MaxEnt (Merow et al., 2013). In the present study, the MaxEnt version 
3.4.4 k algorithm was used for predicting H. rhamnoides ssp. 
turkestanica distribution maps (Steven et al., 2022). To handle the 
model complexity, we applied 10 replicate effects, a cross-validated 
replicate run type, a maximum number of background points of 
10,000, maximum iterations of 2,000, a default prevalence of 0.5, a 
Jackknife test to calculate the variable’s importance, and created 
response curves of each selected variable and threshold rule of 10 
percentile training. To avoid model prediction overfitting, the 
regularization multiplier value of one was utilized by default. Ten 
percent of occurrence records were utilized for testing and 90% for 
model training (López-Martínez et al., 2016).

2.7 Model validation

MaxEnt’s output produced potential present and future 
distribution maps for H. rhamnoides ssp. turkestanica. The model’s 
accuracy was verified with the receiver operating characteristic (ROC) 
curve, True Skill Statistic (TSS), and area under curve (AUC) test 
values. The TSS was calculated by following Allouche et al. (2006). TSS 
values fall between −1 and +1, and values above 0.5 indicate acceptable 
model quality. Based on a 10-percentile training presence threshold 
value of 0.1046, we further divided distribution areas into four groups: 
unsuitable (0.00-threshold value), marginal (0.1046–0.50), moderate 
(0.50–0.75), and highly suitable (0.75–1) (Amiri et al., 2022; Paul and 
Samant, 2024). The shift in range and direction of species expansion 
and decrease have been calculated by subtracting the present predicted 
map from the maps of future distribution under various climate 
scenarios (Veera et al., 2019).

3 Results

3.1 Population assessment

A total of eight natural wild populations of the H. rhamnoides ssp. 
turkestanica has been studied in the riverine and dry slope (four sites, 
each) habitats, west (four sites), east, south, south-east, and north-west 
(one site, each) aspects, between 33°22.944’N and 34°05.998’N 
latitudes and 78°16.609′E and 77°44.618′E longitudes, altitude 3,464–
4,014 m amsl, and slope varied from 5 to 500, in Changthang 

https://doi.org/10.3389/ffgc.2025.1551024
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
http://www.Worldclim.org
http://ENERGYDATA.INFO
https://www.fao.org/soils-portal/
https://sedac.ciesin.columbia.edu/
https://energydata.info/


Paul et al. 10.3389/ffgc.2025.1551024

Frontiers in Forests and Global Change 06 frontiersin.org

Landscape during 2019–2021. The population/habitat characteristics 
and geo-references of the sampled sites have been presented in Table 1.

In the studied H. rhamnoides ssp. turkestanica populations, tree 
richness (number of species) ranged from 0 to 2; shrub richness 
ranged from 2 to 5; herbs richness ranged from 1 to 6; total tree 
density ranged from 0.90 to 2.50 Ind/100 m2; total shrubs density 
ranged from 30 to 61.2 Ind/100 m2; total herb density ranged from 
2.25 to 16.50 Ind m−2; density of H. rhamnoides ssp. turkestanica 
ranged from 10.8 to 47.6 Ind/100 m2; relative density of H. rhamnoides 
ssp. turkestanica ranged from 27.55 to 93.45%; and frequency of 
H. rhamnoides ssp. turkestanica ranged from 50 to 70. Maximum 
density and abundance of H. rhamnoides ssp. turkestanica were 
recorded in the Skidmang population, and the maximum frequency 
and relative density were in the Shara population (Table  2). The 
studied sites did not contain any tree seedlings or saplings.

3.2 Ecological niche modeling

3.2.1 Present distribution
The MaxEnt predicted present distribution model has AUC 

training and test values of 0.927 ± 0.005 and 0.895 ± 0.063, respectively 
(Table 3 and Figure 4A). Among the selected environmental variables, 
bio_6 (minimum temperature of the coldest month) has the highest 
relative contributions and importance to predict the MaxEnt model 
of the H. rhamnoides ssp. turkestanica (Table  3). Bio_6 is the 
environmental variable with the largest gain when utilized alone and 
slope significantly reduces the gain when it is removed, hence these 
two variables are looked to contain the most important information 
as per the Jackknife test (Figure 4B). The predicted response curves 
showed that regions with elevations between 2,300 and 3,600 m amsl 
and minimum temperatures of the coldest month between −16°C and 
−7°C are possibly favorable for the species distribution (Figures 4C,D).

The results of the MaxEnt model indicate that in the Trans-
Himalayan region of India, the highly suitable class covers 4,028 km2 
(2.20%) of the total geographical area for the occurrence of 
H. rhamnoides ssp. turkestanica, the moderate suitability class covers 
5,464 km2 (2.98%), and the marginal suitability class covers 36,244 km2 
(19.76%). In total, 45,736 km2 (24.93%) of the land is appropriate for 
the presence of H. rhamnoides ssp. turkestanica (Tables 4, 5; Figure 5). 
There are highly suitable regions in Pattan, Mayar, Tod, Spiti valleys, 
and Lower areas of Bhaga Valley in Lahaul and Spiti district and 

Chango, Nako, and Hango regions of Kinnaur district in Himachal 
Pradesh; Kidmang to Sanjak in Indus Valley, Shyok and Nubra valley, 
Panikhar, Sankoo, Kargil, and Dras regions, in Ladakh UT; and 
Gorikot, Shrigar, Thagas, Shimshal, and Karimabad regions in Pak 
occupied Kashmir within the altitudinal range of 2,400–3,600 m amsl 
on the floor and lower sides of the valleys (Figure 5).

3.2.2 Future distribution
The TSS, AUC test, and training values for both GCMs (MIROC6 

and CMCC-ESM2) were satisfactory for SSP245 and 585 climatic 
scenarios for the 2081–2,100 periods (Table 3). Based on the climate 
scenarios SSP 245 and SSP 585, the suitable area of H. rhamnoides ssp. 
turkestanica under the CMCC-ESM2 model was 49,802 km2 (28.01%) 
and 48,459  km2 (26.08%), respectively. Under MIROC6, it was 
51,381 km2 (27.15%) and 47,844 km2 (26.41%) for SSP 245 and 585 
climate scenarios, respectively (Tables 4, 5). The highly and moderately 
suitable areas under changing climatic conditions have been predicted 
to decrease in comparison to the predicted current distribution. 
However, the marginal and overall total suitability areas have been 
predicted to increase. In comparison to the current predicted model, 
the CMCC-ESM2 and MIROC6 models have predicted the suitability 
area for H. rhamnoides ssp. turkestanica will expand by 3.08 and 
2.22%, respectively, for the SSP245 climate scenario in the 2081–2100 
period. Similarly, under the SSP 585 scenario, the CMCC-ESM2 and 
MIROC6 models suggest that the total suitable area will expand by 
1.15 and 1.48%, respectively (Tables 4, 5, and Figure 6). The projected 
suitability zones in different classes are represented in Tables 4, 5, and 
Figure 6 for selected SSPs and GCMs (Figure 7).

4 Discussion

Medicinal plants have numerous health benefits for people, 
especially in areas where access to Western treatment is limited. 
Millions of individuals make their income as traditional healers, 
collectors, or marketers of medicinal plants. Both rural and urban 
residents rely heavily on the harvesting and trading medicinal plants 
as a source of revenue. Medicinal species are mostly harvested in an 
unsustainable manner, which could lead to the extinction of many 
populations (Applequist et al., 2020). The Indian Himalayan region is 
home to many priceless medicinal plants mentioned in Ayurvedic 
literature. This region’s diversity of medicinal plants is under a lot of 

TABLE 1 Site characteristics and geo-references of the studied H. rhamnoides ssp. turkestanica populations in Changthang.

Sites Latitude (N) Longitude (E) Slope (°) Altitude (m) Habitat Aspect

Durbuk 34°05.998′ 78°07.214′ 35 3,853 Dry Slope East

Skidmang 33°22.944′ 78°16.609′ 5 4,016 Riverine West

Nurnis 33°25.261′ 78°12.322′ 45 3,995 Dry Slope South West

Near Teri 33°34.342′ 78°07.308′ 40 3,750 Riverine West

Kungyam Dho 33°36.983′ 78°05.190′ 50 3,739 Dry Slope South

Shara 33°46.229′ 77°53.417′ 10 3,575 Dry Slope West

Near Upshi 33°48.696′ 77°48.433′ 50 3,464 Riverine West

Near Lato 33°01.882′ 77°55.292′ 20 3,841 Riverine North West
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stress from climate change, and it may eventually go extinct. The 
alpine ecosystems have changed due to climate change, and the 
current resources of medicinal plants have been negatively impacted 
by phenology pattern alterations, habitat fragmentation, invasion of 
new species, shifting range of distribution, and secondary metabolite 
changes (Kumar et al., 2012; Maikhuri et al., 2018).

The significant ecological, economic, and social advantages of a 
vulnerable plant H. rhamnoides ssp. turkestanica is well-known, and 
it has the potential to significantly improve the socioeconomic 
standing of the tribal communities and green the chilly desert 
region (Singh et al., 2011). In the current study, a total of eight wild 
populations of the species have been studied to check the population 
status, and the probable distribution under current and changing 
climatic conditions has been predicted. Salix alba L. and Populus 
balsamifera L. were associated tree species. Clematis tibetana 
Kuntze, Salix daphnoides Villo., Myricaria squamosa Desv., Rosa 
webbiana Wall. ex Royle, Festuca rubra L., Echinops cornigerus DC., 
Tanacetum gracile Hook.f. & Thomson, Physochlaina praealta 
(Decne.) Miers, and Lancea tibetica Hook.f. & Thomson were major 
associated shrub species. In the studied populations, the selected 
species have been reported from dry and riverine habitats. Habitat 
and aspect-wise, the maximum density of the selected species was 
recorded from the riverine habitat and the west aspect (Skidmang). 
The density of H. rhamnoides ssp. turkestanica has a significant 
negative correlation with slope (r = −0.620, n = 8, and p < 0.01) and 
latitude (r = −0.673, n = 8, and p < 0.01) (Figure 8). This indicates 
that the slope and latitude play an important role in 
species distribution.

Predicted MaxEnt models are evaluated using ROC curves, AUC, 
and TSS values. AUC values are interpreted as follows: 1.0 indicates a 
perfect test, 0.9–0.99 is an excellent test, 0.8–0.89 is a good test, 
0.7–0.79 is a fair test, and 0.51–0.69 is a poor test (Hanley and McNeil, 
1982; Carter et  al., 2016). AUC test values (0.891 ± 0.072 to 
0.900 ± 0.036) and AUC training values (0.927 ± 0.006 to 
0.932 ± 0.003) in the current study fell under excellent and good tests. 
The calculated average TSS value (0.696 ± 0.046) in the current ENM 
was above 0.5, indicating acceptable model quality (Allouche et al., 
2006). The models were found suitable as the ROC curves were 
situated toward the left and top axes and far from the 1:1 line (Pearson, 
2007) (Figure 4A).

Reduction of the high suitability area is seen when the current 
distribution map is subtracted from future distribution maps, but the 
overall total suitability area increases (Tables 4, 5; Figure  7). The 
increase in the total suitability area under optimistic (SSP245) climate 
scenarios was higher than fossil-fueled development (SSP585) 
scenario for the 2081–2100 period, a similar trend was also predicted 
for the H. rhamnoides ssp. turkestanica in China (He et al., 2023). As 
a result of global warming, there will be  more arid and semiarid 
regions (Ramarao et al., 2019), which could potentially be the cause 
of the future growth of suitable habitats for H. rhamnoides ssp. 
turkestanica. In an era of rapid land-use transformations and 
increasing risk of climate change in the Trans-Himalayan highlands 
of Ladakh, 28 invasive wild-growing plants have already been 
reported. Roadsides and agricultural areas are among the sites that 
these invasive species most frequently occupy (Zargar et al., 2025). 
H. rhamnoides ssp. turkestanica is mostly found in the marginal 
agricultural land, and these invasive plants can affect the distribution 
of the species.T
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Based on MaxEnt’s prediction, the distribution of the species was 
most significantly influenced by the minimum temperature of the 
coldest month, suggesting that this species was the most temperature-
sensitive (Figure 4B and Table 3). The minimum temperature of the 

coldest month (bio_6) was also identified as one of the major variables 
in a previous study that predicted the possible distribution map of 
H. rhamnoides ssp. turkestanica in the North Western Himalaya (Lal 
and Samant, 2017).

TABLE 3 H. rhamnoides ssp. turkestanica distribution models’ prediction accuracy.

Global 
climate 
models

Climate 
scenario, 

period

AUC 
training

AUC test TSS value Percent contribution Permutation 
importance

Variable Value Variable Value

Present 0.927 ± 0.005 0.895 ± 0.063

0.696 ± 0.046

Bio_6 53.4 Bio_6 30.2

CMCC-ESM2
SSP245, 2081–2,100 0.932 ± 0.003 0.900 ± 0.036 Bio_6 57.0 DEM 32.8

SSP585, 2081–2,100 0.928 ± 0.004 0.891 ± 0.056 Bio_6 57.2 DEM 28.3

MIROC6
SSP245, 2081–2,100 0.929 ± 0.004 0.898 ± 0.040 Bio_6 61.5 DEM 50.8

SSP585, 2081–2,100 0.927 ± 0.006 0.891 ± 0.072 Bio_6 54.5 DEM 40.9

FIGURE 4

(A) ROC curve, (B) Jackknife evaluation outcomes, (C,D) key variables predicted response curves, and (E) matrix of correlations between variables.

TABLE 4 Potential H. rhamnoides ssp. turkestanica suitability area predicted under climate change scenarios.

Global climate 
models

Period Probability class’s area (Area changed compared to present, km2)

Marginal Moderate Highly Suitable Total Suitable 
area

Present 36,244 5,464 4,028 45,736

CMCC-ESM2
SSP245, 2081–2,100 45,408 (+9,339) 3,101 (−1,282) 1,293 (−2,414) 49,802 (+5,645)

SSP585, 2081–2,100 44,326 (+6,365) 3,169 (−1841) 964 (−2,416) 48,459 (+2,108)

MIROC6
SSP245, 2081–2,100 45,583 (+9,164) 4,182 (−2,363) 1,616 (−2,735) 51,381 (+4,066)

SSP585, 2081–2,100 42,609 (+8,082) 3,623 (−2,295) 1,612 (−3,064) 47,844 (+2,723)
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5 Conclusion and future 
considerations for the species 
conservation

The current study presents the population status and possible 
distribution map of H. rhamnoides ssp. turkestanica in the Trans-
Himalaya, India, under present and changing climatic conditions. 
According to the study’s findings, the species’ distribution will 
be  significantly impacted by the anticipated highly favorable 
locations. Policymakers and decision-makers can use the predicted 
distribution maps to create a suitable management plan for 
cultivating the species using various available propagation 
techniques to ensure the region’s economic growth with the active 
support of local communities and government organizations. 

Earlier studies have highlighted that the overall suitable area of the 
species would be expanded in the Trans-Himalaya due to changing 
climatic conditions, which need to be addressed for conservation 
purposes. The current study emphasizes the species-changing 
patterns and behavior of the habitat due to the pace of climate 
change’s impacts on the population of the significant plant species 
in the unexplored provinces of the IHR. These challenges need to 
be addressed by nature-based solutions. There is an urgent need to 
frame a region-based strategy according to the needs of the cold 
desert region to mitigate the adverse effects of climate change and 
preserve livelihood options in the IHR. However, to tackle these 
challenges, it is necessary to emphasize such a study through 
machine learning algorithms for habitat conservation at the 
individual species level as a cornerstone of climate resilience. 
Biodiversity credit and ecosystem restoration, with their associated 

TABLE 5 Percentage changes in H. rhamnoides ssp. turkestanica suitability areas in different climate scenarios.

Global climate 
models

Period Probability class’s area (Area changed compared to present, %)

Marginal Moderate Highly Suitable Total Suitable 
area

Present 19.76 2.98 2.20 24.93

CMCC-ESM2
SSP245, 2081–2,100 24.85 (+5.09) 2.28 (−0.70) 0.88 (−1.32) 28.01 (+3.08)

SSP585, 2081–2,100 23.23 (+3.47) 1.97 (−1.01) 0.88 (−1.32) 26.08 (+1.15)

MIROC6
SSP245, 2081–2,100 24.75 (+5.01) 1.69 (−1.29) 0.70 (−1.50) 27.15 (+2.22)

SSP585, 2081–2,100 24.16 (+4.40) 1.73 (−1.25) 0.53 (−1.67) 26.41 (+1.48)

FIGURE 5

Distribution of H. rhamnoides ssp. turkestanica and potential suitability map in the Trans-Himalaya.
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FIGURE 7

Effects of climate change on the spatial distribution of H. rhamnoides ssp. turkestanica are derived by subtracting future projections from the present 
predicted model.

FIGURE 6

Future H. rhamnoides ssp. turkestanica distribution under climate change scenarios.
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species and biodiversity finance approach, should be introduced as 
law at the administrative level to prioritize biodiversity, including 
species conservation actions. By doing so, we can protect the hot 
spot legacy and integrity of the Himalaya and save the biodiversity 
for upcoming generations. However, the key roles and 
accountabilities of the people about the importance of the Himalaya 
for the existence of human civilization should also be enlightened 
to the people through awareness and education camps from door 
to door. In addition, proper coordination between local people, 
policy planners, and governments must be emphasized to address 
this risk. Efforts to build climate-resilient ecosystems can 
be sustained if all communities are in a single frame. Therefore, 
global and state delegate administrations should strengthen region-
based mitigation strategies to address ecosystem vulnerability and 
habitat changes of the species across the IHR. It would be  a 
significant way to handle the specific challenges of battling species 
vulnerability in the Himalaya.
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FIGURE 8

Correlation between (A) H. rhamnoides ssp. turkestanica density and slope and (B) density and latitude.
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