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Abstract: One of the biggest dangers to the degradation of biodiversity worldwide is climate change.
Its oscillations in the future could result in potential alterations to species populations and habitat
structure. With Sanjiangyuan District as the study site, an uncrewed aerial vehicle (UAV) was utilized
to investigate the number and location of the bharal (Pseudois nayaur). The Maximum Entropy
model and the Minimum Cumulative Resistance model (MaxEnt-MCR) were coupled to simulate the
distribution of wildlife. On this basis, the future geographical distribution of bharal under different
climate scenarios was simulated, and the ecological corridor and habitat centroid of bharal were
revealed. The results showed that the suitable area of the bharal habitat was 4669 km2, which was
mainly concentrated in the Maduo, Qumalai, and Gonghe counties. The potential distribution of the
species under different future climate scenarios had a decreasing trend. Under the SSP-245 scenario,
the habitat area of bharal in 2030 and 2050 decreased by 25.68 and 44.61% compared with the present
situation and cumulatively decreased by 1199 and 2083 km2, respectively. Under the SSP-585 scenario,
the habitat area of bharal in 2030 and 2050 decreased by 27.5 and 48.44%, with a total reduction of
1284 and 2262 km2, respectively. Furthermore, a complete loss of habitat was predicted in Gonghe
County by 2050. In addition, it was observed that the landscape structure in Sanjiangyuan District
would be more fragmented and complex. The continued climate change will seriously affect the
habitat distribution of this species. Therefore, preventive measures, such as protecting habitat areas
and establishing ecological corridors for bharal, should be implemented in the Sanjiangyuan District.
Such measures should not focus solely on the potential degradation but should also be extended to
include potential distribution areas for future migration.

Keywords: bharal; ecological corridors; climate change; habitat suitability; Sanjiangyuan District

1. Introduction

Climate is an imperative factor affecting biodiversity [1]. Climate change has already
led to the destruction of many wildlife habitats and diversity [2,3]. The inability to adapt
quickly to changes in climatic conditions has led to the extinction of wildlife [4]. Regarding
whether humans satisfy the emission reduction targets, there is a risk of a precipitous
decline in global biodiversity [5,6]. The Sanjiangyuan District is a typical alpine ecosystem
with a high degree of endemism and a wide range of specificities [7]. With the severity of
grass–livestock conflicts [8–10], it is crucial to explore the influence of environmental factors
on the spatial dynamics and evolution of habitats [11]. The bharal (Pseudois nayaur) is a kind
of sheep that mainly lives in China on the Qinghai–Tibet Plateau, Gongga Mountains, and
Helan Mountains [12,13]. Bharal is a large plateau-dwelling herbivore with high coverage
of grass and was listed as non-threatened by the IUCN in 2014 [12]. With the degradation
of plateau ecosystems [8], the habitats of large herbivores are under a serious threat [14,15].

Habitat refers to the critical resources and subsistence environments for species and
communities to survive [2,3]. Human activities, dominated by excessive grazing and
extraction practices, have directly led to environmental deterioration, thus posing a great
threat to the habitat of species [16]. The loss of habitat also makes species migration
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difficult and threatens the conservation and development of biodiversity [17,18]. Species
that are weakly adapted and sensitive to environmental responses are likely to become
extinct [19,20]. The ecosystems in the Sanjiangyuan District are very fragile, showing
extreme sensitivity to climate fluctuations. The habitats of bharal in this district, a typical
representative of large herbivores [21], are seriously threatened. Therefore, it is necessary
to investigate the number and population distribution of bharal [13,22] and analyze the
impact of climate change on the bharal habitat from the perspective of protecting the
species’ habitat and diversity distribution.

At present, the line intercept transect method is mainly adopted for the survey of
wildlife distribution, number, and locations [23]. However, in practice, the line intercept
transect method is prone to duplicate counts due to animal escapes and the influence of
environment and terrain on species [24]. The emergence of uncrewed aerial vehicles (UAVs)
may improve this condition. Uncrewed aerial vehicles (UAVs) show great advantages in the
survey of bharal points because they are not affected by terrain and have little disturbance,
which provides a new means for wildlife surveys [25]. Precise bharal points are beneficial
in improving the accuracy of species distribution modeling. Species distribution models
(SDMs) estimate the ecological niche of a species from known species occurrence points and
environmental data via specified algorithms and ultimately present the species’ preference
for habitat use probabilities [26]. It is possible to simulate the spatial distribution of species
and the degree of response to the environment by using SDMs [27]. Of these models, the
Maximum Entropy model (MaxEnt model) has optimal performance and high accuracy
even with small-scale samples [28]. Therefore, it was decided to investigate the field
distribution of bharal by UAVs combined with the historical presence of occurrence sites
and employ the MaxEnt model to clarify habitat characteristics and potential geographic
distribution [29]. In this way, the habitat change trends of bharal under different future
climate change contexts can be accurately analyzed and evaluated from the perspective of
spatial dynamics [30]. With the dominant factors affecting the habitat distribution of the
species being revealed [31,32], proactive conservation strategies can be adopted to mitigate
and reduce the adverse effects of future climate change on the species [33,34].

In this study, precise distribution points of bharal in the Sanjiangyuan District were
collected by using UAVs to model the geographic distribution of bharal accurately [25] and
to study contemporary climate changes in the habitat distribution. First, the MaxEnt model
with contemporary climate was employed to infer the spatial pattern of distribution, and
the future distribution of bharal under different future climate scenarios was predicted.
Second, according to the response to environmental factors, the future land use and land
cover changes (LUCC) under different climate scenarios were simulated to improve the
accuracy of simulating bharal distributions. Finally, a new coupled MaxEnt model and
Minimum Cumulative Resistance model (MaxEnt-MCR model) was proposed to analyze
the ecological resistance in the Sanjiangyuan District and disclose the ecological corridors
to show the paths of survival and migration, which is important for species diversity
conservation in the Sanjiangyuan District.

2. Materials and Methods
2.1. Study Area

The Sanjiangyuan District (31◦39′~36◦12′ N, 89◦45′~102◦23′ E) is located in the south
of Qinghai Province in China, with an average altitude of 3500 to 4800 m (Figure 1), which
is the hinterland and main body of the Tibetan Plateau, dominated by mountainous terrain.
The climate of the region is typical of a continental plateau, with alternating hot and cold
seasons and distinct wet and dry seasons. The mountain range is crisscrossed by glaciers,
which are one of the most concentrated glaciers in China and have the highest altitude
and richest wetland types in the world. There are 69 species of national key protected
animals, such as the bharal and Tibetan gazelle (Procapra picticaudata) at the national level.
In recent decades, the ecological environment of the entire Tibetan Plateau has been notably
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deteriorating due to climate change and severe soil erosion, and the threatened biological
species account for more than 20% of the total category.
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Figure 1. Study area and bharal occurrence points.

2.2. Data Sources
2.2.1. Species Occurrence Point

The Global Biodiversity Information Facility (GBIF) is a relatively complete species
diversity database that records the geographic locations of bharal occurrence sites on a
global scale. As the GBIF database shows, bharal is mainly distributed in locations of
Central Asia, such as India, Nepal, Bhutan, and western China. Within China, bharal are
mainly distributed in Tibet, the Helan Mountains in Sichuan, and the Sanjiangyuan District
in Qinghai. Therefore, the occurrence sites in the Sanjiangyuan District were selected to
enhance the completeness of bharal in the study area.

This database was utilized, and corrections were made for some areas of the San-
jiangyuan District as follows: during interviews with herders, it was reported that bharal
were mainly distributed in the area around Huashixia in Maduo County, but few traces
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were found in the resting place. Therefore, an extensive survey of Maduo County was
performed using UAV, which is an effective supplement to the GBIF database and improves
the completeness of bharal occurrence sites in the Sanjiangyuan District. In this study, the
systematic sampling method was adopted to lay out 14 survey sample strips. At the same
time, the survey sample strips were made to contain as many geographical information
elements as possible, and the accessibility of UAV landing points was considered. The UAV
survey sample strips were designed by referring to the 2011 National Forestry Adminis-
tration’s “National Second Terrestrial Wildlife Resources Survey Technical Regulations”,
considering topography, LUCC, and vegetation type. Under the guidance of relevant
wildlife research experts, a systematic sampling method was adopted to distribute the
survey sample strips evenly. All the aerial photography of bharal (Pseudois nayaur) was
taken by taking 14 sample strips, and all photography was captured between 7:00 and
11:00 from 9 to 18 April 2017. The aerial photography was taken by two UAVs. The first
one was an electric fixed-wing UAV developed by the Institute of Mountain Hazards and
Environment, CAS., The second one was an F1000 electric fixed-wing UAV from Shenzhen
Feima Robotics Co., Ltd. The specific parameters of both UAVs are shown in Table 1. Each
sample strip was shot by a single UAV to avoid the impact of repeated interpretation
caused by the movement of wild animals. Two high-performance workstations for stitching
and five computers were employed for manual visual interpretation. Pix4Dmapper and
LiMapper were utilized for image stitching, and ArcGIS was used for visual interpretation.
A total of 203 bharal occurrence sites were acquired based on the research of Guo [25]. The
bharal distribution points were collected from the GBIF and UAV surveys. Points smaller
than 100 m were discarded to avoid the impact of autocorrelation caused by too-dense
points in the species distribution modeling process, and one was kept randomly. In total,
222 bharal occurrence sites were reserved.

Table 1. The parameters of UAVs in this research.

Parameters Electric Fixed-Wing
UAV

F1000 Electric Fixed-Wing
UAV

Wingspan 1.6 m 1.6 m
Payload 0.5 kg 1 kg

Maximum take-off weight 3 kg 3 kg
Engine Electric Electric

Endurance time 90 min 60 min
Flight speed 72 km/h 60 km/h

Camera model ILCE-5100 ILCE-5100
Number of integrated cameras 2 1

Focal length 30 mm 30 mm
Pixel size 6000 × 4000 6000 × 4000

2.2.2. Environmental Factors

The selected data is classified into natural geography, human disturbance, and biocli-
mate factors regarding their attributes. The natural geographic factors include the Digital
Elevation Model (DEM, https://www.gscloud.cn/ accessed on 22 August 2022), slope
(SLO), aspect (ASP), land use and land cover (LUCC, https://www.resdc.cn/ accessed
on 23 August 2022), distance to water (DW), distance to high coverage of grassland (DH),
net primary productivity (NPP, http://www.ntsg.umt.edu/project/modis/mod17.php
accessed on 25 August 2022), and normalized difference vegetation index (NDVI, https:
//www.resdc.cn/ accessed on 23 August 2022). Human disturbance factors are reflected
as distance to the road (DW) from the National Directory of Geographic Information
Resources (https://www.webmap.cn/ accessed on 27 August 2022). Bioclimate factors
include contemporary bioclimate (1970–2000) and future bioclimate (SSP-245; SSP-585);
factors of 2030 were taken as a representative of 2021–2040, and 2050 as a representative
of 2041–2060. Nineteen variables (abbreviated as Bio1-Bio19) are included in each climate
scenario, all of which were from the ACCESS-CM2 site. SLO and ASP were extracted from

https://www.gscloud.cn/
https://www.resdc.cn/
http://www.ntsg.umt.edu/project/modis/mod17.php
https://www.resdc.cn/
https://www.resdc.cn/
https://www.webmap.cn/
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DEM, and DH and DW were extracted from LUCC. The workflow chat is shown in Figure 2.
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Figure 2. The workflow chart of the present research.

Future bioclimates under different scenarios based on CMIP6 have coupled with
the Shared Social-economic Pathways (SSPs) and Representative Concentration Pathways
(RCPs) [35]. SSP-245 upgrades the RCP4.5 scenario via SSP2 (medium-forcing scenario),
representing the medium pathway for future emissions. SSP-585 upgrades the RCP8.5 sce-
nario via SSP5 (high-forcing scenario). The two scenarios can effectively simulate and reflect
future climate fluctuations and changes under different human activity intensities [36].

Given the problem of multicollinearity among different variables, all environmental
factors were used to fabricate the initial model, and the Pearson method was adopted to
analyze the correlations between climatic and environmental factors (Figure 3). Overall
autocorrelation analysis was performed on all variables, and it was pre-modeled by using
the Maximum Entropy model. The model was repeatedly established ten times, and the
test sample was set to 25% with a convergence threshold of 0.00001. The contribution of
variables was tested using the jackknife method. The variables with |r| < 0.8 and high
relative contribution rates were selected to work in the model prediction. Eventually, a
total of 13 factors were chosen for the species distribution modelling.
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2.3. CA–Markov Model

Markov models are widely used in land use and land cover prediction, for they have
no after-effect and can predict the state of things in the future [37]. The equation is expressed
as follows:

S(t+1) = St × Pij (1)

St is the land use state at the moment t, S(t+1) is the land use state at the moment, and
t + 1 and Pij are the land use transfer matrix. The CA–Markov model can predict the future
land use state both spatially and quantitatively. Hence, LUCC, DW, and DH in different
scenarios were predicted by using modified Markov prediction to simulate the future land
use changes under the future climate fluctuations, contributing to accurate simulation of
bharal distribution.

2.4. Coupled Maximum Entropy Model and Minimum Cumulative Resistance Model
(MaxEnt-MCR Model)

The Maximum Entropy model (MaxEnt model) is a spatial species distribution of
species at geographic scales under the maximum entropy theory, with a high degree of
confidence relative to other species distribution models [38]. The area under the curve
(AUC) was calculated to evaluate the accuracy of MaxEnt model prediction results. In
addition, the contribution of variables, ranking importance, and the jackknife cut test are
useful for reflecting the impact of variables in model construction [39].

According to the description in the Fifth Assessment Report of the IPCC [40], the
suitable zones were classified into four levels, namely unsuitable area (0–0.2), marginally
suitable area (0.2–0.5), moderately suitable habitat area (0.5–0.7), and most suitable habitat
area (0.7–1).

Ecological source sites are potential distribution concentration areas and the most
suitable habitat centers for species [41]. The Minimum Cumulative Resistance model (MCR
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model) was used to establish the minimum cumulative resistance surface, and the work
between ecological source sites was calculated to generate the optimal path for biological
migration to avoid external interference [42]. The equation of the MCR model is as follows:

MCR = fmin

i=m

∑
j=n

DijRi (2)

where Dij denotes the spatial distance from source j to source i; Ri denotes the resistance
value of spatial cell i; f represents the minimum cumulative resistance at any point as a
function of the distance to the sources.

The MaxEnt-MCR model can identify important ecological source sites regarding
spatial aggregation extent and area size according to MaxEnt simulation results. Then, it
can construct an ecological network using the MCR model by combining the resistance
surface system. During the construction, the threshold of each environmental factor
and the resistance value were determined by the MaxEnt Model. The resistance surface
of each factor was constructed and superimposed regarding the contribution of each
environmental factor. Cost paths were used to reveal ecological corridors interacting with
different ecological source sites.

2.5. Landscape Pattern Index

Fragstats (V4.2) was used to analyze the characteristics of the habitat landscape pat-
tern [43]. Six indices were chosen and calculated, namely the number of patches (NP),
spread (CONTAG), patch density (PD), division index (DIVISION), landscape shape index
(LSI), and Shannon diversity index (SHEI) of the habitat landscape in the study area. NP in-
dicates the number of various types of patches in the habitat landscape; CONTAG describes
the degree of patch types clustering in the habitat landscape (the higher the value, the lower
the fragmentation); PD indicates the degree of fragmentation of the habitat landscape;
DIVISION reflects the degree of fragmentation of the landscape (the higher the degree of
separation, the higher the degree of dispersion in [0, 1]); LSI reflects the complexity of the
habitat; SHEI measures the complexity of the landscape structure (the higher the value, the
more diverse of the patch types).

3. Results
3.1. Revealing Main Factors

The prediction results showed that the value of average AUC after ten replications
was 0.995 ± 0.004 (Mean ± SD), which indicated that the prediction results by the MaxEnt
model had high accuracy according to Phillips’ evaluation of the model itself.

The main environmental factors affecting the current distribution of bharal habitat
suitability areas were analyzed based on the relative contribution of environmental factors,
and the most significant ones were selected, including Precipitation of wettest quarter-Bio16
(32.4%), Precipitation seasonality-Bio15 (21.4%), Isothermality-Bio3 (13.1%), DR (12.7%),
DH (10.9%), and LUCC (5.6%).

As the jackknife test indicated (Figure 4), Bio3, Bio16, Bio15, DH, DR, and LUCC
had high AUC values, with Bio3 generating the greatest gain, which suggested that Bio3
performed the best when coupled with the distribution pattern of suitable habitat for bharal.
When the model was constructed using Bio7, DW, and Bio19 alone, it had the least effect
on the distribution. Combined with the contribution of each environmental factor, these
six environmental factors above were deemed as the dominant environmental factors in
determining the species distribution of bharal.
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Figure 4. The response curve of main factors.

According to the results of the MaxEnt model, the influence thresholds on the species
distribution of bharal were analyzed and were classified into five categories for each
influence interval with values of 10, 20, 30, 40, and 50. By discussing the influence intervals
and setting the range of resistance values, the minimum cumulative resistance surface for
the Sanjiangyuan District was established (Table 2). In addition, the relative contribution of
each environmental factor to the suitable habitat by the output of the MaxEnt model was
taken as the weight of the resistance factor in MCR.

3.2. Current Habitat Analysis of Bharal

Under the modern climate, the total area of habitat in the Sanjiangyuan District is
4669 km2 (Figure 5), of which 2668 km2 is marginally suitable, accounting for 57.1% of the
total area. The moderately suitable habitat area accounts for 16.4%, and the most suitable
habitat area of 1237 km2 accounts for 26.5%. The most suitable habitat area is concentrated
in Maduo County (33◦50′~35◦40′ N, 96◦50′~99◦20′ E), Qumalai County (92◦56′~97◦35′ E,
33◦36′~35◦40′ N), and Gonghe County (99◦~101.5◦ E, 35.5◦~37.2◦ N). The suitable habitat
area of bharal in Maduo County covers 3837 km2, concentrated in the northern part of
the county, surrounding Zaling Lake and the source of the Yellow River, with an average
altitude of 4500 m. Additionally, a small number of suitable areas are concentrated in the
northwestern part of Gonghe County, and the area of the bharal habitat under jurisdiction
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is 487 km2. The suitable habitat area in Qumalai County is 326 km2. In general, the spatial
structure of suitable habitat shows aggregation and singleness.

Table 2. The resistance value and weight of factors.

Resistance
Factors

Resistance Value
Weight

10 20 30 40 50

LUCC High coverage
of grassland

Low coverage
of grassland

Cropland, forest,
middle coverage of
grassland, bareland

Water area Construction
land 32.4

Bio1 [−16, −6] (−6, −4] (−4, 2] (−2, 1] (1, 8] 21.4
Bio3 [−25, 32] (32, 35] (35, 37] (37, 39] (39, 45] 13.1
Bo7 [36, 38] (34, 36] (38, 40] (30, 34] (40, 43] 12.7

Bio15 [80, 95] (95, 100] (100, 105] (105, 110] (110, 130] 10.9
Bio16 [110, 180] (180, 220] (220, 235] (235, 250] (250, 408] 5.6
Bio19 [2, 8] (8, 12] (12, 16] (16, 21] (21, 36] 2.6
DW [0, 5000] (5000, 10,000] (10,000, 15,000] (15,000, 20,000] (20,000, 50,000] 0.5
DH [0, 5000] (5000, 10,000] (10,000, 15,000] (15,000, 20,000] (20,000, 50,000] 0.4
DR [0, 5000] (5000, 10,000] (10,000, 15,000] (15,000, 20,000] (20,000, 70,000] 0.2
SLO [0, 3] (3, 9] (9, 15] (15, 21] (21, 26] 0.2
NPP [0, 80] (80, 170] (170, 280] (280, 528] (528, 615] 0.1
DEM [4500, 5000] (4000, 4500] (3500, 4000] (5000, 6430] (2000, 3500] 0.1
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3.3. Future Evolution of Suitable Habitat and Changes in Landscape Patterns
3.3.1. Land Use and Land Cover Changes in Different Scenarios

The land transfer matrix of both SSP-245 and SSP-585 is shown in Figure A1. The
simulation of LUCC under SSP-245 and SSP-585 in the future 2030 and 2050 is shown in
Figure A2.

3.3.2. Spatial–Temporal Dynamics of Suitable Habitat

Future climate data was collected to simulate the potential distribution habitat of
bharal. The environmental factors of DH and DW were derived from simulations of LUCC
under different climate features based on the SSP-245 and SSP-585. The methods and
simulation results of LUCC can be found in Appendix A.

The predicted results were used as environmental factors under SSP-245 and SSP-585.
The future area of the suitable zone of bharal is shown in Table 3. By 2030, the total area
of suitable habitat in the Sanjiangyuan District will be 3470 km2 under the SSP-245, 25.6%
less than the current situation. Under SSP-585, the suitable habitat was reduced by 44.5%.
By 2050, the total habitat area of bharal will be 2407 km2 under SSP-585, which is still
decreasing. The areas of habitat in different climatic scenarios are shown in Table 3. A
rapid decrease in suitable habitat areas was indicated under SSP-585 than in SSP-245, with
marginally suitable habitat areas, moderately suitable habitat areas, and most suitable
habitat areas decreasing rapidly. In general, the area of suitable zone will keep decreasing
in the future, and it will decrease even more rapidly under SSP-585 than under SSP-245
due to the climate change caused by human activities.

Table 3. The area of suitable habitat under future climate change.

Category (km2) Present (2020)
2030 2050

SSP-245 SSP-585 SSP-245 SSP-585

Marginally suitable habitat area 2668 2059 1555 1883 1428
Moderately suitable habitat area 764 558 450 467 450
Most suitable habitat area 1237 853 581 1035 529
Total area of suitable habitat 4669 3470 2586 3385 2407

In terms of the spatial pattern (Figure 6), the habitat suitable in Gonghe County is
gradually lost, and 2 km2 (SSP-245) and 1 km2 (SSP-585) are left in 2050 under SSP-245
and SSP-585, respectively, which is basically in the state of a complete loss. Moreover, the
suitable habitat of bharal is mainly reduced within the marginally suitable habitat under
SSP-245, and the habitat will decline drastically by 57.2% in 2050 under SSP-585. The
suitable habitat has been basically lost in Qumalai County.

3.4. Evolution of Landscape Pattern Index

The landscape pattern indices of suitable habitats are shown in Figure 7. Under
different climatic scenarios, PD, LSI, DIVISION, and SHEI indices have decreasing trends,
while the index of CONTAG has an increasing trend, which indicates the fragmentation,
complexity, and homogenization of suitable habitats. The decrease in NP clearly reflects
the shrinkage. Under SSP-245, the landscape pattern index decreases relatively slowly, and
the fragmentation and homogenization of potential habitat increases, while under SSP-585,
the landscape pattern index changes greatly in the first ten years and slightly in the last
40 years. The extreme climate caused by human activities will have a major impact on the
suitable habitat of the bharal.
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4. Discussion
4.1. Transition of the Suitable Habitat Distribution for Bharal

Future climate fluctuations have a considerable impact on the spatial distribution of
habitats [6]. Excessive human emissions will lead to climate and environmental degrada-
tion, thereby causing species habitat loss [16,44]. Indeed, human activities disturb species
distribution and diversity in many ways [45]. Global climate and environment are strongly
associated, and many countries have now taken measures to restrain the impact on the
environment. For example, the Paris Agreement [46] is a joint human effort to manage the
global climate. The potential habitat center of the bharal describes the spatial distribution
of geographical things and can reflect the characteristics of geographical elements as a
response to global climate change under future climate scenarios [47]. Under the influence
of two shared socioeconomic pathways, the potential habitat center of mass for bharal
shifted toward lower latitudes. Under SSP-245, the center shifts to the southwest in 2030,
with an average elevation drop of 26 m. In 2050, the center shifts to the southeast from
2030, with an elevation drop of 40 m. The potential habitat center of bharal shifts to the
southwest from 2030 to 2050 under SSP-585, with an average elevation drop of 197 m
(Figure 8). The change of the habitat center indicates the direction of potential distribution
and foreshadows the future migration path of bharal. This may also be one of the reasons
why the Yushu area has no suitable habitats where the GBIF points can be found.

Species occurrence points represent the geographic locations where species have
appeared [48]. Unlike the fixed nature of plants, bharal have migratory and mobile charac-
teristics. Since Hodgson’s survey in 1833 [49], bharal have migrated over longer distances.
Habitats represent areas suitable for species distribution and areas where species prefer-
entially select [50]. Therefore, the occurrence point does not necessarily mean that it is a
suitable habitat zone and may cause the phenomenon that the species occurrence point does
not overlap with the suitable habitat area [51]. In addition, the threshold of the MaxEnt
model affects the potential habitat distribution of bharal as well. Generally speaking, the
larger the threshold value is, the smaller the potential habitat distribution area is. At present,
there are several methods to select the threshold value: Frist, defining the threshold value
according to ecological principles or expert experience; Second, making the assessment
method related to the threshold value to obtain the one with the best model evaluation
result; Third, calculating the probability threshold value by the ROC curve; Fourth, the
lowest existence threshold value, with its lowest probability as the classification threshold
value [52]. In this study, referring to the threshold selection of bharal and other similar
species habitat distribution studies, combined with the characteristics of the Sanjiangyuan
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District and the fifth report of IPCC, 0.2 was selected as the minimum threshold that can
effectively distinguish the category of bharal habitat suitable areas. This may be also one of
the reasons why there seems to be no suitable rock sheep habitat areas in the Yushu area.
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4.2. Ecological Corridor and Habitat Optimization Recommendations

Migration is the main strategy for wildlife adaptation to global warming, during which
most wild species face a habitat loss crisis [53]. Currently, natural reserves have limited
contributions to the conservation of species. Hence, identifying species’ habitats accurately
and establishing ecological corridors will be conducive to enhancing the connectivity
among their habitats and reducing habitat loss and isolation, which is the best approach to
protect the sustainable survival of species [54]. The established resistance surface in the
Sanjiangyuan District by the MaxEnt-MCR model is shown in Figure 9. Ecological source
sites of bharal traverse in the Qumalai, Maduo, and Gonghe counties are concentrated in
Maduo County, with a small number of distributions in the Gonghe and Qumalai counties.
Gonghe County lies near Qinghai Lake, which has high-quality water resources and pasture
resources that provide an alternative ecological source site for large herbivores. In addition,
the ecological source sites are concentrated in the eastern part of Qumalai County, with few
but clustered distribution sites. Xinghai County also plays an important role in protecting
bharal ecological source sites by bridging the species’ migration through Maduo and
Gonghe counties. The ecological corridor of bharal is shown in Figure 9. The corridors in
Qumalai and Maduo counties frequently interact. The northern part of Xinghai County
is the main pathway for interaction among various ecological source sites. Therefore,
protection measures should be launched. Furthermore, there may be more bharal migration
paths between Republican and Maduo counties that are not found due to the limitation of
the study area. Nevertheless, only some parts of the Sanjiangyuan District were selected to
facilitate the reference for better measures to protect the species’ potential distribution in
the Sanjiangyuan area.
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DR was taken as a human disturbance factor reflecting the impact of human activities
on current and future suitable habitats. However, the result showed that the bharal highly
responded to the DR. Guo XJ [55] studied the number and distribution of bharal in Maduo
County, and it was proven that bharal preferred areas within 1 km of rural settlements.
Oli [56] discussed the selection of winter resting places for bharal in the Helan Mountains
and found that such species preferred areas with less than 500 m of anthropogenic dis-
turbance, which is generally consistent with our study. The potential habitat is mainly
influenced by precipitation, isothermality, and LUCC. Bharal’s way of avoiding predators
is mainly related to their climbing talent in steep areas, making them prefer suitable natural
conditions in habitat selection. The roads around the habitat have little influence on them.
Therefore, to establish species nature reserves and ecological corridors of bharal and other
analogous species, such as the Tibetan gazelle (Procapra picticaudata), the main focus should
be on the constraints of natural geographic factors. With global climate change, the species’
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habitat is gradually lost. Hence, establishing an ecological corridor for bharal in the San-
jiangyuan District will help to protect the reproduction and survival of the population. The
following recommendations were proposed for the optimization of the habitat suitability
area for bharal in the Sanjiangyuan District of Qinghai Province:

(1) Human activities not only directly affect the diversity and distribution of the
species but also influence the survival and development of the species through climate
indirectly [57]. Care should be taken to avoid direct and strong impacts of human activities
on species to conserve diversity, and the pollution and emissions on the overall climate
should be addressed.

(2) The distribution range of suitable habitat for bharal is mainly related to climatic and
geographic factors, such as precipitation, isothermality, distance to high-coverage grassland,
and distance to water. Therefore, an appropriate geographic environment suitable for
animal survival, residence, and development should be established to establish a bharal
habitat protection zone. Additionally, protecting the ecological security of the habitat is
insufficient. It is also vital to provide a guarantee for the survival and development of the
potential habitat where the centers would be transferred.

(3) A four-county ecological corridor for bharal across eastern Qumalai, Maduo,
Xinghai, and Gonghe counties should be established. The degradation of pastures and the
emergence of climate extremes caused by excessive development should be followed in a
timely manner. The establishment of the ecological corridor is conducive to guaranteeing
survival, reproduction, and migration activities and contributing to the conservation of
species diversity in the Sanjiangyuan District.

(4) Bharal are large herbivores, and the quality and quantity of grassland have a
significant impact on their survival and development. In fact, the continuous degradation of
grassland ecosystems in the Qinghai–Tibet Plateau region has attracted great attention from
various parties and has become a major issue in grassland and restoration ecologies [58].
Long-term overgrazing is deemed a crucial human activity factor leading to the degradation
of alpine grasslands. Therefore, the relative population between domestic animals and
wildlife should be maintained to avoid further sharpening the conflicts [59].

4.3. Innovations, Limitations, and Prospects

The innovation of this study mainly lies in the adoption of the coupled MaxEnt-
MCR model, which uses the contribution rate and resistance range of each environmental
factor derived from the MaxEnt model, performing superior to some subjective methods,
such as an expert scoring method and the Analytic Hierarchy Process [60,61]. This new
model can effectively and scientifically provide support for predicting species’ potential
distribution and establishing ecological corridors to help species survive, reproduce, and
migrate. At present, there is no research using the coupled MaxEnt-MCR model, and
the construction of ecological corridors for bharal has not yet been reported. MaxEnt-
MCR model can make up for this lack and provide support for the species distribution
modelling as well as the construction of ecological corridors. In addition, the UAV survey
was implemented in this study to acquire the precise distribution points of bharal, which
is helpful in improving the accuracy of species distribution modelling. Furthermore, the
CA–Markov model was employed to predict the future LUCC under different climate
scenarios, achieving a comprehensive simulation of future scenarios. The analysis and
prediction of the temporal and spatial evolution of potential habitats and the changes in
landscape patterns under climate fluctuations are helpful for the conservation of species
diversity in the Sanjiangyuan District.

However, the deficiencies of this work are expounded as follows: (1) The bharal
occurrence points obtained from the UAV survey were concentrated in Maduo County
because it was found that the bharal were mainly distributed with Maduo County through
household surveys and interviews for herders in the early stage. However, using UAV for
the survey, we found that the small loading capacity of UAV makes it difficult to integrate
multiple sensors on the same platform for observation. Limited by the battery capacity, the
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UAV has a very short flight time. Therefore, it is necessary to replace them with crewed
aerial vehicles than UAVs, which can cover larger distances and load more weight. (2) The
time series of all environmental factors were not realized in the compilation of future
environmental factors. The simulation for future DEM, NPP, and railroad data was not
available due to the limitation of the data set. (3) When the environmental variables were
selected, the influence of extreme weather and natural disasters on the species distribution
modelling was not considered.

In the future, it is intended to employ UAVs to verify and update the occurrence
sites of bharal with GBIF on a regional scale to supplement the bharal database. During
the species distribution modeling, extreme weather and disasters that are devastating to
species can be investigated and taken as environmental factors.

5. Conclusions

In this study, the species occurrence points were integrated both from the GBIF dataset
and UAV survey points and the potential habitat distribution of bharal in the Sanjiangyuan
District was simulated. The MaxEnt model revealed and predicted the potential suitable
habitat distribution of bharal in the Sanjiangyuan District under different climate scenarios.

The result shows that the calculated AUC value was 0.995 ± 0.004 (mean ± SD), and
the simulation results were extremely excellent and similar to the distribution of sampling
sites, indicating that the MaxEnt model can well-model species distribution. The results
showed that the main environmental factors affecting the distribution of habitat were
Bio16, Bio15, Bio3, DR, DH, and LUCC. The most suitable area for bharal should have less
precipitation, better isothermal, and be close to high-coverage grassland and roads.

Under different shared socioeconomic pathways, the climate has changed, and LUCC
will be degraded. A CA–Markov model was utilized to simulate the future LUCC under
different climate scenarios by modifying the land transfer matrix. The climate scenarios of
SSP-245 and SSP-585 were selected to perform multiple predictions of future environmental
factors and scientifically predict the distribution of future bharal habitats.

At present, the total area of suitable habitat for bharal is 4669 km2, and the area of the
most suitable habitat is 1237 km2, which is spatially distributed in Maduo and Gonghe
counties and a few in Qumalai County. Under future climatic scenarios, the habitat is
decreasing. Under the SSP-245 climate scenario, the total suitable area of the bharal habitat
decreases to 3470 km2 in 2030 but is relatively good in 2050. Under the climate scenario of
SSP-585, the total area of suitable habitat for bharal in 2030 drastically decreases by 44.6%,
The total area of suitable habitat for bharal in 2050 decreases by 48.4%, and there is basically
no suitable habitat for bharal in Republican County.

The MaxEnt and MCR models were coupled by using the contribution rate of each
environmental factor in the MaxEnt model as the weight of the MCR model and using the
contribution threshold of each environmental factor as the basis of the resistance value
of the MCR model. The minimum cumulative resistance surface was calculated, and
the ecological corridor of the suitable area for the bharal habitat was analyzed using the
MaxEnt-MCR model, which provides a scientific basis for the migration and reproduction
of bharal. The establishment of ecological corridors for bharal provides a realistic reference
for the construction of the natural reserve. It is conducive to formulating measures to
protect suitable habitat areas for bharal and other similar species.

Author Contributions: All authors significantly contributed to this study. F.Y. proposed the idea and
designed the experiments. S.B. wrote the manuscript and processed the data. All authors have read
and agreed to the published version of the manuscript.

Funding: This paper was jointly supported by the National Natural Science Foundation of China
(Grant No. 42001235) and the Science and Technology Plan Program of Zhoushan (Grant No.
2021C21022).

Institutional Review Board Statement: Not applicable.



Int. J. Environ. Res. Public Health 2022, 19, 17082 17 of 20

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author (F.Y.) upon justifiable request.

Acknowledgments: We would like to express our sincere gratitude to the editors and two anonymous
reviewers for their valuable comments, which have greatly improved this paper. We also would like
to acknowledge Quanqin Shao of Institute of Geographic Sciences and Natural Resources Research,
CAS for providing the UAV survey data.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 17 of 20 
 

 

for the construction of the natural reserve. It is conducive to formulating measures to pro-

tect suitable habitat areas for bharal and other similar species. 

Author Contributions: All authors significantly contributed to this study. F.Y. proposed the idea 

and designed the experiments. S.B. wrote the manuscript and processed the data. All authors have 

read and agreed to the published version of the manuscript. 

Funding: This paper was jointly supported by the National Natural Science Foundation of China 

(Grant No. 42001235) and the Science and Technology Plan Program of Zhoushan (Grant No. 

2021C21022). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data that support the findings of this study are available from the 

corresponding author (F.Y.) upon justifiable request. 

Acknowledgments: We would like to express our sincere gratitude to the editors and two anony-

mous reviewers for their valuable comments, which have greatly improved this paper. We also 

would like to acknowledge Quanqin Shao of Institute of Geographic Sciences and Natural Resources 

Research, CAS for providing the UAV survey data. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Appendix A 

 

Figure A1. The land use transition matrix setting under different climate scenarios; (a) land transi-

tion matrix under SSP-245; (b) land transition matrix under SSP-585. 
Figure A1. The land use transition matrix setting under different climate scenarios; (a) land transition
matrix under SSP-245; (b) land transition matrix under SSP-585.



Int. J. Environ. Res. Public Health 2022, 19, 17082 18 of 20
Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 18 of 20 
 

 

 

Figure A2. The simulation result of LUCC under different climate scenarios. The prediction of 

LUCC in 2030 under SSP–245 is shown in (a); the prediction of LUCC in 2030 under SSP–585 is 

shown in (b); the prediction of LUCC in 2050 under SSP–245 is shown in (c); the prediction of 

LUCC in 2050 under SSP–585 in (d). 

References 

1. Loarie, S.R.; Duffy, P.B.; Hamilton, H.; Asner, G.P.; Field, C.B.; Ackerly, D.D. The velocity of climate change. Nature 2009, 462, 

1052–1055. https://doi.org/10.1038/nature08649. 

2. Kraemer, B.M.; Pilla, R.M.; Woolway, R.I.; Anneville, O.; Ban, S.; Colom-Montero, W.; Devlin, S.P.; Dokulil, M.T.; Gaiser, E.E.; 

Hambright, K.D.; et al. Climate change drives widespread shifts in lake thermal habitat. Nat. Clim. Change 2021, 11, 521–529. 

https://doi.org/10.1038/s41558-021-01060-3. 

3. Grinnell, J. Field Tests of Theories Concerning Distributional Control. Am. Nat. 1917, 51, 115–128. https://doi.org/10.1086/279591. 

4. Walther, G.R.; Post, E.; Convey, P.; Menzel, A.; Parmesan, C.; Beebee, T.J.; Fromentin, J.M.; Hoegh-Guldberg, O.; Bairlein, F. 

Ecological responses to recent climate change. Nature 2002, 416, 389–395. https://doi.org/10.1038/416389a. 

5. Wake, D.B. Climate change implicated in amphibian and lizard declines. Proc. Natl. Acad. Sci. USA 2007, 104, 8201–8202. 

https://doi.org/10.1073/pnas.0702506104. 

6. Chen, I.C.; Hill, J.K.; Ohlemuller, R.; Roy, D.B.; Thomas, C.D. Rapid range shifts of species associated with high levels of climate 

warming. Science 2011, 333, 1024–1026. https://doi.org/10.1126/science.1206432. 

7. Liu, D.; Cao, C.; Dubovyk, O.; Tian, R.; Chen, W.; Zhuang, Q.; Zhao, Y.; Menz, G. Using fuzzy analytic hierarchy process for 

spatio-temporal analysis of eco-environmental vulnerability change during 1990–2010 in Sanjiangyuan region, China. Ecol. In-

dic. 2017, 73, 612–625. https://doi.org/10.1016/j.ecolind.2016.08.031. 

8. Zhai, X.; Liang, X.; Yan, C.; Xing, X.; Jia, H.; Wei, X.; Feng, K. Vegetation Dynamic Changes and Their Response to Ecological 

Engineering in the Sanjiangyuan Region of China. Remote Sens. 2020, 12, 4035. https://doi.org/10.3390/rs12244035. 

9. Zhai, X.; Yan, C.; Xing, X.; Jia, H.; Wei, X.; Feng, K. Spatial-temporal changes and driving forces of aeolian desertification of 

grassland in the Sanjiangyuan region from 1975 to 2015 based on the analysis of Landsat images. Env. Monit. Assess 2020, 193, 

2. https://doi.org/10.1007/s10661-020-08763-8. 

10. Li, X.L.; Perry, G.L.W.; Brierley, G.; Sun, H.Q.; Li, C.H.; Lu, G.X. Quantitative assessment of degradation classifications for 

degraded alpine meadows (Heitutan), Sanjiangyuan, Western China. Land Degrad. Dev. 2014, 25, 417–427. 

https://doi.org/10.1002/ldr.2154. 

11. Zhang, J.; Jiang, F.; Li, G.; Qin, W.; Li, S.; Gao, H.; Cai, Z.; Lin, G.; Zhang, T. Maxent modeling for predicting the spatial distri-

bution of three raptors in the Sanjiangyuan National Park, China. Ecol. Evol. 2019, 9, 6643–6654. 

https://doi.org/10.1002/ece3.5243. 

12. Harris, R.B. Pseudois Nayaur. The IUCN Red List of Threatened Species 2014: E.T61513537A64313015. https://www.iu-

cnredlist.org/search?query=Pseudois%20nayaur&searchType=species. Available online: (accessed on 3 Augest 2022). 

Figure A2. The simulation result of LUCC under different climate scenarios. The prediction of LUCC
in 2030 under SSP–245 is shown in (a); the prediction of LUCC in 2030 under SSP–585 is shown in (b);
the prediction of LUCC in 2050 under SSP–245 is shown in (c); the prediction of LUCC in 2050 under
SSP–585 in (d).

References
1. Loarie, S.R.; Duffy, P.B.; Hamilton, H.; Asner, G.P.; Field, C.B.; Ackerly, D.D. The velocity of climate change. Nature 2009, 462,

1052–1055. [CrossRef] [PubMed]
2. Kraemer, B.M.; Pilla, R.M.; Woolway, R.I.; Anneville, O.; Ban, S.; Colom-Montero, W.; Devlin, S.P.; Dokulil, M.T.; Gaiser, E.E.;

Hambright, K.D.; et al. Climate change drives widespread shifts in lake thermal habitat. Nat. Clim. Chang. 2021, 11, 521–529.
[CrossRef]

3. Grinnell, J. Field Tests of Theories Concerning Distributional Control. Am. Nat. 1917, 51, 115–128. [CrossRef]
4. Walther, G.R.; Post, E.; Convey, P.; Menzel, A.; Parmesan, C.; Beebee, T.J.; Fromentin, J.M.; Hoegh-Guldberg, O.; Bairlein, F.

Ecological responses to recent climate change. Nature 2002, 416, 389–395. [CrossRef] [PubMed]
5. Wake, D.B. Climate change implicated in amphibian and lizard declines. Proc. Natl. Acad. Sci. USA 2007, 104, 8201–8202.

[CrossRef]
6. Chen, I.C.; Hill, J.K.; Ohlemuller, R.; Roy, D.B.; Thomas, C.D. Rapid range shifts of species associated with high levels of climate

warming. Science 2011, 333, 1024–1026. [CrossRef]
7. Liu, D.; Cao, C.; Dubovyk, O.; Tian, R.; Chen, W.; Zhuang, Q.; Zhao, Y.; Menz, G. Using fuzzy analytic hierarchy process for

spatio-temporal analysis of eco-environmental vulnerability change during 1990–2010 in Sanjiangyuan region, China. Ecol. Indic.
2017, 73, 612–625. [CrossRef]

8. Zhai, X.; Liang, X.; Yan, C.; Xing, X.; Jia, H.; Wei, X.; Feng, K. Vegetation Dynamic Changes and Their Response to Ecological
Engineering in the Sanjiangyuan Region of China. Remote Sens. 2020, 12, 4035. [CrossRef]

9. Zhai, X.; Yan, C.; Xing, X.; Jia, H.; Wei, X.; Feng, K. Spatial-temporal changes and driving forces of aeolian desertification of
grassland in the Sanjiangyuan region from 1975 to 2015 based on the analysis of Landsat images. Environ. Monit. Assess 2020,
193, 2. [CrossRef]

10. Li, X.L.; Perry, G.L.W.; Brierley, G.; Sun, H.Q.; Li, C.H.; Lu, G.X. Quantitative assessment of degradation classifications for
degraded alpine meadows (Heitutan), Sanjiangyuan, Western China. Land Degrad. Dev. 2014, 25, 417–427. [CrossRef]

11. Zhang, J.; Jiang, F.; Li, G.; Qin, W.; Li, S.; Gao, H.; Cai, Z.; Lin, G.; Zhang, T. Maxent modeling for predicting the spatial distribution
of three raptors in the Sanjiangyuan National Park, China. Ecol. Evol. 2019, 9, 6643–6654. [CrossRef] [PubMed]

12. Harris, R.B. Pseudois Nayaur. The IUCN Red List of Threatened Species 2014: E.T61513537A64313015. Available online:
https://www.iucnredlist.org/search?query=Pseudois%20nayaur&searchType=species (accessed on 3 August 2022).

13. Liu, Z.; Wang, X.; Li, Z.; Zhai, H.; Hu, T. Distribution and Abundance of Blue Sheep in Helan Mountains, China. Chin. J. Zool.
2007, 42, 1–8.

http://doi.org/10.1038/nature08649
http://www.ncbi.nlm.nih.gov/pubmed/20033047
http://doi.org/10.1038/s41558-021-01060-3
http://doi.org/10.1086/279591
http://doi.org/10.1038/416389a
http://www.ncbi.nlm.nih.gov/pubmed/11919621
http://doi.org/10.1073/pnas.0702506104
http://doi.org/10.1126/science.1206432
http://doi.org/10.1016/j.ecolind.2016.08.031
http://doi.org/10.3390/rs12244035
http://doi.org/10.1007/s10661-020-08763-8
http://doi.org/10.1002/ldr.2154
http://doi.org/10.1002/ece3.5243
http://www.ncbi.nlm.nih.gov/pubmed/31236249
https://www.iucnredlist.org/search?query=Pseudois%20nayaur&searchType=species


Int. J. Environ. Res. Public Health 2022, 19, 17082 19 of 20

14. Aryal, A.; Shrestha, U.B.; Ji, W.; Ale, S.B.; Shrestha, S.; Ingty, T.; Maraseni, T.; Cockfield, G.; Raubenheimer, D. Predicting the
distributions of predator (snow leopard) and prey (blue sheep) under climate change in the Himalaya. Ecol. Evol. 2016, 6,
4065–4075. [CrossRef] [PubMed]

15. Wu, X.; Dong, S.; Liu, S.; Su, X.; Han, Y.; Shi, J.; Zhang, Y.; Zhao, Z.; Sha, W.; Zhang, X.; et al. Predicting the shift of threatened
ungulates’ habitats with climate change in Altun Mountain National Nature Reserve of the Northwestern Qinghai-Tibetan
Plateau. Clim. Chang. 2017, 142, 331–344. [CrossRef]

16. Cazalis, V.; Barnes, M.D.; Johnston, A.; Watson, J.E.M.; Sekercioglu, C.H.; Rodrigues, A.S.L. Mismatch between bird species
sensitivity and the protection of intact habitats across the Americas. Ecol. Lett. 2021, 24, 2394–2405. [CrossRef]

17. Chase, J.M.; Blowes, S.A.; Knight, T.M.; Gerstner, K.; May, F. Ecosystem decay exacerbates biodiversity loss with habitat loss.
Nature 2020, 584, 238–243. [CrossRef]

18. Mantyka-Pringle, C.S.; Visconti, P.; Di Marco, M.; Martin, T.G.; Rondinini, C.; Rhodes, J.R. Climate change modifies risk of global
biodiversity loss due to land-cover change. Biol. Conserv. 2015, 187, 103–111. [CrossRef]

19. Pounds, J.A.; Fogden, M.P.L.; Campbell, J.H. Biological response to climate change on a tropical mountain. Nature 1999, 398,
611–615. [CrossRef]

20. Bezeng, B.S.; Tesfamichael, S.G.; Dayananda, B. Predicting the effect of climate change on a range-restricted lizard in southeastern
Australia. Curr. Zool. 2018, 64, 165–171. [CrossRef]

21. Jiang, Y.; Ma, Z.; Teng, L.; Liu, Z. Advance of the Population and Ecology of Pseudois nayaur. J. Econ. Anim. 2017, 21, 181–183.
22. Xie, J.; Meng, D.; Li, Z.; Zhang, Z.; Liu, Z.; Li, W. Population size and structure of blue sheep in Helan mountains National Nature

Reserves, Ningxia. Acta Ecol. Sin. 2022, 42, 4189–4196.
23. Rahim, M. Comparisons of Line Transect and Point Count Survey Methods by Estimating Density of Grey Squirrel Sciurus

Carolinensis. J. Environ. Ecol. 2016, 7, 9287. [CrossRef]
24. Paul, S.; Sarkar, D.; Patil, A.; Ghosh, T.; Talukdar, G.; Kumar, M.; Habib, B.; Nigam, P.; Mohan, D.; Pandav, B.; et al. Assessment of

endemic northern swamp deer (Rucervus duvaucelii duvaucelii) distribution and identification of priority conservation areas
through modeling and field surveys across north India. Glob. Ecol. Conserv. 2020, 24, e01263. [CrossRef]

25. Guo, X.; Shao, Q.; Li, Y.; Wang, Y.; Wang, D.; Liu, J.; Fan, J.; Yang, F. Application of UAV Remote Sensing for a Population
Census of Large Wild Herbivores—Taking the Headwater Region of the Yellow River as an Example. Remote Sens. 2018, 10, 1041.
[CrossRef]

26. Zhang, Y.; Zhang, C.; Xu, B.; Ji, Y.; Ren, Y.; Xue, Y. Impacts of trophic interactions on the prediction of spatio-temporal distribution
of mid-trophic level fishes. Ecol. Indic. 2022, 138, 108826. [CrossRef]

27. Abdulwahab, U.A.; Hammill, E.; Hawkins, C.P. Choice of climate data affects the performance and interpretation of species
distribution models. Ecol. Model. 2022, 471, 110042. [CrossRef]

28. Sutton, G.F.; Martin, G.D. Testing MaxEnt model performance in a novel geographic region using an intentionally introduced
insect. Ecol. Model. 2022, 473, 110139. [CrossRef]

29. Barker, J.R.; MacIsaac, H.J. Species distribution models applied to mosquitoes: Use, quality assessment, and recommendations for
best practice. Ecol. Model. 2022, 472, 110073. [CrossRef]

30. Liu, Z.; Gao, H.; Teng, L.; Su, Y.; Wang, X.; Kong, F. Habitat suitability assessment of blue sheep in Helan Mountain based on
MAXENT modeling. Acta Ecol. Sin. 2013, 33, 7243–7249. [CrossRef]

31. Cincotta, R.P.; Wisnewski, J.; Engelman, R. Human population in the biodiversity hotspots. Nature 2000, 404, 990–992. [CrossRef]
32. Martin, A.K.; Root, K.V. Challenges and Opportunities for Terrapene carolina carolina Under Different Climate Scenarios. Remote

Sens. 2020, 12, 836. [CrossRef]
33. Brun, P.; Thuiller, W.; Chauvier, Y.; Pellissier, L.; Wüest, R.O.; Wang, Z.; Zimmermann, N.E. Model complexity affects species

distribution projections under climate change. J. Biogeogr. 2019, 47, 130–142. [CrossRef]
34. Frishkoff, L.O.; Karp, D.S.; Flanders, J.R.; Zook, J.; Hadly, E.A.; Daily, G.C.; M’Gonigle, L.K. Climate change and habitat conversion

favour the same species. Ecol. Lett. 2016, 19, 1081–1090. [CrossRef]
35. Alizadeh, M.R.; Adamowski, J.; Inam, A. Integrated assessment of localized SSP-RCP narratives for climate change adaptation in

coupled human-water systems. Sci. Total Environ. 2022, 823, 153660. [CrossRef] [PubMed]
36. Yao, L.; Zhou, H.; Yan, Y.; Su, Y. Projection of suitability for the typical agro-ecological types in Central Asia under four SSP-RCP

scenarios. Eur. J. Agron. 2022, 140, 126599. [CrossRef]
37. Bao, S.; Yang, F. Spatio-Temporal Dynamic of the Land Use/Cover Change and Scenario Simulation in the Southeast Coastal

Shelterbelt System Construction Project Region of China. Sustainability 2022, 14, 8952. [CrossRef]
38. Phillips, S.J.; Anderson, R.P.; Schapire, R.E. Maximum entropy modeling of species geographic distributions. Ecol. Model. 2006,

190, 231–259. [CrossRef]
39. Phillips, S.J. A maximum entropy approach to species distribution modeling. In Proceedings of the Twenty-First International

Conference on Machine Learning, Banff, AL, Canada, 4–8 July 2004; pp. 655–662. [CrossRef]
40. Guidance Note for Lead Authors of the IPCC Fifth Assessment Report on Consistent Treatment of Uncertainties. In Proceedings

of the IPCC Cross-Working Group Meeting on Consistent Treatment of Uncertainties, Jasper Ridge, CA, USA, 6–7 July 2010;
IPCC: Geneva, Switzerland, 2010.

41. Xu, W.; Wang, J.; Zhang, M.; Li, S. Construction of landscape ecological network based on landscape ecological risk assessment in
a large-scale opencast coal mine area. J. Clean. Prod. 2021, 286, 125523. [CrossRef]

http://doi.org/10.1002/ece3.2196
http://www.ncbi.nlm.nih.gov/pubmed/27516864
http://doi.org/10.1007/s10584-017-1939-7
http://doi.org/10.1111/ele.13859
http://doi.org/10.1038/s41586-020-2531-2
http://doi.org/10.1016/j.biocon.2015.04.016
http://doi.org/10.1038/19297
http://doi.org/10.1093/cz/zox021
http://doi.org/10.5296/jee.v7i1.9287
http://doi.org/10.1016/j.gecco.2020.e01263
http://doi.org/10.3390/rs10071041
http://doi.org/10.1016/j.ecolind.2022.108826
http://doi.org/10.1016/j.ecolmodel.2022.110042
http://doi.org/10.1016/j.ecolmodel.2022.110139
http://doi.org/10.1016/j.ecolmodel.2022.110073
http://doi.org/10.5846/stxb201207221041
http://doi.org/10.1038/35010105
http://doi.org/10.3390/rs12050836
http://doi.org/10.1111/jbi.13734
http://doi.org/10.1111/ele.12645
http://doi.org/10.1016/j.scitotenv.2022.153660
http://www.ncbi.nlm.nih.gov/pubmed/35124036
http://doi.org/10.1016/j.eja.2022.126599
http://doi.org/10.3390/su14148952
http://doi.org/10.1016/j.ecolmodel.2005.03.026
http://doi.org/10.1145/1015330.1015412
http://doi.org/10.1016/j.jclepro.2020.125523


Int. J. Environ. Res. Public Health 2022, 19, 17082 20 of 20

42. Huang, C.; Hou, X.; Li, H. An improved minimum cumulative resistance model for risk assessment of agricultural non-point
source pollution in the coastal zone. Env. Pollut. 2022, 312, 120036. [CrossRef]

43. McGarigal, K.; Marks, B.J. FRAGSTATS:Spatial Pattern Analysis Program for Quantifying Landscape Structure. Available online:
https://www.fs.usda.gov/research/treesearch/3064 (accessed on 27 October 2022).

44. Huang, L.; Timmermann, A.; Lee, S.-S.; Rodgers, K.B.; Yamaguchi, R.; Chung, E.-S. Emerging unprecedented lake ice loss in
climate change projections. Nat. Commun. 2022, 13, 5798. [CrossRef]

45. Bouyer, Y.; San Martin, G.; Poncin, P.; Beudels-Jamar, R.C.; Odden, J.; Linnell, J.D.C. Eurasian lynx habitat selection in human-
modified landscape in Norway: Effects of different human habitat modifications and behavioral states. Biol. Conserv. 2015, 191,
291–299. [CrossRef]

46. Nations, U. The Paris Agreement. Available online: https://www.un.org/zh/climatechange/paris-agreement (accessed on 8
August 2022).

47. Echeverría-Caro, A.; Feldman, R.E.; Bahn, V.; Hurlbert, A. Geographic context is a key driver of spatial variation of bird species
richness during migration. Glob. Ecol. Biogeogr. 2022, 31, 1303–1312. [CrossRef]

48. Rotenberry, J.T.; Balasubramaniam, P. Connecting species’ geographical distributions to environmental variables: Range maps
versus observed points of occurrence. Ecography 2020, 43, 897–913. [CrossRef]

49. Hodgson. Pseudois Nayaur. Available online: https://www.gbif.org/species/2441008 (accessed on 15 December 2022).
50. Xia, W.; Zhang, C.; Zhuang, H.; Ren, B.; Zhou, J.; Shen, J.; Krzton, A.; Luan, X.; Li, D. The potential distribution and disappearing

of Yunnan snub-nosed monkey: Influences of habitat fragmentation. Glob. Ecol. Conserv. 2020, 21, e00835. [CrossRef]
51. Li, M.L.; Ding, J.L.; Chen, Q.Q.; Wang, M.Y.; Yang, W.K.; Zhang, C.; Luo, G.P.; Lin, Y.C. Assessment of habitat suitability of Ovis

ammon polii based on MaxEnt modeling in Taxkorgan Wildlife Nature Reserve. Chin. J. Ecol. 2019, 38, 594–603. [CrossRef]
52. Guo, Y.L.; Zhao, Z.F.; Qiao, H.J. Challenges and development trend of species distribution model. Adv. Earth Sci. 2020, 35,

1292–1305.
53. Lisovski, S.; Gosbell, K.; Minton, C.; Klaassen, M. Migration strategy as an indicator of resilience to change in two shorebird

species with contrasting population trajectories. J. Anim. Ecol. 2021, 90, 2005–2014. [CrossRef]
54. Mateo-Sánchez, M.C.; Balkenhol, N.; Cushman, S.; Pérez, T.; Domínguez, A.; Saura, S. Estimating effective landscape distances

and movement corridors: Comparison of habitat and genetic data. Ecosphere 2015, 6, 1–16. [CrossRef]
55. Guo, X.; Shao, Q.; Yang, F.; Li, Y.; Wang, C.; Wang, D. Using UAV remote sensing for a population census of blue sheep (Pseudois

nayaur) in Maduo county, source region of the Yellow River. J. Nat. Resour. 2019, 34, 1054–1065. [CrossRef]
56. Oli, M.K. Seasonal patterns in habitat use of blue sheep Pseudois nayaur (Artiodactyla, Bovidae) in Nepal. Mammalia 1996, 60, 187.

[CrossRef]
57. Salmona, J.; Heller, R.; Quemere, E.; Chikhi, L. Climate change and human colonization triggered habitat loss and fragmentation

in Madagascar. Mol. Ecol. 2017, 26, 5203–5222. [CrossRef] [PubMed]
58. Shao, Q.; Liu, J.; Huang, L.; Fan, J.; Xu, X.; Wang, J. Ecological protection of Sanjiangyuan Nature Reserve from 2005 to 2009 and

comprehensive evaluation of the ecological effectiveness of construction projects. Geogr. Res. 2013, 32, 9007. [CrossRef]
59. Yang, F.; Shao, Q.; Guo, X.; Li, Y.; Wang, D.; Zhang, Y.; Wang, C.; Liu, J.; Fan, J. Effects of wild large herbivore populations on the

grassland-livestock balance in Maduo County. Acta Prataculturae Sinica 2018, 27, 1–13. [CrossRef]
60. Pascoe, S.; Doshi, A.; Kovac, M.; Austin, A. Estimating coastal and marine habitat values by combining multi-criteria methods

with choice experiments. Ecosyst. Serv. 2019, 38, 100951. [CrossRef]
61. Bridger, M.C.; Johnson, C.J.; Gillingham, M.P. Assessing cumulative impacts of forest development on the distribution of

furbearers using expert-based habitat modeling. Ecol. Appl. 2016, 26, 499–514. [CrossRef] [PubMed]

http://doi.org/10.1016/j.envpol.2022.120036
https://www.fs.usda.gov/research/treesearch/3064
http://doi.org/10.1038/s41467-022-33495-3
http://doi.org/10.1016/j.biocon.2015.07.007
https://www.un.org/zh/climatechange/paris-agreement
http://doi.org/10.1111/geb.13505
http://doi.org/10.1111/ecog.04871
https://www.gbif.org/species/2441008
http://doi.org/10.1016/j.gecco.2019.e00835
http://doi.org/10.13292/j.1000-4890.201902.026
http://doi.org/10.1111/1365-2656.13393
http://doi.org/10.1890/ES14-00387.1
http://doi.org/10.31497/zrzyxb.20190512
http://doi.org/10.1515/mamm.1996.60.2.187
http://doi.org/10.1111/mec.14173
http://www.ncbi.nlm.nih.gov/pubmed/28488335
http://doi.org/10.11821/dlyj201309007
http://doi.org/10.11686/cyxb201731
http://doi.org/10.1016/j.ecoser.2019.100951
http://doi.org/10.1890/15-0555
http://www.ncbi.nlm.nih.gov/pubmed/27209791

	Introduction 
	Materials and Methods 
	Study Area 
	Data Sources 
	Species Occurrence Point 
	Environmental Factors 

	CA–Markov Model 
	Coupled Maximum Entropy Model and Minimum Cumulative Resistance Model (MaxEnt-MCR Model) 
	Landscape Pattern Index 

	Results 
	Revealing Main Factors 
	Current Habitat Analysis of Bharal 
	Future Evolution of Suitable Habitat and Changes in Landscape Patterns 
	Land Use and Land Cover Changes in Different Scenarios 
	Spatial–Temporal Dynamics of Suitable Habitat 

	Evolution of Landscape Pattern Index 

	Discussion 
	Transition of the Suitable Habitat Distribution for Bharal 
	Ecological Corridor and Habitat Optimization Recommendations 
	Innovations, Limitations, and Prospects 

	Conclusions 
	Appendix A
	References

