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Abstract: Climate change has caused habitat fragmentation and reduced connectivity. The Fen River
Basin in Shanxi Province, China is an important habitat for the central population of the brown-eared
pheasant (BEP). The effects of climate change need to be considered in the conservation planning of
BEP habitats. We used a species dispersion model to determine the BEP core habitat and graph theory
to explore the connectivity of the BEP’s main habitats. The pinch point areas of BEP dissemination
were determined by circuit theory. Least-cost pathways were used to identify the critical corridors
for BEP dissemination. A gap analysis was conducted to estimate the efficiency of BEP conservation
measures. Under the future climate scenarios, BEP habitats decreased by between 54.69% and 97.63%,
and the connectivity of the main habitats was reduced by a similar magnitude. The BEP core habitat
shifted to the southwestern region under the influence of climatic conditions. Currently, 90.84% of
the species’ critical habitat remains unprotected. Due to climate change, the core habitat in the future
was projected to differ from the current protected area. Enhancing the protection of the pinch point
region may aid in the restoration of habitat connectivity.

Keywords: climate change; future climate scenarios; brown-eared pheasant; habitat connectivity;
gap analysis

1. Introduction

Climate change will cause changes in biological phenology, species richness, and
the geographic distribution of species [1]. Without effective mitigation and conservation
measures, many species will be at risk of extinction [2]. In particular, endangered species
that are sensitive to the climate are most vulnerable to climate change [3]. Therefore, it is
essential to conserve vulnerable species under climate change to maintain a specific habitat
scale and good habitat connectivity.

Crossoptilon mantchuricum, a member of the Galliformes, Phasianidae, Crossoptilon, is
a rare bird that is endemic to China. It mainly inhabits mixed coniferous and broadleaf
forests at altitudes of 1000 to 2600 m. It is one of the most important wildlife species in
China, and the International Union for Conservation of Nature (IUCN) Red List also lists it
as a vulnerable species.

Numerous studies on the habitat and population size of the brown-eared pheasant (BEP)
have been conducted. During the overwintering and breeding periods, the BEP population is
distributed in a clustered pattern over a large scale [4]. The selection of spring foraging sites
by the BEP is mainly related to food, concealment, and water sources [5]. When choosing a
wintering habitat, the BEP mainly seeks small areas with a local abundance of food after a
secluded environment is identified at a large scale [6]. In addition, changes in the BEP habitat
over time and under future climatic scenarios have also attracted the attention of researchers.
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According to historical data, the region with appropriate habitats for the BEP diminishes as
forest cover decreases [7]. Li [8] predicted the potential range of the BEP in the 2050s and
2070s under several climatic scenarios. Frequent human disturbance, such as overhunting
and tourist development, were among the BEP’s primary threats [9,10]. Meanwhile, the BEP
was very susceptible to land-use change and habitat degradation [11]. Previous studies have
shown that the BEP has an apparent habitat selectivity. The survival and development of their
populations are extremely sensitive to climate conditions.

Future global climate change and the resulting changes in habitat quality may impact
the distribution and survival of the BEP. Although some researchers [8,12,13] have studied
the potential habitats of the BEP under climate change, further research on potential changes
in habitat connectivity is needed.

In this study, the distribution records of the BEP in the Fen River Basin were compiled
and the MaxEnt model was used to determine the geographical area that is currently
suitable for the BEP. We predicted the potential distribution of the BEP and its habitat
connectivity in the Fen River Basin under future climate scenarios. The future trends in the
species’ geographic distribution and dispersal pathways were predicted. The conservation
effectiveness of nature reserves for the BEP in the watershed was assessed to provide a
reference for long-term conservation measures in response to climate change.

2. Methods

The framework for assessing changes in the BEP habitat suitability and connectivity,
identifying pinch points, and gap analysis is shown in Figure 1.
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Figure 1. The framework for assessing changes in the BEP habitat suitability and connectivity,
identifying pinch points, and gap analysis.

2.1. Study Area

The Fen River Basin is situated in Shanxi Province’s middle and southern regions in
Figure 2. The basin is bounded on the east by the Yunzhong Mountains, Taihang Mountains,
and the Haihe River; on the west by the Luya Mountains, Lüliang Mountains, and the
Yellow River’s north mainstream; on the southeast by the Taiyue Mountains and the Qin
River; and on the south by the Qin River. The dimensions of the basin are 413 km from
north to south, 188 km from east to west, and the mainstream is 716 km long.
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Figure 2. Location of the Fen River Basin, BEP record points, and the elevation.

The 39,492 km2 study area includes the two main distribution areas of the BEP in
Shanxi Province. In the traditional distribution area, the BEP is continuously distributed
along the ridgeline of the Lüliang Mountains, and the other major distribution area is
the forest land in the Taiyue Mountains [12]. The BEP was originally found in the Taiyue
Mountains but did not spread from the Lüliang Mountains to the Taiyue Mountains [12].

There are 11 nature reserves in the Fen River Basin for the protection of the BEP,
including 4 national nature reserves and 7 provincial nature reserves. Numerous nature
reserves are located in the northwest of the Fen River Basin along the Lüliang Mountains,
while a few are scattered in the central part of the basin.

Brown-eared pheasant occurrence records were obtained from the global biodiversity
information facility (GBIF, https://www.gbif.org/ accessed on 10 May 2022), eBird (https://
ebird.org/ accessed on 10 May 2022), BirdReport (http://www.birdreport.cn/ accessed on
10 May 2022), and the available literature [7,12] see Supplementary Materials. Occurrences
without clear coordinates were removed. Forests, conservation stations, villages, and towns
included in each nature reserve of the BEP were found based on the geographical names
database to find their central latitude and longitude [8]. In addition, we also compiled
recent reports of BEP on the Internet and confirmed their specific coordinates through
Google Earth (https://earth.google.com/ accessed on 10 May 2022). The BEP record reports
were selected according to the following principles: (1) only data from exclusively within
the research region were used; (2) duplicate points and other points within 300 m were
removed to minimize model overfitting [13]; (3) points that fell outside the species’ height

https://www.gbif.org/
https://ebird.org/
https://ebird.org/
http://www.birdreport.cn/
https://earth.google.com/
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range were removed [14]; (4) only one point position was kept in a grid cell to avoid the
effect of spatial autocorrelation as much as possible [15]; and (5) all points need to meet the
physiological conditions of BEP to some extent. The global Moran I index was calculated to
test whether the occurrence data are aggregated.

2.2. Environmental Variables

Suitable environmental variables were selected based on a comprehensive considera-
tion of the ecological, life history, and biological characteristics of the BEP [4–6]. Habitat
factors such as vegetation, elevation, climate, and anthropogenic disturbance all have an
effect on habitat selection of the BEP [13,14].

We classified environmental elements into four categories while developing species
distribution models (SDMs) for the BEP: climate, habitat, terrain, and human influences.
The climate data were CMIP6 downscaled future climate projections derived from World-
Clim 2.1 (www.worldclim.org accessed on 17 December 2021) [16]. We used the common
delta method to downscale the climate data [17]. The scale of change of the future climate
scenario from the base period was calculated, and the measured data of the base period
were multiplied by this scale and then interpolated to 300 m [18]. Habitat environmental
variables include land-use and distance to water. Land-use in the current period was
derived from ESA Worldcover (www.esa-worldcover.org accessed on 28 December 2021);
however, if the projection used the current land-use type, it may affect the overall accuracy.
Future land-use changes based on four shared socioeconomic pathways (SSPs) were used
to predict future habitat changes in the BEP [19]. We obtained the distance to water by
calculating the Euclidean distance to a river or lake. Terrain variables include elevation
and slope. GDEMV3 30-m digital elevation data collected from the Geospatial Data Cloud
were used to determine the elevation and slope (www.gscloud.cn accessed on 15 December
2021). Human influences variables include distance to roads and distance to residence.
The same treatment as for water was applied to roads, towns, and rural. The water, roads,
towns, and rural vector maps were obtained from the National Catalogue Service for
Geographic Information (www.webmap.cn accessed on 8 December 2021). The resolution
of all environmental variables was unified to 300 m. Selected environmental factors were
filtered to reduce the effect of covariate relationships between variables [20]. We eliminated
variables with correlation coefficients greater than 0.8 [21].

2.3. Different Future Climate Scenarios

We used the Beijing Climate Center climate system model version 2 (BCC-CSM2-MR),
with four SSPs (126, 245, 370, and 585). The BCC-CSM2-MR was suitable for East Asia and
had been extensively studied [22]. To study the response of the BEP to climate change, we
selected climate data for the periods of 2020–2040 (2030s) and 2040–2060 (2050s).

2.4. Species Distribution Models

The Maxent model can effectively deal with complex environment variables with
collinearity, and over-parameterization has less impact on the model than a lack of pa-
rameterization [23,24]. We created SDMs for the BEP based on occurrence data and
the environmental variables. The SDMs were created with the Maxent (v 3.4.4) (https:
//biodiversityinformatics.amnh.org/open_source/maxent/ accessed on 5 November 2021)
program. The training set contained 75% of the random sample points, and the test set
contained 25% of the random sample points. A total of 10,000 pseudo-absence points were
randomly generated, the maximum number of iterations was 500, and the model was
run 10 times to obtain robust results [25]. The area under the curve (AUC) of the receiver
operating characteristic curve values showed a great advantage in the performance assess-
ment of the SDMs [26,27]. Cohen’s Kappa was also an important metric to consider when
evaluating models [28]. Omission rate (OR) was the percentage of abnormal samples not
correctly classified in the test sample compared to the total number of abnormal samples in
the test sample, and a smaller value indicates higher prediction accuracy [29]. Generally,

www.worldclim.org
www.esa-worldcover.org
www.gscloud.cn
www.webmap.cn
https://biodiversityinformatics.amnh.org/open_source/maxent/
https://biodiversityinformatics.amnh.org/open_source/maxent/
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0.5 < AUC < 1, with the maximum value of 1 representing the theoretically most accurate
model.

2.5. Habitat Change Assessment

The 10% training presence logistic threshold (10% TPLT) ensures the smallest omission
rate, and, for habitat assessments, it is appropriate to include at least 90% of the total known
sample points. This value is frequently used in threshold selection [7,30]. We set less than
10% TPLT as a low suitability. We set a TPLT of less than 10% as low fitness. Habitats with
low suitability will be treated as non-habitats. Empirically, we used 0.6 as the threshold to
distinguish between moderate and high suitability [14]. The home area of the BEP ranges
from 2 to 128 ha [31]. All patches larger than 2 ha will be used to build a connectivity
network [32].

Considering the spatial heterogeneity of habitat distribution, we calculated the weighted
area [33,34]. To quantify the change in habitat area, the total weighted areas of all patches
were calculated. The sum of grid values within all habitat patches was calculated to obtain the
weighted area. Meanwhile, we generated mean values for the latitude and longitude of the
weighted centers of all habitat patches to examine the geographic variance in core habitats.

2.6. Habitat Connectivity Estimation

We chose four metrics to measure the habitat connectivity of the BEP, which were
calculated by Confor 2.6 (http://www.conefor.org/ accessed on 22 November 2021). The
probability of connectivity index (PC) is commonly used to assess the connectivity among
habitats [35]. PC may be defined as the chance that two randomly placed animals within a
landscape would arrive in habitat patches that are approachable from one another (inter-
connected) given the set of habitat patches and their connections (pij) [36]. This index was
calculated by Saura et al. [36]:

PC =
∑n

i=1 ∑n
j=1 aiaj p∗ij
A2

l
, (1)

where n represents the total number of habitat patches; ai and aj signify the weighted
habitat area of patches I and j, respectively; p∗ij denotes the species’ greatest dispersion
probability between patches i and j; and Al signifies the weighted habitat area of the total
study area, including habitat and non-habitat patches. We selected the maximum dispersal
distance of the BEP and set the probability value to 0.05 in Confor 2.6 [37]. PC is a numeric
number between 0 and 1, with 0 suggesting that species are not biologically related between
habitat patches and 1 representing the optimal connection.

The integral index of connectivity (IIC) is similar to PC, but it also assesses the dispersion
possibilities between habitat units [38]. Rather than using dispersion probabilities, IIC
employs a binary connection model in which two habitat units are either related or not.
This index was calculated by Pascual-Hortal et al. [38]:

I IC =
∑n

i=1 ∑n
j=1

ai ·aj
1+nlij

A2
l

(2)

where nlij denotes the number of links in the shortest path (topological distance) connecting
patches i and j; the meanings of the other variables are the same as in Equation (1).

An equivalent connectivity area (ECA) is defined as the size of a single habitat patch
(maximally connected) that would have the same probability of connection as the land-
scape’s current habitat pattern [39]. We chose a weighted habitat area rather than area, and,
therefore, we referred to this index as EC. This index was calculated by Saura et al. [39]:

EC =

√√√√ n

∑
i=1

n

∑
j=1

aiaj p∗ij (3)

http://www.conefor.org/


Land 2022, 11, 806 6 of 17

the variables are the same as in Equation (1).
Following a certain spatial change in the landscape, the relative variation in EC may

be directly compared to the variation in the total amount of weighted habitat area in the
landscape after the same change [35]. This index was calculated by Dilts et al. [33]:

rEC =
dEC
dWA

(4)

where dEC and dWA denote relative changes of EC and weighted area, respectively.
rEC is larger than 1 when the habitat alteration results in a disproportionate change in

connectivity; otherwise, this value is less than 1. A score of less than 1 indicates that the
connection has shifted as a result of random habitat changes [34].

2.7. Least-Cost pathways

We used the inverse of suitability as the friction layer, which avoids the subjective
opinions of experts, which is more advantageous [40].

Linkage Mapper 3.0 (https://linkagemapper.org/ accessed on 22 November 2021)
was used to simulate least-cost pathways and extract habitat corridors. The tool creates
a cost-weighted distance (CWD) surface by calculating the CWD of each grid cell from
the nearest source, then calculates the least CWD and simulates the least-cost pathway. It
removes least-cost paths between perfectly adjacent habitat patches and least-cost paths
that exceed the farthest dispersal distance [31].

2.8. Circuit Theory Analysis

Circuit theory reflects the relative importance of habitat patches and corridors using
the strength of currents between core habitats. Circuit theory may be used to forecast
the movement patterns and chance of dispersion or death of random walkers traversing
complicated environments [41]. It can be used to connect habitat patches and determine
key corridors for conservation planning.

Circuitscape 4.0 software (https://circuitscape.org/ accessed on 22 November 2021)
models connectivity based on circuit theory. It is widely used in the identification of
animal corridors because the electronic charges can travel randomly, similar to the animal
movement process [42]. We used the pairwise mode in the Pinchpoint Mapper tool to
create a circuit density map and identify pinch points.

2.9. Gap Analysis

We obtained vector maps of the nature reserves in the study area from the Resource
and Environment Science and Data Center (www.resdc.cn accessed on 7 November 2021).
The vector maps were overlaid on the core habitat patches in the current period to assess
the proportion of protected area to habitat and the proportion of different suitability
areas within the protected areas. Areas with a high current density were considered
to be important pathways for BEP dispersal. The vector maps were overlaid on the
current density maps under future climate scenarios to assess the conservation efficiency of
protected areas for important habitat patches.

3. Results
3.1. Habitat Suitability Variation

After removing the highly relevant environment variables, the 12 variables include
mean diurnal range (bio2), isothermality (bio3), max temperature of warmest month (bio5),
mean temperature of coldest quarter (bio11), precipitation seasonality (bio15), precipitation
of warmest quarter (bio18), precipitation of coldest quarter (bio19), land-use, distance to
water, slope, distance to road, and distance to residence. The Moran index of the occurrence
point was calculated as follows: 0.176, z = 2.37, p = 0.007. The AUC values for all the SDMs
were higher than 0.8 in all the climate scenarios, the Kappa was higher than 0.7, and the
OR was less than 0.05, so the results were plausible in Table 1.

https://linkagemapper.org/
https://circuitscape.org/
www.resdc.cn
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Table 1. Evaluation metrics of SDM for BEP.

Period AUC Omission Rate Cohen’s Kappa

current 0.89 0.02 0.75
2030 SSP126 0.87 0.01 0.76
2030 SSP245 0.89 0.03 0.80
2030 SSP370 0.89 0.02 0.82
2030 SSP585 0.88 0.05 0.81
2050 SSP126 0.88 0.02 0.76
2050 SSP245 0.88 0.03 0.75
2050 SSP370 0.87 0.02 0.79
2050 SSP585 0.89 0.04 0.80

Among all the environmental variables, land-use showed a large dominance, with a
mean contribution of about 27.45%. The contribution of bio5 was 17.77% to 20.83%, ranking
second in Table 2. The contributions of “distance to water”, “distance to roads”, and
“slope” were all below 5% or even lower in Table 2. Land-use change and anthropogenic
disturbance have a greater impact on BEP habitat than climate change.

Table 2. Variable contribution of SDM for BEP.

Period Bio2 Bio3 Bio5 Bio11 Bio15 Bio18 Bio19 Land-Use
Distance

to
Water

Slope Distance
to Road

Distance to
Residence

current 4.92 3.55 20.48 2.12 10.62 12.57 5.86 26.33 0.94 3.82 2.59 6.19
2030SSP126 6.16 3.47 19.44 1.72 10.85 13.31 3.20 27.14 0.80 4.65 3.22 6.04
2030SSP245 5.20 4.08 20.09 1.63 10.56 12.03 5.41 28.80 0.64 3.81 2.81 4.94
2030SSP370 6.60 3.69 20.33 2.01 10.65 11.55 5.19 27.66 1.20 2.76 3.05 5.31
2030SSP585 4.63 3.34 18.43 1.42 10.20 9.16 11.78 28.11 0.80 2.37 3.45 6.30
2050SSP126 3.87 3.46 18.87 1.21 8.62 8.27 16.03 27.69 0.88 4.12 2.34 4.64
2050SSP245 4.57 4.17 17.77 1.28 9.72 8.35 14.23 27.54 0.58 3.56 3.66 4.56
2050SSP370 5.02 3.57 20.83 1.86 10.84 11.29 6.65 26.64 0.90 4.44 2.45 5.50
2050SSP585 4.26 2.95 20.82 2.03 9.81 12.39 6.73 27.20 1.08 3.03 2.82 6.88

The 10% training presence logistic thresholds of different climate scenarios were shown
in Table 3. All the 10% TPLT were basically stable at around 0.27, with the highest value
not exceeding 0.30.

Table 3. The 10% training presence logistic threshold of different climate scenarios.

Period 10% Training Presence Logistic Threshold

current 0.27
2030 SSP126 0.27
2030 SSP245 0.26
2030 SSP370 0.29
2030 SSP585 0.26
2050 SSP126 0.30
2050 SSP245 0.26
2050 SSP370 0.27
2050 SSP585 0.30

After removing the small patches, the weighted area of the existing suitable habitat
was 86,810.10 in Figure 3a. Moderately suitable habitat accounted for 37.95% of the study
area, whereas highly suitable habitat accounted for 34.92%.
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The outputs of the MaxEnt model were reclassified according to different suitability
thresholds to obtain suitability classification maps in Figure 4. After vectorizing these maps,
patches with an area less than 2 ha were excluded to obtain the core habitats of BEP in
Figure 5.

The weighted area of the different periods is shown in Figure 6. Although the range of
suitable habitats varied among the SSPs, the proportion of suitable habitats was lower in
all the future climate scenarios than in the current period. The 2050s SSP585 had the most
significant reduction in weighted area (97.63%). With just a 54.69% decrease in weighted
area, the 2030s SSP585 experienced the least loss in weighted area.

Under future climate scenarios, the weighted area of suitable habitats was much
greater in the 2030s SSP245 and SSP585 than in the other scenarios. The weighted area
of highly suitable habitat for the 2030s SSP126 and 2050s SSP585 scenarios, account for
about 0.81% of the total weighted area. Under the four different 2030 climate scenarios,
the weighted area of suitable habitats accounted for 22.32%, 63.16%, 25.97%, and 57.34%,
respectively, of the basin in Figure 6. Under the four climate scenarios for the 2050s, the
weighted area of suitable habitats accounted for 41.53%, 45.68%, 34.21%, and 12.93%,
respectively, of the basin in Figure 6.
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We assessed the spatial variation in habitats by calculating the weighted centroids
of all the habitat patches and averaging them in Figure 7. The current latitude of the core
habitat patches was 37.04◦ and the longitude was 111.77◦. In all the future scenarios, there
was a shift in the habitat from the present position to the south. The transfer distance
ranged from a minimum of 57 km (2030s SSP585) to a maximum of 117 km (2050s SSP245).
The latitude of the core habitat patches stabilized at 36.13◦ in the 2030s SSP126, 2050s
SSP126, 2050s SSP245, and 2050s SSP585; 36.23◦ in the 2030s SSP245; 36.42◦ in the 2050s
SSP370; and 36.55◦ in the 2030s SSP370 and SSP585. The longitude of the core habitat
patches stabilized at 111.13◦ in the 2050s SSP585; 111.21◦ in the 2050s SSP245; 111.34◦ in the
2030s SSP126, 2050s SSP126; 111.45◦ in the 2030s SSP370, 2050s SSP370; and 111.54◦ in the
2030s SSP245 and SSP585.
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3.2. Habitat Connectivity Variation

Table 4 shows the calculation results of the connectivity metrics. The values of PC,
IIC, and EC for the future climate scenarios were all lower than the current values. For
PC, the difference between the maximum (2030s SSP245) and minimum (2050s SSP585) is
more than 100 times. For IIC, the difference between the maximum (2030s SSP245) and
minimum (2050s SSP585) is nearly 60 times. The 2030s SSP245 climate scenario showed
the best connectivity. 2030s SSP585, which has the largest equivalent connectivity, has the
second-best connectivity after 2030s SSP245. The connectivity of 2050s SSP585 is weaker
than the others in all the climate scenarios.



Land 2022, 11, 806 11 of 17

Table 4. The connectivity indicators.

Time PC IIC EC rEC

Current 0.519 0.218 85,271.14
2020–2040

SSP126 0.021 0.019 2,497.71 1.02
SSP245 0.331 0.175 27,833.29 1.04
SSP370 0.014 0.011 2780.14 1.02
SSP585 0.298 0.173 37,108.97 1.03

2040–2060
SSP126 0.125 0.065 9,406.96 1.01
SSP245 0.174 0.088 8,963.01 1.02
SSP370 0.042 0.024 5,887.12 1.05
SSP585 0.003 0.003 876.25 1.01

The rEC values for all eight future climate scenarios were slightly greater than 1. The
rEC values suggested that the loss of habitat was essentially equal to the loss of connectivity.

After excluding the least-cost pathways between completely adjacent habitat patches
and least-cost paths that exceed the farthest dispersal distance, 57 corridors were identified
in the current period, as shown in Figure 3b. These corridors are mainly located in areas
where the habitat edges are heavily fragmented. Figure 8 shows the least-cost pathways be-
tween the core habitat patches for the different future climate scenarios. The largest number
of corridors was identified in the 2030s SSP585 scenario, with 157 corridors. These corridors
were mainly located in the northern, central, and southeast of the basin, connecting a large
number of fragmented habitat patches. The minimum number of corridors identified in
the 2050s SSP245 scenario was 45. These corridors were mainly distributed in the habitat
patch fragmentation area southwest of the study area.

Currently, the areas with a high current density are mainly distributed along the
Lüliang Mountain Range, and we discovered a total of 20 pinch points, as shown in
Figure 3c. The current densities varied significantly between the climate scenarios, as
shown in Figure 9. An area of high current density was distributed in the southwest of the
basin in 2030s SSP126 and 2050s SSP126, SSP245, and SSP585. A moderate current density
was spread in the middle of the basin in 2030s SSP245, SSP370, and SSP585 and 2050s
SSP370. As a necessary route for BEP dispersal, the pinch point areas with high current
density were crucial areas that need to be protected to enhance the habitat connectivity.

3.3. Gap Analyses

Within the region studied, there were 11 nature reserves with a total area of 1496.98
km2 that serve to preserve the BEP. Patches of BEP habitat were found in all the nature
reserves, as seen in Figure 3b. Within the Fen River Basin, the extent of the protected
areas is much smaller than the extent of suitable habitats. Currently, 90.84% of the BEP
habitat patches remain unprotected in the study area. Figure 3c shows that the Luyashan
National Nature Reserve and three provincial nature reserves (Fenheshangyou Nature
Reserve, Yundingshan Nature Reserve, and Hanxinling Nature Reserve) had relatively
high current densities. The only one with a high current density in the 2030s and 2050s was
Hanxinling Provincial Nature Reserve. In Figure 10, suitable habitats in the central part
of the watershed are covered by protected areas only under the 2030SSP245, 2030SSP370,
2030SSP585, and 2050SSP370 scenarios. Suitable habitats in other areas are not covered
by protected areas. Figure 11 shows the different suitabilities of the nature reserves at
the present time. Under the climate scenarios, Hanxinling Provincial Nature Reserve and
Huoshan Provincial Nature Reserve both had locations with a reasonably high current
density (Figure 9) for both 2030s SSP245 and 2030s SSP585.
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4. Discussion
4.1. Habitat Suitability Area Variation

The area of suitable habitat for the BEP in the Fen River Basin decreased under all
the climate scenarios in the 2030s and 2050s. In the current period, our results were in
line with those of previous studies in terms of predicting the suitable distribution range
of the BEP in the basin [8,13,15]. The current suitable habitat of the BEP was found to
be greater than that reported by Li [14]. This may be related to the policy of returning
farmland to forest in China and the decrease in agricultural population. Highly suitable
habitats were distributed closer to the edge of the study area than moderately suitable
habitats. The high suitability habitat is farther from the edge of the forest areas, which may
help to reduce anthropogenic disturbance or provide effective protection against natural
enemies. Conservation measures for the BEP, therefore, require further attention [43].

However, the suitable range of the BEP habitat under future climate scenarios differed
from that reported by Li [8]. The climate data selected by Li were from CMIP5. This
difference may be related to the choice of climate data, with the CMIP6 model coupling
more anthropogenic effects on climate than the CMIP5 model [44]. There was also a
difference in the threshold for habitat suitability, with a 10% TPLT being used in the present
study. The different thresholds may be an essential reason for the variation in the suitable
area. Based on the results, it is clear that the impact of land-use change on BEP habitats
may be greater than climate change. Coupling climate change and anthropogenic land-use
may be more effective in predicting habitat change. Land-use change accounted for a
significant proportion of the contribution of all the environmental variables. Our results
also suggested that the suitable habitat for the BEP will shift to the southwest in the future.
The shift in the location of the suitable habitat may also be an important reason for the
reduction in the suitable habitat in the Fen River Basin under future scenarios.

4.2. Habitat Suitability Spatial Variation

The study showed that the habitat of BEP shifted under the influence of climate, which
is consistent with Young’s prediction [12]. The core habitat of BEP shifts to the southwest,
which may be related to the distribution of Pinus tabuliformis. Pinus tabuliformis forests are
ideal habitats for BEP, which eat the seeds of Pinus tabuliformis and are effectively protected
from natural predators in the forests [45]. The altitude of the BEP distribution area in the
Taiyue Mountains is only about 500 m, all lower than other areas [12]. The low altitude
area of the Taiyue Mountains is covered with a large number of mixed coniferous and
broadleaf forests, as well as mixed forests of trees and shrubs, which provide rich food for
the BEP [13].

4.3. Habitat Connectivity

Habitat connectivity is crucial for species dispersal. The construction of resistance
surfaces plays a vital role in assessing the connectivity of habitat patches [46]. Combining
the surface landscape with the areas of anthropogenic disturbance to determine the extent
of the resistance surface is one method to determine the connectivity [32]. Using the inverse
of suitability as the resistance surface effectively reduces the subjectivity in determining
the resistance value [33,34].

Under future climate scenarios, the habitat may become highly fragmented and even
unsuitable. The results showed that the loss of habitat connectivity may be as serious as
the loss of habitat, and we should, therefore, be concerned about both the loss of habitat
patches and the reduction in connectivity [39]. The Taiyue Mountains forest area and
Lüliang Mountains forest area are separated by the Fen River valley. The habitat in this area
is severely fragmented and not well covered with forest vegetation. Habitat patches in this
area were clearly fragmented in the 2030s SSP245, SSP370, and SSP585 and 2050s SSP370.
It would, therefore, be difficult for the BEP to move into this area, which was consistent
with the results of Yang [12]. There were multiple least-cost pathways and a relatively high
current density in this area, making it an important area for BEP diffusion. The dispersal of
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the BEP could be effectively promoted by protecting the pinch point area. The results of
our study provide theoretical guidance for building the integrity and connectivity of the
BEP habitat.

At present, the high current density in nature reserves, such as Pangquangou, we
speculate, may be related to two factors: (1) the ecological conditions in the nature reserves
are better and are important patches for BEP to spread or inhabit; (2) the presence of captive
populations in the nature reserves may cause high current density. However, with climate
change, the core habitat shifts, and the nature reserves may need to reselect the boundary
in the future as well.

4.4. Gap Analysis

The nature reserves protecting the BEP in the Fen River basin are mainly located along
the Lüliang Mountains and are concentrated in the middle and upper parts of the basin.
There are also nature reserves in the central part of the basin, as well as in the Taiyue
Mountains. Some populations are still active outside of the nature reserves. Most of the
suitable habitat for the BEP is located in about 90.84% of the area not currently covered by
nature reserves, and this observation was consistent with Li et al. [14]. Under future climate
scenarios, the suitable habitats were projected to shift to the southwest and were not within
the existing nature reserves. Therefore, the scope of the reserves should be expanded, and
the boundaries of the protected areas should be redefined as a conservation measure.

5. Conclusions

Our study shows that the connectivity of the BEP habitat in the Fen River Basin has
significantly decreased as a consequence of climate change. In addition, the reduction in the
habitat will result in an equal degree of loss in connectivity. Therefore, it will be important
to enhance the connectivity conservation in the pinch point area. In addition, we found a
conservation gap between the current distribution of the BEP and the existing nature reserves
in the Fen River Basin. With climate change, the shift in the BEP habitats to the southwest will
further widen the conservation gap. Management measures to adjust the scope of protected
areas and strengthen the protection of pinch point areas will help to bridge the conservation
gap. The distribution area of the central population of the BEP is not only in the Fen River
Basin, although our findings can only be applied to the Fen River Basin. We suggest that the
scope of the study area should be expanded in future studies to include the central population
of the BEP and enhance the overall connectivity. In future work, we can construct ensemble
species distribution models to reduce the error of single-species distribution models. Many
habitats in some areas have different suitability categories but are spatially connected, and the
impact of their connectivity on the overall habitat connectivity should be considered.
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