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Abstract: Subalpine shrubland is an important vegetation type in the Hengduan Mountains
region of China, and its distribution has been substantially influenced by global warming.
In this research, four subalpine shrub communities in the Hengduan Mountains were
selected: Rhododendron heliolepis Franch. scrub, Rhododendron flavidum Franch. scrub, Quer-
cus monimotricha (Hand.-Mazz.) Hand.-Mazz. scrub, and Pinus yunnanensis var. pygmaea
(Hsueh ex C. Y. Cheng, W. C. Cheng & L. K. Fu) Hsueh scrub. A MaxEnt model was used
to assess the suitable habitats and their primary drivers of four subalpine shrublands in
China under different climate scenarios. Our results indicate the following: (1) The suitable
habitat areas of the four subalpine shrublands exhibit a predominant distribution within
the Hengduan Mountains region, with small populations in the Himalayas and Wumeng
Mountain. Temperature and precipitation are identified as the primary drivers influencing
the suitable habitat areas of the four subalpine shrublands, and the temperature factor is
more influential than the precipitation factor. Furthermore, the contribution rate of slope
to Quercus monimotricha scrub is 19.2%, which cannot be disregarded. (2) Under future
climate scenarios, the total suitable habitats of the four subalpine shrublands show an
expanding trend. However, the highly suitable areas of three shrublands (Rhododendron
flavidum scrub, Quercus monimotricha scrub, and Pinus yunnanensis var. pygmaea scrub)
show a contracting trend under the high-carbon-emission scenario (SSP585). (3) Driven by
global warming, the suitable habitat areas of Rhododendron heliolepis scrub, Rhododendron
flavidum scrub, and Pinus yunnanensis var. pygmaea scrub shift toward higher elevations in
the northwest, while the distribution of Quercus monimotricha scrub varies under different
carbon emission scenarios, with a much smaller shift range than the other three scrubs.
Our study contributes valuable insights into the spatiotemporal dynamics of subalpine
shrublands in China under climate change, providing scientific guidance for biodiversity
conservation and ecosystem restoration.

Keywords: global warming; subalpine shrublands; suitable habitats; MaxEnt model;
Hengduan Mountains

1. Introduction

Subalpine vegetation plays an important role in biodiversity conservation and the
maintenance of ecosystem functions in terrestrial ecosystems [1-4]. The distribution of
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subalpine vegetation is strongly affected by global warming, which will result in the
migration of subalpine vegetation to higher elevations and latitudes [5-7]. In particular,
global warming may have a greater impact on woody vegetation than on herbaceous
plants [8]. This will challenge biodiversity conservation and the maintenance of ecosystem
functions [9,10].

Subalpine shrublands are distributed at the upper limit of montane cold-temperate
coniferous forests, situated within an ecotone [11]. They are capable of adapting to the
alpine climate characterized by low temperatures, aridity, and prolonged snow cover.
Shrubland occurrence increased by 12% and shrubland cover by 10% in Mediterranean
high-mountain ecosystems of the Central Apennine Mountain Range (Italy) over a period
of almost 60 years (1954-2012) [12]. A study in the treeline ecotone area of the Qinghai—
Tibet Plateau has predicted that Juniperus tibetica Komarov will migrate to higher-elevation
and higher-altitude areas [13]. Therefore, exploring the potential habitat of subalpine
shrublands under global warming can provide a scientific basis for vegetation protection
and the management of subalpine ecosystems.

Located in the southeast of the Tibetan Plateau, the Hengduan Mountains are recog-
nized as a climate change-sensitive area and an important refuge [14-16]. This is also one of
the areas with the richest subalpine species diversity [17,18]. The subalpine shrublands in
the Hengduan Mountains play a positive role as ecosystem engineers, improving microen-
vironments and promoting the growth and survival of forest understory seedlings [2,19].
Currently, there is limited research on the suitable habitats of subalpine shrublands in
the Hengduan Mountains region. Studying the response of subalpine shrublands in the
Hengduan Mountains to global warming not only is crucial for biodiversity conservation
and ecosystem services in this region, but also provides a scientific basis for mitigation and
adaptation strategies against climate change on a global scale.

Species distribution modeling (SDM) is an important numerical tool to study the suit-
able habitats of species, which combines the observation data of species abundance or oc-
currence with environmental estimation [20]. By using known species distribution data and
corresponding environmental variables, SDM simulates the geographical range of species
and identifies the drivers behind their distribution [21-23]. The Maximum Entropy Model
(MaxEnt) is the most widely applied SDM model to predict species distribution [24-26]. It
operates efficiently across different temporal and spatial scales and demonstrates excep-
tional performance even when data on species distribution points are limited [27].

We focus on four main subalpine shrublands distributed in the Hengduan Mountains,
including Rhododendron heliolepis Franch. (R. heliolepis) scrubs, Rhododendron flavidum Franch.
(R. flavidum) scrubs, Quercus monimotricha (Hand.-Mazz.) Hand.-Mazz. (Q. monimotricha)
scrubs, and Pinus yunnanensis var. pygmaea (Hsueh ex C. Y. Cheng, W. C. Cheng & L. K.
Fu) Hsueh (P. yunnanensis var. pygmaea) scrubs. We employ the MaxEnt model to explore
potential suitable habitats and identify the primary drivers of them under different climate
scenarios. The objectives of this study are as follows: (1) clarifying the current suitable
habitat ranges of the four subalpine shrublands in China and identifying the primary
drivers that influence their distribution; (2) comparing the differences in suitable habitat
changes for these scrubs under future climate scenarios; and (3) ascertaining the migration
trends of these scrubs. The findings hold substantial implications for subalpine vegetation
restoration, biodiversity conservation, and ecosystem stability.
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2. Materials and Methods

2.1. Collection and Processing of Data
2.1.1. Vegetation Occurrence Data

As native vegetation types, R. heliolepis scrub, R. flavidum scrub, Q. monimotricha
scrub, and P. yunnanensis var. pygmaea scrub are distributed in the Hengduan Mountains
region. As the dominant shrub between R. heliolepis scrub and R. flavidum scrub, R. heliolepis
reaches a height of approximately 2 m, while R. flavidum ranges from 0.4 to 0.8 m in height;
both belong to the evergreen broadleaf Rhododendron species. As a dominant species,
Q. monimotricha, reaching a height of approximately 1 m, is an evergreen sclerophyllous oak
capable of withstanding cold, arid climates and nutrient-poor soils [28]. As the dominant
species of P. yunnanensis var. pygmaea scrub, P. yunnanensis var. pygmaea exhibits an indistinct
main trunk, with multiple stems branching from the base, reaching a height of 0.4 to 2.0 m,
and assumes a shrub-like growth form [29].

Occurrence data of four communities (R. heliolepis scrub, R. flavidum scrub, Q. moni-
motricha scrub, and P. yunnanensis var. pygmaea scrub) were obtained from the “Vegetation
Atlas of China (1:1,000,000)” published by Science Press in 2001 [30], with a spatial res-
olution of 1 km. ArcGIS 10.8.1 was used for the spatial registration, vectorization, and
rasterization of the dataset to generate latitude and longitude data for the communities.
The ENMotools package [31] was used for filtering, ensuring that only one occurrence point
was retained per 5 km x 5 km grid to mitigate spatial autocorrelation among sample points.
After screening, 764, 732, 630, and 216 effective distribution points were retained for R. heli-
olepis scrub, R. flavidum scrub, Q. monimotricha scrub, and P. yunnanensis var. pygmaea scrub,
respectively (Figure 1). These data were saved in Excel in the order of vegetation name,
longitude, and latitude and exported in “*.CSV” format for the construction of MaxEnt
models.
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Figure 1. The original occurrence records of four subalpine shrublands in China.
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2.1.2. Environmental Variable Data

In this study, a total of 24 environmental factors were selected, comprising 19 biocli-
matic factors, 2 topographic factors, and 3 soil factors. Additionally, a human activity factor,
representing a key component of global change [32], was incorporated. Bioclimatic data
for the current period (1970-2000) and future scenarios (2021-2040, 2061-2080), along with
elevation data, were obtained from the WorldClim dataset at a 5 km spatial resolution [33].
Slope and aspect data were extracted from the elevation data using the “3D Analyst tools”
in ArcGIS 10.8.1. Soil data were derived from the Harmonized World Soil Database version
1.2 [34], with a spatial resolution of 1 km. Human activity data were derived from the
human footprint (hf) dataset of the Socioeconomic Data and Applications Center [35], with
a spatial resolution of 1km. Using ArcGIS 10.8.1, all variables were extracted by a mask,
resampled, and projected, with their spatial resolution standardized to 5 km.

The Beijing Climate Center Climate System Model version 2 (BCC-CSM2-MR) was
selected as a future climate model, which is published by CMIP6. The BCC-CSM2-MR is
renowned for its exceptional performance in simulating China’s climate [36]. Three Shared
Socioeconomic Pathways (SSP126, SSP370, and SSP585) were selected for this study due
to their extensive application in research on the distribution of suitable habitats [37,38].
SSP126 represents a low-radiative-forcing scenario, SSP370 represents a medium- to high-
radiative-forcing scenario, and SSP585 represents a high-radiative-forcing scenario, each
corresponding to low-to-high carbon emissions, respectively [27]. For the prediction of
future scenarios, we assumed that topography, soils, and the human footprint would
remain unchanged in the future, because topography will not change greatly, and the
contribution rates of soils and the human footprint in our study were relatively low.

Considering the strong correlations among environmental variables, which may cause
model overfitting, we eliminated some variables that exhibited strong correlations with
others [39]. Firstly, a total of 25 environmental variables and distribution data were im-
ported into MaxEnt 3.4.1 software for simulation, and the contribution of each variable
to the model prediction was obtained and factors without a contribution rate eliminated.
Then, the Spearman correlation coefficients of the variables were computed using SPSS 27
software; in instances where the absolute correlation coefficient between two environmental
variables exceeded 0.75, the environmental variable with the lowest contribution rate was
selected for removal [32,40,41]. The number of retained environmental variables (Table 1)
for the suitable habitats of R. heliolepis scrub, R. flavidum scrub, Q. monimotricha scrub, and
P. yunnanensis var. pygmaea scrub (Table 1) was 10, 11, 9, and 12, respectively. In subsequent
modeling, only the retained environmental variables are used.

2.2. Classification of Suitable Habitats and Identification of Primary Drivers

The retained vegetation distribution data and corresponding environmental data of
R. heliolepis scrub, R. flavidum scrub, Q. monimotricha scrub, and P. yunnanensis var. pygmaea
scrub were imported into the Maxent model to calculate their potential habitats. Of the
distribution point data, 75% was assigned as training data, while the remaining 25% was
designated as test data, with the maximum number of iterations set to 1000 and all other
settings maintained at their default values; the average of 10 repetitions was used as the
simulation result [42,43]. To visualize the modeling results, the “reclassfy” tool of ArcGIS
10.8.1 was used. We used natural breaks to divide the simulation results into four levels [44]:
unsuitable habitat (0-0.1), generally suitable habitat (0.1-0.3), moderately suitable habitat
(0.3-0.5), and highly suitable habitat (0.5-1). The suitable areas of four subalpine shrublands
were studied on the basis of generally, moderately, and highly suitable habitats.
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Table 1. Environmental variables involved in modeling.
Variables Description Vegetation Type
bio2 (°C) Mean diurnal range A
bio3 (%) Isothermality AAO®
bio4 Temperature seasonality AAO
bio7 (°C) Temperature annual range oO®
bio9 (°C) Mean temperature of driest quarter AO
bio10 (°C) Mean temperature of warmest quarter JAVN 2
biol2 (mm) Annual precipitation AC®
biol4 (mm) Precipitation of driest month AA
biol5 Precipitation seasonality @] 4
biol8 (mm) Precipitation of warmest quarter AN 4
biol9 (mm) Precipitation of coldest quarter @) 4
Awc (mm/m) Available water storage capacity JAV'Y
t-pH (—log (H*)) Topsoil pH (H,0) AN 2
t-texture Topsoil texture JAVY 2
Aspect (°) Aspect .
Slope (°) Slope AAO®
Hf Human footprint AAO®

Rhododendron heliolepis Franch. scrub (A), Rhododendron flavidum Franch. scrub (A), Quercus monimotricha (Hand.-
Mazz.) Hand.-Mazz. scrub (O), and Pinus yunnanensis var. pygmaea (Hsueh ex C. Y. Cheng, W. C. Cheng & L. K. Fu)

Hsueh scrub (#).

The jackknife test option was used to obtain the percentage contribution of each

environmental variable, and response curves were obtained to analyze the range of en-

vironmental variables that are suitable for the growth of the four subalpine shrublands.

When the cumulative contribution of variables is greater than 85%, these variables are

identified as the primary drivers affecting the distribution [32,45]. In general, when an

environmental variable has a probability value of 0.5 or more, it indicates that the environ-

mental conditions are suitable for the growth of the four subalpine shrublands [42]. In order

to better demonstrate the influence of environmental factors on the suitable habitats of the

four subalpine shrublands, we selected the response interval with an existence probability

p > 0.5 as the selection condition, drew the response curve of the primary drivers, and

analyzed the optimal environmental variable range for the survival of each shrubland.

2.3. Calculation of Contraction and Expansion, Centroid, and Elevation Shift in Suitable Habitats

The “raster to polygon” tool of ArcGIS software was employed to compute the area

of suitable zones under each scenario based on the reclassified raster data of current and

future suitable habitats. The difference between the area of current suitable zones and

the area of future suitable zones was then compared with the area of current suitable

zones to obtain the ratio of contraction or expansion of suitable zones under each scenario.

The “analyst tools” of ArcGIS software were used to facilitate the investigation of spatial

variability in suitable areas for current and future climate scenarios, with results presented

as areas of no change, of loss, and of gain, thereby obtaining the geographical extent of

contraction and expansion of suitable zones under each scenario.

On the basis of the suitable habitat areas in all scenarios, the centroid and mean

elevation of the four scrubs under each scenario were calculated using the “spatial statistics”

tools and “spatial analyst” tools of ArcGIS software. The centroid position and elevation of

suitable areas under future scenarios were compared with those of current suitable areas to

identify horizontal and vertical trends in community shifts.
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3. Results
3.1. Suitable Habitat and Primary Drivers

The current suitable areas of the four subalpine shrublands were concentrated in
the Hengduan Mountains region, with a small amount in the Himalayas and Wumeng
Mountain. The suitable habitat of R. heliolepis scrub (Figure 2a) was mainly distributed
from the eastern Himalayas to the Min Mountain, and the suitable areas covered 4.55% of
China’s total land area. Among them, the generally, moderately, and highly suitable areas
accounted for 1.88%, 1.74%, and 0.93%, respectively. The suitable habitats of R. flavidum
scrub (Figure 2b) were mainly distributed from the Shaluli Mountain to the Qionglai
Mountain, and the suitable areas accounted for 1.60% of China’s total land area. Among
them, the generally, moderately, and highly suitable areas accounted for 0.96%, 0.36%,
and 0.28%, respectively. The suitable habitats of Q. monimotricha scrub (Figure 2c) were
mainly distributed in the eastern Himalayas, from the Shaluli Mountain to the Wumeng
Mountain, and the suitable areas covered 3.14% of China’s total land area. Among them,
the generally, moderately, and highly suitable areas accounted for 1.94%, 0.71%, and
0.49%, respectively. The suitable habitats of P. yunnanensis var. pygmaea scrub (Figure 2d)
were mainly distributed from the Daxue Mountain to the Wumeng Mountain, and the
suitable areas accounted for 0.99% of China’s total land area. Among them, the generally,
moderately, and highly suitable areas accounted for 0.53%, 0.28%, and 0.17%, respectively.

90°F 105°E  90°E 105°E

_ Xinjiang

: !"
(Cl) 8 Qinghai

Xinjiang

(b) < Qinghai

35°N
35°N

chuan ¥

25°N

(d) Qinghai

/*—-\J\,_“

35°N

" Guizhou

z AR & | Z
g ~ “\\‘ q
90°E 10S°E 90°E 105°E
:l unsuitable habitat moderately suitable habitat —— Tibetan Plateau
B ccnerally suitable habitat [l highly suitable habitat —— Hengduan Mountains

Figure 2. The suitable habitats of four subalpine shrublands under the current climate. (a) Rhododen-
dron heliolepis scrub, (b) Rhododendron flavidum scrub, (c) Quercus monimotricha scrub, and (d) Pinus
yunnanensis var. pygmaea scrub.

Among all the environmental variables that were included in the calculation of the
suitable habitats of the four subalpine shrublands, climate played a dominant role, and to-
pography, soil, and human activities had less influence on them (Figure 3). Climatic factors
were the primary drivers for the suitable habitats of R. heliolepis scrub, R. flavidum scrub,
and P. yunnanensis var. pygmaea scrub, contributing 93.5%, 93.4%, and 86.2%, respectively.
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Among them, temperature accounted for 60.8%, 62.5%, and 44.7%, while precipitation
accounted for 32.0%, 30.9%, and 41.5%, respectively. Climatic factors and slope were the
primary drivers for the suitable habitats of Q. monimotricha scrub, contributing 68.7% and
19%, respectively. Among them, temperature and precipitation accounted for 45.7% and
23%, respectively.
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Figure 3. Percent contribution rate of environmental variables of four subalpine shrublands. (a) Rhodo-
dendron heliolepis scrub, (b) Rhododendron flavidum scrub, (c) Quercus monimotricha scrub, and (d) Pinus
yunnanensis var. pygmaea scrub. (bio2 represents mean diurnal range, bio3 represents isothermality,
bio4 represents temperature seasonality, bio7 represents temperature annual range, bio9 represents
mean temperature of driest quarter, biol0 represents mean temperature of warmest quarter, bio12
represents annual precipitation, biol4 represents precipitation of driest month, biol5 represents
precipitation seasonality, bio18 represents precipitation of warmest quarter, biol9 represents precipi-
tation of coldest quarter, Awc represents available water storage capacity, t-pH represents topsoil pH
(H0), t-texture represents topsoil texture, aspect represents aspect, slope represents slope, and Hf
represents human footprint).

Four variables were identified as primary drivers for the suitable habitats of R. heliolepis
scrub, which were annual precipitation (32.6%), isothermality (26.9%), the mean temper-
ature of the warmest quarter (20.3%), and temperature seasonality (13.6%) (Figure 3a).
The suitable ranges for them were 695.46-862.08 mm, 39.49-46.20, 6.08-13.20 °C, and
586.37-656.76, respectively (Figure 4a—d). Three variables were identified as primary
drivers for the suitable habitats of R. flavidum scrub, which were isothermality (47.9%), the
precipitation of the warmest quarter (30.9%), and the mean temperature of the warmest
quarter (14.6%) (Figure 3b). Their suitable ranges were 42.45-46.31, 400.84-457.64 mm, and
7.21-12.90 °C, respectively (Figure 4e-g). Five variables were identified as primary drivers
for the suitable habitats of Q. monimotricha scrub, which were the temperature annual
range (23.8%), annual precipitation (23.0%), slope (19.2%), isothermality (11.9%), and the
mean temperature of the driest quarter (10.0%) (Figure 3c). Their suitable ranges were
24.39-26.68 °C, 798.25-1007.34 mm, 2.92°-11.86°, 40.62-46.70, and —0.93-5.99 °C, respec-
tively (Figure 4h-1). Four variables were identified as primary drivers for the suitable habi-
tats of P. yunnanensis var. pygmaea scrub, which were annual precipitation (29.9%), isother-
mality (28.6%), the mean temperature of the warmest quarter (16.1%), and the precipitation
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of the warmest quarter (11.6%) (Figure 3d). Their suitable ranges were 901.20-941.49 mm,
40.88-45.48, 12.19-16.93 °C, and 502.85-531.66 mm, respectively (Figure 4m-p).
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Figure 4. Response curves of primary drivers for four subalpine shrublands. The ordinate is the
existence probability, and the abscissa is the value of environmental variables. bio3 represents
isothermality (a,e,h,m), bio4 represents temperature seasonality (b), bio7 represents temperature
annual range (i), bio9 represents mean temperature of driest quarter (j), biol0 represents mean
temperature of warmest quarter (c,f,n), biol2 represents annual precipitation (d,k,0), biol8 represents
precipitation of warmest quarter (g,p), and slope represents slope (1).

3.2. Contraction and Expansion of Suitable Habitats

Under future climate scenarios, the potential suitable areas of the four subalpine
shrublands exhibited different changes compared to the current situation. Their total
suitable habitat ranges showed an expansion trend under the low-, medium-, and high-
carbon-emission scenarios. The highly suitable areas of some shrublands would contract
severely under specific conditions.

The total suitable areas of R. heliolepis scrub do not change substantially compared
to in the current scenario. The expansion areas were concentrated at the northern and
western edges of the suitable zones, the Himalayas, and the Nyingchi-Tangla Mountain.
The contraction areas were concentrated at the southeastern edges of the suitable zones
(Figure 5). Under the three scenarios, the total suitable habitats of R. heliolepis scrub would
expand, primarily due to the expansion of both highly and generally suitable areas, with
the expansion ratio ranging from 27.05% to 40.83% (Figure 6a). The highly suitable habitats
of R. heliolepis scrub would expand under all three scenarios, and the expansion ratio
ranges from 164.01% to 211.57%, with the most expansion under the high-carbon-emission
scenario (SSP585).
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SSP370, SSP585). “Gain” represents areas where suitable habitats have increased, “Loss” represents
areas where suitable habitats have decreased, and “Unchanged” represents areas where suitable
habitats remain unchanged. (a—f) represent the geographic extent of the gain and loss of suitable
habitats for R. heliolepis scrub from the current scenario to the SSP126 scenario in the 2030s (averaged
over 2021-2040), the SSP370 scenario in the 2030s, the SSP585 scenario in the 2030s, the SSP126
scenario in the 2070s (averaged over 2061-2080), the SSP370 scenario in the 2070s, and the SSP585
scenario in the 2070s, respectively.
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Figure 6. The area and contraction or expansion ratios of suitable habitats for the four subalpine
shrublands. (a) Rhododendron heliolepis, (b) Rhododendron flavidum, (c) Quercus monimotricha, and
(d) Pinus yunnanensis var. pygmaea. “+” represents the expansion ratio, and “—" represents the
contraction ratio.
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The total suitable areas of R. flavidum scrub change greatly compared to in the current
scenario. The expansion areas were concentrated in western and northern parts of the
Hengduan Mountains, the northern Himalayas, and the Nyingchi-Tangla Mountain. The
contraction areas were concentrated in the southern slopes of the Himalayas and the Jinping
Mountain (Figure 7). Under the three carbon emission scenarios, the total suitable habitats
of R. flavidum scrub would expand, primarily driven by the expansion of both generally
and moderately suitable areas, with the expansion ratio ranging from 161.74% to 182.99%
(Figure 6b). The highly suitable habitats would expand slightly under the low-carbon-
emission scenario (SSP126), whereas they would contract under the high-carbon-emission
scenario (SSP585). By the 2070s, the highly suitable habitats would contract by 94.20%.

SSP126 SSP370 SSP585

35°N
35°N
35°N

2030s

25°N
25°N
25°N

35°N
35°N

2070s

25°N
25°N

Tibetan Plateau

Unchanged B Gain [ Loss — Hengduan Mountains

Figure 7. Change in suitable habitats for Rhododendron flavidum scrub under three scenarios (SSP126,
SSP370, SSP585). “Gain” represents areas where suitable habitats have increased, “Loss” represents
areas where suitable habitats have decreased, and “Unchanged” represents areas where suitable
habitats remain unchanged. (a—f) represent the geographic extent of the gain and loss of suitable
habitats for R. flavidum scrub from the current scenario to the SSP126 scenario in the 2030s (averaged
over 2021-2040), the SSP370 scenario in the 2030s, the SSP585 scenario in the 2030s, the SSP126
scenario in the 2070s (averaged over 2061-2080), the SSP370 scenario in the 2070s, and the SSP585
scenario in the 2070s, respectively.

The total suitable areas of Q. monimotricha scrub do not change substantially compared
to in the current scenario. The expansion areas were concentrated along the southeastern
edge of the suitable habitats as well as along the riverbanks in the northwestern area
of the suitable habitats. The contraction areas were concentrated at the northeastern
and southwestern edges of the suitable habitats under the low-carbon-emission scenario
(S5P126), and the southwestern edge of the suitable habitats under the medium (SSP370)-
and high (SSP585)-carbon-emission scenarios (Figure 8). Under the three scenarios, the total
suitable habitats of Q. monimotricha scrub would expand, primarily due to the expansion of
both generally and moderately suitable areas, with the expansion ratio ranging from 0.58%
to 30.36% (Figure 6¢). The highly suitable habitats of Q. monimotricha scrub would expand
slightly under the medium-carbon-emission scenario (SSP370) and would contract under
the high-carbon-emission scenario (SSP585). By the 2070s, the highly suitable habitats
would contract by 27.94%.
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Figure 8. Change in suitable habitats for Quercus monimotricha scrub under three scenarios (SSP126,
SSP370, SSP585). “Gain” represents areas where suitable habitats have increased, “Loss” represents
areas where suitable habitats have decreased, and “Unchanged” represents areas where suitable
habitats remain unchanged. (a—f) represent the geographic extent of the gain and loss of suitable
habitats for Q. monimotricha scrub from the current scenario to the SSP126 scenario in the 2030s
(averaged over 2021-2040), the SSP370 scenario in the 2030s, the SSP585 scenario in the 2030s, the
SSP126 scenario in the 2070s (averaged over 2061-2080), the SSP370 scenario in the 2070s, and the
SSP585 scenario in the 2070s, respectively.

The total suitable areas of P. yunnanensis var. pygmaea scrub change greatly compared
to in the current scenario. The expansion areas were concentrated in the northern Heng-
duan Mountains region, the Nyingchi-Tangla Mountain, and the northern slopes of the
Himalayas. The contraction areas were concentrated in the Jinping Mountain and the
Wumeng Mountain (Figure 9). Under the three scenarios, the total suitable habitats of
P. yunnanensis var. pygmaea scrub would expand, primarily driven by the expansion of both
generally and moderately suitable areas, with the expansion ratio ranging from 161.04%
to 349.11% (Figure 6d). The highly suitable habitats of P. yunnanensis var. pygmaea scrub
would contract under all three scenarios, with more severe contraction observed under
both low (SSP126)- and high (SSP585)-carbon-emission scenarios compared to the medium
(SSP370)-carbon-emission scenario. The contraction ratios would range from 53.63% to
96.86% under the low- and high-carbon-emission scenarios.

3.3. Centroid Migration and Elevation Shift of Suitable Habitats

In future climate scenarios, all four subalpine shrublands would migrate to varying
degrees. As a consequence of global warming, three subalpine shrublands (R. heliolepis
scrub, R. flavidum scrub, and P. yunnanensis var. pygmaea scrub) exhibited a trend of migra-
tion toward the northwest and higher elevations in all three scenarios, while the fourth
subalpine shrubland (Q. monimotricha scrub) demonstrated a trend of small-scale migration
toward different directions in different scenarios.

The current centroid of suitable habitats for R. heliolepis scrub (Figure 10a) was located
in the eastern area of the Shaluli Mountain. Under the three carbon emission scenarios
(SSP126, SSP370, SSP585), the centroid exhibited northwestward migration to the eastern
side of the Mangkang Mountains. Vertically, the suitable area of R. heliolepis scrub shifted
toward higher elevations in all three scenarios. Under the high-carbon-emission (SS5P585)
scenario in the 2070s, the suitable habitats of R. heliolepis scrub were projected to migrate
the most, both horizontally and vertically.
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Figure 9. Change in suitable habitats for Pinus yunnanensis var. pygmaea scrub under three scenarios
(SSP126, SSP370, SSP585). “Gain” represents areas where suitable habitats have increased, “Loss”
represents areas where suitable habitats have decreased, and “Unchanged” represents areas where
suitable habitats remain unchanged. (a—f) represent the geographic extent of the gain and loss of
suitable habitats for P. yunnanensis var. pygmaea scrub from the current scenario to the SSP126 scenario
in the 2030s (averaged over 2021-2040), the SSP370 scenario in the 2030s, the SSP585 scenario in the
2030s, the SSP126 scenario in the 2070s (averaged over 2061-2080), the SSP370 scenario in the 2070s,
and the SSP585 scenario in the 2070s, respectively.
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Figure 10. Horizontal migration trends of the centroids of suitable habitats and changes in the mean
elevation of suitable habitats for Rhododendron heliolepis scrub (a), Rhododendron flavidum scrub (b),
Quercus monimotricha scrub (c), and Pinus yunnanensis var. pygmaea scrub (d).

The current centroid of suitable habitats for R. flavidum scrub (Figure 10b) was located
in the eastern area of the Shaluli Mountain. Under the three carbon emission scenarios,
the centroid exhibited northwestward migration to the western Shaluli Mountain (SSP126,
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SSP370) and the western Mangkang Mountain (SSP585) by 2070s. Vertically, the suitable
zones of R. flavidum scrub shifted toward higher elevations in all three scenarios. Under the
high-carbon-emission (SSP585) scenario in the 2070s, the suitable habitats of R. flavidum
were projected to migrate the most, both horizontally and vertically.

The current centroid of suitable habitats for Q. monimotricha scrub (Figure 10c) was
located on the northwest side of the Jinping Mountain. In the low-carbon-emission scenario
(SSP126), the centroid exhibited slightly southwestward migration. In the medium-carbon-
emission scenario (SSP370), the centroid first migrated slightly northeastward (2030s) and
then northwestward (2070s) to the eastern side of the Shaluli Mountain. In the high-carbon-
emission scenario (SSP585), the centroid migrated northwestward to the eastern side of the
Shaluli Mountain. Vertically, the suitable habitats of Q. monimotricha scrub shifted toward
lower elevations in the medium-carbon-emission scenario in the 2030s and toward higher
elevations in all other scenarios. Under the high-carbon-emission (S5SP585) scenario in the
2070s, the suitable habitats of Q. monimotricha scrub were projected to migrate the most,
both horizontally and vertically.

The current centroid of suitable habitats for P. yunnanensis var. pygmaea scrub
(Figure 10d) is located on the southeast side of the Jinping Mountain. Under the three
carbon emission scenarios, the centroid exhibited northwestward migration to the western
side of the Mangkang Mountain (SSP126) and the western side of the Shaluli Mountain
(SSP370 and SSP585) by the 2070s. Vertically, the suitable zones of P. yunnanensis var.
pygmaea scrub shifted toward higher elevations in all three scenarios. Under the low-
carbon-emission (SSP126) scenario, the suitable habitats of P. yunnanensis var. pygmaea
scrub showed the greatest horizontal migration, with vertical migration slightly less than
that observed under the high-carbon-emission (SSP585) scenario in the 2070s.

4. Discussion

The MaxEnt model has been extensively applied to simulate the distribution of various
species with demonstrated success [46—48]. The performance of this model is typically
assessed by the area under the Receiver Operating Characteristic (ROC) curve (AUC)
value, with higher AUC values indicating greater predictive accuracy [49]. An AUC value
exceeding 0.9 is considered to indicate highly accurate predictions [44]. This study used
the MaxEnt model to predict the suitable habitats of four subalpine shrublands under
different climatic conditions. The AUC values obtained are all above 0.96, demonstrating
an exceptionally high level of predictive accuracy, thereby validating the reliability of the
model outcomes.

Temperature and precipitation are known to affect the distribution of subalpine vege-
tation [50,51], with temperature exerting a more prominent influence [52,53]. Our results
also showed that temperature contributes more. The effect of temperature on the distri-
bution of the four subalpine shrublands demonstrates a degree of variability across these
communities. Combined with the mean elevation of the community adaptability distribu-
tion, we found that communities with a higher-elevation distribution were more sensitive
to temperature. This influence decreases with descending elevation, potentially due to
rising temperatures and, consequently, reduced vegetation sensitivity to temperature at
lower elevations [54,55]. Furthermore, isothermality (bio3) is identified as the primary
temperature factor influencing the suitable distribution of R. heliolepis scrub, R. flavidum
scrub, and P. yunnanensis var. pygmaea scrub. Conversely, the temperature annual range
(bio7) is found to be the primary temperature factor influencing the geographic distribution
of Q. monimotricha scrub, aligning with previous research findings [56-58]. Isothermal-
ity (bio3) quantifies the degree to which diurnal temperature variations are relative to
seasonal/annual oscillations; as the isothermal index increases, vegetation can perform
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more effective photosynthesis during higher daytime temperatures and reduce respiration
during colder nights [59]. An increase in the temperature annual range (bio7) can render the
quercus plant more vulnerable to the detrimental impacts of disease, pests, and fires [56].

While temperature is the most prominent factor influencing the suitable habitats of
subalpine shrublands, our research results demonstrate that precipitation variables also
exert an influence. The impact of precipitation on the distribution of the four subalpine
shrublands displays a degree of variability among these communities. Our results indicate
that annual precipitation (bio12) is the precipitation factor with the highest contribution
rate for the distribution of R. heliolepis scrub, Q. monimotricha scrub, and P. yunnanensis
var. pygmaea scrub, while precipitation during the warmest quarter (bio18) is the most
influential precipitation factor for the distribution of R. flavidum scrub. Adequate rainfall is
essential for overcoming water stress induced by temperature [60]. Ranjitkar et al. also posit
that precipitation at different times of the year is a crucial factor determining vegetation
suitability [61]. Therefore, the impact of precipitation factors on the suitable habitats of
subalpine vegetation cannot be neglected.

Although temperature and precipitation are the primary drivers for the suitable habi-
tats of subalpine shrublands, topography also exerts some influence. As an integrated
spatial and physical characteristic indicator, topography exerts an important impact on
the structure and function of vegetation [62,63]. This study incorporated two topographic
variables (slope and aspect) into the analysis. Seedling growth is strongly influenced by
aspect in the treeline ecotone of the Southern Rocky Mountains [64]. Slope affects soil mois-
ture [65], which in turn has a substantial impact on vegetation dynamics. Xiong et al. (2024)
also indicated that slope modulates the response of vegetation to climate change through
the regulation of precipitation, with this response trend initially increasing and then de-
creasing as slope increases [66]. Our study found that aspect had a minimal impact on the
distribution of the four scrubs, while slope was an important driver of the distribution of
Q. monimotricha scrub, contributing 19.2%. As slope increased, the probability of Q. moni-
motricha scrub presence tended to increase and then decrease. Consequently, the impacts of
topography should also be given attention.

It is evident that global warming will result in alterations to the distribution range of
vegetation [67,68]. A study in the Central Apennines of Italy found that shrubs have been
invading alpine and subalpine herbaceous communities over the past few decades [69];
however, a predictive study in the Pyrenees suggested that subalpine shrublands are at
risk of decline [70]. Nevertheless, our findings support the former trend, indicating that
the suitable habitats of the four subalpine shrublands are expected to expand under the
influence of global warming. This could be attributed to temperature being the primary
driver influencing the distribution of these four subalpine shrublands, with low tempera-
tures being the main climatic constraint on their expansion [71]. Warming has alleviated
this restriction of the cold on their growth [72,73]. In addition, we also note the adverse
effects of global warming on some highly suitable areas of subalpine vegetation. Under
the high-carbon-emission scenario (SSP585), the highly suitable areas of R. flavidum scrub
show a severe shrinkage trend and almost disappear by the 2070s. The highly suitable
areas of P. yunnanensis var. pygmaea scrub show a shrinking trend under all scenarios, and
almost disappear under low-carbon-emission (55P126) and high-carbon-emission (SSP585)
scenarios by the 2070s, which is consistent with the results of Feng et al. (2023) [74]. This
may be attributed to alterations in temperature and precipitation, leading to a reduction
in suitability for the primary optimal habitats of R. flavidum scrub and P. yunnanensis
var. pygmaea scrub, transforming them into general- or moderate-suitability zones. This
shows that under global warming, R. flavidum scrub and P. yunnanensis var. pygmaea scrub
are more vulnerable. Rhododendron flavidum has been listed as a vulnerable (VU) species
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in the International Union for Conservation of Nature Red List (IUCN), which confirms
the correctness of our research findings. Additionally, P. yunnanensis var. pygmaea scrub
faces similar existential risks to R. flavidum scrub, and we should implement conservation
measures to prevent their extinction.

Species migration is highly correlated with global warming [75-77]. Studies have
shown that global warming will drive the migration of mountain plants to higher elevations
and latitudes [78,79]. Our results showed that under the three emission scenarios, the
suitable habitats of R. heliolepis scrub, R. flavidum scrub, and P. yunnanensis var. pygmaea
scrub all showed a trend of migration to high elevations in the northwest. The suitable
habitats of Q. monimotricha scrub showed a slight migration trend to high elevations in
the northwest or southwest. However, under the medium-carbon-emission scenario in
the 2030s, the suitable habitats of Q. monimotricha scrub showed a tendency to migrate
to lower elevations, a phenomenon that has also been observed in previous studies [80].
Similar downbhill shifts can be expected to occur where future climate change scenarios
project increases in water availability that outpace evaporative demand [81]. As species
migrate to high elevations, the greater the degree of migration, the more vulnerable they
are. This is because, on the one hand, the niche at the top of a mountain is narrow, and
the migration of vegetation to high-elevation mountainous areas will increase interspecific
competition [82]; on the other hand, warming is faster at high elevation [83], so if species
cannot migrate quickly to adapt to climate change, they may be at risk of extinction [84,85].
The migration range of Q. monimotricha scrub was much smaller than that of R. heliolepis
scrub, R. flavidum scrub, and P. yunnanensis var. pygmaea scrub. Seed dispersal and initial
population establishment stages are very important for vegetation migration [86]. It is
suggested that auxiliary migration and auxiliary colonization should be adopted to help
R. heliolepis scrub, R. flavidum scrub, and P. yunnanensis var. pygmaea scrub migrate smoothly
to match the speed of climate change [87-89].

5. Conclusions

The Hengduan Mountains serve as a biodiversity hotspot, with subalpine shrublands
representing a vital vegetation type that is crucial for maintaining ecosystem diversity and
stability in the area. This study focused on the suitable habitats of four subalpine shrublands
in the Hengduan Mountains: R. heliolepis scrub, R. flavidum scrub, Q. monimotricha scrub,
and P. yunnanensis var. pygmaea scrub. We used the MaxEnt model to study suitable
habitats and their primary drivers under climate change. The conclusions are as follows:
(1) Climatic factors are the primary drivers for the distribution of subalpine shrublands,
with temperature contributing more than precipitation. Furthermore, the influence of slope
on Q. monimotricha scrub cannot be disregarded. (2) The contemporary suitable habitats
of the four subalpine shrublands were concentrated in the Hengduan Mountains, with
a small amount in the Himalayas and Wumeng Mountain. (3) Under the future climate
scenarios, the total suitable habitat range of these scrubs exhibited an expansion trend.
However, the highly suitable areas for R. flavidum scrub and P. yunnanensis var. pygmaea
scrub exhibited severe contraction under some scenarios. Except for Q. monimotricha scrub,
whose suitable habitats showed slight shifts in different directions under different scenarios,
the suitable habitats of the other three scrubs would shift toward higher-elevation regions
in the northwest. Among them, the suitable habitats of P. yunnanensis var. pygmaea scrub
exhibited the largest migration range. (4) The suitable habitats of R. heliolepis scrub showed
potential for expansion, while the suitable habitats of Q. monimotricha scrub remained
relatively stable. In contrast, the suitable habitats of R. flavidum scrub and P. yunnanensis
var. pygmaea scrub are likely to face unfavorable prospects. It is recommended to establish
protected areas and adopt auxiliary migration and auxiliary colonization methods to ensure
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that vegetation can migrate and spread smoothly and prevent the extinction and further
narrowing of the suitable habitats of R. flavidum scrub and P. yunnanensis var. pygmaea scrub.
Our study offers a scientific foundation for the conservation of subalpine shrublands in
the Hengduan Mountains, with profound implications for biodiversity preservation and
ecosystem rehabilitation.
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