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Abstract
Understanding the spatial distribution of plant species and their dynamic
changes in arid areas is crucial for addressing the challenges posed by climate
change. Haloxylon ammodendron shelterbelts are essential for the protection
of plant resources and the control of desertification in Central Asia. Thus
far, the potential suitable habitats of H. ammodendron in Central Asia are
still uncertain in the future under global climate change conditions. This
study utilised the maximum entropy (MaxEnt) model to combine the current
distribution data of H. ammodendron with its growth-related data to analyze
the potential distribution pattern of H. ammodendron across Central Asia.
The results show that there are suitable habitats of H. ammodendron in
the Aralkum Desert, northern slopes of the Tianshan Mountains, and the
upstream of the Tarim River and western edge of the Taklimakan Desert in
the Tarim Basin under the current climate conditions. The period from 2021
to 2040 is projected to undergo significant changes in the suitable habitat
area of H. ammodendron in Central Asia, with a projected 15.0% decrease
in the unsuitable habitat area. Inland areas farther from the ocean, such as
the Caspian Sea and Aralkum Desert, will continue to experience a decrease
in the suitable habitats of H. ammodendron. Regions exhibiting frequent
fluctuations in the habitat suitability levels are primarily found along the axis
stretching from Astana to Kazakhskiy Melkosopochnik in Kazakhstan. These
regions can transition into suitable habitats under varying climate conditions,
requiring the implementation of appropriate human intervention measures
to prevent desertification. Future climate conditions are expected to cause
an eastward shift in the geometric centre of the potential suitable habitats
of H. ammodendron, with the extent of this shift amplifying alongside more
greenhouse gas emissions. This study can provide theoretical support for
the spatial configuration of H. ammodendron shelterbelts and desertification

chinarxiv.org/items/chinaxiv-202409.00186 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00186
https://chinarxiv.org/items/chinaxiv-202409.00186


control in Central Asia, emphasising the importance of proactive measures to
adapt to climate change in the future.
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Abstract
Understanding the spatial distribution of plant species and their dynamic
changes in arid areas is crucial for addressing the challenges posed by climate
change. Haloxylon ammodendron shelterbelts are essential for the protection of
plant resources and the control of desertification in Central Asia. However, the
potential suitable habitats of H. ammodendron in Central Asia under future
global climate change conditions remain uncertain. This study utilized the
maximum entropy (MaxEnt) model to combine current distribution data of H.
ammodendron with growth-related data to analyze its potential distribution
pattern across Central Asia. The results show that suitable habitats for H.
ammodendron currently exist in the Aralkum Desert, northern slopes of the
Tianshan Mountains, upstream of the Tarim River, and the western edge of
the Taklimakan Desert in the Tarim Basin. The period from 2021 to 2040 is
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projected to undergo significant changes in suitable habitat area, with a 15.0%
decrease in unsuitable habitat area. Inland areas farther from the ocean, such
as the Caspian Sea region and Aralkum Desert, will continue to experience
decreases in suitable habitats. Regions exhibiting frequent fluctuations in
habitat suitability levels are primarily found along the axis stretching from
Astana to Kazakhskiy Melkosopochnik in Kazakhstan. These regions can
transition into suitable habitats under varying climate conditions, requiring
appropriate human intervention measures to prevent desertification. Future
climate conditions are expected to cause an eastward shift in the geometric
center of potential suitable habitats, with the extent of this shift amplifying
alongside increased greenhouse gas emissions. This study provides theoretical
support for the spatial configuration of H. ammodendron shelterbelts and
desertification control in Central Asia, emphasizing the importance of proactive
measures to adapt to climate change.
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1 Introduction
Desertification involves rapid alterations in soil characteristics, vegetation pat-
terns, and hydrological conditions that profoundly impact inland regions and
present significant challenges for human societies (Rengasamy, 2006; Tarhouni
et al., 2010; Paolo et al., 2013). In Central Asia, desertification has become a
critical environmental issue under scrutiny, as biodiversity and ecological stabil-
ity in this region are particularly vulnerable to climate change (Bohovic, 2016).
Temperatures in Central Asia have been rising rapidly, which accelerates deserti-
fication processes (Hu et al., 2014; Davi et al., 2015; Jiang et al., 2017; Zhang et
al., 2020). Currently, an effective measure to combat desertification is selecting
suitable tree species to establish comprehensive shelterbelt systems (Fang et al.,
2024). However, knowledge of shelterbelt construction based on Central Asian
climate conditions remains insufficient (Wang et al., 2009; Shao et al., 2022;
Fang et al., 2024; Xiao et al., 2024). Therefore, detailed analysis of suitable
distribution areas for selected plant species represents a timely contribution to
combating desertification in arid regions.

Vegetation in arid areas provides essential ecological benefits by sustaining live-
stock and wildlife survival while offering crucial functions such as preventing soil
desertification (Lioubimtseva, 2015; Jiang et al., 2017; Tao et al., 2017). Con-
sequently, vegetation responses to climate change in arid regions have become
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a focal point of global research. Haloxylon ammodendron offers various ecolog-
ical benefits, including increasing vegetation coverage, enhancing soil moisture
retention, suppressing soil erosion, and improving carbon sequestration, and is
widely distributed across arid areas (Abdi et al., 2019; Li et al., 2019). Its
root system can tap deep groundwater, making it resilient to drought (Shao et
al., 2022). The roots act as reinforcing bars that strengthen soil in desert re-
gions, protect against dune encroachment, and help maintain soil fertility (Shao,
2008). Additionally, parasitized roots contain medicinal components that in-
hibit disease-related enzyme activity (Trampetti et al., 2019; Song et al., 2021).
H. ammodendron forests in arid areas also create environments conducive to
diverse flora and fauna, providing suitable habitats for various species (Wang et
al., 2009). Assessing and predicting climate change impacts on suitable habitats
of H. ammodendron is therefore essential for promoting sustainable development
in Central Asia.

Current understanding of distribution prediction and suitable habitat identifi-
cation for H. ammodendron relies heavily on model simulations. Several species
distribution models have been developed and applied to explore habitat suitabil-
ity and potential distribution, including the Mahalanobis distance (MD) model
(Etherington, 2019), generalized linear model (GLM) (Guisan et al., 2002), sup-
port vector machine (SVM) (Betancourt, 2005), random forest (RF) (Mi et al.,
2017), and maximum entropy (MaxEnt) model (Phillips et al., 2006). The po-
tential of ensemble models to improve prediction accuracy has also been tested
(Pecchi et al., 2020). Among these, MaxEnt is a machine-learning method that
determines species ecological requirements based on distribution records and
environmental factors (Kang et al., 2023). It employs a probability distribution
function known as the MaxEnt principle to predict species occurrence probabil-
ity across geographical spaces (Phillips et al., 2006). Compared with correlative
and mechanistic models, MaxEnt achieves higher distribution accuracy with
fewer sample points and is widely used in data-limited regions such as Central
Asia (Gherghe et al., 2018; Sun et al., 2020).

Intergovernmental organizations have recognized the urgent need to combat de-
sertification in Central Asia (Zhang et al., 2020). Drought stress can influence
expression of drought-resistant genes in H. ammodendron, thereby altering its
spatial distribution pattern (Xiao et al., 2006). Large areas of H. ammoden-
dron shelterbelts have been planted in Central Asia, particularly in dry lake
basins (Chen et al., 2022; Shao et al., 2022). However, some shelterbelts are
unsustainable in fragile ecological environments (Jiang et al., 2017), leading to
resource wastage and potential damage to existing arid area ecology. Climate
change has been considered one of the most significant threats to global biodi-
versity since the 21st century began (Dawson et al., 2011). From 2011 to 2020,
global surface temperature increased by 1.1°C compared with the 1850–1900
period (Intergovernmental Panel on Climate Change (IPCC), 2023). Against
this backdrop, the future of existing H. ammodendron shelterbelts in Central
Asia remains uncertain (Xiao et al., 2024), making investigation of H. ammoden-
dron distribution in Central Asia essential. Therefore, we aimed to explore and
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predict potential habitats of H. ammodendron in Central Asia. Based on his-
torical climate data (1970–2000) and current H. ammodendron distribution, we
systematically mapped suitable habitats and identified key factors influencing
distribution. Utilizing climate data under four shared socioeconomic pathway
(SSP) scenarios with varying greenhouse gas emission intensities for three future
periods (2021–2040, 2041–2060, and 2061–2080), we projected future potential
distribution patterns of H. ammodendron in Central Asia. This study may im-
prove understanding of scientific shelterbelt construction in Central Asia, repre-
senting a timely contribution to formulation of local government environmental
protection policies.

2.1 Study Area
Central Asia serves as a vital transportation link between Asia and Europe.
The study area extends from the Caspian Sea in the west to the western China
border in the east, encompassing Kazakhstan, Uzbekistan, Turkmenistan, Tajik-
istan, Kyrgyzstan, and China’s Xinjiang Uygur Autonomous Region (34°19�59�–
55°27�15�N, 46°29�30�–96°23�15�E; Fig. 1 [Figure 1: see original paper]). Geo-
graphically, altitude gradually decreases from the Altay Mountains, Tianshan
Mountains, and Pamirs in eastern Kazakhstan and Uzbekistan, traversing Kyr-
gyzstan and Tajikistan, to the Caspian Sea shores in western Kazakhstan and
Turkmenistan. Characterized by a typical continental climate, spatial varia-
tion in precipitation and temperature follows gradients from mountainous areas
to plains and from north to south (de Beurs et al., 2015). Apart from moun-
tainous and hilly regions, average annual temperature ranges from 2.0°C in
northern Kazakhstan to over 18.0°C in southern Turkmenistan (Mohammat et
al., 2013). Against the backdrop of global temperature rise, this region is par-
ticularly sensitive to extreme climate events (Jiang et al., 2017; IPCC, 2023).
Most deserts in Turkmenistan, Uzbekistan, southern Kazakhstan, and Xinjiang,
China—including the Kyzylkum, Aralkum, Muyunkum, and Taklimakan (in the
Tarim Basin) deserts—are characterized by sparse vegetation. The arid climate
of these flatlands poses challenges for plant growth. According to statistical
data since 1977, H. ammodendron is mainly distributed in Xinjiang, China,
with some communities found in Kazakhstan and Uzbekistan (Fig. 1).

2.2.1 Distribution Data
Distribution data for H. ammodendron were obtained from the Global Biodiver-
sity Information Fund (GBIF; http://www.gbif.org) and field observations in the
Aralkum Desert. Field observation data were collected during a scientific expe-
dition conducted December 20–29, 2019. In total, 202 distribution records for
H. ammodendron were collected, including 195 from GBIF and 7 from field ob-
servations (Fig. 1). Accurate longitude and latitude information was extracted
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as inputs for the MaxEnt model. Although data from the same source typically
exhibit stable and uniform resolution, mixing species distribution information
from different sources is crucial for model construction given the requirement
for sufficient data volume and prediction accuracy (Shao et al., 2022). To avoid
sampling bias and overfitting caused by densely clustered points, we screened
coordinate data and removed redundant entries. The “ENMeval” package in R
software was used to perform these tasks, ensuring spatial resolution of recorded
events matched that of environmental variables (Muscarella et al., 2015). EN-
Meval was designed for automated tuning and evaluation of ecological niche
models (species distribution models) that estimate species distribution ranges
and niche characteristics using species distribution and environmental data. In
total, 167 valid records were retained for this study.

2.2.2 Predictor Variables
We selected 23 predictor variables to model the main factors affecting H.
ammodendron distribution patterns in Central Asia under current climate
conditions (1970–2000) and future shared climate change scenarios (2021–
2080) (Table 1 ). Bioclimatic variables included 19 categories (BIO1–BIO19)
obtained from the WorldClim database (https://www.worldclim.org/). El-
evation data were derived from the WorldClim historical climate dataset
(https://worldclim.org/data/worldclim21.html), a high-resolution global
weather and climate database involving key vegetation growth parameters
widely used to drive species distribution models (Yang et al., 2023; Fang et al.,
2024). Soil represents a key limiting factor for vegetation growth, affecting plant
species distribution (Shao et al., 2022). Topsoil sand content was obtained
from the OpenLandMap dataset as a soil parameter driving the MaxEnt
model, representing machine-learning predictions derived from comprehensive
aggregation of global soil profiles and samples (Tomislav, 2018). Topsoil water
content was downloaded from the OpenLandMap soil water content dataset,
predicted at six standard depths (0, 10, 30, 60, 100, and 200 cm) at 250 m
resolution for 33 and 1500 kPa suctions (Tomislav and Surya, 2019). Human
activities are believed to influence H. ammodendron distribution in arid areas,
particularly in northwestern China (Abdi et al., 2019). Population distribution
data for Central Asia at 100 m resolution were obtained from the WorldPop
global project (Sorichetta et al., 2015). Annual population distribution for 2020
was selected to quantify human activity impacts on H. ammodendron growth
and distribution.

Topsoil sand content, topsoil water content, and population distribution were
resampled using Google Earth Engine (GEE). Given the abundance of field
survey data collected by our research team, H. ammodendron distribution data
are relatively precise. Utilizing environmental variables with spatial resolutions
matching distribution data accuracy can greatly enhance model precision and
species distribution prediction accuracy (Sillero et al., 2014; Sofaer et al., 2019).
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Future climate data utilized SSPs sourced from the Coupled Model Intercom-
parison Project (CMIP6) of the IPCC. To avoid uncertainty from using a single
climate model, we derived future climate data by averaging results from three
General Circulation Models (GCMs): INM-CM5-0, MIROC6, and MRI-ESM2-
0. Each GCM was assessed for three periods (2021–2040, 2041–2060, and 2061–
2080) under four shared climate change scenarios: SSP126, SSP245, SSP370,
and SSP585. Elevation, soil variables, and population distribution were treated
as constants.

Highly correlated environmental variables can severely impact model perfor-
mance, causing overfitting and affecting acquisition of realistic variable response
curves (De Marco Júnior et al., 2018). Traditional correlation methods often rep-
resent a compromise, whereas principal component analysis (PCA) can generate
orthogonal variables that capture entire suites of response curves, transforming
all variables into ecologically meaningful orthogonal components (Hirzel et al.,
2002). This study employed PCA for variable reconstitution and selection to
eliminate potential model overfitting from autocorrelation. PCA converts all
environmental variables into distinct orthogonal components while preserving
their ecological significance. The initial set of 23 environmental variables was
transformed into eight restructured variables labeled PC1–PC8 (where PC de-
notes principal component), encapsulating over 95.0% of pertinent information
considered essential for model construction. The top six variables contributing
to each category in the PCA are listed in Table 1.

2.3 Model Framework
The MaxEnt model combines many highly regarded algorithms and is widely
used to identify areas for plant protection (Guillera-Arroita et al., 2014). Par-
ticularly in background weighting and random processes, MaxEnt is recognized
for producing highly comparable results and predictive performance in identify-
ing test data, representing a practical approach for handling imbalanced biased
data in species distribution models (Ahmadi et al., 2023). Ensemble methods are
considered effective for reducing model uncertainty and increasing robustness
in accurately simulating species distribution (Marmion et al., 2009). MaxEnt
modeling involves two basic steps: (1) using all occurrence records of H. am-
modendron in the study area and processing variables (PC1–PC8) to construct
the MaxEnt model and generate species distribution, and (2) training the model
using H. ammodendron distribution records to generate predicted distributions
under different future climate change scenarios.

Traditional area-under-the-curve metrics have been widely used (Yang et al.,
2023; Fang et al., 2024). However, previous studies indicate these metrics may
not be entirely applicable for assessing performance of presence-only or presence-
background ecological niche models (Leroy et al., 2018; Velasco and González-
Salazar, 2019). Therefore, this study selected the continuous Boyce index to

chinarxiv.org/items/chinaxiv-202409.00186 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00186


evaluate model performance (Hirzel et al., 2002). The Boyce index ranges from
–1 to 1, where positive values signify alignment between predicted and observed
distributions, while negative values imply poor predicted habitat quality.

During model execution, 10,000 background points were randomly selected as
pseudo-absences. Seventy-five percent of distribution records were used for
training, with the remaining 25% used for testing. Cross-validation is essen-
tial for verifying model accuracy; therefore, we chose the hierarchical checker-
board2 method based on study area size and H. ammodendron distribution.
As regional-scale distribution data are limited, assessing uncertainty associated
with extrapolation after predictive training is necessary (Mannocci et al., 2017,
2018). In this phase, we utilized the “dsmExtra” package in R software to create
two metrics: the extrapolation detection metric, which evaluates extrapolation
in environmental space and model transferability, and the percentage of data
nearby, which assesses extrapolation reliability in multivariate environmental
space (Bouchet et al., 2020). Generally, low extrapolation detection or high per-
centage of data nearby indicates higher extrapolation reliability, whereas the
opposite suggests lower reliability (Miller et al., 2013).

The measuring geographic distribution function of spatial statistical tools in
ArcGIS 10.8 was used to estimate the geometric center of H. ammodendron
distribution. Before processing, a reclassification procedure was applied to pre-
dicted spatial distributions under different climate change scenarios to derive
spatial distribution polygons for further calculation.

3.1 Potential Suitable Habitats of H. ammodendron Under
Current Climate Conditions
Figure 2 [Figure 2: see original paper] depicts the potential distribution of
H. ammodendron in Central Asia under current climate conditions. Regions
with highly suitable habitats (habitat class > 0.60) cover approximately
0.322$×10^{6}$ km2, primarily located on the northern slopes of the Tian-
shan Mountains, upstream of the Tarim River, and the western edge of the
Taklimakan Desert in the Tarim Basin. Scattered highly suitable habitats
also occur within Uzbekistan and Kazakhstan, including the central Caspian
coastal plain, Amu Darya River Delta, Aralkum Desert, western Kazakhstan,
and southern coast of Balkhash Lake. Medium suitable habitats (0.30 <
habitat class ≤ 0.60) cover approximately 0.602$×10^{6}$ km2, mainly
distributed around highly suitable habitats. Unsuitable habitats (habitat class
≤ 0.15) are widely distributed in central and southern parts of the study area
(approximately 3.620$×10^{6}$ km2), primarily located south of 50°N. These
regions, including the Taklimakan Desert, Karakum Desert, and Uzbekistan,
cannot support natural H. ammodendron growth due to arid climate.

The combined influence of multiple factors creates potential pattern variations
in suitable habitats. Most areas around the Caspian Sea, Aralkum Desert,
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Balkhash Lake, Ili River, and Tarim River are highly suitable for natural H. am-
modendron growth. Inland lakes and rivers impact local climate, consequently
affecting plant growth, with distribution patterns shifting depending on distance
from water bodies. Furthermore, the potential distribution pattern in Xinjiang,
China reflects distance dependence on mountains. PCA results show elevation
and precipitation dominate factors (PC3, PC5, PC7, and PC8; Table 1) affect-
ing H. ammodendron distribution, explaining decreasing suitable habitat areas
with increasing distance from the Tianshan Mountains. Additionally, scattered
suitable habitats occur within oases on the Taklimakan Desert edge, where fa-
vorable soil and water conditions sustain natural H. ammodendron growth.

3.2 Potential Suitable Habitats of H. ammodendron in Cen-
tral Asia Under Future Climate Change Scenarios
Potential suitable habitats under 12 different future climate conditions (three pe-
riods: 2021–2040, 2041–2060, and 2061–2080; four scenarios: SSP126, SSP245,
SSP370, and SSP585) are shown in Figure 3 [Figure 3: see original paper].
Under different future climate conditions, suitable habitat distribution remains
similar but shows consistent shifting trends. Overall, suitable habitat areas in
northern Central Asia, notably Kazakhstan, will increase under future climate
change scenarios. The period 2021–2040 shows significant changes, with unsuit-
able habitat areas expected to decrease by approximately 15.0% and stabilize
during 2041–2060. The total area of medium and highly suitable habitats is pro-
jected to increase to 1.550$×10^{6}$ km2 during 2021–2040 before stabilizing
thereafter. Increased highly suitable habitat area, such as in the Junggar Basin,
is mainly distributed in northern Xinjiang, China. Compared with current dis-
tribution patterns, the highly suitable habitat area in the eastern Junggar Basin
will increase by approximately 0.105$×10^{6}$ km2. Inland areas farther from
the ocean will continue experiencing decreases in suitable habitats. Meanwhile,
the highly suitable habitat area in the Aralkum Desert will significantly decrease
from 2021 to 2080, indicating that ecological issues in the Aralkum Desert may
become even more severe in the future (Micklin, 2007).

3.3 Distribution Shifts in Suitable Habitats of H. ammod-
endron
Habitat transfer with different suitability classes during 2021–2040, 2041–2060,
and 2061–2080 is shown in Figure 4 [Figure 4: see original paper]. Unsuitable
habitat area in Central Asia will decrease in the future as climate change af-
fects desertification processes. H. ammodendron exhibits characteristics of wide
geographical distribution, strong climate tolerance, high fecundity, and short
maturation time, enabling rapid response to climate change through spatial
distribution shifts. Consequently, H. ammodendron is well-adapted to climate
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change and will expand its distribution range. During 2021–2040, highly and
moderately suitable habitats are projected to increase by 64.4% and 58.8%,
respectively, while low (0.15 < habitat class ≤ 0.30) and unsuitable habitat
areas will decrease by 4.3% and 15.2%, respectively. From 2041–2060 to 2061–
2080, suitable habitat areas will tend to stabilize, with conversion occurring
only between adjacent suitability classes. Compared with current conditions,
unsuitable habitat area will decrease by 15.7% by 2080.

To clarify evolutionary patterns of suitable habitats, we identified regions with
different variation characteristics based on temporal transfer sequences (Fig. 5
[Figure 5: see original paper]). In northern Kazakhstan, the Taklimakan Desert,
Junggar Basin, and eastern Turkmenistan, suitable habitat levels are increas-
ing steadily. Simulation results for 2021–2080 in these regions show no decline,
only differences in magnitude of increase across locations. For instance, habi-
tat suitability in the Taklimakan Desert under future climate conditions will
increase compared with current conditions, though remaining within the low
suitable habitat zone. Regions with frequent habitat suitability fluctuations
during 2021–2080 are mainly distributed along the axis from Astana to Kaza-
khskiy Melkosopochnik in Kazakhstan. These regions have better soil and water
conditions than Central Asian core areas, and habitat suitability levels for H.
ammodendron may change in various ways under different future climate change
scenarios.

Regions where suitable habitat levels continue to decline are primarily along
the northern Caspian Sea coast, Aralkum Desert, southern Kazakhskiy
Melkosopochnik, and northern Tianshan foothills. Geographically, regions
between 45°N and 55°N covering approximately 0.503$×10^{6}$ km2 are an-
ticipated to experience greater habitat reductions under future climate change
scenarios, possibly due to climate change decreasing H. ammodendron’s climate
adaptability and competitiveness, leading to distribution range contraction.

3.4 Spatial Pattern Changes in Potential Suitable Habitats
of H. ammodendron Under Future Climate Change Sce-
narios
The geometric center of potential suitable habitat regions tends to migrate east-
ward under future climate change scenarios (Fig. 6 [Figure 6: see original
paper]). Under SSP126, the geometric center will migrate 147 km southeast
during 2021–2040, followed by 80 km eastward displacement in the 2050s, and
finally 45 km westward shift in the 2070s. Geometric centers under SSP245,
SSP370, and SSP585 scenarios exhibit gradual eastward movement, with move-
ment distance increasing alongside greenhouse gas emission levels. For instance,
geometric center movement under SSP126 is only 176 km, whereas it reaches
405 km under SSP585. Climate change could intensify desertification in Central
Asian core regions, gradually shifting the geometric center toward areas closer
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to the ocean. Alternatively, this phenomenon may be explained by precipita-
tion influence, as larger precipitation values in SSP scenarios typically imply
higher carbon emissions and temperatures, leading to increased aridity in Cen-
tral Asia. Nevertheless, under future climate conditions, the MaxEnt model
predicts a gradual decrease in potential suitable habitats in the Central Asian
hinterland, leading to westward geometric center shift.

4.1 Effects of Environmental Factors on Spatial Distribu-
tion of H. ammodendron in Central Asia
Plant species distribution is primarily influenced by climate, with hydrothermal
conditions playing crucial roles (Dillon et al., 2010). PCA can generate all pos-
sible model parameter settings through cross-validation and feature selection,
choosing optimal models based on maximum Boyce index to elucidate key en-
vironmental factors influencing spatial distribution (Shao et al., 2022). In this
study, precipitation-related climate conditions dominate PC1, PC3, and PC8
(Table 1), with variance explanation rates of 37.63%, 17.84%, and 2.39%, respec-
tively. For example, in the Junggar Basin north of the Tianshan Mountains, the
terrain is not completely enclosed, allowing prevailing westerly winds from the
Atlantic Ocean and airflow from the Arctic Ocean to lift onto northern Tianshan
slopes, forming orographic precipitation. Consequently, moisture conditions on
northern Tianshan slopes are better than southern slopes, creating suitable habi-
tats for H. ammodendron growth. Temperature-dominated influencing factors
(PC4) contribute approximately 5.83% to spatial distribution. Hydrothermal
condition-related factors thus account for a cumulative 63.69% of total variance
in H. ammodendron spatial distribution. Temperature-related factors such as
annual mean temperature (BIO1), temperature seasonality (BIO4), and tem-
perature annual range (BIO7) can also impact distribution through other PCA
categories.

Elevation influences spatial distribution through PC5 and PC7, with a cumula-
tive contribution of 7.10%. Notably, the factor dominated by population density
(PC2) contributes approximately 22.42% among PC1–PC8, possibly related to
utilization of H. ammodendron roots for producing Cistanche deserticola in Xin-
jiang, China (Shao et al., 2022). This discrepancy may be attributed to the
multifaceted nature of plant survival, which is influenced by multiple environ-
mental factors.

4.2 Layout of H. ammodendron Shelterbelts in Central Asia
Under Future Climate Conditions
H. ammodendron is an important species for desertification control (Li et al.,
2022). Its root system can stabilize sandy soils and reduce wind erosion (Shao,
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2008). Adjusting shelterbelt coverage and density may be necessary to cope
with more frequent extreme climate events such as drought, high temperatures,
and wind erosion. The fluctuated zone of suitable habitats is expected to be-
come susceptible to desertification under future climate conditions. Maintaining
ecological stability in these regions will be a priority for Central Asian desertifi-
cation control, reducing desertification spread, safeguarding local ecological en-
vironments, and supporting sustainable human livelihoods. Transitional zones
composed of drought-resistant plants should also be established at region edges
to provide stable transitional environments for local ecosystems.

Considering that hydrothermal conditions may dominate H. ammodendron spa-
tial distribution, desertification control in Central Asia should also be based
on terrain characteristics and hydrothermal distribution (Jiang et al., 2017).
Strategically locating H. ammodendron shelterbelts in river valleys and foothills
can utilize surface water and groundwater resources to provide necessary mois-
ture for growth and enhance soil retention capacity. Additionally, constructing
shelterbelts requires considering ecosystem connectivity by establishing ecolog-
ical corridors that connect shelterbelts, facilitating flora and fauna migration
and genetic exchange, thereby enhancing ecosystem stability and resilience.

4.3 Sustainable Recommendations for Establishment of H.
ammodendron Shelterbelts in Response to Future Climate
Change
Human activities significantly affect H. ammodendron habitats and contribute
to desertification processes in Central Asia (Shao et al., 2022). Unsustainable
water resource utilization, such as excessive diversion for irrigation, can further
reduce downstream water availability (Chen et al., 2022). Changes in hydro-
logical regimes alter soil moisture levels, influencing plant growth and survival
(Micklin, 2007). Considering that the Uzbekistan government is currently im-
plementing afforestation measures in the Aralkum Desert to mitigate salt-dust
disasters, the sustainability of these measures requires further evaluation under
future climate conditions. Therefore, greater efforts should focus on these areas
through strengthened shelterbelt management and minimized climate change
impacts on afforestation.

Moreover, suitable habitat area in the western Junggar Basin will decrease under
future climate conditions. To mitigate human activity impacts on H. ammod-
endron habitats, integrated land management approaches are essential (Qi et
al., 2023). In-situ conservation should focus on preserving and restoring natu-
ral habitats conducive to H. ammodendron growth, protecting existing stands
and associated ecosystems, and restoring degraded habitats through sustainable
practices such as reforestation, soil conservation, and water management (Abdi
et al., 2019). Community engagement and stakeholder participation are vital
components for shelterbelt protection.
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H. ammodendron also provides important ecosystem services and economic val-
ues in arid and semi-arid areas. It can absorb and store atmospheric carbon
dioxide, enabling local governments to facilitate carbon sequestration in desert
areas through systematic planting, thereby supporting international sustainable
land management efforts. The parasitic roots are widely used in traditional Chi-
nese medicine to treat various ailments due to antimicrobial, anti-inflammatory,
and antioxidant properties (Trampetti et al., 2019; Song et al., 2021). Appro-
priate planning for cultivating H. ammodendron and increasing parasitic root
yield can generate economic benefits and increase incomes for residents in deser-
tified areas. In summary, implementing a comprehensive approach integrating
in-situ and ex-situ conservation measures while engaging local communities and
stakeholders can effectively conserve H. ammodendron and ensure its survival
amid climate change. Climate change will inevitably cause global warming and
increased droughts (Yang et al., 2023), requiring appropriate artificial interven-
tions to prevent desertification in affected regions.

5 Conclusions
This study applied H. ammodendron growth-related data to the MaxEnt model
to analyze spatial distribution of potential suitable habitats in Central Asia
under current and future climate conditions. The highly suitable habitat area
is approximately 0.322$×10^{6}$ km2 under current conditions, primarily dis-
tributed in the Aralkum Desert, northern Tianshan slopes, upstream Tarim
River, and western Taklimakan Desert edge. The unsuitable habitat area covers
approximately 3.620$×10^{6}$ km2, widely distributed south of 50°N. Under
future climate change scenarios, suitable habitat area will decrease in regions
far from the ocean, with highly suitable area in the Aralkum Desert expected to
decrease significantly. The geometric center of potential suitable habitat area
shows an eastward shift tendency, with movement distance increasing along-
side greenhouse gas emissions. By 2080, geometric center movement can reach
up to 405 km, gradually shifting suitable habitats toward regions closer to the
ocean. While this study analyzed potential future spatial distribution of H.
ammodendron in Central Asia, actual shelterbelt construction still requires rea-
sonable incorporation of other plant species to achieve better ecological service
functions.
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