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Abstract

Due to irrational human activities and extreme climate, the Qinghai-Xizang
Plateau, China, faces a serious threat of desertification. Desertification has
a detrimental effect on the ecological environment and socioeconomic develop-
ment. In this study, the desertification sensitivity index (DSI) model was estab-
lished by integrating the spatial distance model and environmentally sensitive
area index evaluation method, and then the model was used to quantitatively
analyze the spatial and temporal characteristics of desertification sensitivity of
the Qinghai-Xizang Plateau from 1990 to 2020. The results revealed that: (1)
a general increasing tendency from southeast to northwest was identified in
the spatial distribution of desertification sensitivity. The low-sensitivity areas
were mostly concentrated in the Hengduan and Nyainggéntanglha mountains
and surrounding forest and meadow areas. The high-sensitivity areas were lo-
cated mainly in the Kunlun and Altun mountains and surrounding decertified
areas. The center of gravity of all types of desertification-sensitive areas moved
to the northwest, and the desertification sensitivity showed a decreasing trend
as a whole; (2) the area of highly sensitive desertification areas decreased by
8.37%, with extreme sensitivity being the largest change among the sensitivity
types. The desertification sensitivity transfer was characterized by a greater
shift to lower sensitivity levels (24.56%) than to higher levels (2.03%), which
demonstrated a declining trend; (3) since 1990, the change in desertification
sensitivity has been dominated by the stabilizing type I (29.30%), with the area
of continuously increasing desertification sensitivity accounting for only 1.10%,
indicating that the management of desertification has achieved positive results
in recent years; and (4) natural factors have had a more significant impact on
desertification sensitivity on the Xizang Plateau, whereas socioeconomic
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Abstract: Due to irrational human activities and extreme climate, the Qinghai-
Xizang Plateau, China, faces a serious threat of desertification, which has detri-
mental effects on the ecological environment and socioeconomic development.
In this study, the desertification sensitivity index (DSI) model was established
by integrating the spatial distance model and environmentally sensitive area
index evaluation method, and then used to quantitatively analyze the spatial
and temporal characteristics of desertification sensitivity across the Qinghai-
Xizang Plateau from 1990 to 2020. The results revealed that: (1) a general
increasing tendency from southeast to northwest was identified in the spatial
distribution of desertification sensitivity. Low-sensitivity areas were mostly con-
centrated in the Hengduan and Nyainggéntanglha mountains and surrounding
forest and meadow areas, while high-sensitivity areas were located mainly in
the Kunlun and Altun mountains and surrounding desertified areas. The cen-
ter of gravity of all types of desertification-sensitive areas moved to the north-
west, and desertification sensitivity showed a decreasing trend overall; (2) the
area of highly sensitive desertification areas decreased by 8.37%, with extreme
sensitivity showing the largest change among sensitivity types. Desertification
sensitivity transfer was characterized by a greater shift to lower sensitivity lev-
els (24.56%) than to higher levels (2.03%), demonstrating a declining trend;
(3) since 1990, the change in desertification sensitivity has been dominated by
stabilizing type I (29.30%), with the area of continuously increasing desertifica-
tion sensitivity accounting for only 1.10%, indicating that desertification man-
agement has achieved positive results in recent years; and (4) natural factors
have had a more significant impact on desertification sensitivity on the Qinghai-
Xizang Plateau, whereas socioeconomic factors affected only localized areas.
The main factors influencing desertification sensitivity were vegetation drought
tolerance and aridity index. Studying spatiotemporal variations in desertifica-
tion sensitivity and its influencing factors can provide a scientific foundation for
developing targeted management strategies for different desertification-sensitive
areas, facilitating the formulation of more effective management and protection
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measures that contribute to ecological construction and sustainable economic
development in the region.
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Introduction

Desertification is a process in which land becomes degraded due to unfavorable
natural conditions or excessive human activities in arid and semi-arid areas
[?, ?]. China has become one of the countries most affected by desertification,
with desertified land covering approximately 27.00% of its total area [?, ?], pri-
marily concentrated in arid and semi-arid regions such as the Inner Mongolia Au-
tonomous Region, Xinjiang Uygur Autonomous Region, Xizang Autonomous Re-
gion, Qinghai Province, and Gansu Province [?, ?]. Among China’s broader de-
sertification landscape, the desertification issues on the Qinghai-Xizang Plateau
stand out due to their particularly distinct characteristics. The Qinghai-Xizang
Plateau, known as the “Roof of the World,” is a globally significant ecological
barrier and biodiversity conservation area, and its environment plays a crucial
role in global climate change [?, ?]. The plateau’s climate is cold and arid, be-
longing to a fragile ecosystem. Desertification affects approximately 3.93 x 10°
km? of the Qinghai-Xizang Plateau, mainly concentrated in valleys, basins, and
around lakes [?, 7, 7, ?].

Previous studies of desertification on the Qinghai-Xizang Plateau primarily
cover aeolian processes during geological history and modern land desertifica-
tion. Stratigraphic profiles constitute the primary evidence for studying aeolian
activity and desertification since geological periods [?, ?]. Researchers have
studied aeolian profiles in areas such as the Qaidam Basin [?, ?], the Qinghai
Lake basin [?, ?], and the Yarlung Zangbo River valley [?, ?], thereby revealing
aeolian activity and environmental evolution since geological periods. Previ-
ous studies of modern desertification on the Qinghai-Xizang Plateau include
the mechanisms of desertification formation [?, ?], desertification monitoring
and assessment [?, ?], influencing factors [?, ?], and preventive measures [?, ?].
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With the advancement of ecological civilization construction, the monitoring and
assessment of desertification, as a prerequisite for implementing desertification
control measures and a crucial process in evaluating the effectiveness of ecologi-
cal restoration, has gradually become a focal point in ecological research on the
Qinghai-Xizang Plateau [?, ?, ?]. Using remote sensing and geographic informa-
tion technologies, researchers can access remote sensing data at larger spatial
and temporal scales, enabling dynamic desertification monitoring [?, 7, ?]. Fur-
thermore, the application of multi-source data fusion technology enhances the
comprehensiveness and accuracy of desertification monitoring and assessment
[?, 7]. A review of existing research reveals that desertification monitoring and
assessment on the Qinghai-Xizang Plateau has expanded from local areas, such
as the Qinghai Lake basin [?, ?], the source region of the Yellow River [?, ?], and
the Gonghe Basin [?, ?] to the entire plateau [?, ?, ?]. However, the indicators
used for desertification monitoring and assessment are not standardized, and
there are inconsistencies in the types and severity levels of classification. The
distinctive geographic and climatic conditions of the Qinghai-Xizang Plateau
necessitate the development of more detailed standards for desertification mon-
itoring and assessment to address regional variations and offer a scientific foun-
dation for desertification control.

Desertification sensitivity, as an important indicator for quantifying the degree
of desertification, is used to assess the likelihood of land becoming desertified
and has become a focal point for many researchers [?, ?]. Methods for study-
ing desertification sensitivity include the environmental sensitivity area index
(ESAI) [?, 7], the desertification sensitivity index (DSI) derived from the spatial
overlay analysis method [?, ?], and sensitivity evaluation systems based on the
“Pressure-State-Response” framework [?, ?]. ESAI is particularly popular due
to its flexible indicator selection and efficient computation [?, ?, ?]. However,
ESAI was originally developed in the Mediterranean region and was not used in
other areas [?, 7, ?]. Improving the desertification sensitivity evaluation system
by optimizing evaluation indicators and methods to enhance the objectivity and
comprehensiveness of the results is necessary.

This study focuses on the Qinghai-Xizang Plateau, selecting topography, cli-
mate, soil, hydrology, and vegetation as evaluation indicators, and constructs
a desertification sensitivity evaluation system based on ESAI and spatial dis-
tance models to address the following issues: (1) the spatiotemporal variation
characteristics of desertification sensitivity on the Qinghai-Xizang Plateau from
1990 to 2020; and (2) the effects of influencing factors and their interactions on
changes in desertification sensitivity, and the contribution of each factor. The
results will provide theoretical support for desertification control efforts on the
Qinghai-Xizang Plateau.

2.1 Study Area

The Qinghai-Xizang Plateau is located in southwestern China (26°00'-39°47'N,
73°19-104°47'E) and spans six provinces and autonomous regions: Qinghai
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Province, Xizang Autonomous Region, Xinjiang Uygur Autonomous Region,
Sichuan Province, Gansu Province, and Yunnan Province [?, ?]. The plateau
features complex terrain, surrounded by an intricate interplay of mountains,
basins, and valleys [?, ?, ?]. The climate is influenced by the East Asian mon-
soon, the Indian monsoon, and westerlies, with an annual mean temperature
ranging from —5.6°C to 17.6°C [?, ?, ?]. Mean annual precipitation decreases
gradually from southeast to northwest, with the southeastern area receiving over
2000 mm and the northwestern area receiving 20-75 mm of precipitation [?, ?].
The soil exhibits distinct vertical zonation, with alpine soil being the most preva-
lent type. Grassland is the predominant land use type on the Qinghai-Xizang
Plateau [?, ?], covering 51.40% of the total area in 2020.

2.2 Data Sources

In this study, the data included topography, soil, hydrology, climate, vege-
tation, and socioeconomic information. The digital elevation model (DEM)
was obtained from the Geospatial Data Cloud (http://www.gscloud.cn),
while aspect and slope were derived using the “slope” and “aspect” tools
in ArcGIS v.10.8 software [?, ?]. Soil depth, sand content, and organic
matter content were obtained from the National Tibetan Plateau Data Center
(http://data.tpdc.ac.cn).  Soil erosion intensity data were obtained from
the Resource Environment Data Center of Chinese Academy of Sciences
(http://www.resdc.cn). River data came from the National Geomatic In-
formation Center of China (http://www.ngcc.cn), and the lakes, reservoirs,
glaciers, and snow data were extracted using ArcGIS software [?, ?]. Land use
data were obtained from the Resource Environment Data Center of Chinese
Academy of Sciences. The annual average wind speed, precipitation, air tem-
perature, and ground temperature data from 1990 to 2020 were obtained from
meteorological stations supplied by the National Meteorological Information
Center (http://data.cma.cn). Vegetation data were obtained from the Resource
Environment Data Center of Chinese Academy of Sciences. Landsat data
from the United States Geological Survey (http://landsatlook.usgs.gov/) were
downloaded to calculate the normalized difference vegetation index (NDVI).
The socioeconomic data were obtained from the Resource Environment Data
Center of Chinese Academy of Sciences (http://www.resdc.cn). All data were
preprocessed with a specified coordinate system and spatial resolution (1 km),
with all processing carried out in ArcGIS software.

2.3.1 Construction of a Sensitivity Evaluation System for
Desertification

Desertification sensitivity is the result of an interplay of multiple factors [?, 7, ?].
The selection of research methods and indicators should fully consider the envi-
ronmental characteristics and current conditions of the study area [?, ?]. Tradi-
tional ESAT evaluation results are based on the linear weighted sum and geomet-
ric mean of the indicators, without considering the interrelationships between
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indicators [?, ?, ?]. Integrating spatial distance models (SDM) in evaluation
systems can effectively resolve this issue [?, ?]. Spatial distance models have
been widely used in fields such as land desertification assessment and ecological
sensitivity evaluation [?, 7, ?, ?]. The formula of the SDM is as follows:

SDM = \/Z(ai — Qilow)?
i=1

where SDM is obtained by the Euclidean distance between point «; and point
O _jow (km); ;.. is the lowest reference point at point «;; and n is the
dimension of the space.

Based on this, the study integrates the ESAI evaluation method with SDM to
construct DSI using indicators of topography, soil, climate, hydrology, and vege-
tation. To confirm the suitability of DSI, we conducted a multivariate collinear-
ity diagnosis of all indicators using SPSS v.26.0 software. It was found that the
variance inflation factors (VIF) of the selected indices were all less than 10.0,
the tolerances were all greater than 0.1, and there was no obvious collinearity
[?, ?]. Therefore, using DSI (dimensionless) to study desertification sensitivity
in the Qinghai-Xizang Plateau is feasible. A higher DSI value indicates a greater
degree of desertification sensitivity. The formula of DSI is as follows:

bsp— .| ( VBL= VBI,, 2+ CBI — CBI,,,, 2+ HBI — HBI,, 2+ SBI — SBI,,, 2+ TBI — TBI,,
B VBIIOW CBIIOW HBIIOW SBIlOW TBIIOW

where VBI, CBI, HBI, SBI, and TBI are the vegetation, climatic, soil, hydrolog-
ical, and topographic background indices, respectively (Table 1 ); and VBI,,
CBl,,, HBI,,,,, SBIL,, and TBI,_, are the lowest values of each background
index.

Table 1 Construction methods for various indices

Background Index Index Index

Index Formula Composition Processing Description

Vegetation V= NDVI, Positive/negative Vegetation

background Z@Vi&‘_/f‘l; tation normalization drought

index (VBI) = T drought tolerance was

tolerance determined by

quantifying
vegetation
types [?, 7]
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Background Index Index Index

Index Formula Composition Processing Description

Climatic C= Annual average  Positive/negative Aridity index =

background M@mpera‘cure normalization  P/(t, + 10),

index (CBI) ﬁ@’) annual where P is
average wind mean annual
speed (m/s), precipitation

aridity index

(mm), and ¢, is
annual mean

temperature
(°C) [7, 7]
Hydrological H= Distance to Positive/negative Distances
background %%}g@ae%ers (km), normalization  calculated
i=1 i gl

index (HBI)

distance to
rivers (km),

using Euclidean
distance tool in

distance to ArcGIS [?7, 7]
lakes and
reservoirs
Soil S = Soil organic Positive /negative Soil organic
background 3 S S “eatter content  normalization  matter = soil
index (SBI) (“l’/w) soil erosion organic
intensity, soil carbon/0.58
sand content (7, 7]
(%), soil depth
(cm)
Topographic T= Slope (°), Positive/negative Aspect values:
background %&%ﬁ;ude (m), normalization  flat=1; west,
index (TBI) "aspect northwest,
north=2;
northeast,
east=3;
southeast,
south,

southwest=4
(7, 7]

Note: V;, C;, H;, S,;, and T} are the constitutive factors of VBI, CBI, HBI, SBI,
and TBI, respectively; V;_iows Ciiows Hittows Siciows a0d Tj_j.,, are the lowest
values of V;, C;, H,, S;, and T}, respectively; ¢ is the constitutive factor; n is the
total number of constitutive factors. “+” means positive normalization, and “—”

means negative normalization. NDVI, normalized difference vegetation index.

In this study, the Jenks’ natural break method was used to classify DSI into five
classes [?, 7, ?]: nonsensitivity (DSI < 1.272), mild sensitivity (1.272 < DSI <
1.312), moderate sensitivity (1.312 < DSI < 1.490), severe sensitivity (1.490 <
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DSI < 1.708), and extreme sensitivity (1.708 < DSI).

2.3.2 Gravity Center Transfer Model

The gravity center transfer model can be used to analyze the spatial evolution
of elements [?, ?, ?]. The formula is as follows:

Z;il(xij X ]Dij) V. — Z;nzl(yij X Pij)

X't = m ) it T m

' > Py ' > 1 B

where X, and Y}, are the Cartesian coordinates of the gravity center for de-
sertification sensitivity type ¢ in year ¢; X,; and Y;; are the coordinates of the
gravity center of small patch j for sensitivity type i; P;; is the area of patch j
for sensitivity type i (km?); and m is the total number of patches for sensitivity

type 1.

2.3.3 Transfer Matrix

The transfer matrix model was employed to quantitatively reveal the transfer
of different desertification sensitivity types from the beginning to the end of the
study period [?, ?]. The formula is as follows:

All A12 Ala
AQl A22 A?a
A Ag = Ay,

where A, is the probability of transfer from type z to type y desertification
sensitivity in the study area (%); x is the desertification sensitivity type at
the beginning; y is the desertification sensitivity type at the end; and a is the
number of desertification sensitivity types.

2.3.4 Geodetector

Geodetector is a statistical method designed to detect spatial heterogeneity
and identify its drivers [?, ?]. It has been extensively utilized in ecological
and environmental research and offers significant advantages over traditional
statistical methods in analyzing interactions among various factors [?, 7, ?].
The formula for calculating the g-value is as follows:

L
—1_ Zh:l Nhgi2L
g No?
where h = 1,2, ..., L is the number of partitions of the influencing factors; IV and

N, are the number of samples for the whole region and subregion h, respectively;
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and o2 and 0% are the variances of the variables for the entire region and layer
h, respectively. The g-values range between 0.0000 and 1.0000, with higher
g-values indicating stronger explanatory power of the factor.

3.1 Topographic, Soil, Vegetation, Climatic, and Hydrolog-
ical Background Indices

The spatial distribution of the five background indices in 2020 is shown in Figure
1 [Figure 1: see original paper|. The Qinghai-Xizang Plateau features complex
terrain, with TBI values ranging from 0.457 to 1.724. Topographic quality is
poorer on sunny slopes compared with shady slopes and improves with increas-
ing altitude and slope. SBI values ranged from 1.000 to 1.989, with the poorest
soil quality found primarily in the Qaidam Basin in the northeast. The plateau
has a wide variety of plant species and complex vegetation types. Forests were
primarily concentrated in southern and southeastern areas, dominated by ev-
ergreen broadleaf and evergreen coniferous shrubs. The spatial distribution of
CBI indicated better climatic quality near the Three-River Headwaters region,
decreasing in a banded pattern toward the southeast and northwest. The dis-
tribution characteristics of HBI revealed that areas farther from major rivers,
lakes, reservoirs, and glacier and snow cover areas exhibited superior hydrologi-
cal quality.

Figure 2 [Figure 2: see original paper| depicts the changes in the average values
of each background index from 1990 to 2020. The results indicated that CBI on
the Qinghai-Xizang Plateau showed significant fluctuations, with annual aver-
age values of 0.282, 0.424, 0.391, and 0.385 in 1990, 2000, 2010, and 2020, while
the annual average values of SBI, TBI, VBI, and HBI showed smaller fluctua-
tions. Annual average values of VBI on the Qinghai-Xizang Plateau were 0.758,
0.748, 0.755, and 0.735 in 1990, 2000, 2010, and 2020, respectively, indicating
a decreasing trend with fluctuation, which reflected an overall improvement in
vegetation quality over this period.

3.2 Spatial Distribution of Desertification Sensitivity

Figure 3 [Figure 3: see original paper| illustrates the spatial distribution of de-
sertification sensitivity on the Qinghai-Xizang Plateau from 1990 to 2020. The
overall distribution showed higher sensitivity in the northwest and lower sensi-
tivity in the southeast. In the southeastern forests, desertification sensitivity
was lower, while it increased as desertification intensified toward the north-
west. Specifically, low-sensitivity desertification areas (including nonsensitive
and mildly sensitive areas) were mainly located in the Hengduan Mountains,
Nyaingéntanglha Mountains, and their surrounding meadows and forests with
high vegetation cover in the southeast. High-sensitivity desertification areas
(including extremely and severely sensitive areas) were mainly distributed in
the Kunlun Mountains, Altun Mountains, and adjacent desertified areas in the
northwest. Desertification sensitivity was most severe in the Qaidam Basin and
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northwestern area. Desertified land types in severely sensitive areas were mainly
concentrated on land with gravels, bare land, and fixed sandy land. In areas
of extreme sensitivity, the dominant land types were bare land with gravels,
degraded land caused by wind erosion, and mobile sandy land.

To further understand the spatial evolution of desertification sensitivity from
1990 to 2020, we utilized the gravity center transfer model to analyze the dis-
tribution of gravity centers for various types of desertification sensitivity over
the past 30 years (Fig. 4 [Figure 4: see original paper]). From 1990 to 2000,
all types of desertification sensitivity migrated to the northwest, with the most
significant degree of movement observed, indicating the most rapid improve-
ment in desertification during this period. Overall, the centroids of all types
of desertification-sensitive areas migrated to the northwest from 1990 to 2020,
signifying an expansion of nonsensitive areas and a reduction in extremely sensi-
tive areas, suggesting a decreasing trend in land desertification on the Qinghai-
Xizang Plateau.

3.3 Temporal Variation of Desertification Sensitivity

Table 2 illustrates the area proportions and dynamic degree results of differ-
ent desertification sensitivity types on the Qinghai-Xizang Plateau from 1990
to 2020. From 1990 to 2000, the areas of nonsensitivity and mild sensitivity
increased by 10.92% and 6.92%, respectively, indicating a reduction in deser-
tification sensitivity. From 2010 to 2020, the areas of nonsensitivity and mild
sensitivity decreased by 5.67% and 2.18%, respectively, suggesting an increase
in desertification sensitivity during this period. Overall, the average DSI val-
ues from 1990 to 2020 indicated a decreasing trend, from 1.438 to 1.389. The
areas of nonsensitivity, mild sensitivity, and moderate sensitivity increased by
2.14%, 5.33%, and 0.91%, respectively, with dynamic degrees of 0.66%, 0.63%,
and 0.10%. The dynamic degrees of severe sensitivity and extreme sensitivity
were —0.62% and —1.65%, respectively, indicating an overall decreasing trend
in desertification sensitivity on the Qinghai-Xizang Plateau from 1990 to 2020,
with the most significant changes observed in extremely sensitive areas.

The area proportions and dynamic degrees of desertification sensitivity types
only reveal changes within individual sensitivity types, making it difficult to
identify transitions between them. Therefore, the transfer probability matrix of
desertification sensitivity types was calculated using ArcGIS software (Table 3
). From 1990 to 2020, the probabilities of transitioning from nonsensitivity to
mild sensitivity, mild sensitivity to moderate sensitivity, moderate sensitivity
to severe sensitivity, and severe sensitivity to extreme sensitivity were 7.89%,
3.54%, 1.51%, and 0.31%, respectively. In contrast, the probabilities of transi-
tioning from extreme sensitivity to severe sensitivity, severe sensitivity to mod-
erate sensitivity, moderate sensitivity to mild sensitivity, and mild sensitivity
to nonsensitivity were 33.56%, 36.56%, 27.11%, and 12.28%, respectively. This
result suggests that over the past 30 years, desertification sensitivity on the
Qinghai-Xizang Plateau has shown a greater shift toward lower sensitivity lev-
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els. Overall, from 1990 to 2020, 24.56% of the plateau experienced a reduction
in desertification sensitivity, shifting from high risk to low risk, while only 2.03%
of the area experienced an increase, moving from low risk to high risk.

3.4 Change in Desertification Sensitivity

To further explore changes in desertification sensitivity on the Qinghai-Xizang
Plateau, this study used ArcGIS software to classify desertification sensitivity
into stabilizing type I, decreasing type, fluctuating type, increasing type, and
stabilizing type IT (Table 4 ; Fig. 5 [Figure 5: see original paper]). From 2000 to
2020, desertification sensitivity demonstrated significant temporal and spatial
variability, with areas where desertification sensitivity types changed accounting
for 53.00% of the total area. The order of changes was as follows: fluctuating
type (28.70%) > decreasing type (23.30%) > increasing type (1.10%). The
fluctuating type was widely distributed across the plateau, characterized by un-
stable desertification sensitivity that was highly susceptible to environmental
changes. The decreasing type was primarily distributed around extreme sensi-
tivity areas, showing that ecological engineering measures were effective for con-
trolling desertification. The increasing type was mostly concentrated in densely
populated areas, often close to roads. During the study period, 47.00% of the
study area remained unchanged in terms of desertification sensitivity. Stabiliz-
ing type I covered the largest area, primarily concentrated in the southeastern
part of the study area, where the ecosystem was most stable. Stabilizing type 11
was mainly distributed in the mountainous areas of northwestern and northern
Qinghai-Xizang Plateau, particularly near the Qaidam Basin, where the climate
was arid, vegetation was sparse, and desertification was severe. Overall, deser-
tification sensitivity on the Qinghai-Xizang Plateau showed a decreasing trend,
though some local areas experienced increased sensitivity.

3.5 Factors Influencing Desertification Sensitivity

This study selected 5 primary indicators and 17 secondary indicators, using
Geodetector to quantitatively analyze the internal and external factors influenc-
ing desertification sensitivity. The factor detector results (Table 5 ) indicated
that the g-value rankings of different indicators varied across periods. Among
primary indicators, VBI and CBI had higher g-values (0.4680 and 0.2600, respec-
tively), underscoring the significant roles of vegetation and climate in the evolu-
tion of desertification sensitivity. Among secondary indicators, the aridity index
had the highest g-value in 1990, while vegetation drought tolerance (VDT) had
the highest g-value from 2000 to 2020. Their g-values were significantly higher
than those of other factors, suggesting that aridity index and vegetation drought
tolerance were the key factors influencing desertification sensitivity. From 1990
to 2020, the g-values of VDT ranged from 0.4672 to 0.5193, showing an increas-
ing fluctuation trend, while the ¢g-values of aridity index ranged from 0.4755 to
0.3436, with a large fluctuation range, making it an active factor influencing
desertification sensitivity. Other factors had minor impacts on desertification
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sensitivity (¢-value < 0.1800). Furthermore, gross domestic product (GDP) and
population density did not pass significance tests, implying that socioeconomic
development had limited effects on desertification sensitivity.

The interaction results (Fig. 6 [Figure 6: see original paper|) indicated that
the g-value of VDT aridity index was greater than 0.6000, demonstrating that
their combined effects significantly influenced desertification sensitivity. The
interaction between each pair of secondary indicators on desertification sensi-
tivity demonstrated either two-factor enhancement or nonlinear enhancement.
Specifically, secondary indicators such as soil organic matter, soil depth, and
altitude had relatively low impacts (g-value < 0.1000). However, when these
factors interacted with VDT or aridity index, their influence was amplified. The
interaction detector also indicated that changes in desertification sensitivity re-
sulted from the combined effects of multiple factors rather than being driven by
individual factors.

4.1 Variation of Desertification Sensitivity

Desertification sensitivity on the Qinghai-Xizang Plateau exhibited a general
fluctuating downward trend from 1990 to 2020, with a significant decrease from
1990 to 2000 (average DSI value decreased by 0.102) and a slight increase from
2010 to 2020 (average DSI value increased by 0.039). This trend aligns with
the findings of Teng et al. (2021), who showed a general decreasing trend in
wind erosion on the Qinghai-Xizang Plateau, with a significant reduction from
1990 to 2000, followed by an increase after 2010. The decrease in desertification
sensitivity may be closely related to the implementation of various ecological
projects [?, ?, 7, 7], such as the Three-River Headwaters Ecological Protection
and Restoration Project (1956-2000) and the Three-North Shelterbelt Program
(1978-2050).

From 2010 to 2020, desertification sensitivity on the Qinghai-Xizang Plateau
demonstrated an increasing trend. However, previous studies have reported
an increase in vegetation coverage during this period [?, ?, ?], reflecting the
complexity of variation in desertification sensitivity. The factor detector results
revealed that from 2010 to 2020, the g-values for aspect, annual mean tem-
perature, distance to glaciers, distance to lakes and reservoirs, gross domestic
product, and population density increased. This suggests that the increase in
desertification sensitivity may be closely related to rising temperatures and in-
tensified human activities. Rising temperatures threaten permafrost stability,
with highly unstable permafrost on the Qinghai-Xizang Plateau increasing by
6.09% from 2000 to 2019, leading to geological issues such as soil erosion, land-
slides, and water and soil loss [?, 7, ?], and increasing the potential for land
desertification. In the context of climate change, the negative impacts of human
activities on the natural environment are intensifying. Large-scale infrastruc-
ture construction, overgrazing, and deforestation have disrupted the ecological
balance [?, ?, ?], resulting in increased desertification sensitivity in localized
areas.
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4.2 Factors Influencing the Variation of Desertification Sen-
sitivity

The variation in desertification sensitivity is influenced by multiple factors, with
vegetation and climate identified as the primary influencing factors [?, 7, ?]. In
contrast to previous studies, this study selected more comprehensive and specific
influencing factors and used Geodetector for quantitative analysis, providing

more accurate directions and a theoretical basis for desertification prevention
and control on the Qinghai-Xizang Plateau.

The factor detector results indicate that vegetation drought tolerance and arid-
ity index exhibited strong explanatory power for changes in desertification sen-
sitivity on the Qinghai-Xizang Plateau. Vegetation drought tolerance directly
affects plant growth, degradation, and recovery. Through mechanisms such
as root systems stabilizing soil and reducing wind erosion [?, ?, ?], plants ef-
fectively mitigate desertification exacerbated by climate change. The role of
vegetation restoration in preventing land desertification is widely recognized in
arid and semi-arid areas [?, ?, ?]. The aridity index reflects the combined effects
of temperature and precipitation; the increasing trend in both temperature and
precipitation on the Qinghai-Xizang Plateau has promoted vegetation coverage
[?, 7, 7], indirectly influencing desertification sensitivity. Previous studies have
shown that climate warming and wetting can effectively mitigate desertification
processes on the Qinghai-Xizang Plateau [?, 7, ?]. In contrast, gross domestic
product and population density have exerted relatively minor impacts on deser-
tification sensitivity. Human activities and economic development frequently
disrupt the ecological environment in populated areas [?, ?, ?], resulting in
increased desertification sensitivity around settlements and roads. Interaction
detector results indicate that the interactions between influencing factors ex-
hibit either two-factor enhancement or nonlinear enhancement. The combined
effect of vegetation drought tolerance and aridity index had the most significant
impact on desertification sensitivity, highlighting the importance of integrated
management measures.

Overall, the variation in desertification sensitivity on the Qinghai-Xizang
Plateau results from the combined effects of multiple factors. However, this
study primarily focuses on natural factors and gives comparatively less atten-
tion to socioeconomic factors. In future studies, we will incorporate a more
comprehensive set of socioeconomic factors, such as grazing and infrastructure
development, to quantify their impact on changes in desertification sensitivity
in densely populated areas and enhance our understanding of the driving
mechanisms behind desertification.

5 Conclusions

This study constructed a desertification sensitivity evaluation system based on
ESAI and spatial distance model to assess desertification sensitivity on the
Qinghai-Xizang Plateau from 1990 to 2020. Additionally, Geodetector was
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used to quantitatively analyze the factors influencing desertification sensitiv-
ity. The spatial distribution of desertification sensitivity displayed a pattern of
higher sensitivity in the northwest and lower sensitivity in the southeast, with
the centers of different sensitivity areas moving toward the northwest. DSI on
the Qinghai-Xizang Plateau fluctuated downward from 1990 to 2020, with a
higher probability of desertification sensitivity shifting from high to low risk.
However, in some localized areas, such as near settlements and roads, sensitiv-
ity has increased, highlighting the need for enhanced ecological protection and
restoration. Vegetation and climate are the primary factors driving changes in
desertification sensitivity, with vegetation drought tolerance and aridity index
showing strong explanatory power. Furthermore, interactions among factors ex-
hibit either two-factor or nonlinear enhancement, with the interaction between
vegetation drought tolerance and aridity index having the most significant im-
pact on sensitivity.

This study revealed the variation in desertification sensitivity on the Qinghai-
Xizang Plateau over the past 30 years, underscoring the dominant role of natural
factors in the desertification process. The results provide not only scientific sup-
port for ecological management in the study area but also a crucial reference for
ecosystem protection in arid areas globally. Future research should incorporate
high-resolution remote sensing or field observation data to better examine trends
in desertification sensitivity and their key factors in different areas. Moreover,
predictive analyses of desertification sensitivity under various climate scenarios
should be enhanced to offer more targeted and forward-looking recommenda-
tions for ecological protection and restoration.
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