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Abstract: The Tianshan Mountains, the largest arid mountain range in Central Asia, feature diverse
terrains and significant landscape heterogeneity. The grasslands within the Xinjiang Tianshan region
are particularly sensitive to climate change and human activities. However, until recently, the patterns
and mechanisms underlying grassland changes in this region have been unclear. In this study, we
analyzed spatial and temporal changes in grassland fractional vegetation cover (FVC) from 2001
to 2020, analyzed spatial and temporal changes in grassland, and predicted future trends using
Global Land Surface Satellite (GLASS) FVC data, trend analysis, and the Hurst index method. We
also explored the driving mechanisms behind these changes through the structural equation model
(SEM). The results showed that from 2001 to 2020, the grassland FVC in the Tianshan region of
Xinjiang was higher in the central and western regions and lower in the northern and southern
regions, showing an overall fluctuating growth trend, with a change in the growth rate of 0. 0017/a
(p < 0.05), and that this change was spatially heterogeneous, with the sum of significant improvement
(20.6%) and slight improvement (29.9%) being much larger than the sum of significant degradation
(0.6%) and slight degradation (9.5%). However, the Hurst index (H = 0.47) suggests that this trend
may not continue, and there is a risk of degradation. Our study uncovers the complex interactions
between the Tianshan barrier effect and grassland ecosystems, highlighting regional differences in
driving mechanisms. Although the impacts of climatic conditions in grasslands vary over time in
different regions, the topography and its resulting hydrothermal conditions are still dominant, and
the extent of the impact is susceptible to fluctuations of varying degrees due to extreme climatic
events. Additionally, the number of livestock changes significantly affects the grasslands on the
southern slopes of the Tianshan Mountains, while the effects of nighttime light are minimal. By
focusing on the topographical barrier effect, this study enhances our understanding of grassland
vegetation dynamics in the Tianshan Mountains of Xinjiang, contributing to improved ecosystem
management strategies under climate change.

Keywords: Tianshan Mountains; grasslands; driving factors; structural equation model; climate change

1. Introduction

Grasslands, which connect the lithosphere, pedosphere, atmosphere, hydrosphere, and
biosphere, are critically important ecosystems in arid and semi-arid regions, covering 88%
of the area [1,2]. They play a crucial role in biodiversity conservation, carbon cycling, and
climate regulation [3,4]. Fractional vegetation cover—the ratio of the vertically projected
vegetation area to the total ground area [5]—is extensively utilized to identify trends in
grassland cover changes and climate variability [6]. It reflects the density, growth status,
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and photosynthetic area of vegetation [7] and serves as a crucial indicator for assessing
vegetation distribution, coverage, and ecological development, especially in the context
of significant global changes [8,9]. Investigating the shifts in grassland cover and their
climatic influencers is essential for comprehending grassland ecosystem functionalities and
promoting sustainable development [10].

The spatial and temporal dynamics of grasslands in the Tianshan Mountains are
complex, driven by both natural factors and human activities [11–13]. Previous studies
have demonstrated that the Tianshan Mountains, situated in a transition zone and highly
sensitive to diverse environmental changes [14,15], exhibit significant variations in grass
cover across different areas [16–18]. Grasses on the western side of the Tianshan Mountains
exhibit better growth, yet the extent of degradation is more pronounced [19]. In terms
of climate, water scarcity is a major limiting factor affecting vegetation dynamics, and
reduced precipitation coupled with a warming climate can lead to soil droughts and
exacerbate the deterioration of the condition of grassland vegetation [20–22]. Interestingly,
warming has sometimes mitigated some of the negative impacts on the ecosystems of the
region, as snowmelt from March to May has increased soil moisture, contributing to the
recovery of grasslands in the Tianshan Mountains region [23]. As one of the grassland
bases for livestock production in China, overgrazing in the Tianshan Mountains may
lead to a decrease in grassland cover [24,25], whereas moderate grazing may improve
grassland cover, productivity, and biodiversity. Additionally, human interventions, such as
diversifying water resources from mountains to oases for economic and social development,
may reduce the ecological water supply, worsening ecological imbalances [26]. Therefore,
these factors must be collectively considered to gain a deeper understanding of the growth
dynamics of the Tianshan Mountains grasslands.

The distribution of grassland cover is intricately linked to an area’s topography. There
is growing evidence suggesting that topography has a significant impact on water and
heat exchange between soil, air, and plants, as well as on human activities [10,27,28]. For
example, in Bangladesh’s Chittagong Hill Tracts, Emran demonstrated a strong correlation
between the normalized difference vegetation index (NDVI) and topographic variables [29].
However, traditional analytical methods usually only investigate the direct effects of
environmental or anthropogenic factors on vegetation dynamics [30]. Research on the
driving factors behind the differences in grassland distribution between the northern and
southern slopes of the Tianshan Mountains is limited; this oversight leads to an incomplete
understanding of the complex spatial differentiation of the Tianshan grasslands. It is
necessary to quantify the interactions between the topography and other influences to
more fully understand the spatial and temporal patterns of grassland forest cover and to
decipher their underlying drivers.

The Tianshan Mountains, often referred to as the “Water Tower of Central Asia” [31],
connect the Junggar and Tarim basins and support the largest ecosystems in the arid Central
Asian landscape [32]. In recent decades, with the deterioration of climate change due to
rising global temperatures and frequent extreme weather events, this ecosystem has been
increasingly threatened by the rapidly developing regional economy and urbanization, as
evidenced by the continuous decline in productivity and environmental problems [33]. In
2015, grassland vegetation coverage was recognized as a critical metric for evaluating the
ecological civilization progress [34]. Therefore, given the pivotal role of grassland resources
in Xinjiang’s economic and social fabric [35], a full understanding of grassland changes
is a prerequisite for promoting sustainable ecological and environmental developments
in Xinjiang.

The response and adaptive capacity of grassland ecosystems to environmental changes
in the Tianshan Mountains of Xinjiang have garnered attention in the fields of ecology and
environmental science. This study aims to delve into the following scientific questions:
(1) How have the spatial and temporal dimensions of grassland FVC in Xinjiang changed
over the last 20 years? (2) Has the response of grassland ecosystems to changing envi-
ronmental conditions evolved? To address these questions, we described the spatial and
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temporal distribution patterns and future evolutionary trends of grassland resources in
Xinjiang from 2001 to 2020, and further studied the actual impact of these factors on the
grassland ecosystem. The findings of this study will serve as a fundamental reference for
comprehensively understanding Xinjiang grasslands and their management. Moreover,
they will provide a theoretical basis for evaluating the regional ecological environment and
guiding land use planning and ecological decision-making processes.

2. Materials and Methods
2.1. Study Area

The Tianshan Mountains, recognized as one of the seven major mountain ranges of
the world, are the most expansive within the global temperate arid zone and the most
remote from any ocean [36,37]. Our research zeroes in on the Tianshan Mountains’ eastern
section, specifically the Xinjiang Tianshan section (TS, 73◦50′~95◦33′E, 39◦24′~45◦23′N),
nestled between the Junggar Basin to the south and the Tarim Basin to the north, spanning
from Hami City in the east to the Ili River Basin in the west, across central Xinjiang. This
area comprises three major mountains, over twenty mountain ranges, and more than ten
intermountain basins or valleys (Figure 1). The Xinjiang Tianshan Mountains’ intricate
topography, arid climate, desert soils, and vegetation foster a rich tapestry of biological
communities [38].
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Figure 1. Map of the study area: (a) location of the study area in the whole of China; (b) spatial
distribution of elevation in the study area. TS: Tianshan Mountains; NSTM: northern slope of the
Tianshan Mountains; IRB: Ili River Basin; SSTM: southern slope of the Tianshan Mountains. (c) Land
use coverage of the study area (2020), where pie charts show the percentage of area occupied by
different land use types.

Deserts flank both the north and south sides of these mountains, leading to marked
climatic, soil, and vegetation coverage variations between the Ili River (west side) and
the northern and southern flanks. Consequently, the Xinjiang Tianshan Mountains are
divided into three subregions, reflecting their geographical and topographical distinctions:
the northern slope of the Tianshan Mountains (NSTM), the Ili River Basin (IRB), and the
southern slope of the Tianshan Mountains (SSTM).

2.2. Data and Processing
2.2.1. FVC Data

The GLASS FVC product is a remote sensing inversion product characterized by its
extended time series, high resolution, and high precision, obtained through an inversion
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algorithm using multi-source remote sensing data and measurement station data [39]. The
data have spatial and temporal resolutions of 500 m and 8 days, respectively. The GLASS
raw data, in HDF format, was batch converted to the GeoTIFF format using the MRT tool
and then reprojected from a sinusoidal projection to a WGS_1984 projection. Subsequently,
the GLASS FVC dataset for the growing season (April–October) from 2001 to 2020 was
synthesized using averaging, which can reflect the status of vegetation growth records
more comprehensively than the maximum value synthesis method, avoiding the impact of
extreme climate anomalies on vegetation [40].

2.2.2. Climate Data

Meteorological data for this research were sourced from the ERA5_Land reanalysis
datasets, disseminated by the European Center for Medium-Range Weather Forecasts
(ECMWF). ERA5-Land, the terrestrial segment of the ERA5 climate reanalysis, offers hourly
updates on high-resolution surface variables, with a temporal resolution of 1 h and a
spatial resolution of 0.1◦ × 0.1◦. Notably, this dataset is renowned for its finer spatial
resolution and superior performance in Central Asia [41]. In this study, we focused on three
meteorological variables: surface 2 m temperature, precipitation, and net solar radiation.
The mean temperature and solar radiation were derived by averaging these variables across
the growing season from April–October. Similarly, total precipitation was computed by
aggregating rainfall amounts for the same period.

2.2.3. Socioeconomic Data

The livestock data were obtained from the 2001–2020 Statistic Bureau of the Xinjiang
Uygur Autonomous Region and related literature, which then were collated. The nighttime
light index was derived from an extended time series of cross-sensor calibrated global
NPP-VIIRS nighttime light data (2001–2020) [42]. Population data were obtained from the
WorldPop Global Project Population Data, a dataset of residential population density on a
100 × 100 m grid.

2.2.4. Additional Data

The digital elevation model (DEM) utilized in this study is sourced from the Shuttle
Radar Topography Mission (SRTM) product, made available by the United States Geological
Survey (USGS) data center, featuring a spatial resolution of 30 m. For the land use analysis,
the MODIS land cover product MCD12Q1 V6 was employed. This dataset categorizes the
Earth’s surface into six global land cover types, utilizing various classification schemes,
all at a spatial resolution of 500 m. The adoption of this high-quality, detailed dataset is
pivotal for ensuring precise and accurate terrain and land-use analysis and mapping.

2.2.5. Data Processing

To ensure that the spatial resolution of topographic and meteorological data was
consistent with that of remote sensing image data, ArcGIS 10.2 software was used to
resample the data to a 500 m resolution through projection conversion and mosaicking tools.
Socioeconomic data were statistically recorded according to county-level administrative
divisions. Due to the differences in the herbivory of different livestock, they were uniformly
converted to sheep units in this study, and then further converted to raster images, which
were finally resampled to 500 m raster images. The fixed grassland pixels in the Xinjiang
region for the years 2001–2020 were captured pixel-by-pixel through the land-use data, and
the vector data of Xinjiang’s grassland coverage were generated.
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2.3. Study Method
2.3.1. Linear Regression

To calculate the overall trend of the year-to-year growing season mean values of FVC
of grassland vegetation in the Tianshan Mountains and its subregions, this study was
carried out by establishing a linear regression model. The calculation formula is as follows:

Slope =
n

n
∑

i=1
i × Xi −

n
∑

i=1
i

n
∑

i=1
Xi

n
n
∑

i=1
i2 −

(
i=1
∑
n

i
)2 , (1)

where slope denotes the slope of change; Xi denotes the variable of the i-th value, and n is
the cumulative number of years in the study period.

2.3.2. Theil–Sen Median Trend Analysis and Mann–Kendall Test

The spatial trend of grassland in Xinjiang was investigated using a combination of
Theil–Sen trend analysis and the Mann–Kendall test method. Firstly, the Theil–Sen method
was employed to calculate the trend of grassland resources on an image-by-image metric
basis [43,44], which is a robust trend calculation method with low data requirements, and
which is insensitive to noise and outliers, and which can be better used for long time series
analysis [45]. Its calculation formula is:

β = median
xj − xi

j − i
, 1 < i < j < n (2)

where β refers to the Theil–Sen median; xi and xj denote the values corresponding to years
i and j. When β > 0, this indicates that the time series shows a growing trend; the opposite
result represents a degrading trend.

The Mann–Kendell test, a commonly used mutation detection method, is a distribution-
free test method in which the selected samples do not need to obey the positive distribu-
tion [46,47], offer the advantage of simple calculation, are unaffected by missing values
and outliers, and reflect the long-term trend of the sample and the mutation [48]. The
calculation formula is as follows:

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
xj − xi

)
, (3)

where n is the length of the time series, and xi and xj denote the value of the image element
in years i and j, respectively. The symbolic function sgn ( ) is given by:

sgn(xj − xi) =


1 (xj − xi > 0)
0 (xj − xi = 0)
−1 (xj − xi < 0)

, (4)

The variance of S is:

Var(S) =
n(n − 1)(2n − 5)

18
, (5)

If the sample number n > 10, the standardized statistic Z is calculated as:

Z =


S−1√
Var(S)

, S > 0

0, S = 0
S+1√
Var(S)

, S < 0
(6)

Z obeys the normal distribution. When |Z| >Z1−α/2, the sequence is said to be
significant at the α level.
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2.3.3. Hurst Index

The Hurst index can quantitatively describe the self-similarity and long-term corre-
lation of time series data [49], and it is widely used in research fields such as climatology
and geology [50]. To analyze the future trend change of grassland resources, the Hurst
index was introduced for analysis, based on the rescaled range (R/S) theory, and the main
calculation steps are as follows:

(1) Define a time series: {V(τ)} (τ = 1, 2, 3, . . . n), which is divided into τ subsequences
X(t), for each subsequence t = 1, . . . , τ.

(2) Define the average sequence of the long time series:

V(τ) =
1
τ

r

∑
t=1

V(t), τ = 1, 2, 3, . . . n (7)

(3) Calculate the cumulative deviation from the mean of each time series V:

X(t,τ) =
t

∑
u=1

(
V(u) −

−
V(τ)

)
, 1 ≤ t ≤ τ (8)

(4) Define the sequence of the value fields of R:

R(τ) = max
1⩽t⩽τ

V(t,τ) − min
1⩽t⩽τ

V(t,τ), τ = 1, 2, 3, . . . n (9)

(5) Define the sequence of standard deviations of S:

S(τ) =

√
1
τ

τ

∑
t=1

[
V(t) − V(τ)

]2
, τ = 1, 2, 3, . . . n (10)

(6) Calculate the Hurst index (H):

(cτ)H =
R(τ)

S(τ)
, (11)

The range of H value is 0 to 1; when 0 < H ≤ 0.5, it means that the time series exhibits
anti-sustainability and is a random sequence, and the closer H is to 0, the stronger the
anti-sustainability; when 0.5 < H < 1, it means that the time series is characterized by a
long-term correlation and has the sustainability, and the closer H is to 1, the stronger the
sustainability.

2.3.4. Pearson Correlation

To quantify the correlation between grassland changes and the influencing factors,
this study employed the Pearson correlation coefficient method to quantitatively analyze
the relative contribution of topographic, climatic, and anthropogenic factors to grassland
changes. In this study, the correlation between FVC values and influencing factors was
calculated on the Matlab platform, and the formula for the correlation coefficient was
as follows:

rxy =

n
∑

i=1
(xi − x)(yi − y)√

n
∑

i=1
(xi − x)2 n

∑
i=1

(yi − y)2

, (12)

where rxy represents the correlation coefficient between x and y, n represents the length of
the time series; xi represents the observed values, and yj represents the observed values of
the influencing factors. When rxy > 0, it means that the variables are positively correlated;
when rxy < 0, the variables show a negative correlation; the closer the value of |rxy| is to 1,
the higher the correlation between the factors.
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2.3.5. Structural Equation Model

The structural equation model (SEM) is a statistical method based on the covariance
matrix of variables used to analyze the relationship between variables [51,52]. Typically,
assumptions about the relationships between variables are made based on a literature
review or a priori knowledge. The model’s fit is then assessed using fit optimality indices.
If the model fits poorly, it may need to be reset, based on theoretical assumptions and
statistical results, or insignificant paths may need to be deleted or changed to improve the
fit of the SEM and explain the relationships between variables [53]. To determine the best-fit
model, four metrics are selected: the CFI (comparative fit index), AGFI (adjusted goodness
of fit index), RMSEA (root mean square error of approximation), and SRMR (standardized
root mean square residual) [30]. Generally, a CFI and AGFI closer to 1, and an RMSEA and
SRMR closer to 0 indicate a better model fit.

In this study, a structural equation model was built based on previous theories and a
priori knowledge to investigate the influence of factors such as climate, topography, and
human activities on grassland changes in Xinjiang. The maximum likelihood method was
used for analysis. The model construction, evaluation, and correction were carried out
in IBM SPSS Amos 26 software, part of the SPSS (Statistical Product Service Solutions)
statistical package. The final fitted SEM is obtained when the model’s goodness-of-fit
metrics are met. Each path provides corresponding standardized regression coefficients.
The direct effect is the coefficient of the path from the independent variable directly to the
dependent variable; the larger the coefficient, the larger the effect. The indirect effect is the
product of the coefficient of the path from the independent variable to the intermediate
variable and the coefficient of the path from the intermediate variable to the dependent
variable; if multiple intermediate variables exist, the indirect effect is the sum of each
indirect effect. The total effect is the sum of the direct and indirect effects.

3. Results
3.1. Spatial and Temporal Patterns of FVC during the Growing Season

From 2001 to 2020, the FVC of grasslands in the Xinjiang Tianshan Mountains during
the growing season exhibited a gradual increase from the northern and southeastern
regions towards the central and western areas, as depicted in Figure 2a. This spatial pattern
of grassland vegetation, characterized by its patchiness and discontinuity, is strongly
influenced by the terrain. Specifically, lower grassland coverage tends to occur in low-
altitude plains, whereas higher coverage is prevalent in mountainous regions. The FVC
values for the grasslands range from 0 to 0.98, averaging 0.217. Pixels with FVC values
exceeding the average represent 63.7% of the total, while those below the average account
for 36.3%. FVC was divided into five categories: very low cover (0–0.2), low cover (0.2–0.4),
medium cover (0.4–0.6), high cover (0.6–0.8), and very high cover (0.8–0.1) to reflect the
growth status of grassland (Figure 2b). The results showed that the north and south slopes
of the Tianshan Mountains were dominated by low cover grassland, accounting for 72.8%
and 65.53% of the total area, respectively, and there was almost no high cover grassland.
The overall vegetation cover of IRB during the growing season was higher, and the coverage
of very high and high coverage grassland was 24.46% and 18.65%, respectively.

FVC in the grasslands of the Xinjiang Tianshan Mountains from 2001 to 2020, depicted
in Figure 3, illustrates varying FVC trends across the region and its subregions. Box plots for
the entire area and three specific subregions during this period (Figure 3a) reveal marked
regional disparities in FVC. All regions except the Ili River Basin passed the significance
threshold (p-value < 0.05). Figure 3b indicates that the overall grassland FVC trend in
the Xinjiang Tianshan Mountains is characterized by significant variances and a marginal
annual increase of 0.0017. The peak FVC value was 0.13 in 2019, with the lowest at 0.09 in
2001, showing a significant dip in 2014. Regional analysis (Figure 3c–e) shows that the Ili
River Basin’s grasslands exhibited the highest FVC over the two decades, averaging 0.49,
while the southern slope’s grasslands showed the lowest, with an average FVC of just 0.05.
The FVC trends on the northern and southern slopes mirror the general pattern observed
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across the Tianshan grasslands. However, the Ili River Basin’s trend diverges significantly
from that of the northern slope. In general, the FVC of the Tianshan Mountains and its
subregions showed an upward trend, and the north slope of the Tianshan Mountains was
the most obvious. The FVC fitting in the Ili River Basin has the smallest upward trend, and
the reliability of the fitting curve is poor because of the large variance.
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3.2. Trend Analysis of FVC during the Growing Season

Based on the Theil–Sen trend analysis and Mann–Kendell significance test, pixel-by-
pixel calculations of grassland FVC from 2001 to 2020 were conducted, effectively expressing
the spatial details of FVC evolution in the Xinjiang Tianshan Mountains from 2001 to 2020
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(Figure 4a), and the results were divided into five change types (Table 1). From 2001 to
2020, the overall FVC of the Xinjiang Tianshan Mountains showed an improving trend,
with 20.6% of the area significantly improved, 29.9% slightly improved, 39.4% remaining
unchanged, 9.5% slightly degraded, and only 0.6% severely degraded, while also revealing
clear regional differences (Figure 4b). Looking at the area percentage of different trend
change types in the three regions, both the northern and southern slopes of the Tianshan
Mountains showed a larger proportion of improved grassland areas, with the southern
slope showing the most improvement (area percentage of 63%), mainly distributed in
the northern slope grasslands, which were primarily characterized by unchanged change
types. In contrast, a large area of degradation was detected in the Ili River Basin, with the
proportion of grasslands showing a degradation trend reaching 37%. The Ili River Basin
is one of the regions showing the most drastic changes in grassland resources, which are
closely related to climate change and human activities.
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Table 1. Trend analysis grading criteria.

Trends S-Value Z-Value

Significant degradation S ≤ −0.0005 |Z| > 1.96
Slightly degradation S ≤ −0.0005 −1.96 ≤ Z ≤ 1.96

Stable unchanged −0.0005 < S < 0.0005 -
Slight improvement S ≥ 0.0005 −1.96 ≤ Z ≤ 1.96

Significantly improvement S ≥ 0.0005 |Z| > 1.96

The distribution of the Hurst index for the vegetation coverage of the Tianshan grass-
lands in Xinjiang is shown in Figure 5a, ranging from 0.08 to 1, with an average of 0.47.
The area with a Hurst index of less than 0.5 accounts for 62% of the region, indicating that
the FVC in the entire region shows weak anti-persistence, i.e., the change trend of FVC
in the Tianshan grasslands may reverse after 2020, and there may be strong fluctuations
in the future. To explore the future trend of FVC, we combined the Hurst index with the
FVC trend (Figure 5b) and divided it into six change types (Table 2). The results (Figure 5c)
show that the distribution of each change type occupies 3.8%, 6.6%, 20.6%, 31%, 14.8%, and
23.3% of the total area of Tianshan grasslands, respectively. The area with a declining trend
in the future (34.8%) is larger than the area with an increasing trend (27.2%). Specifically,
the largest proportion of the area in Tianshan that may change from improved to degraded
in the future (ID) is widespread across the entire study area, while the smallest proportion
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of the area that continues to degrade in the future (only 3.79%) is sporadically distributed
nearby. The northern slope of Tianshan shows the largest area that may change from
stability in the future (SC), the Ili River Basin also exhibits the largest area that may change
from improvement to degradation in the future (ID), and the southern slope of Tianshan
possesses the largest proportion of the area that continues to improve (II).
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Figure 5. Future changes in FVC of growing season grassland in the Tianshan Mountains of Xinjiang
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Table 2. Hurst index grading statistics.

Sen Slope Hurst Index Persistence of Future Change

S ≤ −0.005 ≥0.5 Decreasing in the past and continuing to decrease in the future (DD)
S ≤ −0.005 <0.5 Decreasing in the past but may increase in the future (DI)

−0.005 < S < 0.005 ≥0.5 Stable in the past and continuing to be stable in the future (SS)
−0.005 < S < 0.005 <0.5 Stable in the past but changing in the future (SC)

S ≥ 0.005 ≥0.5 Increasing in the past and continuing to increase in the future (II)
S ≥ 0.005 <0.5 Increasing in the past but likely to decrease in the future (ID)

3.3. The Driving Factors of Vegetation Variations in the Tianshan Mountains

The spatial variation of FVC in the Tianshan grasslands is strongly correlated with
environmental and climatic factors. Statistical analysis of the spatial distribution and inter-
annual trends of precipitation, temperature, solar radiation, livestock number, nighttime
light, and population density in the NSTM, IRB, and SSTM regions (Figure A1) revealed
that the spatial distribution of the different influencing factors was heterogeneous: the
NSTM region experienced significant urbanization and population expansion; the inter-
annual variations of the environmental factors, such as precipitation and solar radiation,
were large in the IRB region. In the SSTM region, the indicators are relatively stable.
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To illuminate the complex dynamic interplay between grassland vegetation cover and
a range of influencing factors across various subregions of the Tianshan Mountains, the
SEM devised in this research meticulously explored the principal mechanisms driving
vegetation cover across distinct watersheds. Given the stringent criteria of SEM for variable
selection and sample size, a systematic exclusion of variables was conducted based on the
correlation intensity among influencing factors and between the dependent variable and
these factors. Initially, the analysis addressed the issue of multicollinearity among variables,
subsequently eliminating the observed variables (population density) that exhibited weak
correlations with changes in grassland vegetation (Figure A2). The fitting optimization
indices of the ultimately established SEM model, which assessed the vegetation cover
changes in the Tianshan grasslands, satisfied all specified criteria, affirming the model’s
robust alignment with the data.

Figure 6 delineates the dynamics of grassland vegetation cover on the northern slopes
of the Tianshan Mountains from 2001 to 2020, illustrating that fluctuations in livestock
numbers and nighttime light had a minimal influence on FVC. Conversely, precipitation
and temperature exerted considerable direct impacts on the region’s grassland vegetation
cover, with coefficients of 0.23 and −0.41, respectively. Although the direct influence of
topography on vegetation cover was slightly negative (−0.04), its indirect effects, mediated
by climatic factors like precipitation and temperature, significantly bolstered its total effect
to 0.48, establishing topography as the foremost determinant of vegetation cover in this
locality. Subsequent analysis across the periods before and after 2010 (Figure A3) revealed
a gradual decline in the contributions of topography and anthropogenic factors to the FVC,
with topography expressing the most notable change, leading to a decrement of 0.063 in its
overall effect. On the contrary, the negative effect of temperature was weakened. Notably,
the impact of nighttime light shifted from an initially weak positive to a negative influence.
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Figure 6. Structural equation model and contribution of FVC and influencing factors to the growing
season of grasslands in the northern slope of Tianshan Mountains: (a) 2001–2020 and (b) standardized
direct and indirect effect statistics. Abbreviations are the same as in Figure A2.

Figure 7 presents the outcomes of SEM conducted for the Ili River Basin, revealing
temperature as the primary factor influencing FVC in the area, with a total effect coefficient
of −0.52. Moreover, topography enhances this effect via its climatic impact, evidenced
by a total effect coefficient of 0.276. This region exhibits a stronger correlation between
nighttime light and FVC when compared to other Tianshan regions, suggesting that areas
with increased lighting may be linked to ecological disruptions caused by human activities.
From the initial to the latter decade, a progressive decline in the positive impacts of
topography, precipitation, temperature, and live-stock numbers on FVC can be observed
(Figure A4). Conversely, the beneficial effects of solar radiation and livestock numbers on
vegetation cover showed only marginal enhancements. Unlike the effects on the northern
slopes of the Tianshan Mountains, the influence of nighttime light on the IRB region
transitioned from a negligible to a positive impact on vegetation cover.
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Figure 7. Structural equation model and contribution of FVC and influencing factors to the growing
season of grasslands in the Ili River Basin: (a) 2001–2020 and (b) standardized direct and indirect
effect statistics. Abbreviations are the same as in Figure A2.

Figure 8 illustrates the findings of SEM conducted on the southern slope of the Tian-
shan Mountains. The results reveal that, in addition to the significant effects of precipitation,
temperature, and solar radiation, livestock density has a notable positive impact on FVC.
This underscores the crucial role of sustainable livestock management practices in enhanc-
ing grassland vegetation cover in the region. While topography directly negatively affects
vegetation cover, its indirect effect positively influences vegetation growth by mitigating the
adverse effects of temperature increase (−0.72) and influencing human activities (−0.11).
Precipitation emerges as the main positive factor influencing vegetation cover, with a coef-
ficient of 0.455. Temporal analysis of the SEM decade reveals a diminishing positive effect
of topography, precipitation, and livestock density on grassland vegetation (Figure A5).
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4. Discussion
4.1. Spatial Distribution and Variation of FVC during the Growing Season

This study utilized GLASS FVC data to analyze the spatiotemporal changes in grass-
land coverage in the Tianshan Mountains of Xinjiang over the past 20 years, predicting
future trends. The observed distribution pattern of grassland FVC in the Tianshan region of
Xinjiang aligns with that in Zhao’s study [54], highlighting spatial heterogeneity character-
ized by high, medium, and low coverage along the elevation gradient. The primary source
of moisture in the Tianshan Mountains is the Atlantic Ocean, with additional contributions
from the Arctic Ocean, entering from the western mountainous regions of the Junggar
Basin [37,55]. Therefore, the grasslands in the Ili River Basin are in good condition, while
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the grassland coverage in the plains of the southern slope of the Tianshan Mountains is
generally low. Low vegetation areas are predominantly found in ecologically sensitive
and fragile regions, such as basin edges, where high temperatures, low rainfall, abundant
sunlight, severe land desertification, and low water conservation capacity create harsh
conditions for vegetation [56].

The Theil–Sen trend analysis and Mann–Kendell tests from 2001 to 2020 reveal a
fluctuating increase in the FVC of the Tianshan grasslands, marked by overall improvement
and localized degradation. About 50.5% of the area improved, while 10.1% degraded,
aligning with the results of earlier remote sensing studies [57–59], and most of the degraded
areas are located in the Ili River Basin [19]. Meteorological analysis indicates that since
2000, average temperatures and solar radiation in the region have slightly increased,
while precipitation during the growing season has decreased [60]. This pattern reflects an
“asymmetric warming–wetting” climate trend in Xinjiang since 2000, suggesting a regional
tendency towards warmer, moister conditions, albeit with local warming and drying, and
notable climatic oscillations [61]. Thus, Tianshan’s FVC exhibits a fluctuating upward trend,
with clear periodicity.

4.2. Analysis of Driving Factors of the FVC Spatial Pattern

The spatial distribution of grasslands in the Tianshan Mountains reflects a complex
interplay of topography, climate, and human activities, significantly influenced by regional
environmental variations [62]. Climate change, primarily through alterations in precipi-
tation and temperature, further influences grassland growth and ecosystem productivity
by modifying soil moisture and soil microbes, and by impacting photosynthesis and plant
respiration [63,64]. The observed positive correlation between grassland FVC and precipi-
tation and the negative correlation with temperature align with the findings of previous
studies [38,54,65]. Xinjiang’s location, far from the ocean, leads to limited moisture sources
and scarce precipitation, comprises the core of China’s arid region, characterized by desert
vegetation, and a temperature rise enhances evaporation from the vegetation surface, which
hinders the storage and use of water by vegetation, thus negatively impacting its growth
and development [66], hence the negative correlation with FVC. Conversely, an increase
in precipitation can effectively offset soil moisture deficits in arid and semi-arid regions,
reduce surface evaporation, improve vegetation photosynthetic efficiency, and boost the ac-
cumulation of organic dry matter [67], acting as a catalyst for increased grassland coverage
in the Tianshan region.

Many studies have shown that natural factors often interact rather than operate
independently, and that the interaction between these factors enhances the explanatory
power of grassland drivers. Prior modeling studies have indicated that indirect effects are
more significant in arid regions than in humid areas [68,69]. In our study, SEM revealed
that topographic variations and the consequent changes in water–heat conditions were
identified as the primary factors affecting vegetation growth in the Xinjiang region [70,71].
Therefore, the discrepancy in moisture input caused by the mountains may result in
notable differences in the arid climate of the northern and southern Tianshan Mountains,
especially in terms of temperature, precipitation, and soil, thereby establishing a natural
ecosystem in the plains consisting of alpine meadows, mid-mountain humid forests, semi-
arid grasslands, and arid deserts [72]. The interception and lifting effect of mountains
on water vapor amplifies and elevates the vertical movement and concentration of water
vapor on the windward slope, which, with adequate water vapor supply, can lead to
significant precipitation [73]. This blocking effect causes the Atlantic water vapor entering
the western gap of the Junggar Basin to generate orographic rain, supplying ample water
for vegetation growth; meanwhile, the southern slope, being leeward, with low rainfall and
high evaporation, is marked by desert zones and sparse vegetation growth, especially in
regards to grasslands [74].

Compared to hydrothermal conditions, changes in solar radiation have a less pro-
nounced impact on grassland FVC. Solar radiation primarily influences vegetation growth
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by affecting photosynthesis, microbial activity, and nutrient cycling in the soil. It also plays
a crucial role in maintaining surface temperature and promoting vegetation activity. Under
constant conditions, the photosynthetic capacity of vegetation increases with rising solar ra-
diation [30,75]. Nonetheless, the SEM reveals that solar radiation’s impact on the southern
slope of the Tianshan Mountains contrasts with its effects on the northern slope and the Ili
River Basin. This difference might stem from the correlation between vegetation coverage
and the amount of solar radiation received, implying that areas with sparse vegetation
engage in less photosynthesis. Despite higher levels of solar radiation, intense sunlight
may lead to the closure of vegetation stomata, reducing or halting photosynthesis and
adversely affecting grassland growth [76]. In contrast, areas with lush vegetation capture
solar radiation fully, enhancing photosynthesis, increasing organic matter production [77],
and fostering grassland development.

Moreover, the SEM underlines the significant impact of livestock numbers on grass-
lands in the Ili River Basin and the southern slopes of the Tianshan Mountains. Huang’s
study reports high grazing rates in the Ili River Basin [12], underscoring the region’s re-
liance on animal husbandry. Mitigating this dependence through strategies like fenced
breeding, planned grazing, and cultivating artificial grasslands is crucial. Although live-
stock can enhance soil nutrients and vegetation productivity, this benefit is confined mainly
to a shift from light to moderate grazing intensity [75]. Thus, developing region-specific
grazing policies is essential for improving the ecological health and vegetation productivity
of pastoral areas. Human activities can either hasten or slow down the pace of ecosystem
degradation or recovery, contingent upon natural factors [78]. Given Xinjiang’s unique
natural and geographical characteristics, population distribution varies significantly [79],
with most regions characterized by low population densities and sensitive, fragile ecosys-
tems. A moderate increase in population might support ecological projects and improve
ecological quality. The structural equation model shows that the influence of nighttime
light, indicative of human activity, on FVC is variable, suggesting that policy interventions
can rapidly alter ecological conditions. Since the 1999 initiative to revert farmland to
grassland, Xinjiang has implemented several ecological restoration projects, such as fenc-
ing and grassland enhancement, which have improved grassland conditions and broadly
increased coverage [54]. While the ecological gains from these interventions may not equal
the impacts of climate change, they have initiated positive changes in Xinjiang’s regional
environment, expanding forest and grassland areas, reducing natural disasters, and aiding
in the restoration of grassland coverage and the overall ecological milieu.

4.3. Limitations and Future Work

This research provides critical insights into grassland FVC dynamics within the Xin-
jiang Tianshan Mountains and their interaction with environmental variables, yet it ac-
knowledges certain constraints. Primarily, the GLASS dataset, despite offering a continuous
spatiotemporal overview, suffers from a relatively broad resolution of 500 m. Secondly,
the study did not take into account the influencing factors, such as soil pH [80], soil
moisture [81], and weather extremes [82,83]. In addition, grassland vegetation exhibits a
delayed response to environmental change, especially in the aspect of accumulated water
shortage [84,85]. Ignoring these aspects will bring a certain degree of uncertainty to the
research results. Therefore, in future studies, these limitations need to be further addressed
through in-depth research and exploration to more accurately understand how the Xinjiang
Tianshan grasslands respond to environmental changes.

5. Conclusions

This study utilized GLASS FVC data from 2001 to 2020 to investigate the spatiotem-
poral dynamics of grassland FVC in Xinjiang’s Tianshan region, examining the effects of
topography, seasonal temperature, precipitation, solar radiation, and changes in human
activities (livestock numbers and nighttime light data) on FVC. Using SEM, both direct and
indirect impacts were quantified. The main conclusions are as follows:
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(1) Grasslands in the Tianshan region exhibit a spatial pattern of high central values
surrounded by lower ones, with the highest FVC observed in the Ili River Basin. The
FVC demonstrates a fluctuating upward trend, increasing at a rate of 0.0017 per year,
with distinct periodic variations across sub-regions.

(2) The spatial trend of grassland FVC across the Tianshan Mountains shows a general
improvement, with only 0.6% of the area experiencing severe degradation, primarily
in the Ili River Basin. The Hurst index suggests that the persistence of grassland
growth conditions in this region is weak, indicating potential degradation post-2020.

(3) SEM analysis indicates that the diversity of grassland vegetation in the Xinjiang
Tianshan region is the result of complex interactions among topographical, climatic,
and human factors. The region’s topography acts as a natural barrier, accentuating
environmental and urbanization differences between areas, which influence local key
factors and thus, the distribution of FVC zones. Climatic factors, especially variations
in precipitation and temperature, are critical in driving these spatial differences. In
areas like the southern slope of the Tianshan Mountains and the Ili River Basin, where
pastoralism is significant, a strong correlation exists between livestock numbers and
grassland health.
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Figure A1. Spatial distribution of growing season accumulated precipitation (a), growing season 
mean annual temperature (c), growing season solar radiation (e), the number of livestock (g), 
nighttime light (i), population density (k), and interannual trends of growing season accumulated 
precipitation (b), growing season mean annual temperature (d), growing season solar radiation (f), 
the number of livestock (h), nighttime light (j), and population density (l) in different regions of the 
Tianshan Mountains region, Xinjiang, from 2001 to 2020. 

Figure A1. Spatial distribution of growing season accumulated precipitation (a), growing season mean
annual temperature (c), growing season solar radiation (e), the number of livestock (g), nighttime
light (i), population density (k), and interannual trends of growing season accumulated precipitation
(b), growing season mean annual temperature (d), growing season solar radiation (f), the number
of livestock (h), nighttime light (j), and population density (l) in different regions of the Tianshan
Mountains region, Xinjiang, from 2001 to 2020.
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Figure A2. Correlations between FVC and topography, environmental factors, and human activities 
during the growing season in grasslands: (a) NSTM, (b) IRB, and (c) SSTM. Note: FVC denotes veg-
etation cover; DEM denotes elevation; SR denotes solar radiation; Pre denotes total precipitation; 
Tem denotes mean temperature; LSK denotes the number of livestock; NTL denotes nighttime light; 
and Pop denotes population density. Statistical significance: * means the significance level p < 0.05; 
** means p < 0.01; *** means p < 0.001. 

 
Figure A3. Structural equation model for the growing season of grasslands in the northern slope of 
the Tianshan Mountains: (a) 2001–2010; (b) 2011–2020. Abbreviations are the same as in Figure A2. 

Figure A2. Correlations between FVC and topography, environmental factors, and human activities
during the growing season in grasslands: (a) NSTM, (b) IRB, and (c) SSTM. Note: FVC denotes
vegetation cover; DEM denotes elevation; SR denotes solar radiation; Pre denotes total precipitation;
Tem denotes mean temperature; LSK denotes the number of livestock; NTL denotes nighttime light;
and Pop denotes population density. Statistical significance: * means the significance level p < 0.05; **
means p < 0.01; *** means p < 0.001.
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