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Abstract: The Shule River Basin (SRB) is a typical arid area in northwest China with a fragile ecology.
Understanding vegetation dynamics and its response to climate change and human activities provides essential
information for ecological and environmental resource management. This study extracted fractional vegetation
coverage (FVC) data from 2000 to 2019 using the Google Earth Engine platform and Landsat satellite images,
employing trend analysis and other methods to examine spatiotemporal changes in vegetation in the SRB.
Additionally, partial correlation and residual analysis were utilized to explore the response of FVC to climate
change and human activities. The main results were as follows: (1) The regional average FVC in the SRB
showed a significant upward trend from 2000 to 2019, increasing by 1.3 x 103 y~!. The area within 1 km of roads
experienced a higher increase of 3 x 10 y~!, while the roadless areas experienced a lower increase of 1.1 x 1073
y~'. Road construction from 2004 to 2006 significantly reduced the FVC within 200 meters of the roads. FVC
spatial heterogeneity in the SRB is significant. (2) Partial correlation analysis shows that FVC has a strong
positive correlation with precipitation and surface water area, with correlation coefficients of 0.575 and 0.744,
respectively. There is a weak negative correlation between FVC and land surface temperature (LST). FVC
changes are more influenced by precipitation than by LST. (3) Compared to climate factors, human activities
have a greater impact on vegetation dynamics in the SRB. The contributions of climate change to vegetation
recovery are increasing. (4) The area changes of different land types are closely related to climate factors and
human activities, reflecting their impact on vegetation. These results provide valuable information for
ecosystem restoration and environmental protection in the SRB.

Keywords: vegetation dynamics; climate change; human activities; arid regions

1. Introduction

Vegetation is a crucial part of terrestrial ecosystems and plays a vital role in ecosystem
functioning and the provision of ecosystem services [1]. Particularly in arid regions northwest China,
the fragile natural environment combined with the unreasonable development and exploitation of
natural resources has exacerbated ecological problems such as vegetation degradation, soil erosion,
and desertification, vegetation holds significant ecological importance [2,3]. Due to its pivotal role
and dynamic nature, understanding vegetation dynamics in response to climate change and human
activities is a central research focus [4]. However, recent studies have argued that due to differences
in local climate factors, some inappropriate ecological restoration measures that ignored these
conditions in ecologically vulnerable regions have resulted in low survival rates of restored plants
and even local ecosystem deterioration[5-8]. Therefore, examining the spatial and temporal
variations of vegetation greenness on a regional scale is crucial for ecological protection and
sustainable development [9].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The succession of vegetation cover is influenced by climate, natural environmental factors, and
human activities [10-25]. In recent years, various human activities, such as urban expansion and
resource development, have profoundly disturbed the regional ecological environment, posing a
serious threat to its stability [26-29]. Previous studies have extensively investigated the
spatiotemporal evolution of vegetation cover in the arid regions of northwest China [30,31], driven
by both climate change and human activities [32-34]. Techniques such as Geographic Information
Systems (GIS) and remote sensing (RS) have been employed to study the dynamic evolution of
vegetation [26]. For instance, a fractional vegetation coverage (FVC) time series analysis from 1986 to
2021 in the Qilian Mountain National Nature Reserve revealed that climate variability and human
activities contributed significantly to vegetation variations [35]. Similarly, the Qinghai-Tibet
Plateau’s vegetation changes have been attributed to human activities and climate variability
[34,36,37]. Meanwhile, extreme weather and land desertification caused by climate changes have
heightened awareness among humans about the crisis of ecological environment deterioration [38].

The Hexi Corridor, situated in northwest China, is a typical representation of arid regions, with
the Shule River Basin (SRB) being one of its primary inland river basins. Characterized by a landscape
marked by mountains, oases, and deserts, the SRB experiences limited rainfall, high evaporation
rates, and uneven distribution of water resources, which makes the carrying capacity of the
ecosystem more delicate and vulnerable. It is also among the most susceptible regions globally to the
impacts of climate change [39]. Overexploitation of water resources has exacerbated ecological issues
in the basin, including sparse vegetation, grassland degradation, soil salinization, wetland reduction
and reduction, and desertification [40]. These challenges are anticipated to influence future
development planning in the area significantly. Therefore, studying the spatiotemporal dynamics of
vegetation in the SRB and its responses to climate change and human activities holds scientific
significance and crucial economic and social implications. Despite previous studies focusing on the
impact of natural and social factors on the SRB, few have conducted large-scale and long-term
dynamic analyses of vegetation coverage. The ecological fragility of the basin, exacerbated by climate
variability and human activities, poses significant challenges. Extreme events such as precipitation,
drought, and human activities like farming, industrial, and construction further destabilize
vegetation coverage [35,41,42]. Monitoring vegetation growth and change is essential for promoting
ecological protection and sustainable economic development in the region. It is imperative to
undertake dynamic research on FVC in the basin. FVC quantifies surface vegetation status and is
crucial for assessing vegetation change, soil and water conservation, and climate impacts.

In this study, we assess the impact of climate change and human activities on vegetation change
by focusing on the Shule River Basin (SRB). We extracted fractional vegetation coverage (FVC) time
series data using the Google Earth Engine (GEE) platform from 2000 to 2019 and conducted
spatiotemporal analyses to monitor vegetation coverage changes. The objectives include monitoring
temporal and periodic changes in vegetation coverage and analyzing spatial distribution to gain
insights into the ecological consequences of climate variations and human activities, particularly in
arid ecotone zones. The main goals of this study are: (1) to analyze the temporal and spatial dynamic
trends of vegetation in the SRB; (2) to identify the response mechanisms of vegetation changes in the
SRB to human activities, such as road construction; and (3) to determine the dominant climate factors
affecting vegetation change in the SRB; (4) Identify land cover dynamics and their responses to
climate change and human activities.

2. Materials and Methods
2.1. Study Area

The SRB is situated between 92°11'E and 98°30'E longitude and between 38°0'N and 42°48'N
latitude at the westernmost edge of the Hexi Corridor. This region is a transition zone between the
Qinghai-Tibet Plateau and the Alashan Plateau of Inner Mongolia, forming an integral part of the
historic “Silk Road”. Spanning an area of approximately 100,000 km?, the Shule River is one of the
three major inland rivers in the Hexi Corridor (Error! Reference source not found.a). The SRB
experiences a temperate, arid climate with ample and intense solar radiation. The annual average
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temperature ranges from 7 to 9 °C. Despite its limited annual average rainfall of less than 60 mm, the
region witnesses high evaporation rates ranging from 1500 to 3000 mm [43]. Altitudes in the study
area vary significantly, ranging from 660 to 4545 meters above sea level.

Surface water resources in the SRB are scarce. The land cover types in the SRB encompass a
diverse range of ecosystems, including croplands, grasslands, sparse vegetation, wetlands,
impervious surfaces, and bare areas (Error! Reference source not found.b). This unique geographical
and climatic setting, coupled with its historical significance as part of the Silk Road, makes the SRB
an ideal study area for investigating vegetation dynamics in response to climate change and human
activities.
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Figure 1. (a)The geographic location and terrain of SRB, (b) Land cover types in the SRB.

2.2. Datasets
2.2.1. Vegetation

The primary dataset utilized in this study is the annual FVC, derived from annual Normalized
Difference Vegetation Index (NDVI) data. The NDVI data is obtained through Landsat TM/OLI
satellite data products, spanning Landsat 5 TM, Landsat 7 ETM, and Landsat 8 OLI, synthesized via
the GEE platform (https://developers.google.com/earth-engine), covering the period from 2000 to

2019. The spatial resolution of the data is 30 meters. This approach ensures the comprehensive
assessment of vegetation dynamics over the study period, allowing for detailed spatiotemporal
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analysis of vegetation changes in the SRB. The detailed calculation methodology will be elaborated
in Section 2.3.1.

2.2.2. Land Cover

The land cover data utilized in this study were sourced from the Global 30-meter Land Cover
Products with a Fine Classification System in 2020 (GLC_FCS30-2020). This dataset provides
comprehensive land cover information with an exemplary classification system derived from
continuous time-series Landsat imagery on the GEE platform [53-55]. The GLC_FCS30-2020 dataset
offers detailed and up-to-date land cover classification for the study area, enabling precise analysis
of land cover dynamics. The dataset covers various land cover types, including Cropland, Grassland,
Sparse vegetation, Wetlands, Impervious Surface, and Bare areas. The land cover types in the study
area are defined as follows: “Cropland” refers to land used for agricultural purposes, including
mature, cultivated land, newly reclaimed land, fallow land, rotational rest land, and areas
undergoing grassland rotation cropping, among others. “Grassland” encompasses various types of
land predominantly covered by herbaceous plants, forming different grasslands. “Sparse vegetation”
represents areas with limited vegetation cover, characterized by scattered vegetation patches.
“Wetlands” includes areas with high water saturation, such as marshes, swamps, and other
waterlogged habitats. “Impervious Surface” refers to urban and rural residential areas, industrial
zones, mining sites, transportation infrastructure, and other human-built surfaces that prevent water
infiltration. “Bare areas” denotes areas devoid of vegetation cover, typically consisting of exposed
soil, rock, or other non-vegetated surfaces.

These land cover categories provide valuable insights into the landscape composition and land
use patterns within the study area, facilitating a comprehensive analysis of vegetation dynamics and
ecosystem changes over time.

2.2.3. Precipitation

The precipitation data utilized in this study were obtained from the Climate Hazards Group
InfraRed Precipitation with Station data (CHIRPS). CHIRPS is a long-term quasi-global rainfall
dataset spanning over 30 years. It integrates high-resolution satellite imagery with in-situ station data
to generate gridded rainfall time series, enabling trend analysis and seasonal drought monitoring
[44]. The CHIRPS dataset provides reliable and spatially detailed information on precipitation
patterns, making it suitable for analyzing temporal variations in rainfall. We extracted the annual
mean precipitation data from 2000 to 2019 using the GEE platform for this study. The precipitation
data were resampled to a 30-meter resolution using ArcGIS 10.8 software. Resampling the
precipitation data to a finer resolution enhances its utility by capturing localized variations in rainfall
patterns and facilitating a more accurate analysis of its effects on vegetation dynamics. This high-
resolution precipitation dataset is valuable input for assessing the relationship between precipitation
variability and vegetation changes in the SRB over the study period.

2.2.4. Land Surface Temperature

The Landsat series of satellites provide valuable data for monitoring land surface temperature
(LST), offering high spatial resolution and frequent revisit times, researchers can obtain reliable and
spatially detailed LST data for various applications, including climate studies, environmental
monitoring, and land surface modeling [37]. The LST data used in this study were acquired from the
GEE platform using open-source code designed explicitly for LST estimation from the Landsat series
[45]. Accessing LST data through the GEE platform and utilizing open-source code for processing
ensures transparency, reproducibility, and accessibility of the data, facilitating robust scientific
analysis and interpretation of land surface temperature dynamics in the SRB [46].

2.2.5. Surface Water Area
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The surface water data utilized in this study were obtained from the JRC Monthly Water History
(v1.4) dataset. This dataset offers maps depicting the spatial distribution and temporal changes in
surface water from 1984 to 2021. With a spatial resolution of 30 meters, the JRC Monthly Water
History dataset provides detailed information on the extent and dynamics of surface water bodies
[37]. By analyzing the temporal distribution of surface water, we can assess changes in water bodies,
including fluctuations in size, seasonal variations, and long-term trends in the SRB [47,48].

2.2.6. DEM and Road

The Digital Elevation Model (DEM) data were acquired from the Geospatial Data Cloud
(https://www.gscloud.cn/). The dataset is derived from the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) version 1 (V1). With a
spatial resolution of 30 meters by 30 meters, the DEM dataset provides detailed information about
the terrain elevation in the study area. Road data comes from OpenStreetMap (OSM;
www.openstreetmap.org).

2.3. Methods

Figure 2 shows the framework of the research. Firstly, the least squares method was adopted to
detect vegetation trends from 2000 to 2019. Secondly, the relationship between climatic factors and
FVC was evaluated with partial correlation analysis. Finally, the residual analysis method was used
to explore the main driving factor of spatial-temporal changes of FVC.
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Figure 2. Framework of the research.

2.3.1. Retrieval of FVC Time Series Data

Observations of the NDVI via remote sensing satellites are susceptible to various factors that
may affect data quality. The annual maximum method is commonly employed [49]. This method
utilizes the following calculation formula:

NDVI; = max(NDVI;), 1)
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where NDVIi represents the NDVI value in the ith year, NDVI; is the NDVI value in the j th month of
i th year, and j is valued in the range of 1-12. The NDVI value was calculated as Equation (2):
NDVI =(N|R—R)/(N|R+R) )
where NIR is the near-infrared band spectral reflectance, and R is the red band spectral reflectance.
The NDVI is commonly used to derive the FVC [50]. The FVC can better measure surface
vegetation conditions and ecological environment changes [35]. The FVC was calculated using the
Band Math calculation module of ENVI 5.0 after projection conversion and mosaicking with Equation

©):

FVC = (NDVI — NDVI; )/ (NDVI,, - NDVlg;), 3)

veg

where NDVIwi and NDVIwg represent the values of bare soil and full vegetation cover (with a 95%
confidence limit), respectively [35,51]. As suggested in a previous study, and in terms of the actual
situation of the study area, the FVC was divided into five classes, namely extremely low [0-0.2], low
[0.2-0.4], middle [0.4-0.6], middle high [0.6-0.8], and high [0.8-1.0] vegetation cover [35].

2.3.2. Vegetation Trend Analysis

The linear trend of vegetation conditions was estimated using a simple linear regression in the
study area from 2000 to 2019 and every five years separately (2000-2004, 2005-2009, 2010-2014, 2015-
2019) on a pixel scale. Trend analysis at the pixel scale can provide a more accurate reflection of
vegetation spatiotemporal variations, which can better simulate areas where vegetation coverage is
significantly improved and degraded [7,52]. The slope of the trend line in the multi-year regression
equation for a single pixel represents the variation rate, which is solved by the least squares method
as follows [5,53-55]:

Ny m(ixFVC) - Lix > L FVC
Y i _(z inzli)z

where 1 is the sequence number of monitoring years (we divided the monitoring period (2000-2019)
into four periods, n is 5 for each period), FVCi is the maximum value for the specific year, “Slope” is
the slope of the linear regression, which represents the trend of FVC during each period. A positive
slope (slope > 0.01) indicates an increased trend of FVC and vice versa. The significance of variation

was determined using F-tests to calculate confidence levels (p < 0.05) [56,57]. The vegetation trend
analysis was performed in Matlab 2022b.

2.3.3. Partial Correlation Analysis

Partial correlation analysis describes the relationship between two variables while taking away
the effects of another variable or several other variables [52]. We employed partial correlation analysis
to evaluate the relationship between climatic factors (LST and precipitation) and FVC, which can
exclude the confounding effects of other variables [58]. The calculation of the partial correlation
coefficient can be expressed as follows:

Ip — 3l

Jd -

where r12, 123, and ri3 refer to the correlation coefficients between Y and Xi, Y and X2, and X1 and X,
respectively. ri23 refers to the partial correlation coefficient between Y and X1 when the variable Xz is
fixed [59]. Each partial correlation coefficient is tested using the t-test (p < 0.05) [8].

o3 =

2.3.4. Calculating Contribution of Driving Factors to Variation in FVC
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It is commonly assumed that FVC is affected by the combined impact of two factors: human
activities and climate variability [26,27,29,35,58,60—-63]. The response of vegetation conditions to
temperature and precipitation is often nonlinear [41]. The residual analysis method calculates the
relative contributions of climate change and human activities to attribute better the observed
vegetation changes to climate change and human activities [60,64].

First, a binary linear regression equation is constructed based on LST and precipitation to predict
the FVC only affected by climate change. Then, the predicted FVC value (FVCc) is calculated using
the LST and precipitation data. Finally, the difference between the observed FVC and FVC. is
calculated and defined as the FVC residual, representing the variation rate of the contribution of
unknown factors to FVC, which means the impact of human activities on FVC in this paper. The
regression model for each pixel is as follows:

FVC, =axLST +bxPre+c, (6)

where FVC.is the simulated value of the multiple linear regression equation built based on climate
factors, a, b, and c are regression coefficients of land surface temperature, precipitation, and a
constant term; &; is the FVC residual between the observed FVC and simulated FVC in the ith year; &
> 0 and &<0 separately indicate that human activities promote vegetation improvement and
vegetation degradation.

3. Results
3.1. Temporal Change of Vegetation

Error! Reference source not found. depicts how the FVC area proportions changed from 2000
to 2019. The proportion of extremely low vegetation cover [0-0.2] accounted for more than 92% and
exhibited a decreasing trend.

In contrast, the area proportions of low [0.2-0.4], middle [0.4-0.6], middle-high [0.6-0.8], and
high [0.8-1.0] vegetation coverage showed increasing trends, indicating an improvement in the
ecological environment. Due to spatial heterogeneity, it is essential to analyze vegetation change
patterns and their influencing factors.

FVC Level
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X
(1]
o
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Figure 3. The FVC area proportion from 2000 to 2019.
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Roads fragment landscapes and trigger human colonization and degradation of ecosystems.
[bisch,etal.[65] defined the areas outside a 1-kilometer buffer around all roads as “roadless areas”.
According to this definition, we divided the study area into “road areas” and “roadless areas”. In the
road areas, changes in vegetation were affected by both human activities and climate factors.
Conversely, in the roadless areas, where human activity was less prevalent, changes in vegetation
were mainly influenced by natural climate change. We calculated the average FVC of the whole study
area, the road areas, and the roadless areas, referred to as Vau, VciimaterHuman, and Vciimate, respectively.
The trend analysis results of Vau, Vciimatertuman, and Vciimae showed a significant increasing trend (p <
0.05) from 2000 to 2019, with a linear trend of 1.3 x 103 y-1, 3 x 103 y-! and 1.1 x 10 y-! respectively
(see Error! Reference source not found.).

0.24
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Figure 4. Variation characteristics of FVC time series in different regions.

In arid regions, roads are generally constructed around oases, while “roadless areas” are
primarily located in desert regions. Therefore, the mean FVC of the “road areas” (Vciimatertuman) tends
to be higher than that of the “roadless areas” (Vciimate). The dynamic changes of Vciimae and Van exhibit
similar trends, while the dynamic changes of Vciimate+tuman significantly declined in 2003, primarily due
to human activities. Upon investigation, we discovered the construction of the “Jia’an Highway”
from 2004 to 2006 in the study area, which significantly impacted the dynamic changes of vegetation
(Error! Reference source not found.).

To determine the extent of the impact of highway construction on vegetation, we divided the
areas within a 1 km buffer around the “Jia’an Highway” into five regions with intervals of 200 meters
(0-200 m, 200-400 m, 400-600 m, 600-800 m, 800-1000 m). The statistical time series changes of FVC
mean values in these different regions are illustrated in Error! Reference source not found.. Before
the construction of the highway (before 2004), the fluctuation trend of FVC in different intervals
remained relatively consistent. However, once construction commenced (2004-2005), the FVC in the
interval [0,200] meters experienced a significant drop, while the average FVC in other intervals either
did not decrease or even increased slightly. Notably, in Error! Reference source not found., the FVC
in the roadless areas (Vcimat) during 2004-2005 exhibited an increasing trend, further indicating that
the notable decrease in FVC in the interval [0,200] meters was influenced by road construction.
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(a) 2002 - Before road construction (b) 2006 - After road construction

Figure 5. The dynamic changes of vegetation affected by the road construction.
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Figure 6. Variation characteristics of FVC at different distances from the road.

The FVC decreased in each interval from 2005 to 2006, and the FVC in the roadless areas (Vciimate)
also showed a declining trend (Figure 4), indicating that climate factors contributed to this decrease
in FVC. However, it is noteworthy that the rate of decline in FVC within the interval of (200,1000]
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meters ranged from -0.010 year to -0.015 year-!, which is slower than that in the [0,200] meter interval,
where the slope was -0.021 year.

The results suggest that climate factors primarily influence the FVC within the range of
(200,1000] meters, while the FVC within the [0,200] meter range is affected by climate and road
construction. Consequently, the FVC declines more rapidly in the [0,200] meter interval.

The FVC exhibit an increasing trend after the completion of the “Jia’an Highway” construction
(2006). However, there are significant differences in FVC at different distances from the road. The
FVC level in the [0,200] meter interval was significantly lower than in other intervals. These results
illustrate how road construction alters vegetation landscape patterns.

3.2. Spatial Pattern of Vegetation Dynamics

Error! Reference source not found. depicts the trends of FVC in the entire SRB during the
periods of 2000-2004, 2005-2009, 2010-2014, and 2015-2019. The findings are as follows:

(a) 2000-2004 (b) 2005-2009

(c) 2010-2014 (d) 2015-2019

The variation of vegetation coverage: - Significant decrease - Significant increasc D Signilicant stable - Non-signilicant change

Figure 7. Spatial distribution of FVC and the significance of variations in FVC in the SRB in (a) 2000
2004, (b) 20052009, (c)2010-2014, and (d) 2015-2019.

(a) from 2000 to 2004, the area exhibiting a significant increase in FVC accounted for 0.20%,
primarily concentrated in the western part of Dunhuang and the eastern part of Guazhou Oasis
(Exror! Reference source not found. and Error! Reference source not found.). The area experiencing
a significant decrease in vegetation cover accounted for 0.29% and was mainly distributed in the
Yumen oasis and the desert zone in the northern part of the SRB.

(b) In the period 2005-2009, the area witnessing a significant increase in vegetation cover
expanded to 0.38%, predominantly observed in the oases of Dunhuang, Guazhou, and Yumen, as
well as on both sides of the Shule River between the oases. Conversely, the area experiencing
vegetation degradation accounted for 0.20% and was mainly distributed in the Qilian Mountains pre-
mountainous zone southeast of the SRB.

(c) During 2010-2014, areas with a significant increase in vegetation cover expanded to 0.89%,
while the proportion of regions witnessing a considerable decrease in vegetation cover accounted for
0.32% and was mainly concentrated in the oases in Dunhuang City.

(d) Finally, from 2015 to 2019, areas with a significant increase in vegetation cover extended to
0.68%, primarily concentrated in Dunhuang.

In summary, the dynamic changes in vegetation exhibit strong spatial variability. While
vegetation generally shows a trend of improvement and increase in SRB, the areas of change vary
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across different time periods. Activities such as afforestation significantly increase FVC, whereas
human activities like road construction significantly reduce FVC.

Table 1. Summary of FVC trends.

Trend of FVC P Slope Area (o)
P 2000-2004 2005-2009 2010-2014 2015-2019
Significant increased  p<0.05 slope >=0.01 0.20 0.38 0.89 0.68
Significant decreased  p<0.05 slope<=-0.01  0.29 0.21 0.32 0.25
<0. -0.01<slope<  46.7 46. 48.1 46.
Significant stable p<0.05 00 0 zlope 675 6-59 8.18 665
Non-significant change p >=0.05 - 52.76 52.82 50.61 52.42

3.3. Correlations between Climate Factors and FVC

The succession process of surface vegetation coverage is influenced by climate change and
human activities. We gathered and calculated time series data of total annual precipitation, the
highest LST, and maximum surface water area to comprehend how environmental factors impact
vegetation variation in the study area (Error! Reference source not found., Error! Reference source
not found. and Figure).
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Figure 8. The relationship between precipitation and FVC.

Annual total precipitation exhibits an increasing trend, while LST fluctuates with no apparent
trend. Conversely, the surface water area significantly increases. FVC demonstrates a strong positive
correlation with “precipitation” and “surface water area,” with correlation coefficients of “0.575” and
“0.744,” respectively (Table ). “Precipitation” and “surface water area” also exhibit a positive
relationship, with a correlation coefficient 0.548. These results suggest that precipitation promotes
“surface waters” and vegetation growth, with higher humidity associated with better vegetation
growth.

A weak negative correlation exists between FVC and LST, with correlation coefficients of “-
0.107.” In arid and semiarid areas, water is crucial for vegetation growth; hence, elevated
temperatures may lead to increased evaporation, reduced water supply, exacerbated drought stress,
and vegetation degradation [66]. Consequently, areas with higher LST exhibit poorer vegetation
development.
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In recent years, northern desertification areas have generally witnessed rising temperatures and
increased precipitation, leading to extended plant growth periods and enhanced vegetation growth.
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Figure 9. The relationship between LST and FVC.
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Figure 10. The relationship between surface water area and FVC.

Table 2 The correlations coefficient of precipitation, LST, area of surface water, and FVC (Van)

Vau Precipitation LST Area of surface water
Van 1 0.575 -0.107 0.744
Precipitation 0.575 1 -0.136 0.548
LST -0.107 -0.136 0 0.030
Area of surface water  0.744 0.548 0.030 0

Error! Reference source not found. illustrates the spatial distribution of the partial correlation
coefficient between FVC and climate factors. The partial correlation between FVC and precipitation
shows the area of significant positive correlation (SPC) covering approximately 1.47% of the total
area, primarily distributed in the middle of the SRB Error! Reference source not found.a,c. The area
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of SPC between FVC and LST is mainly concentrated in the eastern and middle regions of the SRB
and covers 7.64% of the total area (Error! Reference source not found.b,d).

(2) FVC and Pre (b) FVC and LST
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Figure 11. Partial correlation coefficient between FVC and climate. (a) FVC and precipitation (Pre)
partial correlation. (b) FVC and LST partial correlation. (c) The relationship between FVC and
precipitation. Significant negative correlation (SNC), significant positive correlation (SPC), and non-
significant correlation (NSC). (d) The relationship between FVC and LST.

4. Discussion
4.1. Contributions of Climate Change and Human Activities to Vegetation Dynamics

Quantifying the relative contributions of human activities and climate factors to vegetation
dynamics is crucial for understanding and addressing climate change impacts [66]. In this study, we
quantified the spatiotemporal variations of FVC in the SRB from 2000 to 2019 and determined the
contributions of climate change and human activities to vegetation dynamics.

Climate change, including factors like precipitation, temperature, and solar radiation,
significantly influences vegetation dynamics in the SRB [26,27,29,67,68]. Previous research has
highlighted the importance of these climate factors in affecting vegetation productivity, with
precipitation generally promoting vegetation growth in arid and semiarid regions. At the same time,
higher temperatures can inhibit it [35,38,69,70]. However, the impact of climate factors on FVC
exhibits spatial heterogeneity across the study area.

Error! Reference source not found. illustrates the relative contributions of climate change and
human activities to the increasing trend of FVC in the SRB from 2000 to 2019. The area proportion of
the contribution of climate change and human activities to FVC increase accounting for 17.47%,
25.48%, 28.31% and 30.81% during the periods of 2000-2004, 2005-2009, 2010-2014, and 2015-2019,
respectively (Error! Reference source not found.This trend indicates the contributions of climate
change to vegetation recovery is increasing. Conversely, the contribution of human activities to FVC
was mainly concentrated in the middle part of the SRB, where agricultural areas are prevalent,
reflecting the significant impact of human disturbances on vegetation growth in more populated
regions.

These findings underscore the complex interplay between climate change and human activities
in shaping vegetation dynamics. While climate change emerges as a primary driver of vegetation
recovery, human activities dominate in densely populated areas, highlighting the need for targeted
strategies to mitigate anthropogenic impacts on ecosystems while adapting to changing climatic
conditions.
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Figure 12. Contribution of climate change and human activities to annual variation in FVC from 2000
to 2019 in the SRB.

Table 3. The area proportion of the contribution of climate change and human activities to FVC

increase.
2000-2004  2005-2009 2010-2014 2015-2019
The contribution of climate change 17.47 % 2548 % 2831 % 30.81 %
The contribution of human activities 24.14 % 30.45 % 25.69 % 26.80 %

4.2. Land Cover Dynamics and Their Response to Climate Change and Human Activities

Understanding the dynamic changes in land cover types is essential for comprehending the
environmental changes driven by human activities and climate change. Variations in meteorological
conditions, topography, and soil moisture across different land cover types significantly influence
vegetation dynamics [69].

The relationship between FVC and land cover types, as summarized in Error! Reference source
not found., underscores the complex interplay between vegetation dynamics and environmental
factors. By analyzing the spatiotemporal changes in land cover types and their corresponding FVC
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proportions from 2000 to 2019, we can gain insights into the responses of different ecosystems to both
human-induced and natural environmental changes [71].

Table 4. The relationship between FVC and land cover types.

FvC FvC FvC FvC FvC FvC FvC FvC FvC FvC

Land cover [00. (0.1,0. (0.20. (030. (04,0 (050  (0.6,0. (0.7,0. (0.80. (09,11
1 2] 3] 4] 5] 6] 7] 8] 9] 0]

Cropland 0.01 3.32 19.03 31.73 46581 5659 6838 79.62 8380  83.47

Grassland 045 2861 4177 3887 3275 3151 2688 1358 1408 13.70

Sparse

vegetation 8.05 23.67 23.30 11.32 6.59 2.25 1.19 1.89 0.00 0.47

Wetlands 0.17 0.81 10.60 15.87 10.77 4.18 1.19 1.13 1.76 0.00

Impervious

surfaces 0.01 0.36 0.63 1.48 1.54 5.47 1.98 3.77 0.35 1.06

Bare areas 9131 43.23 4.67 0.74 1.54 0.00 0.40 0.00 0.00 1.30

Figure 1 illustrates the trends in various land cover types over the study period, indicating shifts
in agricultural practices, climate-induced alterations, and urbanization trends.

The observed increase in “Cropland” reflects the expansion of agricultural activities in the study
area. Conversely, the growth of “Grassland,” “Sparse vegetation,” and “Wetlands” suggests
responses to climate change, including warming and increased humidity. The rise in “Impervious
surfaces” highlights ongoing urbanization and infrastructure development. Notably, the decline in
“Bare areas” signifies changes from human activities and climate influences.

These findings emphasize the need for holistic approaches to land management and
conservation that consider the interconnectedness of human activities, climate change impacts, and
ecosystem responses. Such approaches are crucial for mitigating environmental degradation and
promoting sustainable development in the study area.
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Figure 1 Time series of area proportions of different land cover types from 2000 to 2019 in the SRB.
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5. Conclusions

This study provides comprehensive insights into vegetation dynamics in the SRB from 2000 to
2019, shedding light on the impacts of climate change and human activities on ecosystem dynamics.
The main results were as follows:

(1) The study reveals a significant upward trend in regional average FVC within the SRB from
2000 to 2019, with an increase of 1.3 x 10-® y-I. Notably, areas proximal to roads experienced a higher
FVCincrease of 3 x 103 y-!, while roadless areas experienced a comparatively lower increase of 1.1 x
103 y-1. Additionally, road construction activities during 2004-2006 led to a notable reduction in FVC
within a 200-meter buffer of the roads.

(2) Spatial heterogeneity in FVC dynamics is pronounced within the SRB. While there is a general
trend towards improvement and increase in vegetation cover, the magnitude and spatial distribution
of these changes vary across different time periods and geographical locations. Afforestation
initiatives emerge as significant contributors to FVC enhancement, whereas human activities such as
road construction exert localized detrimental effects on vegetation health.

(3) Partial correlation analysis underscores the influence of climatic factors on FVC dynamics
within the SRB. FVC demonstrates strong positive correlations with precipitation (correlation
coefficient: 0.575) and surface water area (correlation coefficient: 0.744), indicating their pivotal roles
in supporting vegetation growth. Conversely, a weak negative correlation is observed between FVC
and LST (correlation coefficient: -0.107), suggesting differential responses of vegetation to LST
variations.

(4) The study highlights the predominant influence of human activities over climate factors in
shaping vegetation dynamics within the SRB. While climate change contributes significantly to
vegetation recovery, human-induced alterations, particularly in land use and infrastructure
development, exert a more substantial impact on FVC trends. Nonetheless, the increasing
contributions of climate change to vegetation recovery underscore the evolving dynamics of
ecological processes within the region.

In summary, the findings of this study provide crucial insights into the complex interactions
between environmental factors and human activities, offering valuable information for ecosystem
restoration and environmental management initiatives in the SRB.
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