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Abstract: Arid zone ecosystems, integral to terrestrial systems, exhibit relatively low stability and
are prone to influences from human activities and climate change. To elucidate the influence on
the ecological environment of the arid zone by climate change and human activities, the paper
takes normalized difference vegetation index (NDVI) as an evaluation index of the ecosystem and
uses trend analysis to evaluation of NDVI variation characteristics in the Shiyang River Basin (SRB)
from 1990 to 2020. Simultaneously using methods such as partial correlation analysis and residual
analysis to evaluate the impact of climate change and human activities on NDVI changes. This study
yielded several key findings: (1) The NDVI in the SRB exhibits an increasing trend of 0.034/10a in the
interannual variation. (2) The relation cooperatives between NDVI and the deviation of precipitation
and temperature in the SRB range from −0.735 to 0.770 and −0.602 to 0.773, respectively. (3) The
changes in land use and groundwater depth in the SRB have a certain impact on NDVI changes.
(4) The proportion of areas with significant contributions (contribution rate greater than 60%) from
climate change and human activities to NDVI change is 33.5% and 22.5%, respectively.

Keywords: climate change; human activities; NDVI; Shiyang River Basin; ecological environment

1. Introduction

Vegetation, as a link between soil [1], water, and atmosphere, plays an vital role in
regulating the water–carbon balance [2], material and energy exchange [3], climate change
(CC), and maintaining the stability of ecosystems [4]. Vegetation stands out as a vital
component in ecosystems, as well as a significant role in global CC. Especially in arid zones,
vegetation is of great significance in effectively preventing desertification, maintaining
oasis ecosystems, and keeping regional ecosystems stable. In the inland river basins of arid
regions in China, vegetation growth is an important factor in maintaining basin stability.
The Shiyang River Basin (SRB), as one of the three major inland rivers in arid areas of China,
is situated between the Badain Jaran Desert and the Tengger Desert, effectively preventing
the convergence of the two major deserts. It has formed a natural ecological barrier between
these two deserts, playing a vital role in eco-protection [5]. Plant growth in the SRB plays a
vital role in averting desertification and halting the encroachment of the two deserts [6].
Consequently, to effectively assess regional ecosystem status and stability, vegetation
monitoring has increased. With advancements in remote sensing technology, numerous
studies now use high-resolution, long-term data to analyze vegetation changes [7,8]. The
normalized difference vegetation index (NDVI), a quantitative indicator that characterizes
the condition of vegetation growth and coverage, has been an important tool for analyzing
the dynamic history of vegetation change, monitoring the current situation and predicting
the future [9,10]. Therefore, using remote sensing technology to monitor and analyze
regional NDVI has become a mainstream research method at present.
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Vegetation growth is usually influenced by regional environmental conditions. CC,
such as precipitation and temperature [11,12], as well as human activities (HA), including
land-use and land-cover change (LUCC) and groundwater [13–15], significantly affect the
dynamics of vegetation. A considerable proportion of current research concentrates on
global vegetation changes and factors influencing them [16,17], and with specific attention
to regions like China and its semi-arid areas [15,18,19].

CC, population increases, agriculture, and LUCC have emerged as key factors affect-
ing global vegetation change [16,20–24]. The studies reveal a close connection between
vegetation growth and precipitation [25,26], particularly in arid regions where NDVI pos-
itively correlates with precipitation, displaying spatial consistency. Additionally, NDVI
changes are influenced by temperature [11]. In arid areas, the association between NDVI
and temperature is weaker compared to that with precipitation [27,28]. A growing body of
research is examining how HA affect vegetation beyond CC [29,30]. The intensified impact
of HA is primarily observed in land-use changes resulting from urbanization and farmland
expansion [31,32], as well as alterations in groundwater depth (GD) due to HA. LUCC
contribute directly to shifts in regional vegetation status, influencing NDVI. Furthermore,
over-exploitation of groundwater lead to decreased GD, indirectly affecting vegetation
growth. The GD is crucial for vegetation water use, influencing both plant root growth
and water use efficiency. Maintaining a reasonable GD is essential for healthy vegetation
growth, as an excessive increase can disrupt the environment for plant growth.

In light of the significant role that HA and CC play in dynamic vegetation changes,
quantifying their impact is crucial in understanding their driving mechanisms [33,34]. It is
possible to effectively solve this problem by using residual analysis methods, which can
quantify the contribution of CC and HA to vegetation variance [35–37]. While research
on the influences of CC and HA on NDVI in arid zones abound [29,38], it is often LUCC
that is considered when considering the contributions of HA [39,40]. Unfortunately, the
impacts of changes in GD resulting from HA are frequently overlooked in arid zones [41].
In regions with low precipitation, GD becomes a crucial variable determining vegetation
establishment and mortality [42]. Additionally, GD, influenced by the recharge of shallow
aquifers from vegetation transpiration and ecological diversion contributions, plays a non-
negligible role in influencing NDVI changes. Groundwater, as a vital factor for vegetation
growth [43,44], further contributes to the overall dynamics of NDVI.

To thoroughly examine the trends and influencing factors of NDVI in the SRB over
the last three decades, this study is on account of the NDVI data of the SRB, precipitation
and temperature data, LUCC data and the groundwater monitoring, and addresses four
main questions: (1) Trends of NDVI in SRB in the last 30 years. (2) The correlation between
temperature and precipitation on NDVI changes in the SRB. (3) The relationship between
HA and NDVI changes, especially the impacts of changes in LUCC and groundwater depth
on NDVI. (4) Contribution and spatial distribution of CC and HA to NDVI change.

2. Materials and Methods
2.1. Study Area

The SRB is situated in central Gansu Province, northwestern China, spanning
101◦41′ E–104◦16′ E and 36◦29′ N–39◦27′ N (Figure 1). The Shiyang River, Gansu Province’s
third-largest inland river in the Hexi Corridor, is positioned between the Badain Jaran
Desert and Tengger Deserts. The total area of the SRB is approximately 41,600 km2 [45].
The altitude of the SRB gradually decreases from south to north, and the rainfall has the
same changing characteristics. The average annual rainfall in the upper regions reaches
600 mm, while the average annual rainfall in the lower regions is only 50 mm. The evapo-
ration varies from 700 to 2600 mm from south to north. The SRB area has a concentrated
population with high density, primarily engaged in irrigated agriculture and heavily reliant
on groundwater. The excessive exploitation and utilization of water resources has led to
the deterioration of aquatic ecosystems, degradation of water quality, and disruption of
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ecological balance, which have become urgent problems to be solved [46]. Intensive HA in
the SRB have contributed to vegetation degradation and land desertification.
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Figure 1. Overview of the study area.

2.2. Data

(1) NDVI data spanning 1990–2020, derived from Landsat 5 Thematic Mapper (TM) and
Landsat 8 Operational Land Imager (OLI), was employed in the study.

(2) The study acquired daily precipitation and temperature data (1990–2020) from eight
meteorological stations near the study and sourced from the website: http://www.
cma.gov.cn (accessed on 12 May 2023). Additionally, China’s 1 km resolution monthly
precipitation dataset (1901–2022) and average air temperature dataset (1901–2022),
released by the National Scientific Data Center for the Tibetan Plateau (NSCDPT),
were obtained for the same period [47,48].

(3) SRB’s LUCC data at 30 m spatial resolution from 1990 to 2020, sourced from the
website: http://www.resdc.cn (accessed on 20 May 2023).

(4) Monthly measurement data from 73 machine wells in the lower SRB (1999–2018) were
acquired in the study to depict GD changes in the lower SRB oasis spanning the past
20 years.

2.3. Methods
2.3.1. Data Processing

The NDVI is an index that can assess and monitor surface vegetation conditions
through satellite remote sensing data. NDVI is usually calculated using the red (RED) and
near-infrared (NIR) bands [49]. The formula is as follows:

NDVI = (NIR − RED)/(NIR + RED) (1)

http://www.cma.gov.cn
http://www.cma.gov.cn
http://www.resdc.cn
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For further analysis, the annual NDVI value for each pixel is acquired using the
maximum value synthesis technique

2.3.2. NDVI Trend Analysis

The Mann–Kendall (MK) test can be used to analyze trends and changes in climate,
hydrology, environment in time series data [50–52]. The study used slope values to analyze
changes in NDVI trends [53]:

Slope = Median
( xj − xi

j − i

)
, ∀j > i (2)

Based on the raster scale, the slope of NDVI in SRB from 1990 to 2020 was measured
by using the Slope estimation method, and the Slope represents the average rate of change
and trend of NDVI. When Slope > 0, the series shows an increasing trend.

2.3.3. Partial Correlation Analysis

The partial correlation coefficient can be used to test conditional independence, and is
utilized in this study to depict the connection between NDVI and precipitation (tempera-
ture) after controlling temperature (precipitation). The formula is as follows [54]:

Rab(c) =
Rab − RacRbc√

1 − R2
ac

√
1 − R2

bc

(3)

where a, b, and c represent NDVI, temperature, and precipitation, respectively, and Rab(c)
represents the bias correlation coefficient of NDVI and temperature.

2.3.4. Relative Contribution Analysis

Residual analysis, frequently employed in vegetation change attribution studies,
quantitatively assesses the influence of both CC and HA on vegetation dynamics [55,56].
This study analyzes the impact of CC on NDVI changes using precipitation and temperature
as factors [57]. Additionally, it quantifies the contribution of HA to NDVI changes using
the following formula: {

NDVIP = α × T + β × P + γ
NDVIH = NDVIO − NDVIP

(4)

where NDVIO, NDVIP, and NDVIH represent the observed value, predicted values under
CC, and predicted values under HA, respectively. α, β, and γ represent the model parame-
ters. T and P represent temperature and precipitation. The specific calculation method is
shown in Table 1.

Table 1. Method for calculating the relative contribution rate.

Slope (NDVIO) Influence Factors

Determination of
Influencing Factors Contribution of Drivers (%)

Slope (NDVIP) Slope
(NDVIH) CC HA

>0
H&P >0 >0 Slope (NDVIP)

Slope (NDVIO)
Slope (NDVIH)
Slope (NDVIO)

H <0 >0 0 100
P >0 <0 100 0

<0
H&P <0 <0 Slope (NDVIP)

Slope (NDVIO)
Slope (NDVIH)
Slope (NDVIO)

H >0 <0 0 100
P <0 >0 100 0
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3. Results
3.1. Characteristics of Spatial and Temporal Variations in NDVI

The NDVI changed significantly from 1990–2020 in the SRB (Figure 2). Spatially,
the NDVI shows progressive downward tendency from the southwest upstream to the
northeast downstream direction. The upper reaches of the SRB extend into the Qilian
Mountains, featuring predominantly forest and grassland vegetation that contributes to
extensive coverage. Conversely, the downstream region is primarily characterized by the
Minqin Oasis and surrounding desert areas, exhibiting sparse vegetation and a low NDVI.
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Figure 2. Characteristics of spatial and temporal changes of Normalized Difference Vegetation Index
(NDVI) in the Shiyang River Basin (SRB): (a) NDVI spatial distribution in 1900, (b) NDVI spatial distri-
bution in 2020, (c) NDVI spatial variation characteristics, (d) NDVI interannual variation characteristics.

Analyzing the proportion of NDVI in the SRB in 1990 and 2020, the proportion of NDVI
(0–0.1) decreased significantly from 69.92% in 1990 to 47.20% in 2020, while the proportion
of NDVI (0.1–0.2) increased significantly from 6.79% in 1990 to 20.44% in 2020, and other
NDVI intervals also increased. Analyzing the NDVI trend in 1990–2020 (Figure 2c), the
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proportion of NDVI-increasing areas in the SRB is as high as 86.4%, with 74.3% of the
areas significantly increasing, mainly in the middle and lower regions. The proportion of
NDVI-decreasing areas is 13.6%, with 5% significantly decreasing, mainly in the middle
regions in the Liangzhou District of Wuwei City and the southern part influenced by HA,
where vegetation ecology deteriorated and NDVI decreased.

In terms of inter-annual changes (Figure 2d), the NDVI of SRB increased from 0.106 in
1990 to 0.19 in 2020, showing a gradual growth tendency of 0.034/10a.

3.2. Relationship between NDVI and Climate Change
3.2.1. Changes in Precipitation and Temperature

Precipitation in the SRB has generally exhibited an upward trend in the last 30 years
(Figure 3a). The average annual precipitation is 212.4 mm, and seasonal variations are
significant, with summer contributing 57.2% of the annual precipitation, followed by fall
with 22.2%. The average values for spring, summer, fall, and winter rainfall in the past
30 years were 38.6 mm, 121.5 mm, 47.1 mm, and 5.3 mm, respectively.
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(a) precipitation changes, (b) temperature changes.

Temperature changes in the SRB have been relatively stable (Figure 3b). The multi-year
average temperature is maintained between 5.5–7.5 ◦C. There is a notable temperature
difference between the seasons, with summer having the highest average at 18.9 ◦C and
winter the lowest at −6.76 ◦C. The average temperatures in spring and summer are close,
with values of 7.9 ◦C and 6.5 ◦C, respectively.

3.2.2. Partial Correlation of Precipitation and Temperature with NDVI

This study uses Formula (3) to calculate the partial correlation of precipitation and
temperature with NDVI in the SRB (Figure 4).
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The partial correlation coefficients between precipitation and NDVI, controlled for
temperature, ranged from −0.735 to 0.770 (Figure 4a). Positive correlations between
precipitation and NDVI covered 85.7% of the area, with 39.2% showing significant positive
correlation (Figure 4b). This positive correlation was primarily observed in the lower and
central regions of the SRB, far from human settlements and less impacted by HA. Areas
with negative correlation between precipitation and NDVI accounted for 14.3%, primarily
in the upper and middle reaches, and with stronger significance in areas with frequent HA.

Under the influence of precipitation, temperature, and NDVI bias, correlation coef-
ficients in the SRB ranged from −0.602 to 0.773 (Figure 4c). Positive correlation between
temperature and NDVI covered 86.8% of the region, primarily in the central and down-
stream regions of the SRB. Negative correlation between temperature and NDVI was 13.2%,
mainly in the upper and middle reaches. Areas with significance positive relationships
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were mostly located in the east and west of the middle reaches, accounting for 17.8%
(Figure 4d); only 0.9% of this area showed significant negative correlation.

The study suggests a stronger correlation between precipitation and NDVI in SRB
compared to that between temperature and NDVI. While the percentage of regions with
positive association among precipitation, temperature, and NDVI are similar (85.7% and
86.8%), the region with a significantly positive correlation is notably more extensive for
precipitation and NDVI (39.2%) than for temperature and NDVI (13.2%).

3.3. Relationship between NDVI and Human Activities
3.3.1. Relationship between LUCC and NDVI

The basic composition, spatial distribution, and transformation of land use types in
the SRB were analyzed for the years from 1990 to 2020.

The land use composition and spatial characteristics of the SRB are shown in Figure 5.
The upper reaches consist mainly of grassland and woodland, while the middle reaches
are primarily cultivated land. The lower reaches predominantly comprise cultivated
land and unused land. Unused land constitutes the largest share at approximately 47%,
followed by grassland at 27%, cultivated land at 18%, and the combined area of woodland,
residential areas, and water areas making up less than 10%. The distribution of land use
types significantly shapes NDVI in the SRB. Extensive grassland and woodland in the
upper reaches contribute to a higher NDVI, while cultivated land in the Minqin Oasis,
spanning the middle and lower reaches, similarly influences NDVI size. The unused land
surrounding the oasis, however, results in a lower NDVI.
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In the SRB between 1990 and 2020, significant changes occurred, including an increase
in cultivated and settlement areas and a decrease in unused land (Table 2). Cultivated land
expanded by 599.44 km2, primarily derived from the conversion unused land and grassland
(602.98 km2 and 316.25 km2, respectively). Settlement areas grew by 286.59 km2, primarily
converted from unused and cultivated land (155.38 km2 and 109.58 km2, respectively).
Unused land decreased by 786.4 km2, predominantly converted to cultivated land and
grassland (602.98 km2 and 391.04 km2, respectively), with 155.38 km2 transformed into
residential land.
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Table 2. Land use types transfer matrix in the Shiyang River Basin (SRB) from 1990 to 2020 (km2).

Land Use Types
2020

Cultivated Land Woodland Grassland Water Settlement Unused Land Total

1990

Cultivated
land 6291.10 8.42 204.79 5.19 109.58 46.98 6666.06

Woodland 39.38 2526.11 48.72 2.29 5.79 4.97 2627.26
Grassland 316.25 53.03 10,368.10 12.18 33.03 334.55 11,117.14

Water 1.81 1.28 3.56 141.24 0.68 1.18 149.75
Settlement 13.97 0.38 2.40 0.08 331.01 1.04 348.88

Unused
land 602.98 16.19 391.04 9.53 155.38 18,490.20 19,665.32

Total 7265.49 2605.41 11,018.61 170.51 635.47 18,878.92 40,574.41

The grassland area remained relatively stable, but underwent frequent conversions
with other land use types, exerting a significant impact in the SRB. Changes in woodland
and water areas were less pronounced, with fewer conversions with other land use types
throughout the period.

Considering shifts in land use types, the expansion of cultivated land and reduction in
unused land have contributed to the rise in NDVI. Conversely, a notable surge in settlement
areas corresponds to a marked decline in NDVI, particularly evident in midstream regions
where HA exert a more pronounced influence.

3.3.2. Relationship between Groundwater Depth and NDVI

Based on the groundwater level observation data of Minqin Oasis downstream of the
SRB from 1999 to 2018, the GD exhibits a trend of decreasing and then stabilizing (Figure 6).
Between 1999 and 2008, the GD rose from 13.82 m to 19.05 m, indicating an increase of
5.23 m at a rate of 0.6292 m/a. The rising trend during this period can be expressed by the
equation y = 0.6292x. From 2008 to 2018, the GD showed more stable fluctuations, primarily
ranging between 19.05 m and 20.38 m. The rapid decline in GD from 2000 to 2010 can be
attributed to the expansion of cultivated land, the increase in plantation forests, and a rise
in the number of wells.
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The study analyzed intra-annual fluctuations in GD and NDVI, uncovering a con-
sistent annual pattern for both indicators (Figure 7). From May to October, cultivated
land necessitate irrigation for vegetation growth. During this period, due to excessive
groundwater exploitation and robust vegetation growth, both GD and NDVI consistently
achieved elevated levels, reaching their peaks in July and August. Specifically, the average



Land 2024, 13, 533 10 of 17

GD declined to 20.05 m, while the average NDVI increased to 0.33 during these two months.
This synchronization is linked to intensive groundwater extraction for farmland cultivation,
particularly through artificial irrigation, resulting in the overexploitation of groundwater
and changes in GD.

Land 2024, 13, x FOR PEER REVIEW 10 of 18 
 

The study analyzed intra-annual fluctuations in GD and NDVI, uncovering a con-
sistent annual pattern for both indicators (Figure 7). From May to October, cultivated land 
necessitate irrigation for vegetation growth. During this period, due to excessive ground-
water exploitation and robust vegetation growth, both GD and NDVI consistently 
achieved elevated levels, reaching their peaks in July and August. Specifically, the average 
GD declined to 20.05 m, while the average NDVI increased to 0.33 during these two 
months. This synchronization is linked to intensive groundwater extraction for farmland 
cultivation, particularly through artificial irrigation, resulting in the overexploitation of 
groundwater and changes in GD. 

 
Figure 7. Intra-annual changes in groundwater depth (GD) and Normalized Difference Vegetation 
Index (NDVI). 

The study focused on areas with a GD of less than 13 m, and statistics were computed 
at 0.1 m intervals, and the change curve of NDVI versus GD was plotted (Figure 8). 

 
Figure 8. Curve of Normalized Difference Vegetation Index (NDVI) versus groundwater depth (GD) 
variations: (a) natural state, (b) remove cultivated land. 

Figure 8a depicts the NDVI and GD change curve in its natural state, while Figure 8b 
illustrates the NDVI and GD change curve after removing cultivated land. In arid regions, 

Figure 7. Intra-annual changes in groundwater depth (GD) and Normalized Difference Vegetation
Index (NDVI).

The study focused on areas with a GD of less than 13 m, and statistics were computed
at 0.1 m intervals, and the change curve of NDVI versus GD was plotted (Figure 8).
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Figure 8a depicts the NDVI and GD change curve in its natural state, while Figure 8b
illustrates the NDVI and GD change curve after removing cultivated land. In arid regions,
natural vegetation ecology heavily relies on groundwater and is notably influenced by
it. NDVI exhibits varying trends across different GD intervals, showing a decreasing
fluctuation pattern as GD increases. The average NDVI at GD of 0–4 m surpasses the NDVI
in areas below 4 m, indicating that, within the oasis range, vegetation relies more on GD
deeper than 4 m.

In its natural state from 2000 to 2018, NDVI experienced a significant increase (average
increase of 0.133). However, the increase in NDVI for natural vegetation after removing
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cultivated land was less pronounced (average increase of 0.032), especially in areas with
a GD greater than 4 m, where NDVI changes were smaller. This suggests that while
expanding cultivated land can enhance NDVI, it concurrently leads to increased GD,
significantly impacting the growth of other natural vegetation.

3.4. Contribution of Climate Change and Human Activities to NDVI Change

NDVI changes in the SRB result from the combined influence of CC and HA. By
quantifying their contribution to changes in vegetation NDVI changes reveals the following
findings (Table 3): The largest percentage of the region, at 29.2%, falls within the interval of
50–60% contribution of CC to NDVI change. The area with a contribution rate exceeding
60% (33.5% of the total) surpasses the area with a contribution rate below 40% (22.5%
of the total). In terms of HA, the area within the 40–50% contribution range to NDVI
change also holds the highest share at 29.2%. However, the region contributing less than
40% (33.5%) is more extensive than the region with a contribution rate exceeding 60%
(22.5%). Consequently, the region in the SRB where CC predominantly drives NDVI
changes surpasses the influence of HA.

Table 3. Area share of climate change (CC) and human activity (HA) contribution to Normalized
Difference Vegetation Index (NDVI) change from 1990 to 2020.

Pixel Ratio

Contribution rate 0–20% 20–40% 40–50% 50–60% 60–80% 80–100%
Climate change 13.2% 9.3% 14.8% 29.2% 19.7% 13.8%
Human activity 13.8% 19.7% 29.2% 14.8% 9.3% 13.2%

Spatially (Figure 9), areas where CC contributes more than 60% to NDVI are predomi-
nantly situated in regions distanced from HA, such as the upstream of the SRB, plains in
the middle reaches, and peripheral desert areas around the Minqin Oasis downstream.
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Conversely, the areas where HA account for above 60% of the NDVI changes are
mainly concentrated in pre-mountain alluvial fan plains, the middle reaches of SRB, and
the downstream Minqin oasis region. Analyzing the spatial change trend of NDVI, a
decreasing pattern is observed in the upstream east and west sides, as well as in the
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midstream Wuwei urban area and the downstream Minqin oasis. This highlights that HA
are a significant contributing factor to the decrease in NDVI.

Despite CC promoting NDVI increase, robust HA can still alter the ecological environ-
ment in localized areas.

4. Discussion
4.1. Relationship between Climate Change and NDVI

This study reveals a positive correlation between precipitation, temperature, and
NDVI changes in the SRB. From 1990 to 2020, precipitation and temperature accounted for
85.7% and 86.8%, respectively, in positively correlated proportions with NDVI across the
SRB (Figure 4a,c). Prior research has underscored the significant impact of precipitation
and temperature on regional NDVI changes [58,59]. However, these effects differ markedly
between humid and arid areas [60–62]. In arid regions, such as the SRB, there is a positive
correlation between precipitation, temperature, and NDVI changes, aligning with our
findings [63,64].

Being a typical arid area, the SRB experiences improved NDVI due to increased soil
moisture content and enhanced plant water use efficiency through precipitation. Addi-
tionally, temperature contributes by boosting vegetation photosynthesis and extending
the growth period [65]. In humid areas, increased precipitation hinders vegetation from
absorbing solar energy for growth and photosynthesis, while rising temperatures accelerate
surface evapotranspiration, indirectly leading to insufficient soil moisture and inhibiting
vegetation growth. Therefore, the two meteorological factors exhibit a negative correlation
with NDVI in humid areas [66,67]. Our study confirms that in the SRB, precipitation and
temperature positively impact vegetation growth, promoting an increase in NDVI.

Furthermore, this study found that precipitation (39.2%) in the SRB has a more sig-
nificant promoting effect on NDVI than temperature (17.8%) (Figure 4b,d). Although the
literature points out clear responses of vegetation growth to both precipitation and temper-
ature, there is controversy over whether precipitation or temperature dominates vegetation
growth, mainly reflecting regional differences. Some studies indicate that in arid areas,
precipitation has a more significant impact on vegetation growth [68,69]. In arid regions,
where vegetation growth demands higher water, increased precipitation can lead to better
growth [64]. Other research findings suggest a more obvious impact of temperature [70,71].
In southwest China, temperature changes usually have a greater impact than precipitation
on NDVI [66]. The areas where precipitation significantly contributes to NDVI in the SRB
are predominantly embodied in the central and lower zones, with less rainfall and mostly
dominated by desert vegetation, showing a higher dependence on precipitation. The areas
where temperature significantly promotes NDVI are mainly concentrated in the piedmont
plains, with abundant rainfall and mostly grassland, where vegetation growth is more
sensitive to temperature changes. The proportion of desert vegetation is higher in the
central and downstream areas of the SRB. Overall, precipitation has a more significant
impact on NDVI changes in the SRB.

4.2. Relationship between Human Activities and NDVI

The impacts of vegetation change are complex, Aside from the influences of CC, the
impacts of HA cannot be ignored [72], particularly the vegetation changes resulting from
alterations in land use [14]. Over the past 30 years, HA in the SRB have intensified, not
only affecting the water recycling process [73], but also playing an essential role in the
process of changing the surface land use type [74], which seriously affects the ecological
environment of the SRB. In the SRB, the decline in NDVI is primarily attributed to escalating
HA (Figure 2c), Ongoing intensive HA persistently inflict harm on the regional vegetation
ecology [75].

Vegetation ecological changes are significantly influenced by LUCC. Therefore, this
study explores the impact of HA on vegetation changes from the perspective of LUCC.
During the process of transforming land use types, urbanization and the subsequent expan-
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sion of cultivated land primarily induce alterations in the spatial pattern of vegetation [14],
which is more obvious in the SRB. Over the past 30 years, LUCC in the SRB have been
mainly due to increases in the area of cultivated land (an increase of 599.44 km2) and in the
area of settlement (an increase of 286.59 km2) (Figure 5 and Table 2). The increase of arable
land is mainly focused in the oasis areas in the central zones where the intensity of HA is
greater, in the irrigation area of the east, and in Minqin Oasis (Figure 10). The area of settle-
ment increased by 286.59 km2, with the area increased by 82.1%. The spatial consistency
between the increase of settlement area and the increase of cultivated arable land is highly
consistent, and the expansion of settlement will inevitably cause the reclamation of the
surrounding cultivated land. Besides, the rapid development of economy and population
has to some extent caused vegetation degradation. The increase in the area of cultivated
land and settlement result in degradation of grassland as well as desert vegetation, and
also causing degradation of forests [76,77]. Similar characteristics exist in the SRB; due to
vegetation degradation, the NDVI in the east and west upper reaches of the SRB and the
artificial oasis areas in the central and lower regions decreased significantly (Figure 2c). HA
has an significant impact on the ecologically fragile arid zone [78], and to a certain extent,
it will cause further exacerbation of the ecological environment [79,80].
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HA are not only reflected in the process of LUCC; the change of groundwater should
not be ignored [81]. In arid regions, the role of groundwater is pivotal for the survival
of vegetation [41,82–84]. Changes in groundwater will cause deterioration of vegetation
ecological ecosystem [85]. In the Minqin Oasis, where the intensity of HA is high, its GD
has risen by 5.23 m in the last 20 years (Figure 6). In the meantime, as the GD continues to
increase, it is difficult to meet the water conditions for natural vegetation growth, leading to
vegetation degradation, and only farmland is able to grow stably with continuous irrigation
by human beings, which also leads to the shrinking of the overall NDVI value (Figure 8).
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5. Conclusions

This investigation examined the spatial and temporal characteristics of NDVI in the
SRB from 1990 to 2020, and assessed the impacts of CC (temperature and precipitation)
and HA (LUCC and GD) on the changes of NDVI. The results showed that NDVI in the
SRB showed a fluctuating and increasing trend, and the vegetation condition improved.
From the perspective of CC, temperature and precipitation increased, providing favorable
conditions for ecological restoration in the SRB, and from the correlation and significance
characteristics of temperature and rainfall with NDVI, precipitation had a more significant
effect on NDVI. Meanwhile, the increase in the area of cultivated land and settlement
and the GD by HA led to the decrease of NDVI to a certain extent. Comparison of the
contributions of CC and HA to NDVI changes in the SRB revealed that CC contributes more
to NDVI changes. The results of the study provide suggestions and support for ecological
protection, water resources development, and utilization in inland river basins in arid areas.
However, the effects of HA and CC on NDVI changes are not only limited to temperature,
precipitation, LUCC, and GD, and more factors affecting NDVI changes in inland river
basins in the arid zone need to be analyzed and further discussed in the future.
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