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Abstract: The impacts of land use/cover changes (LUCCs) on groundwater resources are a global issue.
The Shiyang River Basin of China is a typical, ecologically fragile area. Focusing on the Wuwei sub-basin
of the central plain, this study analyzed typical remote sensing image data for 17 specific dates since
1970. Before the Comprehensive Treatment Program in 2007, the area of natural oases decreased at a
rate of 16.25 km2/year, while the area of farmland expanded at a rate of 13.85 km2/year. The farmland
expansion preferentially occurred in low-vegetation-coverage oases, where the groundwater depth
increased from 4 to 20 m. The consumption of groundwater increased from 7319.5 × 104 m3/year to
12,943.2 × 104 m3/year. During the period 2008–2018, the areas of both the natural oases and farmland
decreased at rates of 2.57 km2/year and 8.99 km2/year, respectively. The groundwater level rose
significantly in the south and west, as well as near the main river channel. Groundwater consumption
has been restored to 7270.4 × 104 m3/year. Only 0.12 km2 of every 1.17 km2 of the original natural
oases were restored through the natural farmland–natural oases conversion process. Groundwater
depth increased significantly with the continuous expansion of farmland. Since the farmland area was
effectively controlled, the trend of groundwater-level decline was significantly improved. These findings
provide scientific support for the ecological restoration and reconstruction of oases, as well as an efficient
and balanced development of river basin water resources.

Keywords: Shiyang River basin; natural oasis; land use/cover changes; groundwater level;
groundwater resources

1. Introduction

Groundwater is the world’s largest and most accessible source of unfrozen fresh-
water [1,2]; it supports food and water security, economic development, drought-risk
alleviation, and other important ecosystem functions [3]. About 2.5 billion people world-
wide depend on groundwater supplies [4]. However, as the world’s population continues
to grow, more people must rely on groundwater resources [5,6], particularly in arid and
semiarid areas [7,8]. Groundwater is, as yet, less sensitive to climate variability and change
compared to surface water, which makes groundwater more reliable for consumption. How-
ever, human activity affects the groundwater’s distribution, quantity, and quality [9,10].
Therefore, assessing the impacts of human activities on the groundwater system is a major
scientific challenge [11]. Land-use change is one of the most important human interventions
that alter groundwater flow systems [9], one that will continue in the future to impact
groundwater recharge dynamics [12]. Human-induced land use/cover changes (LUCCs)
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not only impact groundwater recharge but also have a significant effect on groundwater
flow dynamics [5,13]. Therefore, in the LUCC plans that have been established by the Inter-
national Geosphere–Biosphere Program (IGBP) and the International Human Dimensions
Program (IHDP), one core problem is in understanding the impacts of regional land-use
and land-cover changes on hydrological processes and water resources [14]. The impact
of LUCC-induced changes in regional vegetation ecosystems on the regional hydrological
cycle processes [15–17] has been an important research topic in hydrological science for
more than 20 years and has become an issue of global importance [16,18]. Groundwater is
usually the most important resource in arid regions, especially for socio-economic develop-
ment, and is the best choice for a reliable water supply. Furthermore, groundwater is the
most important factor in maintaining the health of an arid oasis ecosystem [19–21]. In the
event of a reduction in water supply, the balance of an oasis ecosystem will be disrupted,
and the oasis will degrade rapidly [22]. Globally, groundwater resources are irreplaceable
when resolving water scarcity. Therefore, precise evaluation and effective management are
important guarantees and necessary preconditions for exploring groundwater resources
in an arid region. In this regard, an accurate estimation of the impact of human activities
on the groundwater system is critical for developing a reasonable utilization program
for regional groundwater resources [23,24]. Previous research on the impact of human
activities on the groundwater system has mainly focused on the aspects of the intensity
and reasonability of groundwater utilization while ignoring the impact of land-use changes
on the groundwater system in the basin [25,26]. In fact, as an important link in the regional
hydrological cycle, the groundwater dynamics in a basin (especially the groundwater depth
and groundwater balance state) respond strongly to LUCCs [27].

Because of the stresses of an arid climate, desertification, water shortages, and other
factors, the Shiyang River Basin is a typical ecologically fragile and climate-sensitive
region [28]. Frequent droughts and drastic environmental changes are the main factors lim-
iting sustainable development [28]. Since the 1980s, natural oases have been continuously
declining, and their ecosystems have nearly collapsed due to the over-exploitation of soil
and water resources [29] and the rapid yet uncontrolled expansion of farmland as a result
of the intensification of human activities and extensive economic development [30]. In 2007,
the Chinese central government launched the Comprehensive Treatment Program of the
Shiyang River Basin (CTSRB) [31,32], the main measures of which included implementing
the Grain-for-Green Program, protecting and restoring natural oases, increasing the cover-
age of forest/grass oases, increasing the surface water supply (i.e., increasing runoff and
implementing inter-basin water-diversion projects), and controlling the over-exploitation
of groundwater (i.e., limiting the per capita water consumption and closing some pump-
ing wells). At a basin scale, LUCCs lead to changes in the patterns of the water supply
and its use, and, in turn, cause inevitable changes in groundwater recharge/discharge
processes, dynamics, and water cycle patterns, thereby significantly affecting the ecology,
environment, economic development, and many other aspects of the basin [33].

Many studies have been conducted to investigate the land-use-driven changes in the
water resource pattern of the Shiyang River Basin [34,35]. In addition, previous research
has also focused on water resource management and allocation [36], groundwater level
dynamics [32], the quantities of groundwater resources [37], policy mechanisms [38],
and changes in ecosystem vulnerability [39] in this basin since the implementation of
the CTSRB. However, only a very limited number of studies have been conducted to
evaluate spatiotemporal changes in the vegetation cover as a measure of the spatiotemporal
LUCCs since the implementation of the CTSRB in 2007 and to examine the response of the
groundwater resource systems to these changes. Focusing on the Wuwei subbasin, i.e., the
central plain of the Shiyang River basin, the goals of this study were: (1) to explore and
compare the changes in the spatiotemporal pattern of the oasis coverage before and after
2007; (2) to analyze the effect of the spatiotemporal pattern of land use on the groundwater
system, and the response characteristics of the groundwater system to the LUCCs. The
findings of this study have implications for the scientific assessment of basin management
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effectiveness and the future management of water resources; they also provide scientific
support for the ecological restoration and reconstruction of oases.

2. Materials and Methods
2.1. Study Area

The Shiyang River Basin (101◦41′–104◦16′ E, 36◦29′–39◦27′ N), which is surrounded
by the Tengger Desert and the Badain Jaran Desert, is one of the three major inland river
basins in the Gansu Hexi Corridor. It is located in the eastern part of the corridor, to the
west of the Wushaoling Mountains, and is at the northern foot of the Qilian Mountains,
with altitudes of 1300–4800 m. It is well known as a sandy wasteland, characterized by the
predominant presence of sandy lands and the strong irrigation dependence of agricultural
plantations. In addition to the oasis agroecosystem on the plain, the vast areas of the basin
are dominated by a desert vegetation landscape (Figure 1). The basin has a typical inland
arid climate, with an annual mean precipitation of 165.4 mm and a high annual mean
evaporation of 2100 mm for the whole region, reaching 4000 mm in the deserts.
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Figure 1. Location of (a) the Shiyang River Basin, (b) the Wuwei sub-basin, against the Shiyang River
basin, (c) elevation distribution of the Wuwei sub-basin.

The groundwater aquifers are mainly composed of sand and gravel, deposited in
the Upper and Middle Pleistocene, followed by slightly cemented and semi-cemented
mud conglomerate, sandstone, and sandy loam, deposited in the Lower Pleistocene. The
distribution and burial pattern of the aquifers are controlled by neotectonic movement. Due
to the cutting of the buried Quaternary piedmont fault, the base of the fault zone is raised
in the south, leading to the phreatic groundwater level being close to the ground surface,
i.e., very shallow. In contrast, the aquifers thicken dramatically in the north, where they are
mostly phreatic aquifers in the fault terrace and phreatic/confined aquifers in the plain.
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The groundwater mainly exists in loose rock pores in the quaternary aquifer. The ter-
tiary mudstone, sandy mudstone, and muddy sand conglomerate underneath are extremely
weak in terms of water richness and hydraulic conductivity, and there is no water exchange.
The recharging of the Quaternary aquifer is mainly from piedmont runoff recharge from the
Qilian Mountains, atmospheric precipitation, surface water infiltration during conveyance,
irrigation ditch infiltration, and the infiltration of irrigation groundwater. The groundwater
eventually converges in the vicinity of Caiqi Township, Minqin County, where it partly
overflows to the surface in the form of springs that flow into the Shiyang River and then on
into the Hongyashan Reservoir. Part of this water also flows into the territory in Minqin
County, in the form of lateral runoff. In addition, a large volume of groundwater is extracted
for farmland irrigation and a small volume evaporates, which, together, constitute another
important pathway of regional groundwater discharge. The amount of annual average
recharge in the study area was as follows: piedmont runoff, precipitation and reservoir in-
filtration, surface water infiltration during conveyance, irrigation ditch infiltration, and the
infiltration of irrigation groundwater were 18,526.1 × 104 m3/year, 2879.8 × 104 m3/year,
15,219.6 × 104 m3/year, 3694.5 × 104 m3/year, and 14,298.6 × 104 m3/year, accounting
for 33.9%, 5.3%, 27.9%, 6.8%, and 26.2% of the total recharge, respectively. The amount
of annual average discharge was as follows: lateral outflow, groundwater exploitation,
spring overflow, and evaporation were 603.0 × 104 m3/year, 55,044.3 × 104 m3/year,
5596.7 × 104 m3/year, and 1030.9 × 104 m3/year, accounting for 1.0%, 88.4%, 9.0%, and
1.7% of the total discharge, respectively [40,41].

The groundwater generally flows northward from the southern piedmont and east-
ward from the west, turning towards the northeast after reaching the main channel of the
Shiyang River and entering the Minqin Basin through the Hongya-Alagu Mountain Fault.
The groundwater is 100–120 m deep in the west and south; it gradually becomes shallower
along the direction of groundwater runoff until it reaches the northeastern region, where
the groundwater-level depth is as shallow as 5 m in some locations (Figure 2).
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The vegetation types in the study area include artificial vegetation and natural vegeta-
tion. The artificial vegetation is mainly Haloxylon ammodendron, which plays an important
role in creating windbreaks and for sand fixation. Shrubs are the dominant component of
natural vegetation in the area, including Nitraria spp., Tamarix spp., Haloxylon ammodendron,
Kalidium foliatum, Reaumuria soongorica, and Artemisia arenaria. The trees include Populus
euphratica, Populus gansuensis, Elaeagnus angustifolia, and Salix matsudana. The herbs are
mainly Phragmites australis, Achnatherum splendens, Sophora alopecuroides L., Bassia dasyphylla,
and Agriophyllum squarrosum [42,43].

2.2. Data Sources and Methodology
2.2.1. Land-Use Types

Raw remote sensing images (https://earthexplorer.usgs.gov/, path/row coordinates:
131–132, 33–34) of the study area, acquired in 1970, 1984, 1990, 1995, 2000, and 2007–2018,
were derived from the thematic mapper (TM), enhanced thematic mapper (ETM), and
operational land imager (OLI) data obtained by the US Landsat satellites. These data were
subjected to atmospheric correction, radiometric correction, geometric correction, image
fusion, color synthesis, and cropping [44,45].

In this study, an object-oriented approach was adopted for image segmentation by
combining image texture features with actual crop growth features via a bottom-up ap-
proach. The nearest-neighbor classification method and the affiliation function classification
method were combined to achieve information extraction for the decoding target. Mean-
while, to ensure the correctness and reliability of the results, the interpretation content
was calibrated and validated by land-cover type calibration, field spectrum testing, and
land-cover type validation.

The normalized difference vegetation index (NDVI) is a commonly used indicator for
evaluating vegetation development. In general, NDVI values range between −1 and 1. A
high NDVI value indicates that the vegetation is well-developed, whereas a low NDVI
value indicates that the vegetation is in poor condition.

The vegetation fractional coverage is estimated using NDVI and the following formula:

VFC =
NDVI − NDVImin

NDVImax − NDVImin
× 100% (1)

where VFC is the vegetation fractional coverage and NDVImin and NDVImax are NDVI
values with cumulative probabilities of 5% and 95%, respectively [46].

The vegetation coverage was classified according to the vegetation coverage classi-
fication criteria for sandy land. The land-use types were classified as artificial oases (i.e.,
farmland), natural oases, and other land-use types (OL). Given that the remote sensing
spectra of artificial oases are significantly affected by the seasons and crop harvest periods,
in this study, artificial oases were identified through the visual interpretation of image
pixels using characteristic colors, shapes, and textures as interpretation features. The nat-
ural oases were classified as high-vegetation-coverage oases (HCO, vegetation fractional
coverage (VFC) ≥ 30%), medium-vegetation-coverage oases (MCO, 10% ≤ VFC < 30%),
low-vegetation-coverage oases (LCO, 4% ≤ VFC < 10%), and desert oases (DO, VFC < 4%,
including sandy land, saline land, shoals, marshland, and bare land). The OL category
included urban land, rural residential land, industrial and mining land, rivers/canals, and
reservoirs [47]. The regional land-use types on the 17 dates, and particularly the LUCCs
during 1984, 2007, and 2018 were analyzed via object-oriented human–computer inter-
active interpretation according to the established interpretation features of the different
land-use types; ArcGIS 10.3 (ESRI, Redlands, CA, USA) was used as the data processing
and information extraction platform [44,45].

Geographic information system (GIS) intersection analysis was performed on the
1984, 2007, and 2018 LULC maps by overlaying the various maps, which yielded LUCC
maps for 1984–2007 and 2007–2018. Two LULC transition matrices corresponding to these
two periods were obtained by adding the map fields with the corresponding classes into

https://earthexplorer.usgs.gov/
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the attribute table and then performing statistical analysis of the map units, with each
matrix providing information about the direction of transition between two land-use types
(i.e., gain vs. loss) and the land area involved in the transition [48]. The LULC transition
matrices were used to examine the quantitative changes and the changes in the spatial
pattern of the land-use types.

2.2.2. Groundwater Depth

The groundwater depth was measured on site in December 1984, December 2007, and
December 2018 via a total of 32 observation boreholes, which all belong to the same unified
phreatic aquifer. The changes in groundwater depth from 1984 to 2007 and from 2007 to
2018 were estimated separately by calculating the differences between the measured values
and then performing kriging interpolation in a total of 23,105 cells (each interpolation cell
had the dimensions of 400 m × 400 m and an area of 0.16 km2).

Based on intersection analysis, the changes in the groundwater depth during each period
were spatially overlaid on the corresponding land-use change map to visualize and calculate
the area of the land-use changes associated with the alterations in groundwater depth.

2.2.3. Groundwater Balance Analysis

A groundwater system is a complex system consisting of inputs, outputs, and ge-
ological entities, and the various influencing factors of the system are interlinked and
interact with one another. In this study, multivariate regression with a significance test was
performed to establish a linear regression equation for identifying the influencing factors
that significantly contributed to the changes in the groundwater storage volume.

The groundwater recharge in the study area mainly comes from upstream lateral
inflow, surface water infiltration, irrigation ditch infiltration, the infiltration of irrigation
groundwater, atmospheric precipitation, and reservoir water infiltration. The groundwater
discharge mainly includes groundwater extraction, spring overflow, phreatic evaporation,
and downstream lateral outflow. The upstream section of the Wuwei subbasin is bounded
by a large fault in front of the Qilian Mountains, and the fault steps lead to a difference
of nearly 100 m in the groundwater depth on the two sides of the fault, thereby leading
to little inter-annual variation in the recharge. In contrast, atmospheric precipitation and
reservoir water infiltration (with both acting as groundwater sources), spring overflow,
phreatic evaporation, and downstream lateral outflow (all as groundwater sinks) accounted
for a small proportion of the total recharge/discharge of the groundwater system, with
no significant inter-annual variations. The surface water conveyance volume affected
both the surface water infiltration during conveyance and the irrigation ditch infiltration,
while the groundwater extraction volume determined the volume of infiltrated irrigation
groundwater. A multivariate regression model was established, using the groundwater
storage volume as the dependent variable and the farmland area, surface water conveyance
volume, and volume of groundwater extraction as the three independent variables. This
model was used to predict and conduct statistical analyses of the historical data. The model
can be expressed as follows:

∆Q = β + a Sc + b Qs + c Qg

where ∆Q is the groundwater storage volume (×104 m3), Sc is the farmland area (km2),
Qs is the surface water conveyance volume (×104 m3), Qg is the groundwater extraction
volume (×104 m3), and β, a, b, and c are the regression coefficients.

Since agricultural and ecological irrigation was the main water consumption sector in
the study area, the surface water conveyance volume and groundwater extraction volume
in the model only present the amount of groundwater used in this particular sector.
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3. Results and Discussion
3.1. Spatiotemporal LUCCs over the Last 30 Years
3.1.1. Land-Use Intensity Analysis

The land-use category level mainly focuses on the gross gain intensity, gross loss
intensity, and uniform intensity of annual change for each land use over different time
intervals [49,50]. From 1984 to 2007, the average annual increase in farmland was much
bigger than the increases in the other categories (Figure 3). The two categories with the
largest average annual reduction were the LCO and the DO. The uniform intensity of
annual change for each land use was 1.47. The intensity of change for both farmland and
OL was the following: uniform intensity > gross gain intensity > gross loss intensity. This
indicated that the increase in farmland and OL was in a relatively stable state. The intensity
of change for the DO and LCO was consistent with gross loss intensity > uniform intensity >
gross gain intensity. This suggested that the gross losses in the DO and LCO were relatively
active. From 2008 to 2018, the LCO had the largest average annual increase, followed by
the OL. Farmland decreased by the largest average annual area, and uniform intensity >
gross loss intensity > gross gain intensity, indicating that the decrease in farmland was in a
relatively stable state. The intensity changes of the DO and the MCO were characterized
by gross loss intensity > uniform intensity > gross gain intensity, implying that the gross
losses were relatively active. The intensity of changes for the OL and farmland use types
were featured as gross gain intensity > uniform intensity > gross loss intensity, implying
that the gross gains were relatively active. The uniform intensity of annual change for each
land-use type was 1.91, illustrating that the land-use category varied more dramatically in
this period. It was presumed that the expansion of OL played a critical role.
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The transition level is mainly used to analyze the increase or decrease in specific
land-use types at different time intervals, the transition intensity of other land-use types
into specific land-use types, and specific land-use types into other land-use types, and to
compare the transition intensity of specific land-use types with the uniform intensity of
annual change [49,50]. In this study, the intensity of the transitional level of farmland was
analyzed (Figure 4). All increases in farmland were at the expense of the loss of natural
oases. During 1984–2007, increases in farmland tended to occupy the LCO and HCO. The
average intensity of the annual transition was greatest in the LCO, followed by the HCO,
and avoided conversion in the MCO and DO. From 2008–2018, increases in farmland also
tended to occupy the LCO, and decreases in farmland tended more frequently to convert to
OL and avoid conversion to DO, LCO, and MCO.
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3.1.2. Spatiotemporal LUCCs during 1984–2007

The farmland in the study area has continuously expanded with the increase in
population during the last 30 years, leading to the shrinkage of natural oases [51,52]. As
shown in Figure 5 and Table 1, the farmland, DO, LCO, and MCO had large gain and loss
areas from 1984 to 2007.
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Table 1. Transition matrix of the land-cover types (km2).

Year Type Farmland HCO MCO LCO DO OL Total

1984~2007

Farmland 1886.04 1.40 0.28 0.53 2.62 8.56 1899.43
HCO 3.75 7.72 3.76 1.92 2.81 0.29 20.26
MCO 12.11 0.00 76.15 20.21 1.74 3.67 113.88
LCO 260.88 5.29 11.91 536.98 35.06 22.46 872.58
DO 26.74 3.89 151.76 114.82 147.86 24.74 469.81
OL 5.43 0.08 0.09 0.04 0.50 307.86 314.01

Total 2194.95 18.39 243.95 674.49 190.59 367.59 3689.96

2008~2018

Farmland 2022.16 1.96 8.12 60.08 7.18 95.46 2194.95
HCO 0.55 12.30 2.54 1.01 0.32 1.67 18.39
MCO 0.77 0.00 146.65 69.86 0.00 26.68 243.95
LCO 50.99 2.52 4.10 588.57 2.25 26.06 674.49
DO 8.14 0.15 1.33 57.74 118.28 4.94 190.59
OL 15.20 0.57 4.07 0.67 6.97 340.10 367.59

Total 2097.81 17.50 166.81 777.93 135.00 494.92 3689.96

The gain (i.e., conversion of other land use types to farmland) and loss (i.e., conversion
of farmland to other land use types) areas of the farmland were 308.91 km2 and 13.39 km2,
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respectively, leading to a net increase of 295.52 km2 (15.6%). The new farmland was pri-
marily created from the conversion of the LCO (260.88 km2), which was distributed in
Yongfeng and Liuba, as well as Changcheng, Xiashuang, and Jiudun near the river.

The gain and loss areas of the MCO were 167.80 km2 and 37.73 km2, respectively,
leading to a net increase of 130.07 km2 (114.2%). The new MCO was primarily from DO
(151.76 km2), which was mostly distributed in nearby Qinglin.

The gain and loss areas of the DO were 42.73 km2 and 321.95 km2, respectively, leading
to a net reduction of 279.22 km2 (59.4%). The loss areas, distributed in Qinglin, Liuba,
and Zhongxing, were mainly converted into MCO (151.76 km2) and LCO (114.82 km2),
accounting for 47.1% and 35.7% of the total loss areas, respectively.

The gain and loss areas of the LCO were 137.51 km2 and 335.60 km2, respectively,
leading to a net reduction of 198.09 km2 (22.7%). The loss areas were mainly converted into
farmland (260.88 km2), accounting for 77.7% of the total loss areas. The new LCO areas
were primarily from DO (114.82 km2), accounting for 83.5% of the total gain areas, which
were mostly distributed in Yongfeng, Xiashuang, and Jiudun.

3.1.3. Spatiotemporal LUCCs during 2008–2018

As shown in Figure 5 and Table 1, the gain and loss areas of the OL, LCO, farmland,
MCO, and DO from 2008 to 2018 were relatively large.

The gain and loss areas of the OL were 154.82 km2 and 27.49 km2, respectively,
leading to a net increase of 127.33 km2 (34.6%). The gain areas were primarily from
farmland (95.46 km2), accounting for 61.7% of the total gain areas. The new gain areas were
distributed near the Wuwei urban area, and the expansion was also significant in Wuhe,
Qinglin, and Gaoba.

The gain and loss areas of the LCO were 189.36 km2 and 85.93 km2, respectively,
leading to a net increase of 103.44 km2 (15.3%). The new gain areas were primarily from the
MCO (69.86 km2), farmland (60.08 km2) and DO (57.74 km2), accounting for 36.9%, 31.7%,
and 30.5% of the total gain areas, which were mostly distributed in Jinchang and Qinglin.

The gain and loss areas of the farmland were 75.65 km2 and 172.79 km2, respectively, leading
to a net reduction of 97.14 km2 (4.4%). The loss areas were mainly converted into OL (95.46 km2)
and LCO (60.08 km2), accounting for 55.2% and 34.8% of the total loss areas, respectively; these
were mostly distributed in the Wuwei urban area, Wuhe, and Xiashuang areas.

The gain and loss areas of the MCO were 20.16 km2 and 97.30 km2, respectively,
leading to a net reduction of 77.14 km2 (31.6%). The loss areas were mainly converted
into LCO (69.86 km2), accounting for 71.8% of the total loss areas, which were mostly
distributed in Qinglin and Jinchang.

The gain and loss areas of the DO were 16.72 km2 and 72.31 km2, respectively, leading
to a net reduction of 55.58 km2 (29.2%). The loss areas, mostly distributed in Jiudun, were
mainly converted into LCO areas (57.74 km2), accounting for 79.9% of the total loss areas.

3.1.4. LUCCs during 1984–2018

The areas of farmland, natural oases, and OL since 1970 are presented in Figure 6.
From 1970 to 1984, human activities were stable, and there were no significant LUCCs. From
1984 to 2007, the farmland and OL expanded at rates of 13.85 km2/year and 2.42 km2/year,
respectively, while the natural oases decreased at a rate of 16.25 km2/year. From 2008 to
2018, the OL expanded at a higher rate of 11.52 km2/year, while farmland and natural
oases decreased at rates of 8.99 km2/year and 2.57 km2/year, respectively.
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A correlation analysis between the farmland area and the natural oasis area (Figure 7)
revealed that the natural oasis area decreased by 1.17 km2 for every 1 km2 of increase in
farmland area before 2007. After 2007, the natural oases recovered by only 0.12 km2 for
every 1 km2 of increase in farmland area. That is, only 0.12 km2 of every 1.17 km2 of the
original natural oases were restored after the natural oasis–farmland–return to natural
oasis conversion process was implemented. This indicates that, to some extent, relatively
speaking, the natural oases lacked vegetation species diversity and the ecosystem structure
was simple and extremely fragile, i.e., the ecosystem stability was low, and it would be
very difficult to achieve system recovery in the event of ecosystem damage [22].

During 1984–2018, the farmland and OL increased by 198.38 km2 and 180.91 km2,
respectively, while the natural oases decreased by 379.29 km2. In particular, the MCO
increased by 52.92 km2; while the DO, LCO, and HCO decreased by 334.81 km2, 94.65 km2,
and 2.76 km2, respectively. In 1984, the HCO, MCO, LCO, and DO accounted for 1.4%,
7.7%, 59.1%, and 31.8% of the natural oasis area, respectively. In 2018, these four vegetation
cover types accounted for 1.6%, 15.2%, 70.9%, and 12.3%, respectively, meaning that the
first three types increased by 0.2%, 7.5%, and 11.8%, while the DO decreased by 19.5%. This
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indicates that, to some extent, local human activities provided a certain amount of water
supply to ensure the good growth of vegetation species in the natural oases.
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3.2. Impact of LUCCs on Groundwater Depth

The groundwater depth, as an important indicator of the ecological environment [32,53],
is the dominant factor influencing the distribution, growth, population succession, and
survival of vegetation species in natural and DO areas [54,55]; it is also an essential variable
for measuring and evaluating basin water resource management. A reasonable ground-
water depth is beneficial for both agricultural production and ecologically sustainable
development [56,57].

3.2.1. Impact of LUCCs on Groundwater Depth from 1984 to 2007

As shown in Figure 8, the changes in groundwater depth from 1984 to 2007 exhibited
a trend of significant increase–gradual slowdown–small rebound from west to east and
from south to north. The groundwater level declined by more than 40 m in the western
and southern parts of the region and by 4–20 m in the central part, while it varied little in
the northeast, with a small rebound at some locations.

Figures 5 and 6 jointly illustrate that in the regions where the groundwater depth
changed from 1984–2007, the farmland and MCO increased, while the DO and LCO
decreased. Significant LUCCs occurred in the western and southeastern parts of the study
area, especially near Jinchang. The total area of land-use conversion was 508.96 km2,
accounting for 13.8% of the study area.

Table 2 shows that where the groundwater depth changed from 1984–2007, the area
of DO decreased by 11.52–57.44 km2. The LCO only underwent positive changes in some
parts of the study area, with a maximum increase of 11.84 km2 and a maximum decrease of
51.68 km2. The farmland underwent positive changes throughout the study area, with a
maximum increase of 102.08 km2. The MCO generally underwent positive changes, with a
maximum increase of 55.84 km2.
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Figure 8. Groundwater depth changes in the plain during (a) 1984–2007, and (b) 2008–2018 (negative
values denote water-level decline).

Table 2. Changes in the areas of the various land-use types over set periods in subregions correspond-
ing to a different range of changes in groundwater depth (km2).

Year Water Level
Variations (m) Farmland HCO MCO LCO DO OL

1984~2007

−50 to −40 0.8 0 11.52 0.32 −19.04 6.4
−40 to −20 2.56 0 21.12 11.84 −40.48 4.96
−20 to −15 50.56 −0.48 55.84 −51.68 −57.44 3.2
−15 to −10 34.4 0.32 21.76 −41.44 −16.8 1.76
−10 to −4 102.08 0.96 14.08 −85.6 −45.28 13.76
−4 to −2 35.04 2.56 −6.4 −24.32 −13.6 6.72
−2 to 0 12.64 −0.16 −2.08 0 −11.52 1.12
0 to 2 7.36 −0.96 1.28 3.2 −12.96 2.08
2 to 4 16.16 1.92 4.16 −4.96 −30.08 12.8
4 to 5 33.6 −6.4 9.28 −5.6 −31.68 0.8

2008~2018

−18 to −12 3.52 0 0 −5.28 −0.32 2.08
−12 to −8 −0.8 0.48 0.96 −6.24 1.92 3.68
−8 to −5 −43.04 −0.48 4.16 27.2 −7.68 19.84
−5 to −3 −25.92 −0.8 3.04 4.48 −3.84 23.04
−3 to −2 −14.72 0 1.28 3.04 −5.76 16.16
−2 to −1 −6.72 1.12 1.76 6.72 −12 9.12
−1 to 0 −2.24 1.12 −2.24 6.72 −9.28 5.92
0 to 2 −3.04 0 −23.68 25.92 −19.36 20.16
2 to 4 −1.92 −0.96 −40.48 35.2 0.8 7.36
4 to 6 −2.24 −0.48 −21.44 4.8 −0.32 19.68

The regions where the groundwater depth changed from −20 m to −4 m had a total
area of 2153.60 km2, accounting for 58.3% of the total study area; these areas (referred to
as the −20 m/−4 m subregion for simplicity) were distributed in the central part of the
study area. From 1984 to 2007, the farmland in the −20 m/−4 m subregion increased by
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187.04 km2, accounting for 63.4% of the total increase in farmland in the study area. The
MCO increased by 91.68 km2, accounting for 70.2% of the total increase in the MCO in the
study area. The LCO decreased by 178.72 km2, accounting for 90.2% of the total reduction
in the LCO in the study area. The DO decreased by 119.52 km2, accounting for 42.9% of
the total reduction in the DO in the study area. In addition, the total area of land-use
conversion in the −20 m/−4 m subregion was 298.72 km2, accounting for 13.9% of the
total area of this subregion and 58.7% of the total area of land-use conversion in the study
area, indicating that this subregion was the region wherein the LUCCs were the most
active and concentrated. This pattern was created because the groundwater depth was
naturally 10–40 m in the −20 m/−4 m subregion, which allowed groundwater extraction
wells to be drilled at low cost and the groundwater to be discharged with little difficulty.
In addition, the −20 m/−4 m subregion received runoff recharge from the south all year
round (especially during the irrigation period), and thus, the groundwater storage was
abundant, thereby making this subregion a favorable place for LUCCs.

Under natural conditions, the groundwater in the western and southern parts of the
study area was generally more than 50 m below the ground surface, and, thus, its ecological
function in the growth of natural oases was negligible. The expansion of farmland was
preferentially conducted in the LCO because in 1984, the areas of the different land-use
types, listed in decreasing order, were: farmland > LCO > DO > OL > MCO > HCO.
The LCO accounted for 872.58 km2 of land use, which was 1.86 times larger than in DO.
In addition, as opposed to the DO, the LCO was covered by vegetation to some extent,
indicating that the locations of the LCO were advantageous in terms of having access to
relatively more groundwater to support crop growth. After the conversion of LCO to
farmland, agricultural irrigation activities were conducted continuously, mainly utilizing
surface water conveyance and groundwater irrigation. In addition, the study area displayed
a high-slope terrain, with a difference in elevation of 1400 m. During the irrigation period, a
large volume of runoff was generated from the cropland, which allowed the nearby natural
oasis areas, especially the DO areas, to effectively receive a water supply. Consequently,
the plants in these nearby areas could grow well, gradually converting the areas into LCO
and, further, into MCO. For example, the groundwater level was deep (>70 m in 2018)
in the areas where the groundwater depth changed from −50 to −40 m (referred to as
the −50 m/−40 m subregion); thus, the groundwater could not supply water for natural
vegetation growth at all. In the −50 m/−40 m subregion, the DO decreased by 19.04 km2,
while the MCO increased by 11.52 km2, and there were almost no changes in any of the
other land-use types investigated in this study. This indicates that the gain in MCO was
derived from DO, due to the year-round human irrigation of the nearby farmland.

3.2.2. Impact of LUCCs on Groundwater Depth from 2008 to 2018

As shown in Figure 8, the groundwater level generally declined in the eastern and
northern parts of the Wuwei Plain from 2008 to 2018, with a drop of 5–18 m; the maximum
drop occurred around Shuiyuan. The groundwater level rose by 2–6 m in the south and west,
and the groundwater level also rose at multiple sites in the vicinity of the main river channel.

Figure 5 and Table 2 jointly show that where the groundwater depth changed during
2008–2018, the farmland, MCO, and DO all decreased, while the LCO and OL expanded.
The total converted land area was 261.28 km2, accounting for 7.1% of the total study area.

The areas where the groundwater level changed from −8 to −2 m from 2008 to 2018
spanned 1457.92 km2, accounting for 39.4% of the total study area. In these areas (referred
to as the −8 m/−2 m subregion), the farmland decreased by 83.68 km2, accounting for
86.2% of the total reduction in farmland in the study area. The DO decreased by 17.28 km2,
accounting for 30.9% of the total reduction in the DO in the study area. The OL increased
by 59.04 km2, accounting for 46.5% of the total increase in the OL in the study area. The
LCO increased by 34.72 km2, accounting for 33.9% of the total increase in the LCO in the
study area. The total converted land area in the −8 m/−2 m subregion was 102.24 km2,
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accounting for 7.0% of the total area of this subregion and 39.1% of the total converted land
area of the study area.

The areas where the groundwater level changed from 0 to 4 m from 2008 to 2018
spanned 804.48 km2, accounting for 21.8% of the total study area. In these areas (referred
to as the 0 m/4 m subregion), the MCO decreased by 64.16 km2, accounting for 83.7% of
the total reduction in MCO in the study area. The DO decreased by 18.56 km2, accounting
for 33.2% of the total reduction in DO in the study area. The LCO increased by 61.12 km2,
accounting for 59.6% of the total increase in LCO in the study area. The OL increased by
27.52 km2, accounting for 21.7% of the total increase in OL in the study area. The total
converted land area in the 0 m/4 m subregion was 89.44 km2, accounting for 11.1% of the
total area of this subregion and 34.2% of the total converted land area in the study area.

After 2007, the farmland shrinkage was concentrated in those areas where the ground-
water level changed from −8 to 2 m. In the −8 m/2 m subregion, the farmland was mainly
converted to OL near Wuhe, Songshu, and Wuwei. Part of the farmland was converted to
the LCO to the east of Yangxiaba and Xiashuang.

The shrinkage in the MCO was due to conversion in the 0 m/4 m subregion, where
this land use type was mainly converted to the LCO near Qinglin. Due to groundwater
pumping, irrigation, and weakening surface runoff in the 0 m/4 m subregion, the ground-
water level rose by 2–6 m; and by 2018, the groundwater level was about 80 m deep, but this
depth still prevented the groundwater from being effectively used by natural vegetation
species, thereby leading to a gradual decline in the vegetation coverage over the years.

The DO generally decreased in each subregion where the groundwater depth changed
over the years, gradually changing into the LCO as farmland irrigation and ecological
irrigation practices increased in the nearby areas. The maximum decrease (19.36 km2) in
the DO occurred to the east of Caiqi where the groundwater depth changed from 0 to 2 m.

3.3. Causes of Groundwater Depth Variation

Since the 1980s, with the expansion of farmland, the water demand for farmland
irrigation has increased. Surface water was not sufficient for farmland irrigation. At the
same time, the utilization rate of surface water was not high for a number of reasons,
such as the poor impermeability of the canal system, and the water delivery timing not
fully matching the exact moment of farmland irrigation. In addition, the canal water still
needed to be diverted to farmland via ditches, with serious losses along the way. Water was
still mainly based on extracted groundwater, and wells were growing rapidly. According
to the statistics, there were 4294 wells in the Wuwei Basin in 2005, with a distribution
density of 0.86 wells/km2. Due to the wide distribution of wells and the convenience of
water extraction and supply, groundwater extraction rose from 5.0 × 108 m3/year in 1980
to 6.4 × 108 m3/year in 2006, with an average annual extraction of 5.9 × 108 m3/year
(Figure 9). With the sharp increase in groundwater exploitation, the groundwater level
dropped rapidly, and the spring overflow declined significantly. The spring overflow in
the mainstream of the Shiyang River decreased from 4.4 × 108 m3/year in the 1950s to
0.43 × 108 m3/year in 2010. The pre-mountain region of the Wuwei Basin was the runoff
area. Under groundwater dynamics, the groundwater ran east from Liuba, and north from
Erba and Huanghuatan. The groundwater depth in these areas was more than 100 m, which
meant that groundwater could not provide physiological water for natural vegetation and
no longer served its ecological function. To ensure farmland irrigation, the combination of
groundwater and surface water supply was adopted. However, some factors, such as the
construction of reservoirs and the anthropogenic interception of flow in the upper reaches
of the basin, resulted in a weakening of the piedmont runoff recharge from the Qilian
Mountains. In addition, the topographic slope of the pre-mountain plain was relatively
steep, which tended to generate runoff to the middle of the basin during farmland irrigation.
The amount of piedmont runoff recharge from the Qilian Mountains was less than the sum
of groundwater extraction and discharge to adjacent areas, resulting in a greater decline
in groundwater level. The central and northern parts of the basin received lateral runoff
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recharge from adjacent areas, coupled with the relatively shallow groundwater depth and
weak groundwater exploitation, so that the groundwater decline was smaller.
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Since the implementation of CTSRB, the farmland area decreased and groundwater
extraction became limited, with an average annual extraction of 4.6 × 108 m3/year, which
was about 6.8% lower than the amount before CTSRB [41]. The amount of groundwater
recharged by irrigation also changed, including surface water infiltration during con-
veyance, irrigation ditch infiltration, and the infiltration of irrigation groundwater. In 2007,
the farmland area was 2629.9 km2, and the surface water conveyance was 7.5 × 108 m3. It
was calculated that the surface water infiltration during conveyance and irrigation ditch in-
filtration was 2.0 × 108 m3 in total. However, the groundwater extraction was 6.9 × 108 m3,
and the infiltration of irrigation groundwater was 1.8× 108 m3. Therefore, the groundwater
consumption was 3.1 × 108 m3. As the farmland area decreased, the amount of groundwa-
ter resource loss also decreased (Figure 10). By 2018, the farmland decreased to 2510 km2,
the surface water conveyance was 6.4 × 108 m3, and the surface water infiltration during
conveyance and irrigation ditch infiltration totaled 1.7 × 108 m3. While the groundwater
extraction was 4.9 × 108 m3, the infiltration of irrigation groundwater was 1.3 × 108 m3.
Thus, the groundwater consumption was 1.8 × 108 m3. With an increased awareness of
efficient water use, and the development of high-standard lining and repair projects for
canal systems, the losses during the process of surface water conveyance were reduced,
and the utilization rate of canal system water increased accordingly. In the areas where the
groundwater level had dropped seriously, such as Liuba and Qinlin in the west, ground-
water extraction was prohibited. In the areas of Erba and Huanghuatan in the south, the
farming area was restricted, and groundwater extraction was limited under the premise of
maximizing the utilization of surface water. At the same time, the piedmont runoff recharge
capacity from the Qilian Mountains was subsequently enhanced by water conservation in
the upper reaches of the basin. All these factors largely alleviated the groundwater resource
situation in the piedmont plain, and the groundwater level gradually rose. The central
part was irrigated only with limited groundwater, so the groundwater level continued to
decline, especially in northern Shuiyuang and eastern Changcheng. The water depth was
more than 10 m and the groundwater no longer performed its ecological function in these
places. The conversion of DO and LCO to farmland increased the demand for groundwater
near Changcheng in the east. The growth of the OL near Shuiyuang in the north also raised
water demand, due to urban construction and industrial use. As a result, these two areas
became the areas with the greatest drops in water level.
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3.4. Response of Groundwater Depth to LUCC

The whole region was divided into groundwater depth-increasing areas and ground-
water depth-decreasing areas, and its land-use changes were calculated separately to
analyze the response of groundwater depth to the land-use changes. During 1984–2007, the
area of groundwater depth decreasing accounted for 94.3% of the total, and the average
decrease in groundwater depth was 24.2 m (Table 3). Among them, the farmland area
increased by 14.2%, yet the LCO and DO decreased by 23.6% and 57.5%, respectively. This
indicated that the conversion to farmland reduced groundwater levels significantly. From
2008–2018, the farmland in the area of groundwater depth increasing decreased by 1.1%,
and the water level rose by an average of 3.1 m. The farmland in the area of groundwater
depth decrease was reduced by 5.9% and the water level dropped by an average of 5.1 m.
The DO decreased while the LCO increased. This further indicated that the irrigation
behavior would bring some water to the nearby natural oases, which could promote the
healthy growth of natural vegetation.

Table 3. Land use changes in various groundwater depth zones from 1984 to 2018.

Water Level Variation Area
Land-Use Types

Year Farmland HCO MCO LCO DO OL

Decline area (−24.2 m)
1984 (km2) 1843.04 6.08 87.84 815.84 430.24 303.36
2007 (km2) 2104.64 10.24 209.12 623.2 183.04 356.16

Rate (%) 14.2 68.4 138.1 −23.6 −57.5 17.4

Rise area (+1.0 m)
1984 (km2) 63.2 13.76 25.28 58.4 39.36 9.92
2007 (km2) 96.8 7.36 34.56 52.8 7.68 10.72

Rate (%) 53.2 −46.5 36.7 −9.6 −80.5 8.1

Decline area (−5.1 m)
2008 (km2) 1532.8 13.92 80.48 449.12 144.96 246.72
2018 (km2) 1442.88 15.36 89.44 485.76 108 326.56

Rate (%) −5.9 10.3 11.1 8.2 −25.5 32.4

Rise area (+3.1 m)
2008 (km2) 669.12 3.68 163.2 226.88 45.76 120.16
2018 (km2) 661.92 2.24 77.6 292.8 26.88 167.36

Rate (%) −1.1 −39.1 −52.5 29.1 −41.3 39.3

3.5. Groundwater Balance Analysis

Recent studies have shown that the groundwater in the study area remained in a
negative balance all year round, with the rate of change in the groundwater storage volume
shifting from−12,943.2× 104 m3/year in 2007 to−7270.4× 104 m3/year in 2018, due to the
gradual decline in the groundwater resource consumption as the CTSRB was implemented.
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According to the data published in the report on the research and demonstration of the
rational extraction and utilization of groundwater and the protection of ecological functions
in the Shiyang River Basin, a linear regression equation for the changes in the groundwater
storage volume as a function of the farmland area, surface water conveyance volume, and
groundwater extraction volume was established using Excel:

∆Q = 25094.58− 19.0297Sc + 0.5214Qs − 0.5229Qg

where R2 = 0.9434, indicating a good fit of the linear regression equation to the groundwater
storage volume. The significance test (Table 4) showed that the changes in the groundwater
storage volume were significantly correlated with the farmland area (p < 0.05) and were
extremely significantly correlated with the surface water conveyance volume and ground-
water extraction volume (both p < 0.01). That is, the linear regression equation fitted the
raw data well and was reliable.

Table 4. Regression equation parameters for the changes in the groundwater storage volume.

Type Coefficients p-Value

β 25,094.5822 0.49830
a −19.0297 0.03714
b 0.5214 0.00085
c −0.5229 0.00105

After 1984, the farmland underwent erratic expansion, followed by the implemen-
tation of the Grain-for-Green Project. In addition, the groundwater storage volume also
underwent a rapid depletion to slow recovery process. The missing early data for the
groundwater storage volume can be predicted using the established linear regression equa-
tion. The farmland area was 1899.43 km2 in 1984, and it increased by 295.52 km2 in 1984.
Assuming that the surface water conveyance volume and groundwater extraction volume
in 1984 were the same as in 2007, the rate of change of the groundwater storage volume in
1984 was estimated to be −7319.5 × 104 m3/year. With the implementation of the CTSRB,
the farmland decreased to 2097.8 km2 in 2018, and the rate of change of the groundwater
storage volume was −7270.4 × 104 m3/year in 2018. The groundwater in the study area
was in a negative balance all year round and was extracted in large volumes. To ensure
water resource management in the basin and to achieve sustainable development of the
basin, it is necessary to implement and improve integrated basin management initiatives
sustainably and efficiently.

The changes in groundwater levels in arid and semi-arid regions were influenced by
a combination of factors. Based on the above analysis, it could be seen that the ground-
water depth was sensitive to changes in land use types because of human activities. This
indicated that groundwater resources in the region were closely related to land use types.
Groundwater depth increased significantly with the continuous expansion of farmland.
Since the implementation of CTSRB, the farmland area has been effectively controlled, and
the trend of groundwater level decline has been significantly improved.

The groundwater depth also changed to different degrees due to other human activi-
ties, such as the surface soil nature, the type of crops cultivated, and changes in irrigation
systems. Especially in the pre-mountain plain area, where the aquifer particles were rela-
tively coarse, the variations in groundwater depth would be larger. These factors were not
considered in this study, and the results of the analyses are still limited and uncertain, to
some extent. For these reasons, to propose countermeasures and measures for the rational
use of water and land resources in the development of water resources planning programs,
the impact of human activities, including a variety of factors such as land use changes,
should be considered comprehensively when water-resources planning is carried out.
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4. Conclusions

The main conclusions of this study are as follows.
Before the CTSRB in 2007, the area of natural oases decreased at a rate of 16.25 km2/year,

while the area of farmland expanded at a rate of 13.85 km2/year. The farmland expansion
preferentially occurred in LCO and MCO, where the groundwater depth increased from
4 to 20 m. The consumption of groundwater increased from 7319.5 × 104 m3/year to
12,943.2 × 104 m3/year.

During 2008–2018, the areas of both the natural oases and farmland decreased at
the rates of 2.57 km2/year and 8.99 km2/year, respectively. The groundwater level rose
significantly in the south, in the west, and near the main river channel. The negative
groundwater balance was alleviated, and the groundwater resource consumption was
restored to 7270.4 × 104 m3/year. Through the natural oasis–farmland–natural oasis
conversion process, only 0.12 km2 of every 1.17 km2 of the original natural oases were
restored, indicating that it would be very difficult to achieve system recovery in the event
of ecosystem damage. Groundwater depth increased significantly with the continuous
expansion of farmland. Since the farmland area was effectively controlled, the trend of
groundwater level decline was significantly improved.

Land-use changes inevitably led to changes in the water supply and use patterns,
groundwater depth, and groundwater balance status. To fulfill the goals of water resource
management, the ecological restoration and reconstruction of oases, and the sustainable
development of the basin, the following measures should be continued in the future:

(1) Adjusting the local agricultural planting structure, developing special agriculture
with high output value, high efficiency, and good benefits, and advocating and promot-
ing the concept of water planning and water conservation to reduce wasteful behavior
regarding water resources.

(2) According to the basin water allocation plan, planners should decompose and
implement the indicators of groundwater extraction and reduction. At the same time,
groundwater extraction should be reduced in a planned manner, to gradually achieve a
balance between groundwater extraction and recharge, and then achieve a greater amount
of recharge than extraction.

(3) Minimizing the area of farmland, especially by reducing the reclamation of the
upper reaches of the basin. This is because the upper part, i.e., the upper and middle
alluvial fans, is the source of the recharge of the groundwater system.

(4) In fact, the groundwater depth in most areas of the basin is far greater than the
required depth (less than 10 m) for the normal growth of natural vegetation species [57].
Therefore, inter-basin water transfer projects, for example, can be combined to provide
orderly artificial groundwater recharge to the area.

(5) Gradually restoring groundwater levels and implementing ecological water con-
veyance to maintain the normal growth of natural oases. Due to the slow recovery of
vegetated ecosystems, the relationship between vegetation recovery, groundwater, and
land use changes over time can be studied further in subsequent studies.
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