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Abstract: Water scarcity and ecological degradation in arid zones present significant challenges
to regional ecological health. Despite this, integrating the water supply—demand balance and
water supply security (SEC) into ecological health assessments—particularly through composite
indicators—remains underexplored in arid regions. In this study, we assessed the ecological health
changes in Xinjiang by utilizing multivariate remote sensing data, focusing on the balance between
water supply and demand, the degree of SEC, and ecosystem resilience (ER). Our results indicate that
while water supply and demand remained relatively stable in northern Xinjiang between 2000 and
2020, the conflict between supply and demand intensified in the southern and eastern agricultural
regions. SEC evaluations revealed that 73.3% of the region experienced varying degrees of decline
over the 20-year period. Additionally, ER assessments showed that 7.12% of the region exhibited a
significant decline, with 78.6% experiencing overall reductions in ecological health. The indicators’
response to drought demonstrated that improvements in ecological health during wet conditions
were less pronounced than declines during droughts. This study underscores the necessity of pri-
oritizing areas with lower ecological health in future water allocation strategies to optimize water
resource utilization.

Keywords: ecological health assessment; water supply—-demand balance; ecological resilience; water
supply security; arid zones

1. Introduction

With the intensification of global climate change and human activity, the issues of
water scarcity and ecological degradation have become increasingly severe [1]. Although
the utilization efficiency of surface water resources has been improved to some extent
by using water storage projects such as reservoirs and lakes, the contradiction between
the supply and demand of water resources in many areas is still acute [2]. This issue
is particularly prominent in arid and semi-arid regions, where insufficient water supply
significantly impacts ecosystem health [3]. The accurate identification of ecological risks
and health conditions is crucial for ensuring the rationality of water supply management [4].
Consequently, scientifically assessing the balance between water supply and demand, as
well as ecosystem health, has become a focal point of research, providing a scientific basis
for water resource management and ecological protection in arid zones.

Evaluating ecological health offers a new perspective on ecological conservation, and
scholars have conducted in-depth research on this topic from multiple angles [5]. These
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studies primarily focus on theoretical discussions, practical applications, and exploratory
experiments [6]. Since the concept of ecological health was first proposed by Rapport et al.
in 1998, scholars have continuously refined its definition. The concept emphasizes that
ecosystems should be stable and adaptive, capable of withstanding long-term or sudden
natural or anthropogenic disturbances [7]. The emergence of ecosystem services has
provided new approaches to ecological health assessment. These services encompass all
benefits humans derive from ecosystems, including provisioning, regulating, cultural, and
supporting services [8]. Fu et al. synthesized previous research and defined a healthy
ecosystem as one characterized by rich biodiversity, resilience to disturbances, structural
integrity, self-sustainability, renewability, and the ability to meet human needs while
providing societal benefits [9].

Ecological health is critical for sustainable ecological development and harmony
between society and the environment [10]. In evaluating methods, researchers have con-
sidered hydrology, water quality, watershed characteristics, and watershed services to
analyze watershed health, subsequently constructing an evaluation index system. Methods
such as TOPSIS [11], principal component analysis, AHP [12], the pressure-state-response
(PSR) model [13], and the geometric weighting method [14] have been widely applied in
ecological health assessments. For instance, Zhu et al. used the CRITIC objective weighting
method to evaluate ecological environment vulnerability in Tianshui city, considering
the indicators of ecological, economic, and social development [15]. Similarly, Yue et al.
assessed water—ecological construction models in five Chinese cities and ten global cities by
considering water resources, the ecological environment, and economic and social develop-
ment levels [16]. However, a key challenge of these methods is determining the weights
of indicator layers. Subjective bias can easily arise when subjective judgments influence
weight determination, while objective weighting methods rely on sample data and may
not fully capture the importance evaluators place on different indicators.

Another approach involves constructing remotely sensed indices to assess ecological
health, such as the remote sensing ecological index (RSEI) [17] and the vigor-organization—
resilience (VOR) model [18]. For example, Du et al. evaluated the ecosystem health of
Gannan alpine grasslands using RSEI, with model test results showing RSEI’s effectiveness
in assessing ecosystem health [19]. Sun et al. improved the VOR model to develop
a comprehensive ecological health evaluation system for alpine wetlands, successfully
applying it to the source area of the Black River [20]. However, most recent studies focus on
the ecological health of developed cities and wet environments [21,22], with less attention
given to semi-arid and arid zones, where climatic differences make ecosystems more
vulnerable to disruption.

In constructing an indicator system, the choice of indicator layers significantly influ-
ences the bias of evaluation results [6]. For instance, Hong et al. included total nitrogen and
permanganate indices to construct an indicator system to characterize the water—ecological
health of the Sunan Canal, providing a more comprehensive and accurate reflection of its
current status [23]. Kaghazchi and Soleimani introduced the pollution index of potentially
toxic elements in PM2.5 for urban ecology and human health risk assessment [24]. Lei et al.
evaluated the ecological patterns, functions, and stresses in aquatic and terrestrial systems
within the Qing River Basin [25]. In ecologically fragile arid zones, water is a critical
determinant of ecological health [26]. Scholars have attempted to incorporate precipitation
and evapotranspiration indicators into ecosystem assessments to address water-related
issues [27,28]. Gu et al. developed a river ecosystem health assessment system based on
three aspects: water environment, water ecology, and water resources, including water
quality, eutrophication, aquatic organisms, and habitat conditions [29]. Their evaluation
system objectively reflects river ecological health. Xu et al. quantified water production
services in the Shanxi section of the Yellow River Basin using the InVEST model, reveal-
ing that population density negatively impacts the trade-off between water supply and
demand [30]. Dagnachew Legesse used the dynamic water and chlorine balance model
and the watershed hydrological model to discuss the water level and salinity changes of
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the tropical lake Abiyata in East Africa under the influence of climate change and human
activity and revealed the sensitivity of the lake to environmental changes, indicating that
human activity has a significant impact on the lake balance system [31]. However, their
study was limited by data availability and did not quantify changes in water balance or the
significance of water supply security in vegetation environments, both of which are critical
for ecological health evaluation.

Given the research objectives, this study selected Xinjiang as a representative arid
region. To minimize inaccuracies in evaluation results caused by subjective indicator
selection, this study incorporated the supply—demand ratio of water production services
and the degree of water supply security into the RSEI evaluation, aiming to develop a
model applicable to the quantitative assessment of ecological health in arid regions. The
proposed ecological health evaluation model integrates the supply—demand ratio of water
production services, water supply security, and ecosystem resilience. Compared to existing
studies, the contributions of this study are as follows: (1) It elaborates on the concept of
ecological health evaluation, emphasizing that ecological sub-health consists of multiple
subsystems. (2) It explores the spatial distribution characteristics of water production
services, water supply security, and ecosystem resilience, integrating their analyses from
the perspective of water security. Strategies for sustainably improving ecological health
in arid areas are also discussed, offering ideas and references for optimal water resource
allocation. (3) It expands the focus area of ecological security research by shifting attention
to less-developed regions like western China rather than just coastal areas. (4) It proposes a
model adapted to ecological health evaluation in arid areas based on water balance and
water supply security, ensuring the objectivity and scientific validity of the evaluation
results by avoiding subjective weight allocation.

In summary, this study’s objectives and contributions are as follows: (1) From the
perspective of water balance and water supply security, we constructed a framework
applicable to ecological health assessment in arid zones. The framework incorporates
the water supply—demand ratio (WSDR), the degree of water supply security (WSC), and
ecological resilience (ER) as key indicators, building an assessment model accordingly.
(2) We assessed the changes in these three indicators and the composite indicator between
2000 and 2020, examining patterns of change while considering the impact of drought on
the indicators and the assessment system. (3) Based on the ecological health assessment, we
propose water supply strategies to policymakers to facilitate the revision and improvement
of existing ecological conservation policies and strategies.

2. Materials and Methods
2.1. Study Area

The Xinjiang Uygur Autonomous Region (XUAR) is located in northwestern China,
spanning latitudes 34°25’ to 48°10" north and longitudes 73°40’ to 96°18' east. This vast
area makes Xinjiang the largest provincial-level administrative region in China (Figure 1).
Xinjiang’s topography is diverse, characterized by the Altai Mountains in the northwest,
the Kunlun Mountains in the south, and the Tianshan Mountains in the center, which
effectively divide the region into northern and southern parts. The terrain generally rises
from the southeast to the northwest, with an average elevation of approximately 2500 m.

Xinjiang experiences a typical temperate continental climate, with cold, dry winters
and hot, arid summers. The region’s average annual temperature hovers around 10 °C,
while the annual precipitation varies significantly, ranging from 50 to 150 mm. This
precipitation is mostly concentrated during the summer, while winter is marked by a long
snowy season. The average annual precipitation across Xinjiang is 125.1 mm, though
there are substantial regional disparities, with southern Xinjiang experiencing higher
temperatures and lower precipitation.
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Figure 1. The research area.

The unique geographical location and climatic conditions of Xinjiang have fostered
rich natural resources and biodiversity. The region’s ecological functions are crucial for
maintaining regional ecological balance and promoting harmonious coexistence between
humans and nature. Xinjiang holds significant strategic importance for China and, on a
global scale, serves as a vital reserve of strategic resources and as an ecological security
barrier. However, due to its complex topography, high altitude, cold climate, and low
precipitation, Xinjiang is recognized as an ecologically fragile region.

2.2. Data Sources

The data used in this study mainly included meteorological, soil, land use, vegetation,
and water resource data (Table 1). The temperature and precipitation datasets were raster
data with a 1 km resolution generated by the Delta spatial downscaling scheme in China
based on the global 0.5° climate dataset released by CRU and the global high-resolution
climate dataset released by WorldClim. These datasets were evaluated using observation
data from 496 weather stations [32]. The evapotranspiration data were from the PML-
V2 coupled water—carbon land evapotranspiration dataset with a 1 km resolution. The
model was calibrated using the parameters from 26 eddy flux stations in China. These
data were downloaded from the publicly available dataset of the Tibetan Plateau National
Science Data Centre (https://data.tpdc.ac.cn, (accessed 7 May 2024)) and used to drive
the InVEST model. The soil moisture dataset was based on the ERA5 reanalysis of cli-
mate data downscaled spatially with a spatial resolution of 1 km and a month-by-month
temporal resolution. The data can be downloaded from the National Earth System Sci-
ence Data Centre (https://auth.geodata.cn/, (accessed 8 May 2024)). The soil type data
comprised a 1 km raster dataset, and the land use data comprised a 30 m resolution raster
dataset, which can be openly accessed at the Data Centre for Resource and Environmen-
tal Sciences of the Chinese Academy of Sciences (https:///auth.geodata.cn/, (accessed
on 8 May 2024)) (http://www.resdc.cn, (accessed on 8 May 2024)). The surface water re-
sources and water resource quantity data for Xinjiang were obtained from official statistics
(http:/ /slt.xinjiang.gov.cn (accessed on 14 May 2024)).


https://data.tpdc.ac.cn
https://auth.geodata.cn/
https:///auth.geodata.cn/
http://www.resdc.cn
http://slt.xinjiang.gov.cn

Remote Sens. 2024, 16, 3834

50f23

Table 1. Description of the dataset.

Classification Data Name Resolution Time Range Data Source
Monthly averige 1 km 2000-2020 The National Scientific Data Center on the Tibetan
temperature (°C)
Monthly total Plateau
Climate L 1 km 2000-2020 (https:/ /data.tpdc.ac.cn)
precipitation (mm) (accessed on 6 May 2024)
Monthly actual
evapotranspiration 1 km 2000-2020
volume (mm)
Monthly potential
evapotranspiration 1 km 2000-2020
volume (mm)
The National Data Center for Earth System Sciences
Soil humidity 1 km 2000-2020 (https:/ /auth.geodata.cn/)
(accessed on 7 May 2024)
Landform Alitude (m) 0m Geospatial Data Cloud (tttps// wigscloud x)
Soil Type 1km Data Center for Resources and Environmental
Sciences, Chinese Academy of Sciences
Land use Land use type 30 m 20020(’)228 10, (http://www.resdc.cn)
(accessed on 8 May 2024)
Water supply Water frequency 30 m 2000, 2010, Google Earth Engine Platform (JRC, MOD09A1,
guarantee 2020 MOD13A1, MOD11A2)
Ecologlcal NDVI, WET, LST, 500 m 2000, 2010, (https/ /earthengine,g()ogle_com/)
resilience NDBSI, EVI, LAI 2020 (accessed on 12 May 2024)
Water Surface water resources Xinjiang Water Resources Department
and production, water 2001-2020 (http:/ /slt.xinjiang.gov.cn)

resource data

system number

(accessed on 14 May 2024)

In addition to the above publicly available datasets, the water body distribution,
normalized difference vegetation index (NDVI), WET, land surface temperature (LST),
normalized difference built-up and bareness index (NDBSI), enhanced vegetation index
(EVI), and leaf area index (LAI) were obtained from shared datasets on the Google Earth
Engine Platform (GEE Platform). The JRC dataset classifies water bodies into non-water
bodies (mainly marshes and wetlands), seasonal water bodies (water bodies that do not
occur more frequently than every 12 months, seasonal water surfaces, and rivers), and
permanent water bodies (water bodies that occur all 12 months of the year, including
reservoirs, lakes, and rivers with water all year round) [33]. The resolution accuracy of
the seasonal water body data exceeds 98.4%, and that of the permanent water body data
exceeds 99.5%, providing a better description of the degree of security of the regional
water supply. NDVI, WET, LST, and NDBSI are the four key indicators for calculating the
resilience of the data, derived from the waveform calculations of MOD09A1, MOD13A1,
and MOD11A2. The calculation method is described in Section 2.3.3, with a resolution of
500 m. EVI and LAI are MODIS product data with a resolution of 500 m, which are used in
the validation of water—ecological indicators.

For the simulation output, the water production in the water production simulation at
low resolution may over- or underestimate the water production in local areas because the
input data do not accurately provide details of the effect of local meteorological conditions
on water production. Similarly, we have found in other studies that data of too high a
resolution can instead lead to discrimination, e.g., 1 km accuracy resolution data are usually
suitable for better results than 30 m resolution LULC data and reduce processing and
calibration efforts, thus saving time and resources. We chose a 500 m resolution because it
offers higher spatial detail compared to the 1 km and the original 50 km resolutions. This
makes the output results more spatially detailed, and the water yield variations are better
captured at this resolution [34]. In order to avoid errors in the experimental results caused
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by different data resolutions, Arcgis 10.2 was used to resample different raster datasets,
and the resolution of the dataset was 500 m after final unification.

2.3. Framework for Assessing the State of Water—Ecological Safety and Health

This study proposes a framework for assessing water—ecological health (WEH) status
based on a water-based approach (Figure 2). Based on this, we constructed an index called
the water—ecological safety health index (WESHI). The WESHI is based on the calculation
of the geometric mean of WSDR and WSC, followed by the introduction of the indicator
ER to characterize the stability of water—ecological health. The WESHI aims to measure
the specific level of WEH via quantitative analyses. A rasterization approach was used,
whereby the study area was divided into small cells and then each raster cell was analyzed
using detailed calculations. By calculating the WSDR, WSC, and ER of each raster cell, the
WESHI was finally obtained through the below formula to reflect the overall WEH.
WSDR x wsc:)“2 @

WESHI = ( > ER

This index was categorized into the following 5 classes using the natural discontinuity
method: poor (0 < WESHI < 0.25); fair (0.25 < WESHI < 0.35); moderate (0.35 < WESHI <
0.45); good (0.45 < WESHI < 0.55); excellent (0.55 < WESHII).

2.3.1. Water Supply—Demand Ratio

The extent of the imbalance between water supply and demand can be quantified
using the WSDR for water-producing services, which reflects the proportionality of water
supply to water demand in a basin.

The calculation of water supply relies on the water supply-demand module of the
InVEST model, which is based on the principle of water balance and estimates water
production at the raster level by subtracting actual evapotranspiration (ET) from precipi-
tation (PRE) at the raster scale. The module does not distinguish between surface water,
groundwater, and baseflow, but rather assumes that the amount of water produced at each
raster feeds into the watershed outlet by way of subsurface or surface runoff. The core
algorithm is described below [30].

AET,
Y= (1- 52 ) x P ?)
X

PX 1 + CUXRX]' + (1/Rx])

wy =2 x PAVE @)
X
ki x ETg

xj — IJT ®)

where Y, is the average annual water yield of raster cell x on land use type j; AETy; is the
annual actual ET of land use type i on raster x; Py is the annual precipitation on raster
x; Ryj is the Budyko dryness index of raster cell x on land cover type j (see Table Al for
details); wy is the ratio of the annual available water of modified vegetation to the expected
precipitation; Z is the Zhang coefficient [35]; PAWC is the plant available water content;
k is the plant ET coefficient. Based on the simulation accuracy, the final Z value was 1.8,
meaning that the water production is in line with reality (see Appendix A Figure Al).
The simulated water production levels in 2000, 2010, and 2020 were 89.80, 102.18, and
77.84 billion m3, respectively, which differ by 0.2%, 3.88% and 2.47% compared the total
surface water values of 89.69, 106.30, and 76.00 billion m? in the same year.
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Figure 2. The framework of this study.

The calculation of water demand combines the water demand of human activity with
the water demand of vegetation [36]. The water demand for human activity was calculated
based on combined per capita water use and population density raster data. As for the
water demand of vegetation, it was determined using the modified Penman’s formula
method, which involves calculating the potential ET of plants and combining the vegetation



Remote Sens. 2024, 16, 3834 8 of 23

coefficient with the soil limitation coefficient in order to derive the actual water demand of
plants [37]. The specific formula is shown below.

Dpwr = ETy x Ay @)
ETy = ETy x K x K¢ 8)

0.408A(Rn — G) + rrygystz(es — €q)
A+1(1+0.34up)

ETp = ©)
where Dy, is the water demand (m3); Dpwe is the annual per capita water consumption
(m3); ppop is the raster population density (person/km?); Dpy: is the total ecological water
demand of vegetation (m?); ETy is the water demand quota of the kth planted vegetation
(mm); Ay is the area of the kth planted vegetation (m?); ET is the ET of the reference crop
(mm); K is the soil moisture limitation coefficient of vegetation, with the average value of
0.36 taken in this study; K. is the vegetation coefficient of the kth planting; A is the slope
of the saturated water vapor pressure curve (kPa/°C); Ry, is the net radiation from the
crop surface (M]m’zday’l) ; G is the soil heat flux (M]m’zday’l) ; v is the moisture table
constant (kPa/°C); up is the wind speed at a 2 m height (m/s); es is the saturated water
vapor pressure (kPa); e, is the actual water vapor pressure (kPa).

The calculated water demand and supply for each grid was finally brought into the
following equation and the metrics were normalized to obtain the supply—-demand ratio
for each unit of produced water service:

Sn - Dn
WSDR,, = 10
"= oo + Donax) /2 (10)
WSDR — WSDR;, — WSDRyin (11)

WSDRmax — WSDR yin

where WSDR;, denotes the supply-demand ratio for water production services for the
nth land use type, where positive values indicate that the water supply is greater than
the water demand, while negative values indicate that the water supply is lower than the
water demand [38]; S, denotes the amount of water supplied for the nth land use type (m3) ;
D, denotes the amount of water demanded for the nth land use type (m?); Smax denotes
the maximum value of the supply for the land use type (m3); Dmax denotes the maximum
value of the demand for the land use type (m?).

2.3.2. Water Supply Security

Water is necessary to maintain the survival of vegetation, and whether vegetation
can obtain enough water to maintain its health depends largely on the distance to water
sources. We extracted the frequency of occurrence of water bodies in 2000, 2010, and 2020
in the Xinjiang region through the GEE platform, and the water bodies were classified
into permanent, seasonal, and other water bodies based on the frequency of occurrence
(see Appendix A Figure A2). Different weights were assigned to different water bodies
considering the difference in the time they could supply water to the vegetation. Distance
rasters for different water bodies were obtained from the Arcgis 10.2 Euclidean distance
tool. Soil moisture was introduced into the calculation of water supply security, since it
has an important effect on plant growth. Finally, these metrics were normalized in order to
obtain the water supply security index by means of the specific formula described below.
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1 1 1
WSCy = 0.7— + 03— +0.1— + aSM 12
SCo = 07—+ 03 +0.11-+0S (12)

WSCy — WSChrin
WSCmax - WSCmin

where WSCy is the degree of water supply security (dimensionless) per unit grid; L, is the
distance from a permanent water body (km); L, is the distance from a seasonal water body
(km); L3 is the distance from other water bodies (km); « is the weight coefficient, which
takes the value of 2 in this case; SM is the soil moisture (m3/m?); WSC is the water supply
security index; WSCpi, is the minimum value of water supply security; WSCpax is the
maximum value of water supply security. The value of WSC ranges from [0-1], with larger
values indicating a higher degree of water supply security.

WSC = (13)

2.3.3. Ecological Resilience

The concept of ecological resilience refers to the ability of an ecosystem to absorb
disturbances and maintain or recover to its initial state when it encounters various external
disturbances and internal changes. This ability is manifested in the ecosystem’s ability to
cope with the impacts of natural and anthropogenic factors through self-regulation and
restoration mechanisms in order to maintain the stability and continuity of its structure
and function [9]. This study was conducted by constructing an RSEI indicator to reflect the
resilience of ecosystems. The index covers elements such as greenness, humidity, dryness,
and heat. Therefore, RSEI can effectively reflect the environmental quality of ecosystems,
which is of vital significance for ecosystems to recover from unexpected disturbances and
maintain their stability. The specific calculation formula is as follows:

RSEI = f(NDVI, WET, LST, NDBSI) (14)

where NDVI represents the greenness index of the study area (the NDVIin MOD13A1 was
used in this study); WET represents the humidity index of the study area, which reflects the
humidity of the water body, soil, and vegetation [39]; LST surface temperature represents
the heat index of the study area (the LST index in MOD11A2 was used in this study);
NDBSI represents the dryness index of the study area, which is a combination of the soil
index (SI) and index-based built-up index (IBI), which can reflect the degree of dryness
of the surface of an area [40]; f is the principal component analysis (PCA) method [41],
which is a multivariate statistical method that automatically and objectively determines the
weights of each indicator based on the nature of the data used and the contribution of the
four indicators mentioned above to each principal component, thus avoiding the resultant
bias of human subjective factors in the weight-setting process [42].

WET = 0.1147p; + 0.2489p, 4 0.2408p5 + 0.3132p4 — 0.3122p5 — 0.6416p4 — 0.5087p, (15)
NDBSI = (SI + IBI) /2 (16)
g — (Ps + 1) — (P2 + P3) (17)
(Ps + p1) + (P2 + P3)
151 — (2P6/ (Ps + P2)) = (p2/ (P2 + P1)) = (P4/ (P4 + P5)) (18)

(2p6/ (Ps + P2)) + (P2/ (P2 + 1)) + (Pa/ (P4 + Ps))

where p1—py are bands 1-7 in the MOD09A1 image dataset, corresponding to the red band,
near-infrared 1 band, blue band, green band, near-infrared 2 band, short-wave infrared 1
band, and short-wave infrared 2 band, respectively.

Finally, the above four natural metrics were removed from the scale and their values
were mapped to the [0, 1] interval using Equation (19). The first principal component (PC1)
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can be obtained using the principal component analysis module, followed by the initial eco-
logical index; then, the RSEI of the image elements can be obtained using Equation (20) [43].

NI; = (Ii - Imin)/ (Imax - Imin) (19)
RSEL; = (PC1 — PClyn)/ (PC1 .. — PClyin) (20)
ER = (RESIy — RESIomin) / (RESIgmax — RESIomin) (21)

where the value of ER is [0, 1], and RESIypi, and RESIjnax are the maximum and minimum
values of RESI, respectively. If the value of ER is closer to 1, it means that the ER state is
better, while a value of ER closer to 0 means that the ER state is worse.

2.4. Aridity Index

The aridity index (Al) is an indicator calculated based on the ratio of potential evapo-
transpiration (PET) to precipitation, designed to assess the aridity of a given region [44].
By calculating the ratio of these two parameters, an index reflecting the drought status
of the region can be derived, which in turn helps to understand in depth and evaluate
the climate characteristics of the region. This study was based on the month-by-month
potential evapotranspiration (PET) and precipitation (PRE) over 1 km in China, and the
ratio method was used to obtain the formula (Al = annual PET/annual PRE). Al is an
index characterizing the degree of wetness and dryness of a region, and based on the
classification of Al, the region can be broadly classified into humid (Al < 1, equivalent
to forests), semi-humid (Al = 1-1.5, equivalent to forest steppes), semi-arid (Al = 1.5-4,
equivalent to steppes), and arid regions (Al > 4, equivalent to deserts) [45].

2.5. Rate of Change

The rates of change in the Al (Alate), water—ecological security health index (WESHI ate),
supply—demand ratio of water production services (WSDR;ate), degree of water supply
security (WSCrate), and ecological resilience (ERrate) between the periods of 2000-2010 and
2010-2020 were computed using Equations (22)—(26) [44].

Alrate = (Al2020-2010 — Al2000-2010)/ Al2000-2010 (22)
WESHLrate = (WESHIp020-2010 — WESHI000-2010)/ WESHI2000-2010 (23)
WSDRyate = (WSDR2020-2010 — WSDR2000-2010) / WSDR2000-2010 (24)
WSCrate = (WSCa020-2010 — WSC2000-2010)/ WSCa000-2010 (25)
ERrate = (ER2020-2010 — ER2000-2010)/ ER2000-2010 (26)

3. Results
3.1. Analysis of Spatial and Temporal Variations in WSDR

The analysis of water production in Xinjiang across the years 2000, 2010, and 2020
(Figure 3a—c) revealed a significant disparity between the northern mountainous areas and
the rest of the region. Specifically, water production in the Altai and Tianshan Mountains
consistently exceeded 200 mm, whereas in the southern and eastern regions, it remained
below 50 mm. In terms of water demand (Figure 3d—f), there was a marked increase over
the 20-year period, particularly in the oasis agricultural areas of the south and east. These
regions, which had water demands below 100 mm in 2000, saw a rise to over 400 mm by
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2020. This shift highlights the growth of agricultural development in these areas, along
with the heightened pressure on water resources.

2000 2010
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Figure 3. Temporal and spatial distribution of the water supply, water production, and supply—
demand ratio in Xinjiang (resolution of 500 m) from 2000 to 2020: water supply (a—c); water
demand (d-f); supply—demand ratio (g—i).

The WSDR distribution (Figure 3g—i) shows that the northern region consistently
maintained a positive value (>0.2) due to abundant water resources and a sparse population.
In contrast, the agricultural regions in the south and east, where water demand far exceeds
supply, exhibited negative WSDR values, particularly at the edge of the Taklamakan Desert
and the southern foothills of the Tianshan Mountains (<—0.4), indicating severe water
shortages. Overall, the northern and mountainous regions of Xinjiang experienced stable
water supply and demand, while the southern and eastern agricultural regions faced
increasing water stress. Over time, the water resources in the north remained relatively
abundant with little change, whereas the conflict between supply and demand in the south
and east became more pronounced, particularly in the last decade, during which the area
with a negative WSDR expanded.

Between 2000 and 2010, precipitation in Xinjiang increased by 12.5%, from 119.74
to 134.74 mm (Figure 4a). However, in the subsequent decade, precipitation decreased
by 19.3%. Potential evapotranspiration (PET) exhibited a significant upward trend from
80.20 mm in 2000 to 109.42 mm in 2020, comprising a 36.4% increase. Actual evapotranspi-
ration (AET) rose from 56.17 mm in 2000 to 70.53 mm in 2010, indicating a 25.5% increase,
but then declined by 15.6% to 59.56 mm in 2020. Runoff experienced a slight increase
between 2000 and 2010, followed by a significant decrease of 23.4% by 2020.

Most land use types exhibited negative WSDR values, indicating that water supply
was lower than demand in these areas (Figure 4b). Notably, the WSDR for grasslands
and built-up land decreased steadily over the 20-year period, showing a significant wa-
ter supply deficit, especially in 2020. The water demand for grasslands increased from
89,040 million m? in 2000 to 117,518 million m? in 2010, representing a 32% rise, and further
increased by 17.6% to 138,226 million m?® in 2020. The water demand for built-up land
nearly doubled from 1316 million m3 in 2000 to 2627 million m3 in 2010, but then slightly
decreased by 9.9% to 2367 million m3 in 2020. In contrast, wetlands showed an improved
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WSDR in 2020. The WSDR for arable land and woodlands fluctuated less but remained in a
negative balance. The water demand for croplands surged significantly from 20,538 million
m? in 2000 to 33,294 million m? in 2010, comprising a 62.1% increase, but decreased slightly
by 2.8% to 32,353 million m? in 2020.
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Figure 4. Statistics on the water production, water demand, and WSDR in Xinjiang from 2000 to 2020.
Changes in average water production, PRE, total water production, and AET from 2000 to 2020 (a);
changes in water demand for different land use types from 2000 to 2020 (b); changes in WSDR for
different land use types from 2000 to 2020 (c).

The changes in WSDR across different land types show significant variability (Figure 4c).
Agricultural and construction land exhibited the most pronounced declines, likely due to
urban expansion and land use changes, while forest and grassland WSDR values remained
relatively stable. However, the WSDR of wetlands declined significantly.

3.2. Analysis of the Spatial and Temporal Variations in WSC

High WSC areas were predominantly concentrated around the Taklamakan Desert,
the southern foothills of the Tianshan Mountains, and the Ili Valley (Figure 5a—c). These
regions have consistently maintained high levels of WSC over the past three decades. In
contrast, the Altai Mountains, the northern foothills of the Tianshan Mountains, and some
eastern oasis regions displayed lower levels of water supply security. A comparison of
changes between 2000 and 2020 revealed that 73.3% of the regions experienced a decrease
in WSC, while 36.7% saw an increase (Figure 5d). The areas of high WSC in the southern
border regions expanded and became concentrated along the Tarim River mainstream,
while WSC in the northern border regions and parts of the east decreased.

The changes in WSC across different land use types from 2000 to 2020 (Figure 5e)
indicate that the security of arable and construction land significantly increased, while
that of grasslands fluctuated but generally remained stable. Shrublands also remained
relatively stable, and wetlands showed an increase in WSC in 2020 but with fluctuations
and a broader distribution.
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Figure 5. Spatial distribution of the degree of ecological water supply security in Xinjiang from 2000
to 2020 (resolution of 500 m). Spatial distribution of the WSC in 2000, 2010, and 2020 (a—c); trend of
changes in the degree of WSC from 2000 to 2020 (d); changes in the WSC of different land use types
from 2000 to 2020 (e).

3.3. Analysis of the Spatial and Temporal Changes in ER

The distribution of ER in Xinjiang for 2000, 2010, and 2020 (Figure 6a—c) showed a
decline in overall mean value from 0.22 to 0.19. Low-resilience regions were concentrated in
the Tarim Basin and southern Xinjiang, while areas near the Tianshan and Altai Mountain
ranges exhibited relatively higher resilience. The spatial distribution of ER changes from
2000 to 2020 (Figure 6d) indicates that 91.56% of the study area experienced no significant
change (£0.1) in resilience. However, 7.12% of the area, primarily near the Tianshan
Mountains, saw a more pronounced decline in resilience, while only 1.33% of the area,
concentrated around the Taklamakan Desert, exhibited a significant increase in resilience.

The changes in ER across different land use types (Figure 6e) showed that the ER
for arable and construction land was narrower and more concentrated, indicating less
variability. In contrast, the ER for forests and grasslands was broader, suggesting significant
fluctuations in resilience during the study period. Forested land exhibited the highest
resilience in 2010, while built-up land consistently showed lower resilience across all

time points.
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Figure 6. Distribution of ER (a—c) (resolution of 500 m), changes in ER between 2000 and 2020
(d) (resolution of 500 m), and changes in ER by land use type (e).
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3.4. Evaluation of the WESHI

Between 2000 and 2020, 78.6% of the region experienced a decrease in the WESHI.
The averages for the three time points were 0.31, 0.34, and 0.29, respectively, indicating a
general decline in ecological health. The spatial and temporal distribution shows that the
Tarim Basin and its surrounding areas consistently maintained low WESHI levels, while
the areas with high WESHI levels in the Tianshan and Altai Mountains shrank over time
(Figure 7a—c). In 2000, 77.43% of the region had a low WESHI (i.e., “poor” and “fair”),
which decreased to 67.59% in 2010 but rose again to 76.27% by 2020.

100%

I Fxcellent
[ Good
[ | Moderate

Figure 7. Distribution of the WESHI in 2000, 2010, and 2020 (resolution of 500 m) (a—c) and different
WESHI compositions in 2000, 2010, and 2020 (d—f).

The health status of various land use types, including cropland, forest, grassland,
shrubland, and wetland, showed improvement in 2010 but exhibited a decline by 2020
(Figure 7d-f). The ecological health status of construction land displayed fluctuations, with
slight improvements followed by deterioration by 2020. Over the two decades, significant
changes were observed in the WESHI across different land use types in Xinjiang. For
example, the “poor” status of arable land decreased from 3.32% in 2000 to 1.19% in 2010
but rebounded to 8.34% by 2020. Concurrently, the “good” status increased from 18.81% in
2000 to 25.20% in 2010, before declining to 14.27% in 2020. Woodland areas maintained a
high “moderate” status, with percentages of 48.51%, 52.51%, and 60.28% across the three
time points. Additionally, the “fair” status of construction land decreased from 21.90% in
2000 to 8.65% in 2010 but increased again to 27.85% by 2020.

Overall, the ecological health of all land use types showed general improvement
in 2010, followed by fluctuations in 2020, particularly with significant increases in the
proportions of “poor” and “fair” statuses for certain land types. This reflects the pressures
and instability faced by the region’s ecosystems.

3.5. Indicator Response to Al

In this study, a decrease in the aridity index (Al) was interpreted as an increase in
wetness, while an increase in Al signified an increase in dryness. The WESHI rate increased
slightly under wet conditions but decreased significantly under dry conditions, with the
trend being more pronounced under dry conditions. The rate of change in the WESHI rate
continued to increase as the wetting trend decreased, but was always below 0 (Figure 8a).
In addition, as the dryness increased, the WESHI rate showed a decreasing trend with
a slope of —0.136 (Figure 8b), and the WESHI rate was below 0 in general. This result
suggests that the rate of ecological health reduction was greater under dry conditions than
under wet conditions.
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Figure 8. Relationship between indicators and changes in AI (2000-2020): between the WESHI and
Al (a,b); between WSDR and changes in Al (c,d); between WSC and Al (e,f); between ER and AI (g,h).
** denotes passing the 0.01 significance level test.

The WSDR rate increased with increasing humidity, with the turning point at an
Al rate of —0.1. WSDR increased significantly when the Al rate was less than —0.1 and
decreased when the Al rate was between —0.1 and 0. In contrast, under dry conditions,
the WSDR rate increased significantly with increasing dryness (Figure 8c,d). The WSC rate
changed little overall, indicating that changes in drought had a limited impact on water
supply security (Figure 8e,f). The ER rate had a slope of —0.085 under wet conditions,
whereas under dry conditions, it had a slope of —0.055, and the response of ER to wetness
was stronger than to drought (Figure 8g,h).
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4. Discussion
4.1. Ecological Health Assessment and Changes in the WESHI

This study analyzed the water supply-demand ratio (WSDR), water supply capacity
(WSC), ecological resilience (ER), and water—ecological security health index (WESHI) in
the Xinjiang region across the years 2000, 2010, and 2020. The results revealed a growing
conflict between water supply and demand, uneven water supply security, and a weakening
of ecosystem resilience over the past two decades. Specifically, the mountainous areas of
northern Xinjiang consistently produced significantly more water than the southern and
eastern regions. However, the southern and eastern agricultural regions experienced a
sharp rise in water demand over time, leading to a marked deterioration in the supply—
demand ratio and a severe shortage of water supply. Although the WSC improved in
certain areas along the southern border, the distribution remained uneven, with some
regions even witnessing a decline. The overall reduction in ER, particularly in southern
Xinjiang, expanded low-resilience areas, highlighting the vulnerability of ecosystems to
drought and climate change. This study concludes that the WESHI initially increased and
then declined from 2000 to 2020, indicating a deterioration in ecosystem health in response
to increasing water stress, particularly in the southern agricultural region and around the
Tarim Basin. Imbalances between water supply and demand, coupled with low WSC levels,
are critical factors contributing to the decline in ecosystem health. These findings offer a
new perspective for future ecological health assessments in arid regions and underscore
the significance of water management in ecological conservation.

The results align with previous studies to some extent. For instance, studies by
Li et al. in 2017 and Zhang et al. in 2019 similarly reported an intensification of the water
supply—demand conflict and increased ecosystem vulnerability in northwest China [46,47].
However, discrepancies were observed when compared side by side with other similar
studies. For example, Li’s study identified a slight deficit in Xinjiang’s water supply and
demand, which was mitigated by increased precipitation and reduced irrigation water
use [36]. In contrast, the water supply-demand balance index in this study showed more
pronounced temporal and spatial fluctuations, with irrigation water use increasing. This
study also found significant changes in water supply, water demand, and the WSDR index
between 2010 and 2020. First, because of the decrease in water supply, the amount of surface
water resources in 2020 compared to 2010 decreased by nearly 30 billion m®. Second, the
expansion of arable land and the increase in population increased the water demand, while
the effect of higher temperatures intensified the evaporation effect of vegetation, raising
the overall water demand. As a result, more areas of imbalance between water supply and
demand appeared in 2020. Additionally, while the WSC improved in the southern regions
of Xinjiang, this study did not observe a significant increase in these areas’ water supply
security. These differences may stem from variations in indicator selection and differences
in regional water management policies and climate anomalies across different years.

This study introduced an innovative water supply—demand balance index in con-
structing the WESHI, providing a more direct reflection of the water supply—demand
relationship’s impact on ecological health than the traditional pressure-state-response
(PSR) framework. Furthermore, we discussed the correlation between the WESHI and
vegetation indices such as the enhanced vegetation index (EVI) and the leaf area index
(LAI) (Figure 9a,b). The fitting results revealed that the WESHI correlates moderately
with EVI (r = 0.608) and LAI (r = 0.579), suggesting that the WESHI effectively reflects
vegetation health.
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Figure 9. Relationship between the WESHI and the vegetation indices EVI (a) and LAI (b). ** indicates
significant at the 0.01 level. ** denotes passing the 0.01 significance level test.

4.2. Impact of Human Activity on Ecological Health

Human activity has profoundly impacted the ecological health of the Xinjiang region,
with both positive and negative consequences [48]. On the positive side, improved water
management and irrigation technologies have effectively secured water supply for some
cultivated lands [49]. This is particularly evident in the oasis agricultural areas of northern
Xinjiang and some key irrigated agricultural areas in southern Xinjiang, where water supply
stability has improved [47]. An analysis of the relationship between the expansion of arable
land and the WESHI between 2000 and 2020 showed that the expansion of arable land was
beneficial to the water ecological health index (the mean value of the change in the WESHI
was 0.02) (Figure 10).
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Figure 10. Response of cultivated land and urban expansion to changes in the WESHI between 2000
to 2020.

However, the negative impacts are equally significant. The overexploitation of water
resources driven by agricultural expansion and industrial development has led to an
imbalance between water supply and demand in many regions [50]. In the arid regions
along the southern and eastern borders, massive water abstraction has significantly reduced
ecological water use [51]. This reduction in ecological water use has directly led to wetland
shrinkage, intensified desertification, and biodiversity loss [52]. At the same time, the
expansion of towns and cities accelerated the decline in the WESHI (the change over the
last 20 years showed a mean value of —0.05) (Figure 10). Over time, the overuse of water



Remote Sens. 2024, 16, 3834

18 of 23

resources may also lower groundwater levels, exacerbating unsustainable water use and
further weakening ecosystems. Additionally, increased human activity has intensified
water conflicts between ecological and societal needs, with limited water supply often
resulting in ecological water use being squeezed and deteriorating ecosystem health [53].

4.3. Recommendations for Optimal Allocation of Water Resources

Based on this study’s results, future water allocation efforts should prioritize regions
with low ecological health. These areas tend to be concentrated in the tailrace of the river
or far from the river, such as the lower reaches of the Hotan River and parts of the middle
reaches of the Tarim River. Such areas are centrally characterized by an imbalance between
supply and demand, a low degree of water supply security, and a low degree of resilience,
and further neglect may lead to deterioration. Therefore, securing ecological water demand
in these regions should be prioritized, and measures should be implemented to alleviate
ecosystem pressure and prevent ecological collapse.

In regions with better ecological health, priority levels can be appropriately lowered
and existing water management strategies maintained to ensure continued ecosystem
health and stability. Additionally, as oasis agricultural areas expand, planning should
align with the ecological carrying capacity to avoid new ecological problems arising from
excessive development. Through scientifically sound and rational water resource allocation
strategies, the sustainability and health of ecosystems can be ensured while maintaining so-
cioeconomic development, thus achieving the coordinated development of water resources
and ecological health in the region.

4.4. Impact of Warming and Humidification Processes on the WESHI

Since the beginning of the twenty-first century, experts have pointed to the phe-
nomenon of “warming and humidification” in Xinjiang, which is mainly due to increased
temperatures and land surface evaporation, leading to faster water circulation and increased
precipitation. Over the past 60 years, the annual rate of surface warming in Xinjiang was
0.30 °C/decade, and the average rate of precipitation increase was 9 mm/decade [54].
Warming and humidification have a significant impact on the water body area in northwest
China in terms of interannual change; from 2000 to 2020, the water body area in northwest
China increased from 3.48 x 104 to 4.82 x 104 km?, and the annual rate of change reached
682.64 km? /a [55]. The expansion of the water body area was more significant in the area
along the Tarim River and the western part of Qinghai Province. This strengthens the
connectivity between water bodies to a certain extent, enhances the regional WESHI, and is
conducive to regional ecological environment construction and protection.

However, the “warming and humidification” process took a turn for the worse after
1997 [56]. Drought trends, frequency, and months in the northwest region increased signifi-
cantly, resulting in more than 70% of the region drying out, and the phenomenon of the
“wet-dry transition” occurred. Increases in temperature increase the actual evapotranspi-
ration, leading to stagnant vegetation growth and a significant decrease in soil moisture,
which reduces the degree of water supply security and is not conducive to ecological
restoration and protection.

At the same time, the “warming and humidification” process is accompanied by
an intensification of extreme weather events, with the risk of further increases in high
temperatures and flooding [57]. This poses a great challenge to the use of water resources
and disaster prevention and mitigation and places greater demands on agriculture and
disaster prevention and mitigation.

4.5. Limitations of This Study

Despite the significant findings of this study, several limitations exist. First, the
study data spanned only three years—2000, 2010, and 2020—which may not allow for
fully capturing long-term trends. This limited time frame may have led to an incomplete
assessment of the long-term impacts of climate change and human activity. Second, this
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study primarily relied on remotely sensed data and model simulations. Although the data
were resampled to a 500 m resolution for this study, accuracy issues may have still arisen,
particularly in areas with complex topography and diverse land use types.

This study only focused on the effect of the frequency of different water bodies on the
relationship between the degree of water supply security and the ecological environment
and did not consider the response of different types of water bodies, such as reservoirs
and lakes, to the quality of the ecological environment. Lakes, as inland water bodies,
usually have more stable ecosystems and play a unique role in regulating the climate and
maintaining biodiversity. However, lakes are also more vulnerable to human activity, such
as pollution and overexploitation, leading to the deterioration of water quality and the
degradation of ecological functions. Therefore, when assessing the ecological health of
lakes, special attention needs to be paid to water quality, biodiversity, and ecological service
functions [58].

Reservoirs, on the other hand, are artificially constructed bodies of water that are
mainly used for regulating runoff, flood control, irrigation, and power generation. Com-
pared to lakes, the hydrological characteristics of reservoirs are more complex, and their
ecosystems are more susceptible to human regulation [59]. Therefore, when assessing the
ecological health of reservoirs, in addition to considering conventional indicators such as
water quality and biodiversity, it is also necessary to pay attention to the impacts of the
operation and management of reservoirs on the downstream ecosystem.

In addition, there may be differences in the ecological health of different types of lakes
and reservoirs. For example, some alpine lakes have relatively fragile ecosystems that are
more vulnerable to climate change due to their high altitude and low temperature [60],
while some large reservoirs may have more prominent problems, such as eutrophication
due to the large capacity of the water body and slow water flow rates [61]. Future research
could fully consider the differences between different types of surface water and improve
the assessment system through careful categorization and in-depth discussion.

5. Conclusions

This study constructed a water—ecosystem health assessment framework based on
the InNVEST model and multivariate remote sensing data, systematically assessing the
water—ecosystem health status of the Xinjiang region from 2000 to 2020. We focused on
quantifying WSDR, WSC, and ER and explored the spatial impacts of drought changes on
these indices. The results show the following:

(1) The WSDR indicated a stable water supply and demand situation in the northern
and mountainous regions of Xinjiang, while water stress increased in the southern and
eastern agricultural regions. The conflict between supply and demand in the southern and
eastern regions became more pronounced over time, especially in the last decade, with the
area exhibiting an increasing negative supply—-demand ratio.

(2) WSC increased in 36.7% of the region to varying degrees between 2000 and 2020,
with the area of high water supply security expanding at the southern border, particularly
along the mainstem of the Tarim River. However, WSC decreased on the northern border
and in some eastern areas.

(3) ER declined in the study area, with the mean ER value decreasing from 0.22 in
2000 to 0.19 in 2020. While 91.56% of the region showed no significant change in resilience
(£0.1), 7.12% exhibited a more pronounced decline, and only 1.33% showed a significant
increase in ecological resilience.

(4) The WESHI experienced an initial increase followed by a decline from 2000 to 2020.
In 2000, 77.43% of the region had a low WESHI, which decreased to 67.59% in 2010, only to
rise again to 76.27% by 2020. The southern Xinjiang region, in particular, experienced an
increase in insufficient water supply and ecosystem vulnerability up to 2020.

(5) The WESHI increased slightly under wet conditions but decreased significantly
under dry conditions, with the trend being more pronounced under dry conditions. Based
on these findings, we recommend strengthening water resource management, enhanc-
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ing ecological resilience, and establishing a long-term monitoring and assessment policy.
The results not only provide a scientific basis for water resource management and eco-
logical protection in Xinjiang, but also serve as a reference for other regions with similar
ecological environments.
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Appendix A

Table Al. Parameters for different land use types in the water production module.

Description Lucode Root_depth Kc LULC _veg
Cropland 1 2000 0.65 1
Forest 2 5000 1 1
Shrub 3 3500 0.93 1
Grass 4 2000 0.75 1
Water 5 100 1 0
Glacier 6 100 0.5 0
Unused land 7 300 0.2 0
Construction 8 100 0.2 0
Wetland 9 1000 0.8 1
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Figure A1. Simulation of water production in the InVEST model at different Z-values (example
for the year 2000). Grey indicates the simulated water production at different Z values and blue
represents the simulated water production closest to the observed values.
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