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Abstract: Human activities and climate change have profound impacts on the ecological environment
of oases in Xinjiang, and it is of great significance to explore the spatial and temporal evolution
patterns of ecological environment quality in this region for the sustainable development of Xinjiang.
The remote sensing ecological index (RSEI) was extracted from the Google Earth Engine (GEE)
platform from 2000 to 2020, and the coefficient of variation and Hurst index were used to reveal the
spatial and temporal characteristics and stability of the ecological environment quality of the artificial
oasis and natural oasis in Xinjiang. The key factors affecting the ecological environment quality
are explored through correlation analysis and geoprobes. The results show that the distribution
of the ecological environment in Xinjiang oases is high in the north and low in the south, and the
overall quality shows a fluctuating downward trend from 0.210 to 0.189. Artificial oases have higher
RSEI values, stability, and sustainability than natural oases. The RSEI in the study area was mainly
influenced by humidity, followed by greenness and heat, and dryness had the least influence on
the RSEI model. Based on the geodetector, the top three highest contributors were found to be
precipitation (PRE) (0.83) > relative humidity (RHU) (0.82) > evapotranspiration (ET) (0.57). Climate
is the main factor affecting the ecological quality of oases, and the RSEI can be improved by increasing
the proportion of artificial oases. The study aims to provide a scientific basis for the sustainable
development of oases in arid zones.

Keywords: ecological quality; remote sensing ecological index; influencing factors; Xinjiang

1. Introduction

An oasis is a unique geographic landscape in an arid zone due to the uneven distribu-
tion of natural resources, especially water resources. Oases arid zones are important places
for human survival and development [1]. In the context of global and regional ecosystems
under the influence of climate change and human activities, scientific assessment of dry
zone ecosystems plays an important role in environmental governance and sustainable de-
velopment [2]. With rapid economic development, conflicts and problems between human
beings and ecosystems are becoming more and more prominent [3]. This conflict has led
to multiple ecological problems such as ecological degradation, land desertification, and
extreme weather [4]. At the same time, the expansion of artificial oases and the shrinkage
of natural oases have made the ecosystem more fragile [5,6]. Harmonious development of
oasis expansion and the ecological environment has become the most basic requirement
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and trend of ecological civilization construction and sustainable development goals [7].
Therefore, long-term monitoring of the changing law of oasis ecological environment qual-
ity and exploring the potential factors affecting its change has become a hot research topic
in the field of ecological environment change in arid zones [8,9].

In long time-series analyses, traditional ecological quality assessment faces the chal-
lenges of huge data volume and complex data processing. The Google Earth Engine (GEE)
remote sensing big data platform overcomes the difficulties and limitations in data ac-
quisition, and its powerful computing functions can process image datasets quickly and
efficiently. The remote sensing ecological index (RSEI) [10] processed through the GEE
platform has the advantages of a wide range, short cycle, and large amount of information,
which can effectively respond to the changes in the quality of the oasis ecological environ-
ment. The index comprehensively considers the greenness, humidity, heat, and dryness
indicators that are closely related to human beings, which makes up for the singularity
of the evaluation of ecological environment quality [11]. And it has been well applied in
large-scale environmental monitoring. Scholars found that there is spatial variability in
the distribution of ecological quality in China through the GEE platform in the long series
monitoring of China’s RSEI from 2000 to 2019, and the RESI can better respond to the trend
of ecological spatial quality in China since 2000 [12]. In the assessment of the ecological
health of Tibetan alpine grasslands in Gannan using remote sensed ecological indicators
and urban agglomerations [13] and other regional long series RSEI monitoring found that
the RESI can well respond to the long series changes in regional ecological environment
quality. Based on the RSEI time series data, some scholars found that the changes in the
RSEI are closely related to climate elements and human activities by using trend analysis
and correlation analysis. Through the sensitivity analysis of different driving factors in
different stages of the RSEI in Yan’an City, China, from 1990 to 2020, scholars found that
temperature and land use changes have a higher degree of influence on the RSEI [14]. This
view has also been confirmed by scholars using the Hurst index and geoprobes in RSEI
long series monitoring in Chongqing, China [15].

Later, the RSEI was proposed based on the broadness and comprehensiveness of
remote sensing technology [16]. The index comprehensively considers the greenness,
humidity, heat, and dryness indicators that are closely related to human beings, which
makes up for the singularity of ecological environment quality evaluation. These studies
have been applied to the impact of urbanization [17] and urban agglomerations [18,19]
on the quality of the ecological environment and found that the RSEI values are better
at higher levels of greenness and humidity, and better at lower levels of dryness or heat.
Meanwhile, in a study of the arid zone of Africa, it was found that the RSEI responds better
to the quality of ecosystems and precipitation is the main factor affecting the RSEI [20].
While in the study of islands in the subtropical region, the RSEI showed a small decrease,
due to the impact of reclamation projects, large areas of bare soil will increase which can
lead to regional ecological decline [21]. However, these studies are usually limited to
specific cities or regions [22], and mostly focus on the ecological changes in the process of
urbanization [23,24], while there is still a research gap in the assessment of the quality of
the integrated ecological environment for special geographical units such as oases in arid
zones, especially in the face of the dual impacts of climate change and human activities.

Located in the arid zone of north-west China, the Xinjiang oasis is a typical climate-
responsive sensitive and ecologically fragile area. Under the dual impacts of climate change
and human activities, the regional ecological environment quality has undergone significant
changes. In this context, it is urgent to study the changing characteristics of the ecological
environment in the Xinjiang oasis and the extremely influencing factors. Land use [25],
climate change [26], and the impact of human activities [27] in arid zone oases have been
extensively explored. It was found that the expansion of arable land and construction land
is a key factor leading to the ecological decline of the Shule River [28], and this relevant
point of view was also confirmed in the Manas River basin [27]. For this reason, artificial
oases have been proposed as a key factor leading to the decline in ecological environment
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quality [2]. In order to prevent ecological degradation, natural oases need to be protected
and the continued expansion of artificial oases must be curbed. This point of view has
also been proposed in the study of Lake Edin [29]. Restricting the development of artificial
oases (AOs) undoubtedly brings great problems to social and economic development [30],
and the coordination of ecological environment and oasis development has become a
trend [31]. An artificial oasis has the same ecological function as a natural oasis (NO) [32].
However, the existing research lacks the positive effect of artificial oases on the ecological
environment, as well as the stability analysis of different types of oases.

To solve the above problems, the experiment is based on the GEE platform. Based on
the GEE platform, the experiment was carried out to reveal the spatial and temporal changes
of the RSEI in the Xinjiang oasis by using the coefficient of variation and trend analysis
method and the Hurst index. Correlation analyses and geographic probes were used to
investigate the main factors affecting the change in the RSEI in the oasis. It is expected to
provide a scientific basis for the ecological conservation and sustainable development of
oases in north-west China and similar arid zones around the world. The study will also
explore the interactions between human activities and changes in the natural environment,
providing new perspectives for understanding and responding to the impacts of fragile
ecosystems under global environmental change.

2. Materials and Methods
2.1. Study Area

The study area is Xinjiang (Figure 1), with a total area of 1.66 million km2, located in
the hinterland of the Eurasian continent, with a geographic location of 34◦25′N−48◦10′N,
73◦40′E−96◦18′E, and bordered by eight countries including Russia, Kazakhstan, Tajik-
istan, Kyrgyzstan, Afghanistan, Mongolia, Pakistan, and India, and Tajikistan, Kyrgyzstan,
Afghanistan, Mongolia, Pakistan, India, and eight other countries border; in the history
of the ancient Silk Road it is an important corridor, and is now the second “Asia−Europe
Continental Bridge” to pass through the place. Because Xinjiang is far from the ocean, it
has a typical temperate continental arid climate [33]. The large temperature difference,
sufficient sunshine time, average annual precipitation of around 150 mm, low precipitation
and high evaporation, and dry climate, coupled with the unique topographic pattern of
“three mountains and two basins”, have an important impact on the climate and vegetation
in the region. Extraction of land use data for Xinjiang in 2020 shows the Xinjiang oasis area
is 173,100 km2, of which the artificial oasis area is 100,300 km2, and the natural oasis area is
72,800 km2.

2.2. Data Sources

The MODIS product data used to construct the four component indicators involved in
the RSEI are primarily derived from the United States Geological Survey (USGS), and these
data are integrated into the GEE Cloud Computing Platform for the time period 1 January
2001−31 December 2020. The 2000 data were supplemented by Landsat 5TM data due to the
MODIS data condition. Meteorological data are yearly average temperature, precipitation,
relative humidity, and evapotranspiration (ET) datasets at 1-km resolution for China from
2000 to 2020, which were obtained from the National Earth System Science Data Center
(http://www.geodata.cn accessed on 15 January 2024). Agricultural water consumption
data were obtained from the Xinjiang Water Resources Department (http://slt.xinjiang.
gov.cn accessed on 28 November 2023). Land use data were adopted from the 2000−2020
China Multi-Period Land Use Remote Sensing Monitoring dataset (https://www.resdc.cn
accessed on 11 October 2023), which classifies the land use/cover type of oasis according
to the formation mechanism of the oasis. Among them, natural oasis includes naturally
growing forest and grassland and natural waters; artificial oasis includes cultivated land,
artificial forest land, construction land, and reservoirs. Detailed data are shown in Table 1.

http://www.geodata.cn
http://slt.xinjiang.gov.cn
http://slt.xinjiang.gov.cn
https://www.resdc.cn
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Table 1. Description of the data set.

Sources Datasets Time Resolution Spatial Resolution Description

Google Earth Engine

MOD13A1 16 d 500 m
It provides a vegetation index for
the vegetation component of the

land cover RSEI.

MOD11A2 8 d 1 km
It provides the temperature for use
in the heat component of the land

cover RSEI

MOD09A1 8 d 500 m

It provides reflectance for the
calculation of drought and

moisture components in the land
cover RSEI.

Landsat 5TM 16 d 30 m Supplementing the missing
MODIS data for 2000.
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Table 1. Cont.

Sources Datasets Time Resolution Spatial Resolution Description

National Earth
System Science Data

Sharing Service
Platform

Temperature,
precipitation, relative

humidity, ET
2000−2020 1 km

China 1 km resolution yearly
temperature and precipitation
data, relative humidity data,

ET data
Resource and

Environment Science
and Data Center

Land use data 5 a 30 m 30 m China land cover datasets
(2000, 2005, 2010, 2015, 2020)

Xinjiang Water
Resources Bulletin

Data on water use in
agriculture 2000−2020 For correlation analysis

2.3. Methodology

In this study, we analyzed the spatial and temporal distribution and trends of the
RSEI in the AOs, NOs, transition zone, and desert in Xinjiang. The ecological environment
quality of the Xinjiang oasis was evaluated from 2000 to 2020 with a spatial resolution of
250 m. Meanwhile, the stability and continuity evaluation system of ecological environment
quality was established, and the trend of ecological environment quality was systematically
analyzed. Finally, the ecological environment quality and climate factors and human
activity impacts were processed by correlation analysis and geoprobes (Figure 2).

2.3.1. RSEI Model Construction

The RSEI model contains four natural indicators of greenness, humidity, heat, and
dryness [10], and the RSEI model equation is.

RSEI = ƒ(NDVI, WET, LST, NDBSI) (1)

where NDVI represents the greenness index of the study area. The NDVI index in
MOD13A1 was used in the study. WET represents the humidity index of the study area,
which mirrors the humidity of the water body and the soil and vegetation, and the cal-
culation method is shown in Equation (2) [34]. LST surface temperature represents the
heat index of the study area, and the LST index in MOD11A2 was used in the study.
NDBSI represents the dryness index of the study area, and it consists of the bare soil index
(soilindex, SI) and building index (index−basedbuilt−upindex, IBI) combination. It can
reflect the degree of dryness of the ground surface in an area, and the calculation method is
shown in Equations (3)–(5) [35]. ƒ is Principal Component Analysis (PCA) [27], which is a
multivariate statistical method. It automatically and objectively determines the weights
of each indicator based on the nature of the data used itself, and the contribution of the
above four indicators to each principal component. Thus, it avoids the result bias of human
subjective factors in the weight setting process.

WET = 0.1147ρ1 + 0.2489ρ2 + 0.2408ρ3 + 0.3132ρ4 − 0.3122ρ5 − 0.6416ρ6 − 0.5087ρ7 (2)

NDBSI = (SI + IBI) /2 (3)

SI =
(ρ6 + ρ1)− (ρ2 + ρ3)

(ρ6 + ρ1) + (ρ2 + ρ3)
(4)

IBI =
(2ρ6/(ρ6 + ρ2))− (ρ2/(ρ2 + ρ1))− (ρ4/(ρ4 + ρ6))

(2ρ6/(ρ6 + ρ2)) + (ρ2/(ρ2 + ρ1)) + (ρ4/(ρ4 + ρ6))
(5)

where ρ1−ρ7 are bands 1 to 7 in the MOD09A1 image dataset, corresponding to 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.
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Finally, the above four natural indicators are removed from the scale and their values
are mapped to the [0, 1] interval using Equation (6). The 1st principal component PC1 can be
obtained by using the principal component analysis module, and the initial ecological index
is obtained, and then the RSEI of the image element is obtained by using Equation (7). The
quality of the ecological environment is classified into five levels, and the corresponding
values are as follows: poor (0−0.2), poor (0.2−0.4), moderate (0.4−0.6), good (0.6−0.8), and
excellent (0.8−1). The above RSEI calculations were performed on the GEE platform [36].

NIi = (I i − Imin)/ (I max − Imin) (6)

RSEIi = (PC1 − PC1min)/ (PC1 max − PC1min) (7)

2.3.2. Coefficient of Variation

The Coefficient of Variation (CV) analysis method can effectively reveal the data
fluctuation; this paper uses the 2000~2020 Xinjiang oasis for fluctuation analysis, and the
formula is as follows.

CVRSEI =
σRSEI

RSEImean
(8)

where σRSEI is the standard deviation of the RSEI data, RSEImean is the mean value of
the RSEI, and CV can be used to measure the changes in the ecological environment.
The higher the CV value indicates that the volatility of the RSEI time series is greater,
and vice versa, the more stable it is. In order to reflect the changes more intuitively,
the CV value was subdivided into five levels: low volatility (CV ≤ 0.1), relatively low
volatility (0.1 < CV≤ 0.2), medium volatility (0.2 < CV ≤ 0.3), relatively high volatility
(0.3 < CV ≤ 0.4), and high volatility (CV > 0.4) [37].

2.3.3. Trend Analysis Method

In order to analyze the spatial and temporal characteristics of the RSEI in Xinjiang
from 2000 to 2020, the inter-annual trend was analyzed by using the one-dimensional linear
regression method on a pixel-by-pixel basis, and the formula was calculated as follows.

θSlope =
n × ∑n

i=1 i × RSEIi − ∑n
i=1 i∑n

i=1 RSEIi

n × ∑n
i=1 i2 − (∑n

i=1 i)2 (9)

where: θSlope is the slope of the univariate linear regression equation, i is the year, RSEIi is
the RSEI in year i, and n is the total number of years [37].

2.3.4. Hurst Index

In analyzing the trend of the RSEI, the Hurst index is utilized to detect how the range
of fluctuations in a time series changes over the time span [38].

E
[R(n)

s(n)

]
= AH

n as n → ∞ (10)

where: n is the number of time series observation points, representing the size of the
time span; R(n) is the range of variation of these n observation points; and S(n) is the
standard deviation of these points. To see if the trend is consistent with the past trend, the
closer to 1, the stronger its continuity; if H = 0.5, it indicates that the RSEI time series is
a random sequence, and the future trend is unknown; if 0 < H < 0.5, it indicates that the
RSEI time series has an anti-continuity, and the closer the value of H is to 0, the stronger its
anti-continuity.
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2.3.5. Pearson’s Correlation Coefficient Method

The Pearson correlation coefficient method was used to correlate the annual scale
RSEI with temperature, precipitation, relative humidity, and ET factors for each image
element [39].

r =
∑n

i=1

(
xi −

–
x
)(

yi −
–
y
)

√
∑n

i=1

(
xi −

–
x
)2

∑n
i=1

(
yi −

–
y
)2

(11)

The value of r is between −1 and +1. If r > 0, it indicates that the two variables are
positively correlated; if r < 0, it indicates that the two variables are negatively correlated,
and the larger the absolute value of r, the stronger the correlation; if r = 0, it indicates that
the two are not linearly correlated.

2.3.6. Geodetector

Geodetector is a statistical method based on spatial statistics and spatial autocorrela-
tion theory. It can be used to study spatial anisotropy, reveal the degree of influence and
importance of each driver, detect the strength of interactions between factors, and perform
risk detection. In this study, we used the interaction detection tool to analyze the drivers of
ecological change in the region [40].

Interaction detection: This identifies the interaction between different independent
variables X, reflecting whether the influence of two factors on Y when acting together is
correlated or independent, and derived by q-value [q(X1∩X2)], as shown in Table 2.

Table 2. Driving force magnitude criterion interval and interaction type.

Criterion of Interval Interaction

Q(X1∩X2) < Min[q(X1), q(X2)] Nonlinear weakening
Min[q(X1), q(X2)] < q(X1∩X2) < Max[q(X1), q (X2)] Single-factor nonlinear weakening

q(X1∩X2) > Max[q(X1), q (X2)] Dual-factor enhancement
q(X1∩X2) = q(X1) + q(X2) Independence
q(X1∩X2) > q(X1) + q(X2) Nonlinear enhancement

3. Results
3.1. Characteristics of Spatial and Temporal Changes in Ecological Quality in Oases

The inter-annual variation in the RSEI (Figure 3) shows that the spatial distribution of
ecological environmental quality shows obvious heterogeneity and aggregation (Figure 3a).
The distribution of the RSEI is high in the north and low in the south, and the high values
are concentrated in the north-western part of the country, mainly in the Yili Prefecture, part
of the Tacheng area and the Altay region, and a small portion of them are distributed in
the central part of the country such as part of the Changji area and the Hami area. The
low values are concentrated in the southern part and the northern desert area (Figure 3f).
According to the classification, the average RSEI of the unit area AO is 0.112 higher than that
of NO, and 0.212 and 0.301 higher than that of transition zone and desert area, respectively.
The mean value of the RSEI for different land classes showed a fluctuating downward
trend, with the desert zone showing the largest decline from 0.141 in 2000 to 0.095 in 2020,
with a decline of 0.046. The NO RSEI declined from 0.311 in 2000 to 0.280 in 2020, with a
decline of 0.041, and the RSEI values of AO and transition zone were more stable in the last
20 years, with a decrease of 0.016 and 0.011, respectively.
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By grading the ecological environment quality and analyzing its inter-annual changes,
it can be seen that the proportion of poor RSEI (0−0.2), poor RSEI (0.2−0.4), medium RSEI
(0.4−0.6), better RSEI (0.6−0.8), and good RSEI (0.8−1.0) are in the following order: 59.97%,
27.22%, and 12.63%, 0.17%, and 0.01%, and the total percentage of the above areas in the
RSEI is 12.81%; the overall ecological quality is poor. The results by time period show
(Figure 4a−e), during 2000−2005, the RSEI increased in the north and south of the desert
around the concentration of the degraded area, and there was a significant decrease in
the distribution of the improved area in the Ili state and Tacheng part of the region; in the
2005−2010 time period, the RSEI overall increase in the northern part of the area is obvious,
and in the southern part there is more enhancement of the area of degradation in this
period of time compared to the decrease in the previous time period. During 2010−2015,
the area of ecological enhancement decreased, and the area of obvious degradation in the
north increased, and this phenomenon continued until 2015−2020, when more obvious
degradation appeared in the east; overall, large areas of ecological degradation appeared
in the northern region of Xinjiang during the period of 2000−2020, and the degradation
occurred in the areas of higher ecological quality background value, such as Yili Prefecture,
part of Tacheng, most of Altay, and the eastern part of the Hami region. In contrast to the
north, the south shows a clear improvement in ecological quality, and only a small part of
the south-east shows degradation.
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Changes in the ecological quality of different categories showed (Figure 4f) that the
overall ecological quality of the oasis was dominated by slight degradation (74.42%), with
the percentage of the obviously degraded area being 5.26%, and the ecological enhancement
area of 129,100 km2 accounting for 20.32%, of which the ecological quality of AO was
enhanced in an area of 52,600 km2 and that of NO was enhanced in an area of 18,400 km2.
The degradation of the quality of the ecological environment slowed down from 2005 to
2010, with the degraded area in the four periods being 55,900 km2, 30,600 km2, 52,200 km2,
and 57,100 km2. The area of improvement in the quality of the ecological environment
being 26,700 km2, 52,200 km2, 28,700 km2, and 22,500 km2.

In order to further analyze the relationship between oasis change and RSEI increase
or decrease, three cases of oasis increase, oasis decrease, and oasis unchanged area and
two cases of RSEI increase or decrease were selected, and the areas of AO and NO change
were superimposed on the areas of RSEI change to be analyzed, which were divided into
a total of 12 types of change (Figure 5). The results showed that under the condition of
unchanged oasis, the RSEI decreased by 36.53% of the total oasis area, which was the main
type of change, of which the area of AO was 37,000 km2 and the area of NO was 34,300 km2,
indicating that the ecological quality of the original oasis area declined, and this type
of change was centrally distributed in the middle and downstream areas of the various
oases. In the unchanged oasis condition, the area of RSEI increase is only 31.5 thousand,
accounting for 16.15% of the total area of the oasis, mostly distributed in the upper and
middle reaches of the oasis with better water conditions, which is dominated by the increase
in ecological quality of AO, with an area of 22.2 thousand km2, and the area of NO is only
0.930 thousand km2; the expansion of the oasis brings about the enhancement of the RSEI,
which accounts for 34.3 thousand km2, accounting for 0.930 thousand km2 of the total oasis
km2, accounting for 17.58% of the total oasis area, with an area of 26,400 km2 for AO and
0.79 million km2 for NO. On the contrary, the oasis expansion caused a decrease in the
RSEI value of the area of 18.43%, with an area of 14,700 km2 for AO and 21,200 km2 for
NO, which was mainly distributed in the periphery of the existing oasis, and subject to the
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resource and environmental constraints. This type of change is mainly distributed in the
periphery of the existing oasis, and due to the limitation of resources and environment, the
transformation between AO and NO is more frequent, and the ecological quality of the
oasis is lower.
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3.2. Analysis of Ecological Stability and Future Sustainability of Oases

The ecological quality of oases in Xinjiang from 2000 to 2020 is highly stable (Figure 6a),
with the area of less than medium fluctuation accounting for 80% of the total area, of which
the areas of low fluctuation and lower fluctuation accounted for 25% and 35% of the total
area, and were mainly distributed in the range of the existing AOs and NOs. The areas
with high and relatively high fluctuations accounted for only 9% and 11% of the total oasis
area, and were relatively concentrated in the junction between oasis and desert. The future
ecosystem change trend in most regions has a strong continuity, and the trend of ecosystem
development is generally favorable. In the last 20 years, the RSEI has been decreasing
(slope < 0) in 81% of the total oasis area (Figure 6b), and only 19% of the oases have
sustained ecological growth, which are mainly located in the middle and upper reaches of
the region with better resource conditions. In order to indicate the future sustainability of
the RSEI, it was found by calculating the Hurst index for analysis (Figure 6c) that the areas
with a Hurst index less than 0.5 accounted for 60% of the total oasis area, and these areas
had inverse sustainability, which indicated that the trend of increasing in the past would
be decreasing in the future, and vice versa; the proportion of the areas with a Hurst index
greater than 0.5 was 40%, which indicated that the positive direction of the RSEI of the oasis
area in Xinjiang would have a stronger persistence. By superimposing the RSEI trends of
the oases in the past 20 years with the Hurst index values, the future RSEI trends were
categorized into four types: continuously increasing, continuously decreasing, increasing
to decreasing, and decreasing to increasing (Figure 6d). The area shares of these four types
were 9%, 53%, 28%, and 10%, respectively. Continuous decline of the ecosystem is the main
type, mostly distributed in the periphery of oases; the continuous increase in the area of the
ecosystem is mostly concentrated in the distribution range of AO, and the area of increase
later turned to decline is mainly distributed in the downstream area of natural oasis.
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The statistical results of different land types (Table 3) show that through the statistics
of CV value and slope value, the four types of land are ranked in the following order:
AO > NO > transitional zone > desert, and oasis area has a higher stability and sustainability
compared to the transition zone and desert ecological environment, but the Hurst index
shows that this ecological environment will decrease in the trend of sustained growth,
in which the ecological environment quality of the AO ecological environment is better
compared to the NO in terms of stability and sustainability.

Table 3. Statistical data on the persistence and stability of different types of oases.

Type
CV Slope Hurst

Mean Min Max Mean Min Max Mean Min Max

AO 0.104 0.000 1.043 0.001 −0.018 0.022 0.485 0.091 1.099
NO 0.128 0.000 0.749 −0.001 −0.017 0.020 0.490 0.098 1.026

Desert Oasis
Transition Zone 0.170 0.000 0.897 −0.001 −0.014 0.021 0.476 0.091 1.103

Desert 0.267 0.000 1.574 −0.002 −0.020 0.020 0.464 0.073 0.985
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3.3. Evaluation of Oasis Ecosystem Quality Models and Analysis of Driving Factors
3.3.1. Evaluation and Prediction of Oasis Ecosystem Quality Models

In the last 20 years of the research period, due to the large amount of data, this paper
selects the results of principal component analysis in 2000, 2005, 2010, 2015, and 2020. From
Table 4, it can be seen that the contribution rate of the first principal component is above
70%, indicating that the contribution of the first principal component is dominant, and
the data that cannot be expressed account for a relatively small proportion. It can be seen
that it is feasible to analyze the ecological quality of the Xinjiang oasis using principal
component analysis.

Table 4. Regression coefficients and principal component contributions of indicators, 2000−2020.

Year WET NDVI NDBSI LST β R2 F Contribution (%)

2000 0.548 0.326 −0.085 −0.355 0.946 0.895 204,788.68 82.44
2005 0.664 0.368 −0.153 −0.115 0.933 0.871 167,817.46 80.21
2010 0.397 0.404 −0.279 −0.299 0.958 0.918 235,334.82 79.92
2015 0.481 0.371 −0.117 −0.360 0.940 0.883 181,239.52 83.62
2020 0.487 0.470 −0.097 −0.420 0.961 0.924 239,893.99 76.58

In order to further quantitatively portray the ecological conditions of the oasis in
Xinjiang, an ecological model of the oasis in Xinjiang was established for simulating and
predicting the trend of ecological changes in the oasis. Firstly, the NDVI, WET, LST, NDBSI,
and RSEI thematic images of each year were sampled, and the sampling method of a
1 × 1 km2 grid across the whole image was adopted, with 580,000 sample points taken
from each image. A sufficiently large number of sample points and applying the sampling
method across the whole image can avoid the uncertainty of the results caused by a small
number of sample points and localized sampling.

A stepwise regression analysis was carried out with the ecological index RSEI as the
dependent variable, and NDVI, WET, LST, and NDBSI as the independent variables to
establish their relationship models (Table 4). From the obtained model, it can be seen that
the four indicators are retained in the stepwise regression of five years, which indicates that
the four selected indicators are key indicators of urban ecology, and all of them have passed
the 1% significance test. In terms of the mean values of the indicators, the humidity and
greenness indices are positive, and the dryness and heat indices are negative. This indicates
that humidity and greenness are positively correlated with the remote RSEI, and dryness
and heat are negatively correlated. In terms of the magnitude of the values, humidity
(0.515) > greenness (0.387) > heat (−0.309) > dryness (−0.146), which indicates that among
the indices affecting the ecological environment of the oasis in Xinjiang, the humidity and
greenness indices have a greater influence on the remote RSEI for every unit length of each
index that rises.

A three-dimensional plot of positive and negative factors versus the RSEI was con-
structed (Figure 7) in order to further analyze the correlation between the factors and the
RSEI. From the three-dimensional relationship diagram, the high values of the RSEI were
mainly distributed in the high value areas of NDVI and WET, which play a positive role
in the RSEI (Figure 7b). The better the development of vegetation in the area with good
moisture conditions, the better the ecological environment quality. NDBSI and LST have a
negative effect on the RSEI. An increase in temperature and drought decreases the quality
of the ecosystem (Figure 7a).
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In order to further analyze the variability of ecological quality changes in different
types of oases, the mean values of the four indicators from 2000 to 2020 were extracted by
land category to create Figure 8. It can be seen from the figure that the NDVI, which is a
positive feedback on ecological quality, shows a fluctuating and increasing trend, while the
WET shows a fluctuating and decreasing trend. The negative feedback LST has a larger
change, but shows a fluctuating decreasing trend. NDBSI, although more stable in value,
still exhibits an increasing trend. Under the effect of the four values, although the NDVI
greenness index is enhanced and the LST heat degree is decreasing, it cannot offset the
negative effect caused by the decrease in the humidity WET and the increase in the dryness
NDBSI. Therefore, the ecological quality of the oasis in Xinjiang has shown a continuous
downward trend in the past 20 years. Compared with NO, AO has a higher NDVI and
WET, while dryness LST and heat NDBSI are the lowest.

Overall, WET and NDVI have the greatest influence on oasis ecology, and WET is
greater than NDVI. With the latest 2020 modeling projections, in the future, just about
every 0.203 unit increase in WET or 0.212 unit increase in NDVI will result in a 0.1−unit
enhancement of the RSEI in the study area. The effect of oasis expansion along with
the enhancement of NDVI is significant and it can be seen that the impact of NDVI has
continued to grow since 2000, but the negative impact of LST, which represents the heat,
has continued and has an increasing trend. From the coefficients of the regression model, it
can be seen that the influence of LST has been increasing since 2000 and has exceeded that
of NDBSI, which is the reason for the decrease in WET and the increase in NDBSI.

3.3.2. Oasis Ecosystem Quality Drivers

Climate change and human activities are the main factors causing changes in oases,
and the changes in oases will directly or indirectly affect the ecological quality of oases [5].
In order to reflect the degree of correlation among the indicators, precipitation (PRE),
relative humidity (RHU), air temperature (TEM), evapotranspiration (ET), area change of
AO (AOC), area change of NO (NOC), agricultural irrigation water (IW), and percentage of
artificial oases (AO/NO) were selected. Figure 8 presents the correlation matrix between
changes in the RSEI and selected climatic and agricultural variables.
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A significant negative correlation (r= −0.69) between TEM and RSEI suggests that
increased temperature may adversely affect the ecological health of the study area (Figure 9).
Meanwhile, the positive correlation between RHU and RSEI (r= 0.33) implies that an
increase in humidity may be favorable to the ecosystem, and these results reveal the
potential impact of climatic variables on regional ecosystem health. As for other variables,
although their correlations with the RSEI were not as significant as those of temperature
and humidity, they still provided valuable information. For example, PRE and IW were
positively correlated with the RSEI (r= 0.50 and r= 0.46, respectively), suggesting that
humidity conditions along with water use for agricultural irrigation have a significant
impact on the ecological index. It is worth noting that the increase in ecological quality was
not significantly related to the increase in artificial or natural oases.
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3.3.3. Analysis of Drivers of Ecological Environment Quality Change

In order to assess the degree of influence of various drivers on the change in ecological
environment quality, the q-value of the degree of influence of the interaction of each driver
on habitat quality was calculated based on geodetector, and the results are shown in Table 5.
The effects of each factor on habitat quality were as follows: PRE (0.83) > RHU (0.82) >
ET (0.57) > AO/NO (0.47) > IW (0.42) > TEM (0.42) > NOC (0.39) > AOC (0.15). From the
results of the detection of the driving factors, PRE among the natural factors had the greatest
explanatory power for the habitat quality, and PRE, RHU, and ET were able to influence the
changes in ecological environment quality to some extent, with strong factor interactions.
The growth of AO was the main human factor influencing the changes in habitat quality,
and the interaction between the natural factors and the growth of AO had significantly
increased explanatory power for the changes in the habitat quality in the study area. In
summary, the results of interaction detection between the driving factors all showed two-
factor enhancement and non-linear enhancement; there are interactions between different
factors, and the combined effect of natural and human factors will enhance the impact
on the ecological environment. Therefore, while developing the regional economy and
implementing engineering activities, it is of great significance to reasonably control the
development of the oasis to protect the ecological environment and resources.
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Table 5. Interaction detection results of ecosystem quality drivers.

PRE RHU TEM ET IW AOC NOC AO/NO

PRE 0.83
RHU 0.99 0.82
TEM 0.95 0.97 0.42
ET 0.94 0.95 0.93 0.57
IW 0.95 0.97 0.84 0.96 0.42

AOC 0.93 0.95 0.81 0.93 0.72 0.15
NOC 0.90 0.99 0.74 0.98 0.92 0.67 0.39

AO/NO 0.93 0.96 0.94 0.98 0.98 0.95 0.89 0.47

3.3.4. Seasonal Correlation between Changes in Ecosystem Quality and Indicators

In impact studies of ecological change, monthly scale data can capture rapid changes
driven by seasonal climate patterns and biogeographic processes, and to avoid the possi-
bility that these changes may be smoothed or missed at annual scales, key environmental
indicators such as LST, NDBSI, NDVI, and WET were analyzed through the monthly
changes in environmental indicators to assess the association between these indicators and
the RSEI (Figure 10).
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The LST subplot shows a clear seasonal variation, with the summer months showing
higher temperature values. The NDBSI subplot reveals monthly changes in bare ground
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cover across years, corresponding to possible land degradation or other environmental
change processes. The NDVI heatmap shows how the intensity of vegetation activity varies
seasonally, with spring and summer months typically showing higher vegetation densities.
WET reflects seasonal and interannual variability in precipitation patterns and/or surface
moisture conditions.

To quantify the interrelationships between these indicators and the RSEI, the correla-
tions between the RSEI and key environmental indicators for each month between 2000 and
2020 are presented in the form of heatmap through further statistical analysis to reveal the
dominant factors determining the health of the ecosystem (Figure 11). The analysis shows
that the correlations between the RSEI and the indicators exhibit significant seasonal varia-
tions across months. In winter months (especially January and February), the correlation
between LST and the RSEI was more significant, with correlation coefficients of 0.474 and
0.179. This may reflect the important impact of low winter temperatures on ecosystem
health. In contrast, WET was more strongly correlated with the RSEI in the spring (March
and April) and fall (October), suggesting that moisture conditions are particularly critical
to ecosystem quality during these seasons.
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Notably, the positive correlation between NDVI and the RSEI was most significant
in September at the end of the growing season, with a correlation coefficient of 0.272,
emphasizing the critical role of vegetation density in maintaining ecosystem health. In
addition, the correlation between NDBSI and the RSEI was significantly higher in the
late months of the year (August, November, and December), with the highest correlation
coefficient of 0.546 in November, reflecting the association between the increase in bare land
and ecosystem degradation. These findings reveal the complexity of the seasonal variation
in the effects of different environmental factors on ecosystem health. By analyzing monthly
data, we were able to identify more accurately the critical periods and environmental
factors affecting ecosystem health than by analyzing annual-scale data, which is crucial for
developing effective ecological management and conservation strategies.
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4. Discussion
4.1. Patial and Temporal Variations in the Ecological Quality of Oases

In this paper, the RSEI index was constructed by the GEE station to analyze the
ecological environment quality of the Xinjiang oasis in long series. The results showed
that the spatial distribution of the RSEI within the oasis of Xinjiang showed obvious
differentiation and aggregation. The annual mean value of the RSEI showed a fluctuating
downward trend. The ecological quality of the RSEI increased in some regions. This result
is consistent with existing studies [41,42], but differs from Wang’s study of the overall
ecological quality improvement in Xinjiang in the past 20 years [43]. It may be that the
scope of consideration is different. Based on the analyses, it was found that the ecological
improvement areas were mostly concentrated in mountainous areas and areas with better
vegetation cover. In contrast, this study only considered the plains and the following areas,
which are more sensitive to climate. Degraded areas are also concentrated in the plains, so
there is a trend of oases declining as a whole [44].

The results of the study show that the RSEI values of different land types, in descending
order, are: AO > NO > transition zone > desert; AO has higher greenness, stability, and
sustainability than NO. From the distribution, the ecological environment improvement
characteristic of ‘human-centered’ is gradually formed. By analyzing the changes in
ecological quality around the water system and settlements (Figure 12a), we found that
the ecological quality did not decrease with the increase in the distance, but showed a
stable trend with the increase in the distance, which means that the ecological quality
of the oases distributed within 10 km was the same as that of the oases in the range of
50−60 km. And the relationship with the water system showed a decreasing trend of
the RSEI with increasing distance (Figure 12b). Therefore, compared with rain-fed areas,
anthropogenic ecological management in the Xinjiang region is the main means to improve
the environment. Cultivation of arable land will not only enhance the regional vegetation
cover level. It will also indirectly concentrate water resources, promote the improvement
of the ecological environment driven by economic development with agriculture as the
leading industry, and achieve the purpose of improving the quality of the ecological
environment while developing the economy.
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However, the expansion of artificial oases is not unlimited, and the increase in agri-
cultural cultivation will also lead to the increase in water consumption, and the process of
urbanization will also reduce the quality of the ecological environment [45]. Cultivated land
has a weaker impact on the quality of the ecosystem than forested land and water bodies.
The blind and uncontrolled conversion of forest land and water bodies into arable land



Remote Sens. 2024, 16, 1980 20 of 24

will lead to the deterioration of ecological environment quality. Priority should be given to
reclaiming unused land and grassland, and improving the ecological environment through
agricultural cultivation while maintaining a balance between water and land resources.

4.2. Oasis Ecosystem Quality Drivers

From the mid-to-late 1980s to the end of the century, Xinjiang was characterized by
‘warming and humidification’. However, after 1997, the temperature jumped, potential
evaporation increased, and precipitation decreased slightly, resulting in more than 70 per-
cent of the region becoming dry. The trend of drought change in Xinjiang has increased
significantly. The climate of Xinjiang has changed from ‘warm−humid’ to ‘warm−dry’ [46].
Through the superposition analysis with the change in oasis area, it was found that 63.66%
of the oases showed different degrees of reduction in the RSEI, among which 36.52% still
showed a reduction in the RSEI when the oasis area did not change. As a result of climate
impacts, vegetation growth in Xinjiang was stagnant after 1997, soil moisture decreased
significantly, and the ecological effect was reversed. Against the background of frequent
and repeated extreme weather events, the ‘wet−dry transition’ and the intensification of
extreme weather events have led to the negative ecological effects in Xinjiang. This is one
of the main reasons for the overall degradation of oases in Xinjiang [47].

Changes in the ecological quality of oases in Xinjiang caused by human activities have
two sides [48]. On the one hand, the quality of oasis ecosystems has been enhanced through
the construction of new channels for irrigation and the reclamation of arable land, which
accounts for 11.33% of the total oasis area. On the other hand, urbanization has accelerated
the degradation of ecological quality. The expanding urban area in Xinjiang has increased
from 4400 km2 in 2000 to 9600 km2 in 2020, shifting a large number of forest and grassland
use types to arable land and construction land, resulting in ecological degradation [49].

It was found that the NDVI greenness indicator was elevated and the heat LST was
decreasing, but it could not offset the negative effect of the decrease in the humidity WET
and the increase in the dryness NDBSI. Therefore, the ecological quality of the oasis in
Xinjiang has shown a continuous downward trend in the past 20 years. This conclusion
is consistent with Li’s study [50]. In contrast to NO, AO has a higher NDVI and WET,
while dryness LST and heat NDBSI are the lowest. Based on the geodetector findings,
the top three influences on ecological quality are PRE, RHU, and ET, which shows that
climatic factors are the main factors affecting the oasis in Xinjiang. This is because the
basin is located in the northwestern arid climate zone, subject to the limitation of water
resources, and the water required for the growth of natural oasis vegetation is mainly
dependent on precipitation. Precipitation among the climatic elements is an important
factor in ensuring the growth of vegetation. Therefore, the influence of climate change on
the growth of natural vegetation such as woodland and grassland is stronger than that
of arable land and bare land. In artificial oases, the water needed for vegetation growth
is replenished by artificial irrigation in addition to natural precipitation. In bare land,
vegetation is sparse and precipitation is low, and most of the precipitation is consumed in
the form of evapotranspiration, so the vegetation can absorb and use less water [51]. The
ecological quality of the oasis changed significantly during the year. Winter in Xinjiang lasts
from November to the end of April. In this case, large areas of snow have a significant effect
on the RSEI results, especially more pronounced in northern Xinjiang [12], so the ecological
environment is more sensitive to LST and NDBSI during this time period. Between March
and May, with the change inf temperature, snow and ice begin to melt, humidity in the
air begins to increase, and the increase in WET becomes the dominant factor affecting the
RSEI. By summer, vegetation grows and vegetation cover increases. The oasis heat island
effect makes the ground temperature lower relative to bare ground, and the correlation
coefficient between NDVI and the RSEI is highest in this period [13].
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4.3. Research Limitations and Outlook

The RSEI can provide an objective picture of changes in ecological quality, but it is
not only these four indicators that affect ecological quality. It also includes the results of
multiple factors such as climate and human activities. Therefore, more factors need to be
added to make a comprehensive judgement when considering the ecological environment.
In this study, with the help of the time series extraction of the RSEI of oases in Xinjiang,
we found that artificial oases are better than natural oases in terms of stability, greenness,
and future sustainability through Hurst index and trend analysis. However, this does
not mean that we can expand the scope of artificial oases arbitrarily. A reasonable scale
can ensure the sustainable development of the oasis. In the future, we can analyze the
relationship and difference between artificial oases and natural oases from the perspectives
of the ecological contribution and ecological resilience of the oases, and search for the
appropriate proportion and sustainable development path of the two, so as to provide new
ideas for arid zone oases.

5. Conclusions

The aim of this study is to reveal the changes and differences between the ecological
quality of AO and NO with the help of long-series ecological evaluation tools. The differ-
ences and stability between AO and NO were studied through coefficient of variation, trend
analysis, and the Hurst index. The relationship between factors affecting the difference
between AO and NO was explored through correlation analysis and geoprobes. This led to
the following conclusions:

1. The spatial distribution of ecological environmental quality in the oasis region of
Xinjiang shows obvious differentiation and aggregation, and the overall distribution
of the RSEI is high in the north and low in the south. The ecological environmental
quality shows a fluctuating downward trend from 2000 to 2020, decreasing from
0.210 to 0.189. The ecological environmental quality of AO is greater than the mean
value of 0.112 for NO.

2. Based on the coefficient of variation, the Hurst index, and trend analyses, the stability
of ecological environment quality in the Xinjiang oasis from 2001 to 2020 is high. The
continuous decline of the ecological environment is the main type, mostly distributed
in the periphery of the oasis. AO is better than NO in terms of greenness, stability,
and sustainability, and the continuous increase in the ecological environment area is
mostly concentrated in the distribution range of AO.

3. Correlation analyses showed that NDVI and WET were positive indicators, while
NDBSI and LST were negative indicators, and the positive feedback provided by the
continuous decrease in WET and the increase in NDVI could not offset the negative
feedback brought by the increase in LST and NDBSI, which was an important reason
for the decline in the ecological quality of the oasis in Xinjiang.

4. The top three highest contributors based on geodetectors were found to be
PRE (0.83) > RHU (0.82) > ET (0.57), with climate being the main factor influenc-
ing the ecological quality of oases, and the overall ecological quality of oases can be
appropriately improved by increasing the proportion of artificial oases.
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