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Abstract

The Hexi Corridor is a typical ecologically fragile and sensitive area, and the oases areas in  
the middle are the core area of the economic development of the Hexi Corridor, where the ecological 
problems are most serious. It is of great significance for regional ecological environment construction 
and sustainable development to clarify the ecological environment status and its change distribution 
of the Hexi oases areas. This study used remote sensing ecological distance index (RSEDI) model to 
generate time series of various environmental indexes of the Hexi oases areas from 1986 to 2020, based 
on Landsat TM/OLI images. And the changes of ecological environment were quantitatively analyzed 
by employing the coefficient of variation, Theil-Sen median trend analysis and the Mann–Kendall test, 
and Hurst index method. Results showed that: (1) The mean value of RSEDI of Hexi oases showed 
an increasing trend, increasing from 0.386 in 1986 to 0.405 in 2020. (2) The ecological environment 
changes of the Hexi oases were relatively stable, areas with low coefficients of variation accounted 
for 62.70%. (3) The ecological improvement areas (26.53%) were smaller than the ecological decline 
areas (30.83%), and areas with no change accounted for 42.62%. (4) 75.14% of areas were persistent, 
showing the ecological environment changes had strong sustainability. The areas with persistence 
and improvement accounted for 20.72%, which were distributed throughout the study area, mostly 
around the periphery of artificial oasis such as Shandan, and Yongchang. The areas with persistence  
and degradation accounted for 21.55%, which were concentrated in the middle of the study area, mainly 
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Introduction

Changes of ecological environment in arid and 
semi-arid regions are directly related to the sustainable 
development of human society [1], where precipitation 
is scarce, evaporation is huge, water resources are 
extremely scarce, and soil erosion, land desertification, 
salinization and other ecological problems are serious. 
The ecological environment here is extremely fragile, 
and its ability to resist external interference is very 
poor, where small-scale disturbances by humans or 
nature can cause major changes, and it has become a 
key area of global environmental change research [2-3]. 
Oasis, a unique geographical landscape in arid regions, 
is the environmental foundation that sustains human 
production and life in arid regions [4-5]. Oases in China 
are concentrated in desert areas west of Helan Mountain 
and north of the Qinghai-Tibet Plateau. Their areas only 
account for 4%~5% of the total area of arid and semi-
arid regions, but more than 90% of the population and 
more than 95% of the social wealth are concentrated 
here [6]. 

The Hexi Corridor lying on the east side of the desert 
area in northwestern China is located at the intersection 
of the arid-semi-arid area and the Qinghai-Tibet alpine 
area in the three natural areas of China, forming a 
typical landscape pattern of “mountain-oasis-desert” 
[7-8], which is one of the regions in China where the 
ecosystem is quite fragile. With the development of the 
oases of Hexi Corridor, the scale and landscape pattern 
of the oases had undergone tremendous changes, and 
the spatial and temporal distribution of water resources 
had changed. The wetlands had shrunk, natural 
vegetation had decreased, and land desertification and 
salinization had become more and more serious [9-12]. 
Understanding the ecological environment of the Hexi 
oases is of great significance to regional ecological 
environment construction and sustainable development.

Remote sensing technology is widespread used 
in the field of ecological environment due to its long 
time, wide range, and rich information [13-14], and 
it has become an effective method for monitoring 
regional soil, vegetation, and water bodies [15-16]. 
In addition, many methods such as wavelet analysis 
[17], change vector analysis [18-19], Theil–Sen median 
trend analysis and Mann–Kendall test [20-21], and 
Hurst exponent method [22] have been widely used 
in the analysis of long time series data. At present, 
a single environmental indicator is widely used for 
regional ecological environment monitoring and 
assessment, such as using vegetation index to monitor 
forest ecosystem [23], extracting water body index for 

water environment assessment [24], and using surface 
temperature to evaluate urban heat island effect [25], 
and so on. The ecological environment is affected by 
many factors, and a single environmental factor cannot 
objectively and comprehensively reflect its ecological 
environment changes. Therefore, it is particularly 
important to integrate multiple environmental factors to 
evaluate regional ecological environment.

Evaluation methods that integrate multiple 
environmental factors can be divided into two 
categories: One is a multi-index evaluation model based 
entirely on remote sensing data. For example, Xu [26] 
constructed a remote sensing based ecological index 
(RSEI) using the normalized difference vegetation 
index (NDVI), wetness component of the tasseled cap 
transformation (Wet), normalized difference built-up 
and soil index (NDBSI), and land surface temperature 
(LST) extracted by remote sensing to analyze the 
ecological environment changes in Fujian. Rhee et al. 
[27] proposed a scaled drought condition index (SDCI) 
combining LST, NDVI, and precipitation data from 
Tropical Rainfall Measuring Mission (TRMM) satellite, 
for monitoring agricultural drought conditions in both 
arid and humid regions. The other is a comprehensive 
index evaluation model which combines remote sensing 
data with other types of data. For instance, Alejandra et 
al. [28] assessed the urban environmental quality index 
(UEQI) of Cali, Colombia, integrating remote sensing 
and census data by using the multivariate statistical 
analysis. Li et al. [29] used the China’s first geographic 
census data, high resolution images and terrain data to 
evaluate the ecological environment status of Guangxi 
in 2015. 

In the comprehensive index evaluation method 
established by combining remote sensing data and other 
types of data, the survey statistical data is not easy 
to obtain, and the index weight setting is affected by 
human factors, which has relatively large limitations. 
The evaluation method based entirely on remote 
sensing data has the advantages of objectivity, multiple 
indicators and high practicability, and can monitor and 
evaluate the regional ecological environment rapidly. 
This study aims to use remote sensing ecological 
distance index (RSEDI) combining NDVI, wetness 
index (WI), Albedo, salinization index (SI), index-based 
built-up index (IBI) and LST to evaluate the ecological 
environmental status of the Hexi oases. The time 
series of different indices will be generated, and then 
employ the coefficient of variation, Theil-Sen median 
trend analysis and Mann-Kendall test, and Hurst 
index method to comprehensively analyze the changes 
of the ecological environment quality, with a view 

in Sunan and Gaotai. In short, the ecological environment of the Hexi oases had been improved, but it 
also faced huge challenges.
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to providing a scientific reference for the ecological 
environmental protection and governance as well as 
sustainable development of this region.

Materials

The Study Area

The Hexi Corridor (37°17′~42°48′N, 92°18′~104°14′E), 
located in the northwest of Gansu Province, is 
surrounded by the Wushaoling Mountains to the east, 
Xinjiang Uygur Autonomous Region to the west, 
Qinghai to the south, and Inner Mongolia Autonomous 
Region to the north. It is a narrow and long corridor 
with a northwest-southeast direction [30], governing 
five prefecture-level cities: Wuwei, Jinchang, Zhangye, 
Jiuquan, and Jiayuguan. The terrain is high in the south 
and low in the north: the Qilian Mountains in the south 
are rich in water resources and are the birthplace of 
the three inland rivers of the Hexi Corridor; the central 
plain area is moistened by the three inland rivers, and 
three major oases areas have been developed: Shiyang 
River oases, Heihe oases and Shule River oases, 
which are the main water consumption areas; and the 
mountainous areas in the north with low altitudes are 
mostly composed of low-lying hills.

The Hexi Corridor, located in the hinterland of 
the Eurasian continent has a continental arid climate, 
with sparse precipitation, heavy wind and sand. The 
average annual temperature is 5.8~9.3ºC, and the 
annual precipitation is mostly below 200 mm [31]. The 

difference in water and heat of this area is obvious: 
the annual average temperature, sunshine hours, 
precipitation variability and dryness gradually increase 
from east to west, while the annual precipitation and 
relative humidity gradually decrease [32]. Although the 
Hexi Corridor has sparse rainfall, it has long sunshine 
hours, which is conducive to the growth of crops. It is 
an important production place for grains and fruits, and 
is known as the “Northwest Granary”. In addition, the 
rich iron and nickel mineral resources in the area also 
provide good conditions for its industrial development 
[32].

The study area is the oases areas in the middle of 
the Hexi Corridor (Fig. 1), which is the core area of the 
economic development of the Hexi Corridor and also the 
most densely populated area in the Hexi Corridor, with 
the highest water resources development and utilization 
and the most serious environmental problems. Changes 
of ecological environment of the Hexi oases are directly 
related to the ecological security of Gansu Province and 
even the entire northwest region.

Data Sources

Eight time periods (1986, 1990, 1995, 2000, 2005, 
2010, 2015, and 2020) of remote-sensing images from 
Landsat TM/OLI were selected to monitor the changes of 
environment. They were provided by the United States 
Geological Survey (https://earthexplorer.usgs.gov/), 
the Geospatial Data Cloud (http://www.gscloud.cn/), 
and the Institute of Remote Sensing and Digital Earth, 
Chinese Academy of Sciences (http://www.radi.cas.cn/). 

Fig. 1. Location of the study area.
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In order to make it comparable between different 
periods, we selected 11 Landsat images during the 
vegetation flourishing season of each period (Table 1), 
which covered the whole study area. The cloud coverage 
of all images was less than 10%, and the quality was 
good, which could meet the needs of this assessment. 
These images had undergone preprocessing such as 
radiation calibration, atmospheric correction, geometric 
correction, image mosaic and cropping, and then used 
for subsequent calculations.

Methods

Environmental Assessment Indicators

Vegetation is extremely sensitive to the changes of 
regional ecological environment [33], and its distribution 
and dynamic changes are of great significance for 
maintaining ecological stability in arid regions. Among 
all kinds of vegetation indices, normalized differential 
vegetation index (NDVI) is the most widespread used 
vegetation index [15, 34-35]. Besides, the wetness, 
greenness, and brightness components after tassel cap 
transformation have been widely used in ecological 
environment quality evaluation [36-38]. In particular, 
the wetness component is used as the wetness index 
(WI) indicator as it can be used to monitor soil 
degradation. 

Land degradation in arid areas is mainly manifested 
in two forms, namely desertification and salinization. 

Affected by the interference of human activities,  
such as grazing, unreasonable using of water resources, 
the environmental conditions of the Hexi oases  
are very fragile [39] and the land is easily degraded 
[40]. Land degradation, namely desertification and 
salinization, not only limits agricultural development 
in arid regions, but also poses a significant risk to 
ecological environment and biosphere, which is one 
of the major environmental problems faced by arid  
and semi-arid regions [41-42]. Zeng et al. [43] proposed 
the concept of Albedo-NDVI feature space and  
found that the albedo can reflect the desertification 
degree. Khan et al. [44] declared that the salinity  
index (SI) can be well used to invert soil salinity in arid 
areas.

Studies have shown that urban expansion will 
affect regional water, soil, atmosphere and biodiversity 
and other environmental factors [45]. The increase 
of buildings during the urbanization process can 
lead to the drying of land surface, which will have a 
negative effect on the urban environment [25]. The 
index-based built-up index (IBI) has been widely 
used to characterize built land [46]. Additionally, 
the land surface temperature (LST) is closely related 
to the growth and distribution of vegetation and the 
evaporation cycle of surface water resources [21]. It has 
been widespread used in climate change, surface energy 
balance and dynamic monitoring of environmental 
quality [47-48]. The technology of retrieving LST based 
on remote sensing is becoming more and more mature 
[49-52]. In this paper, the LST has been retrieved based 

Table 1. Landsat images used in this study.

Path/Row 1986 1990 1995 2000 2005 2010 2015 2020

131/33 16 Jun
1988

25 Jun
1991

6 Jul
1995

19 Jul
2000

2 Aug
2005

15 Jul
2010

14 Aug
2015 26 Jul 2020

131/34 16 Jun
1988

25 Jun
1991

6 Jul
1995

19 Jul
2000

5 Aug
2006

13 Aug
2009

14 Aug
2015

26 Sept 
2019

132/33 9 Sept
1987

16 Jun
1991

11 Jun
1995

11 Aug
2000

24 Jul
2005

22 Jul
2010

6 Sept
2015

18 Aug 
2020

132/34 9 Sept
1987

20 Jun
1990

11 Jun
1995

18 Aug
2000

7 Jun
2005

8 Sept
2010

17 Jul
2014 1 Sept 2019

133/33 15 Aug
1987

20 Jun
1990

21 Aug
1995

18 Aug
2000

15 Jul
2005

14 Aug
2010

13 Sept
2015

24 Sept 
2019

134/32 18 Jul
1986

30 Aug
1990

8 Jul
1994

8 Jul
2000

22 Jul
2005

5 Aug
2010

18 Jul
2015 31 Jul 2020

134/33 9 Oct
1987

30 Aug
1990

8 Jul
1994

24 Jul
2000

8 Sept
2005

5 Aug
2010

4 Jul
2016 29 Jul 2019

135/32 25 Jul
1986

21 Aug
1990

19 Aug
1995

1 Jul
2000

13 Jul
2005

9 Jun
2010

9 Jul
2015 4 Jun 2020

136/32 30 Jun
1986

16 Sept
1991

23 Aug
1994

31 Aug
2000

5 Aug
2005

16 Jun
2010

17 Aug
2015

30 Aug 
2020

137/32 23 Jul
1986

19 Aug
1990

17 Aug
1995

13 Jul
2000

9 Jun
2005

25 Jul
2010

8 Aug
2015 2 Jun 2020

138/32 19 Aug
1986

14 Sept
1990

20 Jul
1995

6 Sept
2000

22 Aug
2005

14 Jun
2010

23 Jul
2015

12 Aug 
2020
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on the band 6 of Landsat TM and band 10 of Landsat 
OLI/TIRS. 

In summary, the formulas of NDVI, WI, Albedo, 
SI, and IBI are shown in Table 2, and the calculation of 
LST is based on these references [52-53].

In order to eliminate the difference due to 
dimension, the six indicators are normalized and 
converted to dimensionless data, and make their values 
between (0, 1). The formula is shown as:

         (1)

...where NIi is the normalized pixel value of index i; 
Ii is the original value of the pixel of index i; Imax and 
Imin are the maximum and minimum values of index i, 
respectively.

Integration of the Indicators

Remote sensing ecological distance index (RSEDI) is 
a method for calculating the comprehensive index based 
on the theory of Euclidean distance, its applicability in 
ecological environment monitoring in arid areas has 
also been confirmed [54-55]. RSEDI can better avoid 
the shortcomings of the traditional subjective method 
of index weighting [55]. It takes the minimum value 
of NDVI and WI, and the maximum value of Albedo, 
IBI, SI and LST as the points with the worst ecological 
environment quality in the space, and then calculates 
the distance from other points to the worst point in the 
space to represent RSEDI. The greater the distance, 
the better the quality of the ecological environment; 
otherwise, the quality of the ecological environment is 
worse [33]. The calculation formula is shown as:

 
(2)

...where NDVIi, WIi, Albedoi, IBIi, SIi, and LSTi, are the 
values of NDVI, WI, Albedo, IBI, SI and LST for each 
pixel; NDVImin and WImin are the minimum values of 

NDVI and WI; Albedomax, IBImax, SImax and LSTmax are the 
maximum value of Albedo, IBI, SI and LST.

In order to ensure the comparability of the results 
in different periods, RSEDI was normalized to (0, 1) 
according to Formula 1 with a 99% confidence interval. 
On this basis, combined with the actual situation of 
the study area, it was further categorised into five 
levels: Level 1 (0.00-0.10): very poor; Level 2 (0.10-
0.35): poor; Level 3 (0.35-0.60): acceptable; Level 4  
(0.60-0.90): good; and Level 5 (0.90-1.00): very good.

Monitoring Environmental Changes

Image Difference

To understand the change attribute of ecological 
environment, a simple image differencing method [56] 
was used based on graded RSEDI images with the 
formula:

          (3)

...where RSEDIb and RSEDIa are the RSEDI values of the 
end year and start year of a time period separately. The 
positive values indicate that the quality of the ecological 
environment has been improved, while the negative 
values indicate that it has been destroyed.

Coefficient of Variation

The coefficient of variation (CV) can effectively 
reveal vegetation changes [57-58] and reflect the 
discrete degree and volatility of time series data [59]. It 
is calculated by:

                            (4)

...where CV is the coefficient of variation of the RSEDI; 
σ represents the standard deviation of the RSEDI time 
series; μ is the mean of RSEDI. The larger CV means 
the greater the fluctuation of the RSEDI time series, 
while the smaller the CV denotes a more stable state.

Table 2. The calculation formulas of the five indexes.

Index Formula

NDVI

WITM

WIOLI

Albedo

SI

IBI

...where ρNIR, ρR, ρB, ρG, ρSWIR1
 and ρSWIR2

 corresponding to the reflectance of the near-infrared, red, blue, green, short wave infrared 1 
(SWIR1) and short wave infrared 2 (SWIR2) bands of TM and OLI images, respectively.
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Theil-Sen Median Trend Analysis 
and the Mann-Kendall Test

The Theil-Sen Median trend analysis is a non-
parametric statistical analysis method, which has 
higher accuracy than linear regression method and is 
particularly effective for estimating small series trends 
[60-61]. It is often used to reveal trends in vegetation 
[29]. It can be calculated by [62]:

  (5)

...where SRSEDI is the Theil-Sen Median; RSEDIj and 
RSEDIi represent the RSEDI values for the year j and i, 
respectively. This method calculates the median slopes 
of n(n−1)/2 pair-wise combinations. When SRSEDI>0, the 
ecological environment presents an improving trend; 
otherwise, it displays a degrading trend.

The Mann-Kendall test is a non-parametric 
statistical test method, which has the advantage that the 
data does not need to follow a normal distribution and is 
not disturbed by outliers [63-65]. It is used to measure 
the significance of trends. Using the statistic Z as the 
time series index, the calculation is as follows [29]:

                 (6)

...where,

 (7)

 (8)

The variance is computed as:

                   (9)

...where RSEDIj and RSEDIi have the same meaning as 
previous (equation 4); sgn is the sign function. Given a 
significant level α, |Z|>u1–α/2 indicates that the time series 
shows significant variations on the level of α. 

Hurst Exponent

The Hurst exponent (H) has been widespread 
used in the fields of climatology, economics, geology 
and hydrology [29], which is an effective method  
to quantitatively describe the sustainability of time 
series data. It can be conducted based on rescaled  
range analysis (R/S), the procedures are as follows [66-
67]:

1. To define the difference of time series {ξ(t)}, 

  (10)

...where RSEDI(t) is the pixel value of RSEDI at time t. 
2. To define the mean of the time series,

       (11)

3. To calculate the accumulated deviation,

  (12)

4. To create the range sequence, 

      (13)

5. To create the standard deviation sequence, 

    (14)

6. To calculate Hurst exponent

               (15)

The value of H is obtained using the least squares 
method fitting by the equation:

       (16)

The value of H ranges from 0 to 1 [68-69]. When H 
is equal to 0.5, it indicates that the RSEDI time series 
is random and has no sustainability, showing the trend 
of the time series in the future has nothing to do with 
that of the research period; when H is greater than 
0.5, it means that the RSEDI time series is persistent 
indicating the same trend as the past; and when H is 
less than 0.5, it refers to the anti-persistence of the 
NDVI time series, representing the opposite trend with 
the past.

Specific to Hexi oases, based on the sequential 
RSEDI data, their differences and the CV value were 
calculated first. CV was used to monitor the volatility 
of the ecological environment changes. And then, the 
Theil–Sen Median trend analysis combined with the 
Mann–Kendall test was applied to check the changing 
trend and its significance (α was set to 0.05). Finally, 
the H index was employed to test the ecological 
sustainability over the past 30 years.

Results

Variations of the Six Indexes 

Statistical results (Table 3) showed the mean value 
of the six indicators in each study year. Among them, 
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the value of NDVI showed a fluctuating upward trend, 
indicating that the ecological environment of the 
study area was gradually getting better. The value of 
WI increased from 1986 to 2005, and decreased from 
2005 to 2020. The value of Albedo, which showed 
a downward trend overall, fluctuated greatly during 
1986-2010. It dropped sharply with a decline rate of 
15.11% during 2010-2015, and it increased slightly with 
a growth rate of 4.76% during 2010-2015. Like Albedo, 
SI also showed a downward trend overall. The value 
of SI decreased during 1986-1995 and 2000-2015 with 
a change of 12.02% and 7.93%, respectively. During 
1995-2000 and 2015-2020, It increased with a change 
of 13.88% and 4.83%, respectively. The value of LST, 
which showed an upward trend overall, increased by 
15.88% and 10.96% respectively during 1986-1990 
and 2000-2010. And it dropped by 13.37% and 2.66% 
respectively during 1990-2000 and 2010-2020. The 
value of IBI showed a trend of first decreasing and then 
increasing.

The Temporal Variation Characteristics 
of RSEDI

The mean value of RSEDI of Hexi oases fluctuated 
between 0.38 and 0.43 (Fig. 2), reaching a peak of 
0.422 in 2005. The changes of the mean RSEDI during  
the study period could be divided in three phases:  
(1) a rapid increase stage with a growth rate of 9.33% 
during the period 1986-2005; (2) a rapid decrease stage 

with a decline rate of 8.06% during the period 2005-
2010; and (3) a fluctuating increase stage with a growth 
rate of 4.38% during the period 2010-2020. On the 
whole, the mean RSEDI showed an increasing trend, 
increasing from 0.386 in 1986 to 0.405 in 2020, which 
indicated that the quality of the ecological environment 
had been improved.

Spatial Distribution Characteristics 
of RSEDI

To deeply analyze the ecological environmental 
status of the study area, RSEDI images were further 
divided into five levels. Statistical results (Table 4) 
showed that the ecological environmental status 
changed significantly during 1986-2000 and 2010-2020, 
but was relatively stable during 2000-2010. During 
the period of 1986-1995, the proportion of areas with 
very poor and poor level in the study area decreased 
significantly, by 3.70% and 5.77% respectively; the 
proportion of areas with acceptable level decreased 
first and then increased; and the proportion of areas 
with good and very good level had been increasing, 
by 1.39% and 3.42% respectively. During the period  
1995-2000, the proportion of areas with very poor 
and poor level increased; the proportion of areas with 
acceptable level decreased; and the proportion of 
areas with good and very good level also decreased 
slightly. During the period of 2000-2010, all levels 
were relatively stable. During the period of 2010-2020, 
the proportion of areas with very poor and very good 
level first decreased and then increased; the proportion 
of areas with acceptable and good level changed in 
contrast, increasing first and then decreasing; and the 
proportion of areas with poor level decreased slightly. 

Overall, the quality of the ecological environment 
in each period of the study area was mainly in poor 
level, followed by acceptable level, indicating that 
the ecological environment was poor and fragile, and 
vulnerable to external environmental interference. The 
distribution of the quality of the ecological environment 
gradually tended to be bipolar (good or bad) over time, 
indicating that while the ecological environment had 
been improved, it also faced huge challenges.

The spatial heterogeneity of the ecological 
environment quality was obvious (Fig. 3). The darker 

Table 3. Means of the six indexes.

Index 1986 1990 1995 2000 2005 2010 2015 2020

NDVI 0.227 0.224 0.255 0.247 0.272 0.270 0.298 0.283

WI 0.432 0.446 0.451 0.447 0.468 0.447 0.447 0.433

Albedo 0.447 0.433 0.476 0.450 0.554 0.470 0.399 0.418

SI 0.516 0.478 0.454 0.517 0.508 0.526 0.476 0.499

IBI 0.759 0.758 0.749 0.747 0.730 0.737 0.735 0.744

LST 0.510 0.591 0.578 0.512 0.566 0.568 0.556 0.553

Fig. 2. Changes of RSEDI values in the study years.
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patches representing good or very good level were 
mainly distributed inside the artificial oases in the 
central and southern part of the study area, where the 
ecological environment quality was greatly affected by 
human beings. The light-colored patches denoting poor 
or very poor level were concentrated around the artificial 
oases in the north, closing to the desert. Overall, the 
color darkening trend indicated that the environment 

of Hexi oases had been gradually improved during the 
past 30 years.

Environmental Interannual Change Analysis

Change detection results of the RSEDI images  
(Table 5) revealed that the greatest changes of 
improvements occurred in 1990-1995, while the most 

Table 4. Area ratio of each RSEDI level in the study years (%).

RSEDI level 1986 1990 1995 2000 2005 2010 2015 2020

1 (very poor) 8.76 9.44 5.06 13.26 13.40 12.58 8.78 16.13

2 (poor) 46.67 46.94 40.90 43.07 41.13 44.13 43.52 40.05

3 (acceptable) 26.02 22.62 30.69 21.49 20.72 19.83 21.44 19.01

4 (good) 12.59 12.73 13.98 14.00 14.51 13.80 17.93 12.41

5 (very good) 5.96 8.27 9.38 8.18 10.24 9.66 8.32 12.40

Fig. 3. Spatial distribution of RSEDI in each study year.
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remarkable degradation turned up at the interval of 
1995-2000. During 1995-2000, 2005-2010, and 2015-
2020, the degrading trend was more evident than 
improving trend. The situations of environmental 
changes were on the opposite in 1986-1990, 1990-1995, 
2000-2005 and 2010-2015.

Fig. 4 showed the spatial distribution of 
environmental change in 1986-1990, 1990-1995, 1995-
2000, 2000-2005, 2005-2010, 2010-2015 and 2015-
2020. It showed that during the period of 1986-1990, 
the environment degradation areas were mainly 
distributed in Guazhou, Sunan, Ganzhou, and the 
eastern part of Minqin; while the improved areas were 
mainly distributed in Dunhuang, Jinta, Yongchang, 
and Liangzhou. During 1995-2000, 2005-2010 and 
2015-2020, the environment degradation was relatively 
severe, most of which were distributed on the edge 
of the oases in the north. In the other durations, the 
condition was greatly improved. Among them, it was 
the most obvious during the period of 1990-1995, 
followed by 2010-2015.

The Change Intensity of the Ecological 
Environment

The spatial distribution of coefficient of variation 
of RSEDI (Fig. 5) reflected the spatial stability of 
the ecological environment. The high coefficients of 
variation denoting drastic changes in the ecological 
environment were mainly distributed on the periphery 
of the oasis, closing to the desert, mainly in Dunhuang, 
Yumen, and Minqin. The ecological environment in 
these areas was fragile and vulnerable to external 
environmental interference. The low coefficients of 
variation representing the stability of the ecological 
environment were distributed throughout the study area, 

mainly in the oasis areas of the central and western 
regions such as Jiayuguan, Linze, and Ganzhou. These 
areas were mainly affected by human factors. On the 
whole, the ecological environment changes of the Hexi 
oases were relatively stable, and the areas with low 
coefficients of variation (less than 0.3) accounted for 
62.70%, which were considerably greater than those 
with high coefficients of variation (more than 0.5, 
accounting for 9.79%).

Changing Trends of the Ecological 
Environment 

By integrating the results of the Theil-Sen median 
trend analysis and the Mann–Kendall test, the trends 
of the ecological environment were divided into five 
types according to the real conditions of the study area 
(Table 6). Fig. 6 reflected the spatial distribution of 
the trends of RSEDI change of Hexi oases from 1986-
2015. The darker patches representing ecologically-
improved were mostly distributed in Ganzhou, Shandan 
and Yongcahng. The light-colored patches denoting 
ecologically-declined mainly occurred in Dunhuang, 
Guazhou, and Sunan. During the study period, in most 
areas of the Hexi oases, the ecological environment 
had no change, accounting for 42.62%. The ecological 
improvement areas (26.53%) were smaller than the 
ecological decline areas (30.83%), indicating that the 
ecological environment of the Hexi oases had been 
improved, but it also suffered severe damages.

The Sustainability of Ecological Environment 
Variations

The Hurst exponent of the RSEDI in Hexi oases 
is 0.59 on average (Fig. 7). Areas with a Hurst 

Table 5. Area ratio of environmental change in seven durations (%).

1986-1990 1990-1995 1995-2000 2000-2005 2005-2010 2010-2015 2015-2020

Improved 21.43 31.18 12.34 25.34 23.86 26.79 19.90

Unchanged 57.98 54.75 56.47 52.27 51.05 52.64 52.06

Degraded 20.59 14.07 31.18 22.38 25.09 20.58 28.04

Table 6. Trends of RSEDI change in the study area.

SRSEDI Z RSEDI trend Area percentage (%)

>0.01 >1.96 Significant improvement 12.67

>0.01 -1.96~1.96 Slight improvement 13.86

<-0.01 -1.96~1.96 Slight degradation 10.24

<-0.01 <-1.96 Severe degradation 20.59

-0.01~0.01 - Stable 42.62

Note: - represents all the Z values.
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exponent greater than 0.5 were persistent, accounting 
for 75.14% of the study area; those less than 0.5 were 
anti-persistent accounting for 24.86%. In short, the 
persistence of the ecological environment changes of 
the Hexi oases is far stronger than the anti-persistence. 
To reveal the changing trends and sustainability of the 
ecological environment in the study area, the results of 
the Theil-Sen median trend analysis and Mann-Kendall 
test were superimposed with the Hurst index results, 
and the results were divided into six classes (Table 7). 

Because the areas of anti-persistence were small, they 
were uniformly divided into anti-persistence changes, 
including anti-persistence and significant improvement, 
anti-persistence and slight improvement, anti-
persistence and slight degradation, and anti-persistence 
and severe degradation.

Fig. 8 showed the spatial distribution of coupling 
results of RSEDI change trends and Hurst exponent 
of the Hexi oases. As suggested by Fig. 8 and Table 7, 
the ecological environment of the Hexi oases is mostly 

Fig. 4. Environmental change of RSEDI in seven durations.
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Fig. 5. Spatial distribution of coefficient of variation of RSEDI. 

Fig. 6. Trends of RSEDI change from 1986-2020.

H SRSEDI Z RSEDI trend Area percentage (%)

>0.5 >0.01 >1.96 Persistence and significant improvement 9.85

>0.5 >0.01 -1.96~1.96 Persistence and slight improvement 10.87

>0.5 <-0.01 -1.96~1.96 Persistence and slight degradation 6.86

>0.5 <-0.01 <-1.96 Persistence and severe degradation 14.68

<0.5 - - Anti-persistence 15.12

- -0.01~0.01 - Stable 42.62

Note: - represents all the corresponding values (H, SRSEDI or Z).

Table 7. Trends of RSEDI change in the study area.



Guo K., et al.5008

in a stable state, accounting for 42.62%. The light-
colored patches showing persistence and significant/
slight improvement accounted for 20.72%, which were 
distributed throughout the study area, mostly around 
the periphery of artificial oasis such as Shandan, and 
Yongchang. The darker patches representing persistence 
and severe/slight degradation accounted for 21.55%, 
which were concentrated in the middle of the study 
area, mainly in Sunan, and Gaotai. The blackish patches 
denoting anti-persistence accounted for only 15.12%, 
mainly distributed in Dunhuang, and the interiors of 
some artificial oasis such as Sunan, and Gaotai.

Discussion

With the rapid development of the social economy, 
the artificial oases are expanding rapidly, and the Hexi 
oases are facing the dual pressure of economic growth 
and ecological restoration [12, 70-71]. This study has 
demonstrated that the ecological environment of the 
study area is mainly in poor level. Although it has 
gradually improved during the past 30 years, it also 
faces huge challenges. It is consistent with the results 
reported by Wei et al. [33], Gong et al. [72] and Fu et 
al. [73].

As a typical ecologically fragile area, Hexi oases 
have a poor ecological foundation and are easily 
affected by human activities. Under the influence 
of policies and regulations, human production and 
lifestyles are constantly changing and affect the 
ecological environment of oases. The “Immigration 
Policy” conducted in 1983 has promoted immigration 
from Dingxi to the Hexi Corridor; from the mid-1980s 
to the early 1990s, under the influence of the “market 
economy”, irrigation, fertilization, management and 
other technologies continue to develop, and large areas 

of wasteland and grassland are reclaimed into cultivated 
land, and the oases ecological environment has been 
improved. In the middle and late 1990s, the Shule River 
Basin has launched the “Comprehensive Development 
Project for Agricultural Irrigation and Resettlement”. 
The immigration has rapidly increased the population 
of Yumen and Guazhou counties, the area of oasis 
irrigation and the number of electromechanical wells, 
and eventually intensified the expansion of oasis 
and caused environmental issues. After 2000, the 
implementation of the policies of “returning farmland 
to forest, returning grazing land to grass” and “water 
diversion” is conducive to the overall stability of 
the oases, and the ecological environment has been 
gradually improved. In 2001, the implementation of 
the “Jingdian Phase II Project” has alleviated the 
water resource crisis and the rapid deterioration of 
the ecological environment in Minqin County to a 
certain extent. In 2007, the “Comprehensive Treatment 
Program of the Shiyang River Basin” has been 
implemented to prevent the continuous deterioration 
of Minqin’s ecology, which primarily involves shutting 
wells and pressing fields, adjusting industrial structure, 
water-saving transformation of irrigation districts 
and ecological migration [974]. The implementation 
of ecological protection policies and projects has 
greatly promoted the improvements of the ecological 
environment, while the over-development of oases also 
has a negative impact on the ecological environment 
[75].

In addition, natural factors such as temperature and 
precipitation also affect the ecological environmental 
changes. Studies have shown that in the past 30 years, 
the temperature in the Hexi region has generally shown 
an upward trend, and its central part is the area with the 
largest increase in temperature and is most sensitive to 
climate change [76]. Precipitation shows a clear upward 

Fig. 7. Sustainability of RSEDI Change in Hexi oases from 1986 to 2020.
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trend, and evaporation also shows an increasing trend 
[77]. The relative humidity increases first and then 
decreases, which is consistent with the change trend 
of WI in this paper. Relative humidity changes in the 
western region are relatively small, and changes in the 
eastern and central regions are relatively large [76]. 

The quality and time of remote sensing image  
data will affect the evaluation results to a certain 

extent, and the formation and development of regional 
ecosystems are affected by various factors such 
as human factors and natural conditions. In future 
research, we should comprehensively consider various 
aspects of ecological impact factors for analysis, and 
further explore comprehensive multi-factor evaluation 
methods.

Fig. 8. Spatial distribution of coupling results of RSEDI change trends and Hurst exponent in Hexi oases. a) represents the areas with 
persistence and significant/slight improvement, and stable; b) represents the areas with persistence and severe/slight degradation; c) 
represents the areas with anti-persistence; and d) represents the areas with complicated changes, and multiple modes of change coexist.
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Conclusions

We generated time series of the ecological status 
images of the Hexi oases from 1986-2020 based on 
Landsat TM/OLI images and several typical indices, 
and quantitatively analyzed the changes of the 
ecological environment quality by integrating multiple 
analysis methods.

There are four main conclusions in this paper. 
Firstly, the mean value of RSEDI of Hexi oases showed 
an increasing trend, increasing from 0.386 in 1986 to 
0.405 in 2020. Secondly, the ecological environment 
changes of the Hexi oases were relatively stable, areas 
with low coefficients of variation accounted for 62.70%. 
Thirdly, the ecological improvement areas (26.53%) 
were smaller than the ecological decline areas (30.83%), 
and areas with no change accounted for 42.62%. Finally, 
75.14% of areas were persistent, showing the ecological 
environment changes had strong sustainability. The 
areas with persistence and improvement accounted for 
20.72%, which were distributed throughout the study 
area, mostly around the periphery of artificial oasis such 
as Shandan, and Yongchang. The areas with persistence 
and degradation accounted for 21.55%, which were 
concentrated in the middle of the study area, mainly in 
Sunan and Gaotai.
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