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Abstract: As an important agricultural and gathering area in arid inland areas of China, the ecological
environments of oasis areas are more sensitive to regional climate change and human activities.
This paper investigates the dynamic evolution of the oases in the Tarim River basin (TRB) and
quantitatively evaluates the regional ecological security of oases via a remote sensing ecological index
(RSEI) and net primary productivity (NPP) through the Carnegie–Ames–Stanford approach (CASA)
from 2000 to 2020. The results indicate that the total plain oasis area in the TRB during the study
period experienced an increasing trend, with the area expanding by 8.21%. Specifically, the artificial
oases (cultivated and industrial land) showed a notable increase, whereas the natural oases (forests
and grassland) exhibited an apparent decrease. Among the indictors of oasis change, the Normalised
Difference Vegetation Index (NDVI) increased from 0.13 to 0.16, the fraction of vegetation cover (FVC)
expanded by 36.79%, and NPP increased by 31.55%. RSEI changes indicated that the eco-environment
of the TRB region went from poor grade to general grade; 69% of the region’s eco-environment
improved, especially in western mountainous areas, and less than 5% of the regions’ eco-ecological
areas were degraded, mainly occurring in the desert-oasis ecotone. Changes in land- use types
of oases indicated that human activities had a more significant influence on oases expansion than
natural factors. Our results have substantial implications for environment protection and sustainable
economic development along the Silk Road Economic Belt.

Keywords: oasis dynamics; Normalised Difference Vegetation Index (NDVI); fraction of vegetation
cover (FVC); net primary productivity (NPP); remote sensing ecological index (RSEI); Tarim River
basin (TRB)

1. Introduction

Oases are the most ecologically sensitive and unique landscape type in arid and semi-
arid regions. These complex and fragile geographical and ecological environments feed one-
third of the world’s production and support economic activities [1,2]. Oases are also natural
ecological barriers against desert invasion [3] and play an important role in ecological
warnings and indicators [4–7]. The oases can be regarded as the ocean on the earth [8]; they
have a significant cooling effect in dry and hot seasons [9–11] and play an important role in
the economic development of arid areas. Presently, owing to global warming and human
activities, the desertification process in arid areas has intensified [12–15], and the ecological
resources and environments of oases have also undergone significant changes [16]. Artificial
oases are constantly expanding, while natural oases have shrunk [3,17]. The development of
oases has also changed the spatiotemporal distribution of water resources in arid areas [18],
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resulting in the deterioration of the ecological environment at the edge of oases and the
expansion of deserts [3]. Dynamic changes in oasis areas have a profound impact on social
and economic stability and on high-quality development in surrounding areas [1,11,19–21].
In turn, this affects the effectiveness of internal resource allocation in oases, threatening the
ecological security. Therefore, there is an urgent need to strengthen the dynamic monitoring
of oases in arid regions.

Under global warming, oasis environments in arid and semi-arid areas have under-
gone significant changes, which have drawn increased attention from the international
community [3–5,22,23]. Previous studies have conducted long-term observational analysis
for dynamic monitoring of oasis changes based on remote sensing (RS) and geographic
information systems (GIS) [13,24,25]. Pei et al. [25] analysed dynamic changes in vegetation
in Inner Mongolian grasslands from 1982 to 2015 based on the Global Inventory Monitoring
and Modeling System (GIMMS) Normalised Difference Vegetation Index (NDVI) and mete-
orological data. Qi et al. [26] used satellite remote sensing and GIS to explore the Jinta Oasis
in northwestern China. Xie et al. [27] evaluated the dynamic change of Jinta Oasis and its
influence on landscape patterns in 1963–2010 based on multiple photographs and images.
Liu et al. [28] identified the spatial-temporal variation characteristics of vegetation ecologi-
cal systems and detected their driving forces from 1982 to 2013, based on GIMMS-NDVI
and long-term meteorological station data. Some studies have used the land use transition
matrix model to explore dynamic changes in vegetation; for example, Shi et al. [29] com-
prehensively analysed land cover change using a land-use transfer matrix and dynamic
change model. Sun et al. [3] analysed the spatiotemporal variability of the oasis ecotone in
the Tarim River basin using cellular automata–Markov chain (CA-Markov) methods.

Compared with the dynamic changes of oasis areas, the ecological security mecha-
nisms play important roles in sustainable development of the oasis system. Generally, oasis
ecological security has been evaluated through analysis of multiple indicators, e.g., Zhang
et al. [30] evaluated the ecological environment of the arid region of Central Asia by cal-
culating the net primary productivity (NPP) from the Carnegie–Ames–Stanford approach
(CASA). Li et al. [13] evaluated the ecological environment of Central Asia through analysis
of vegetation carbon sinks and sources. In addition, some studies have estimated ecological
security by adopting remote sensing models; for example, Gao et al. [23] used the remote
sensing ecological index (RSEI) and standard deviation ellipse algorithm to monitor the
ecological quality of Hami Oasis. Hao et al. [8] analysed the influence of soil water change
on near-surface temperature and the oasis effect by using the dependence framework of
soil water on the evaporation rate. In terms of ecological security, Li et al. [31] evaluated the
ecological security of oases in the northern Tien Shan by improving the three-dimensional
ecological footprint model. However, to maintain the security and development of oases,
it is necessary to comprehensively analyse the dynamic evolution of the oasis region and
its driving factors, e.g., the climate, environment, and human activities. At present, most
scholars analyse dynamic changes in oasis areas and the ecological security separately;
studies on the dynamic change process of oases from the perspective of the whole system
are lacking.

The Tarim River basin (TRB) is one of the largest basins in the world and is far
away from oceans. It has a large desert in the centre and develops many oases at the
border regions, which are vulnerable to climate change but important for sustaining
human survival and socio-economic development. Under climate change and human
disturbances, the desertification process in the TRB has intensified over the past half-century,
and the desert–oasis transition zone has rapidly decreased as environmental problems have
become increasingly prominent [3,18,24,28,32–35]. Current studies have indicated that the
ecological environment of Xinjiang has improved with increased vegetation cover [18,28].
This is an interesting phenomenon, and it begs the question, what are the current dynamic
changes of the oasis dynamics and ecological security in the Tarim River basin in the face
of climate change and human activities?
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Exploring the dynamic changes of the oasis and evaluating the ecological security
is crucial to desertification control, oasis expansion, the security of oasis ecosystems, and
ecological civilisation construction along the Silk Road Economic Belt of China. Therefore,
this study investigated the spatial-temporal dynamics of oases in the TRB by exploring the
spatial-temporal variation in eco-environmental quality based on several indictors of oasis
(NDVI, FVC and land use) and the digital elevation model (DEM) from 2000 to 2020 and
then evaluating the ecological security according to the NPP and RSEI. The main objectives
of this study were to provide a theoretical basis and scientific and technological support
for desert conservation, restoration, and management, as well as for sustainable economic
development in arid regions.

2. Materials and Methods
2.1. Study Area

The Tarim River basin forms the largest inland basin in China. It is situated deep
within the Eurasian hinterland of Northwest China and is surrounded by the Tien Shan,
Karakorum, Kunlun, and Altun mountain ranges. The region is a unique enclosed inland
basin that extends between 73.04◦ E–93.31◦ E and 34.84◦ N–43.35◦ N, with an area of
approximately 92.60 × 104 km2 (Figure 1). The TRB consists of high mountains, valley
steppe, desert, and plain oasis areas and has an altitude range of 773–8323 m [36]. The Tarim
River is the largest inland river in western China and is composed of 144 rivers from 9 major
river systems. Currently, only the Kaidu and Aksu river in the Tien Shan (the northern TRB)
and the Yarkand and Hotan rivers in the Karakoram and Kunlun mountains (the southern
TRB) connect with the Tarim River (Table 1). This region includes the second largest drifting
desert in the world, the Taklamakan Desert, which has an annual average temperature of
3.9 ◦C and annual average precipitation of 53 mm [3]. The region’s water resources are
relatively poor and unevenly distributed, being mainly concentrated in mountainous areas
where they derive from glaciers, snow cover, and precipitation [37–40]. Precipitation is
temporally and spatially uneven, with abundant precipitation in mountainous areas and
rare precipitation in plain areas; precipitation mainly occurs in the summer.
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Table 1. Characteristics of the oasis information in the Tarim River basin.

Basin Basin Area
(104 km2)

Oasis Region
(104 km2)

Fraction of
Oasis Region

to Basin
Area (%)

Fraction of
Basin Glacier

Area
Proportion (%)

Basin
Elevation

(m)

Annual Mean
Runoff

(108 km3)

Bosten Lake 1.9 0.69 36.32 1.21 3100 11.69
Aksu River 5.0 1.56 31.20 8.92 2233 79.89

Yarkand River 3.29 1.74 52.89 11.09 4630 65.46
Hotan River 4.89 0.91 18.61 9.02 1800 23.1
Tarim River 92.6 4.90 4.80 16.34 3730 180.14

2.2. Material

To estimate the dynamic evolution of oases in the TRB and evaluate the ecological
security, multiple remote sensing, climate, land use, and meteorological data from 2000 to
2020 were used in this study. The NDVI data of FVC were downloaded from MOD13Q1,
with a spatial resolution of 250 m and a temporal resolution of 16 days. The NPP used
in this study was estimated from the CASA model, and the NPP data from MOD17A3H,
with a spatial resolution of 50 m and a temporal resolution of 8 days were used to validate
the calculated NPP from the CASA model; results show that the simulated NPP from
CASA consists of the NPP from MODE17A3H (R2 = 0.83), which proved better in this
study. In addition, the MOD13A1, MOD15A2H, MCD15A3H, MCD12Q1, TerraClimate,
and Gladas/T3H datasets were used in this CASA model. For RSEI, the adopted datasets
included MODO91, MOD11A2, and MOD13A1. The yearly land-use dataset with a spatial
resolution of 1 km for the period 2000–2020 was provided by the Data Centre for Resources
and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn accessed
on 10 November 2021); this dataset has been widely used in relevant studies [3,41]. Monthly
climate data between 1979 and 2020 in the TRB were obtained from the Meteorological
Science Data Sharing Service N etwork (http://data.cma.cn/ accessed on 10 November
2021). The Shuttle Radar Topography Mission (SRTM1) Arc-Second digital elevation
model (DEM) with a spatial resolution of 30 m was accessed via the USGS website (https:
//earthexplorer.usgs.gov/ accessed on 10 November 2021). All of the datasets used in this
study are summarized in Table 2.

Table 2. Data product types and sources.

Product Variable Spatial
Resolution

Temporal
Resolution Source

MOD13A1/Q1 NDVI 500/250 m 16 d https://modis.gsfc.nasa.gov/ accessed on
10 November 2021

MOD09A1 SR 500 m 8 d https://modis.gsfc.nasa.gov/ accessed on
10 November 2021

MOD11A2 LST 1 km 8 d https://modis.gsfc.nasa.gov/ accessed on
10 November 2021

MOD15A2H FPAR 500 m 8 d https://modis.gsfc.nasa.gov/ accessed on
10 November 2021

MOD17A3H NPP 500 m 8 d https://modis.gsfc.nasa.gov/ accessed on
10 November 2021

MCD12Q1 Landcover (IGBP) 500 m yearly https://modis.gsfc.nasa.gov/ accessed on
10 November 2021

TerraClimate SOL 4 km monthly https://www.ecmwf.int accessed on
10 November 2021

http://www.resdc.cn
http://data.cma.cn/
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
https://modis.gsfc.nasa.gov/
https://modis.gsfc.nasa.gov/
https://modis.gsfc.nasa.gov/
https://modis.gsfc.nasa.gov/
https://modis.gsfc.nasa.gov/
https://modis.gsfc.nasa.gov/
https://www.ecmwf.int
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Table 2. Cont.

Product Variable Spatial
Resolution

Temporal
Resolution Source

TerraClimate Pre 4 km monthly https://www.ecmwf.int accessed on
10 November 2021

T3H(GLDAS) Tem 0.25◦ 3 h http:/ldas.gsfc.nasa.gov/ accessed on
10 November 2021

LUCC Data Landcover 1 km 10 yearly https://www.resdc.cn/ accessed on
10 November 2021

Meteorological
Data Tem/Pre - yearly http://data.cma.cn/ accessed on

10 November 2021

SRTM DEM 30 m - https://earthexplorer.usgs.gov/ accessed
on 10 November 2021

Note: SR (surface reference); SOL (total solar radiation); Tem (temperature); Pre (precipitation).

2.3. Methods
2.3.1. Fraction of Vegetation Cover (FVC)

FVC is an important index to exhibit the distribution of vegetation on the ground,
as well as an important parameter of ecosystem, soil erosion and climate change models.
Ground measurements and remote sensing measurement are rudimental methods to ob-
serve FVC changes. Regarding the limitations of ground measurements for large regions,
complex topography, and continuous observations, the estimation of vegetation by remote
sensing has been widely used for FVC changes [42]. Compared with other RS methods,
the FVC calculated by NDVI does not need a regression model, and it is not limited by the
region or spatial, temporal and vegetation type; this approach has been widely used in
the plains and mountain regions of the world, as well as arid and semi-arid regions, e.g.,
Central Asia [43], China [44,45] and the TRB [46–48].

FVC is closely related to NDVI and was used to quantify vegetation coverage for
the TRB. In this study, we adopted the mixed-pixel dichotomy model proposed by Zeng
et al. [49] to calculate the vegetation coverage. The assumption of this algorithm is that the
NDVI value of each pixel consists of vegetation and soil. The specific formula is as follows:

NDVI = fNDVIV + (1 − f)NDVIS (1)

f = (NDVI − NDVIS)/(NDVIV − NDVIS) (2)

where f is the FVC (%), NDVIV is the NDVI value covered by vegetation pixels and NDVIS
is the NDVI value of soil or non-vegetation covered pixels. We took the maximum value
of NDVI in the study area as NDVIV and the minimum value as NDVIS to calculate
FVC. The FVC was divided into four grades: high vegetation coverage area (FVC ≥ 50%),
medium vegetation coverage area (20% ≤ FVC < 50%), low vegetation coverage area
(5% ≤ FVC < 20%), and bare land area (FVC < 5%).

2.3.2. NPP Estimation Using CASA

NPP represents the net primary productivity, as the rate of accumulation of biomass
or energy in a unit time per unit area. It can be used as an important ecological index
for quantitatively evaluating the ecological security of the terrestrial ecosystems in these
arid and semi-arid areas [13,30,50]. In this study, NPP was estimated by the CASA model,
realised using the Google Earth Engine (GEE). The model considers the climatic conditions
(i.e., temperature, precipitation, solar radiation, NDVI and land-use data) determined by
two variables: the absorbed photosynthetically active radiation (APAR) and light energy
conversion (ε). This model, which was proposed by Potter et al. [51], has been widely used
to estimate the NPP of regional large-scale vegetation, and it is considered to be one of the

https://www.ecmwf.int
http:/ldas.gsfc.nasa.gov/
https://www.resdc.cn/
http://data.cma.cn/
https://earthexplorer.usgs.gov/
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models with the highest estimation accuracy. The detailed model, calculated as in previous
studies [30,43], is as follows:

NPP (x, t) = APAR(x, t) × ε(x, t) (3)

APAR = SOL × FPAR × 0.5 (4)

where APAR (MJ/m2) is the absorbed photosynthetically active radiation; FPAR is the
fraction of photosynthetically active radiation, which is absorbed by green plants; ε (gC/MJ)
is the light energy conversion; and SOL (MJ/m2) is the total solar surface radiation.

FPARNDVI =
(NDVI − NDVIi,min)× (FPARmax − FPARmin)

NDVIi,max − NDVIi,min
+ FPARmin (5)

where FPARmax (0.95) and FPARmin (0.001) are independent of the vegetation type; NDVIi,max
is the NDVI value corresponding to 95% of NDVI value; and NDVIi,min is the NDVI value
corresponding to 5% of the NDVI value. The relationship between the FPAR and SR area is
as follows:

FPARSR =
(SR − SRi,min)× (FPARmax − FPARmin)

SRi,max − SRi,min
+ FPARmin (6)

SR =
1 + NDVI
1 − NDVI

(7)

where SRi,max and SRi,min are the NDVIi,max and NDVIi,min, respectively.

FAPR = αFPARNDVI + (1 − α) FPARSR (8)

with α set at 0.5. The light energy conversion (ε), given in g C/MJ, was calculated as follows:

ε = T1 × T2 × wε × εmax (9)

where T1 and T2 are the low- and high-temperature stresses on the efficiency of light use,
respectively; wε is the effect of water stress; and εmax is the maximum light use efficiency
(gC/MJ). The calculation of each stress factor and its value was based on the research
results [30].

2.3.3. Dynamic Change of Oasis Areas

The dynamic change of land use type in the oasis regions was adopted to quantitatively
analyse the quantity change of a certain land-use type. The equation is given as

D = (Ua − Ub)/(Ua × T) × 100 (10)

where D (%) is the dynamic change of one land use in the period T (a), and Ua and Ub are
the first and last years of land-use areas (km2), respectively.

2.3.4. RSEI Estimation

With the aim of large-scale remote sensing environmental monitoring, we adopted
a remote sensing monitoring indicator that reflects different ecological environmental
changes and that can be retrieved from low- and medium-resolution imagery in order to
calculate the RSEI for real-time and rapid monitoring of changes in eco-environmental
quality. RSEI was used to evaluate the natural ecological environment of the TRB and was
calculated using principal component analysis (PCA) [43]. The greenness index (NDVI),
wetness index (WET), heat index (LST), and dryness index (NDSI) were used to calculate
the RSEI. The formulae were as follows:

RSEI = f(G, W, T, D) (11)
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RSEI0 = (1 − {PC1[f(NDVI, WET, LST, NDBSI)]}, (12)

RSEI = (RSEI0 − RSEImin)/(RSEImax − RSEImin) (13)

where f represents a combination of the four indicators; G, W, T, and D are the greenness
index, wetness index, dryness index, and heat index, respectively; RSEI0 indicates the
initial value of the ecological index; PC1 represents the first component of the principal
component analysis; RSEImin is the minimum value of RSEI0; and RSEImax is the maximum
value of RSEI0. To evaluate ecological conditions, the RSEI of TRB was divided into five
grades: worst (0–0.2), poor (0.2–0.4), general (0.4–0.6), good (0.6–0.8), and excellent (0.8–1).

2.3.5. Trend and Correlation Analysis

The Mann–Kendall trend test was used to identify trends in variables [52,53]; the
Pearson correlation test was used to detect the degree of correlation between them; and
linear regression was applied to analyse the changes in NPP, NDVI, FVC, temperature, and
precipitation during 2000–2020. The Mann–Kendall test is given as

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
xj − xi

)
(14)

sgn
(
xj − xi

)
=


1, xj − xi

0, xj − xi
−1, xj − xi

(15)

where S is the test statistic, n is the length of the data, and xi and xj are the data values in
the year (i) and (j), respectively.

Var[s] =
n(n − 1)(2n + 5)− ∑

q
p−1 tp

(
tp − 1

)(
2tp + 5

)
18

(16)

where tp and q are the number of data values and tied groups in the pth group, respectively.
The test statistic (Z) was computed with Var(S) and S values, as follows:

Z =


S−1√

n(n−1)(2n+5)
18

, S > 0

0, S = 0
S+1√

n(n−1)(2n+5)
18

, S < 0

(17)

The test statistic (Z) obeys the Gaussian distribution. Under the given significance
level α, if |Z| > Zα/2, H0 would be rejected. If Z < 0, it means a negative trend, if Z > 0,
it means a positive trend; when the absolute value of Z > 1.28, 1.64 and 2.32, it means the
data pass the significant test of 90%, 95% and 99% confidence level, respectively.

The Hurst index (H) shows well in the fractal characteristics of the time series. In
this study, it was used to investigate and predict the temporal-spatial dynamic changes in
the oasis in the TRB. Based on the time series and the Hurst empirical formula, the Hurst
index using the R/S method, which was obtained through the least-square fitting method
(detailed information of this method is presented in Liu et al. [28]): (i) the variable of the
oasis index is stable, the trend is constant, and the memory dynamics (0.5 < H ≤ 1); (ii) the
variable of the oasis index is random, the return is not correlated, and the series has no
memory (H = 1); (iii) the series is anti-persistent, and the results are negatively correlated
(0 < H ≤ 0.5).

The procedures for evaluating of oasis ecological security are shown in Figure 2.
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3. Results
3.1. Oasis Dynamic Change

Over the past 20 years, the total oasis area in the TRB showed a shrinkage trend
(Figure 3), ranging from 28.43 × 104 km2 in 2000 to 28.15 × 104 km2 in 2020 (i.e., a total area
decrease of 0.18 × 104 km2 or 0.65%). However, the individual plain oases showed notable
expansion, with area expanded by 8.21% during the study period. This is particularly
the case for the Aksu River basin (ARB) and Bosten Lake basin (BLB), in which the areas
expanded by 1268 km2 (11.64%) and 335 km2 (10.48%), respectively, during 2000–2020.
Oasis areas in the Yarkand River basin (YRB) and Hotan River basin (HRB) increased by
974 km2 (7.5%) and 122 km2 (2.1%), respectively. However, it is worth noting that the oasis
area in the HRB decreased by 75 km2 (1.25%) from 2015 to 2020.



Sustainability 2022, 14, 3372 9 of 21
Sustainability 2022, 14, x FOR PEER REVIEW 9 of 21 
 

 
Figure 3. Variation in oasis area in the Tarim River basin (TRB) during 2000–2020. Oasis area in (a) 
2000, (b) 2005, (c) 2010, and (d) 2020. (e) Temporal evolution of oasis area and (f) change rates in 
oasis area. 

3.2. Indictors of Oasis Change 
3.2.1. NDVI 

Based on the changes in NDVI in the TRB oases from 2000 to 2020, the NDVI value 
showed a significant increasing trend over the past 20 years (p < 0.01), with NDVI increas-
ing from 0.13 in 2000 to 0.16 in 2020, with an increase rate of 27.06%. Spatially, 90.06% of 
the TRB NDVI values showed a positive trend, while only 9.94% exhibited a negative 
trend. In the subbasins of the TRB, all basins showed positive trends; for example, the 
NDVI in the YRB and HRB increased by 0.10 and 0.08, with expansion rates of 30.38% and 
32.51%, respectively. For the BLB and ARB, the NDVI value increased by 0.11 and 0.18, 
with rates increased by 38.41% and 51.61%, respectively (Figure 4f). 

Figure 3. Variation in oasis area in the Tarim River basin (TRB) during 2000–2020. Oasis area in
(a) 2000, (b) 2005, (c) 2010, and (d) 2020. (e) Temporal evolution of oasis area and (f) change rates in
oasis area.

3.2. Indictors of Oasis Change
3.2.1. NDVI

Based on the changes in NDVI in the TRB oases from 2000 to 2020, the NDVI value
showed a significant increasing trend over the past 20 years (p < 0.01), with NDVI increasing
from 0.13 in 2000 to 0.16 in 2020, with an increase rate of 27.06%. Spatially, 90.06% of the
TRB NDVI values showed a positive trend, while only 9.94% exhibited a negative trend.
In the subbasins of the TRB, all basins showed positive trends; for example, the NDVI in
the YRB and HRB increased by 0.10 and 0.08, with expansion rates of 30.38% and 32.51%,
respectively. For the BLB and ARB, the NDVI value increased by 0.11 and 0.18, with rates
increased by 38.41% and 51.61%, respectively (Figure 4f).
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During different periods, NDVI showed different rates in different basins (Figure 4a–c).
During 2000–2010, the NDVI value in the TRB increased by 0.02 (27.06%), and the NDVI
in the HRB, YRB, BLB, and ARB oases increased by 28.03%, 24.74%, 24.60%, and 29.16%,
respectively. After 2010, the increase rate of NDVI in the TRB slowed. For example, the
increased rates of NDVI in the BLB and ARB were 11.09% and 17.38%, respectively, which
was half of the increased NDVI during 2000–2010. The increase rates of NDVI in the YRB
and HRB oases during 2000–2020 were significantly lower than that during 2000–2010, with
increase rates of 4.52% and 3.50%, respectively.

The spatial distribution of the Hurst index (Figure 4e) indicates that the ecological
environment of most regions of the TRB will be degraded in the future; ~60% of the
BLB, ARB, and YRB NDVI values have decreased, while 91.15% of the NDVI values are
continuing to deteriorate. It is worth noting that 8.85% of the regions of the TRB saw an
improvement in NDVI, with most of these areas concentrated in and around river channels.

3.2.2. FVC

According to the spatial distribution and variation trend of FVC in the TRB from 2000
to 2020 (Figure 5), the average annual FVC in the TRB was less than 30%. The average
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annual FVC in the BLB and ARB oases (in the Tien Shan of the northern TRB) were 37.64%
and 46%, respectively. The average annual FVC of the YRB plain oasis (in the Karakorum
and Kunlun mountain ranges of the southern TRB) was 42.91%, while that of the HRB oasis
was only 30.55%. The annual FVC of the TRB basins increased significantly (p < 0.01) over
the 20 year interval, with an increase rate of 0.27%/a. From 2000 to 2020, the FVC of the
TRB oasis increased significantly (p < 0.01), and the FVC of the HRB, YRB, BLB, and ARB
oases increased by 0.21%/a, 0.54%/a, 0.66%/a, and 0.85%/a, respectively.
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High and medium FVC areas in the TRB (Table 3) showed obviously positive trends
(p < 0.01), with areas expanded by 37.99% and 145.07%, respectively; however, the propor-
tion and area of the low FVC area showed obvious negative trends (p < 0.01), with the
proportion increasing by 31.77% and the area decreasing by 29.17%. Spatially, the high
and medium FVC areas (except the medium FVC in the ARB and YRB) exhibited notable
expansion trends (p < 0.05), with areas expanding by 44.79% and 6.99% in the BLB, 74.82%
in the ARB, 52.96% in the YRB, and 33.89% and 22.53% in the HRB. In contrast, the low
FVC areas in the BRB, ARB, YRB, and HRB showed significant negative trends (p < 0.01),



Sustainability 2022, 14, 3372 12 of 21

with areas decreasing by 20.51%, 52.74%, 45.50%, and 20.20%, respectively. Meanwhile,
the medium FVC in the ARB showed an obvious negative trend (p < 0.05), with the area
decreasing by 12.10%.

Table 3. Fraction of vegetation cover (FVC) variation in the Tarim River basin (TRB) oases.

Basin Variables High FVC Medium FVC Low FVC

BLB
Average (%) 69.17 37.19 13.37
Change (%) 9.23 −4.09 11.52

Z value (FVC) 3.96 (**) −3.71 (**) 3.93 (**)
Area change (%) 44.79 6.99 −20.51
Z value (Area) 5.41 (**) 2.39 (*) −4.80 (**)

ARB
Average (%) 68.40 37.01 15.66
Change (%) 10.32 −2.32 28.26

Z value (FVC) 3.65 (**) −1.51 1.36
Area change (%) 74.82 −12.10 −52.74
Z value (Area) 6.01 (**) −2.26 (*) −5.59 (**)

YRB
Average (%) 68.44 36.11 16.46
Change (%) 10.32 −2.32 28.26

Z value (FVC) 0.51 1.90 1.54
Area change (%) 52.96 9.55 −45.50
Z value (Area) 5.10 (**) −0.09 −3.84 (**)

HRB
Average (%) 66.75 36.45 11.79
Change (%) 0.80 2.16 −8.22

Z value (FVC) −1.78 2.66 (**) 0.82
Area change (%) 33.89 22.53 −20.20
Z value (Area) 3.77 (**) 3.96 (**) −3.23 (**)

TRB

Average (%) 65.63 32.43 21.37
FVC Change (%) 3.48 −5.39 31.77

Z value (FVC) 4.50 (**) −0.91 5.16 (**)
Area change (%) 67.99 145.07 −29.17
Z value (Area) 4.50 (**) 4.80 (**) −4.86 (**)

Symbols: *. Significance p < 0.05; **. Significance p < 0.01.

3.2.3. NPP

From 2000 to 2020, the NPP in the TRB increased significantly (p < 0.01), with an
increase of 31.55% at a rate of 0.50 g C/m2·a. Spatially, the average annual NPP in the
BRB and ARB oases was 101.30 and 112.09 g C/m2, respectively, which is higher than the
southern basins of the TRB (the HRB oasis with an average annual NPP of 72.04 g C/m2 and
the YYRB oasis with average annual NPP of 95.57 g C/m2). The NPP of the four basin oases
in the TRB showed a significant increasing trend (p < 0.01) during the study period. The
NPP of the BRB, ARB, YRB, and HRB oases increased by 2.26, 2.86, 2.03, and 1.39 g C/m2,
respectively, with expansion rates of 98.51%, 56.13%, 66.42%, and 49.56%, respectively.

The Hurst index (H) of the NPP in the TRB from 2000 to 2020 was 0.47, indicating
that the positive trend in NPP will be inverse in the future; however, there were obvious
spatial differences (Figure 6f). For the Hurst value in the sub-basins of the TRB, the NPP
in the YRB and HRB oases is predicted to decrease, particularly in the HRB (H = 0.27); in
contrast, the NPP in the BLB (H = 0.57) and ARB (H = 0.53) oases will increase in the future.
Figure 6e shows the spatial distribution of H in the TRB, which indicates that more than
half of the regions’ NPP in the BRB, ARB, and YRB oases will still show positive trends in
the future; the proportion of the increased NPP in the ARB oasis is 64.52%. For the future
trend of NPP in the HRB oasis, more than half (51.25%) of the region will show a negative
trend, while 48.75% of the region will exhibit a positive trend.
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3.3. Evaluation of Ecological Environment

The RSEI of the TRB (Table 4) increased from 0.28 in 2000 to 0.43 in 2020, an increase
of 52.31%. Spatially, most ecological environments of the TRB range from the worst grade
to the poor grade; mountain regions ranged from poor to medium-good grade. During
2000–2020, the RSEI increased from 0.33 to 0.45 in the BLB, and from 0.39 to 0.55 in the ARB,
increases of 35.63% and 42.53%, respectively. For the southern TRB, the RSEI increased
from 0.41 to 0.45 in the YRB, and from 0.29 to 0.42 in the HRB, representing increases of
10.81% and 45.02%, respectively.

Compared with 2000, the total area of the worst and poor grades in the TRB decreased
by 86.87% and 22.96%, respectively. The good and excellent grade regions increased by
140.02%. From 2000 to 2020, the significantly degraded region and the relatively degraded
region accounted for 5% of the TRB. The stable region accounted for 26.08%, and the
relatively improved region accounted for 62.69%, whereas the significantly improved
region accounted for 6.23%. In terms of spatial changes, most regions were stable; the
relatively improved region and the relatively degraded region were less than 7%, and the
significantly degraded region was less than 2%.

Overall, the ecological environment of the TRB has improved in recent years, especially
in the western mountainous area (e.g., the HRB, YRB, and ARB oases). However, in the
western and southwestern TRB, the ecological environment has degraded (e.g., the Kongi
River basin and Cherchen River basin; Figure 7).
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Table 4. Remote sensing ecological index (RSEI) and area proportions of different ranking regions in
the Tarim River basin (TRB) and its oases from 2000 to 2020.

Region RSEI TRB BRB ARB YRB HRB
%

Significant degraded region <−0.2 1.24 0.1 1.69 0.01 0.07
Relatively degraded region −0.2~−0.05 3.77 6.02 3.20 0.73 6.66

Stable region −0.05~0.05 26.08 57.63 43.92 23.20 35.57
Relatively improved region 0.05~0.2 62.69 34.24 49.71 74.34 48.50

Significantly improved region >0.2 6.23 2.01 1.48 1.72 9.21
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4. Discussion
4.1. Climatic Influences

Over the past half-century, both temperature and precipitation in the TRB have
increased (Figure 1). From 1970 to 2020, temperature and precipitation increased by
0.37 ◦C/10a and 6.09 mm/10a, respectively, which is consistent with Central Asia [54]
but higher than that of the Tien Shan region (0.32 ◦C/10a and 5.82 mm/10a) [55]. The
rapid temperature increase may be the main reason for vegetation degradation and desert
expansion in the desert–oasis transition zone in the TRB in recent decades. It is notable
that the temperature in the TRB increased slowly, by 0.2 ◦C/10a, between 2000 and 2020,
while the increased precipitation reached 16.43 mm/10a. Liu et al. [56] revealed that the
Xinjiang region has experienced a so-called ‘warm and wet transition’ since the late 1980s.
The current slower warming climate, with a positive trend in precipitation, may have
contributed to the improved ecological environment, including the increased NDVI and
NPP and expanded FVC. Previous studies have confirmed the results; e.g., Wang et al. [18]
found the vegetation vigour and coverage have increased. Liu et al. [28] detected that, in
Xinjiang, the warmer and wetter conditions have contributed to the expansion of vegetation
cover. Xu et al. [57] observed that both the grassland and cropland in southern Xinjiang
showed a significant expansion trend over the past decades. Song and Zhang [58] indicated
that climate changes in temperature and precipitation had positive influences on oasis
expansion (43.65%) from 1986 to 2011.

A water resource is the essential factor for the development of oases, and it is the most
direct factor restricting economic development and ecosystems in arid areas. Except for
the warming and wetting of the climate, the increasing river runoff recharge by glacier
and snow meltwater in the upper reaches is also an important reason for the expansion
of oasis areas in the lower reaches of the Tarim River. In recent decades, the runoff of the
Tarim River showed an obvious positive trend [59–61], e.g., for the Aksu River, which is
the largest replenishment source of the Tarim River, the runoff increased by 30% from 1957
to 2004 [62], and the runoff of its two major tributaries (the Kumalak River and Toxkan
River) also showed positive trends of 0.56 × 108 and 1.83 × 108 m3/10a from 1979 to 2015,
respectively [38]. From 1972 to 2016, the annual runoff of the Kaidu River increased by
about 226 million m3/10a [63], and the runoff of the Hotan River showed a higher increase
after 1990, which was mainly controlled by summer runoff [64]. The annual increasing
rate of runoff in the Yarkand River reached 0.5%/a from 1968 to 2017 [65]. Ye et al. [66]
found that 71% of lake levels in Xinjiang presented a positive trend from 2003 to 2009,
especially the lakes in the TS region. Similarly, the expansion rate of lake areas (0.98%/a)
during 2000–2013 was approximately four times the rate (0.23%/a) from 1990 to 2000 [67].
Overall, both the warm and humid climate and increased meltwater from glacier and snow
contributed to the oasis expansion. Compared with the aggravated arid zone resulting in
the significant expansion of the carbon source area in Central Asia from 2001 to 2008 [30],
the improved ecological environment of the TRB will help to reduce the carbon source,
and some regions may turn into carbon sink areas. In the United States, the carbon sink
of grasslands is affected by drought and is in a poor state; however, some regions have
changed to carbon sources [68].

4.2. Human Activities

Human disturbance caused by population growth, social and economic development,
and highly intensive utilization of resources is becoming a global problem that results in
a degrading ecosystem and influences the ecological environment in arid regions. The
ecological environment in arid areas is fragile, and it is especially sensitive and vulnerable
to human disturbance. In addition, the drying effects of climate change also indicate that
ecological problems caused by drought events will increase in the future [69–71]. Oases
are regarded as the most important regional systems of man–land relationships in arid
areas; they serve as the active area in the diffusion of production and living in arid areas.
The increase in oases disturbed by human activities has brought great challenges to the
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coordination of water resource allocation. The distribution of oases in arid areas depends
on river runoff, which provides a wide range of ecosystem services and water resources [72].
Wang et al. [29] found that the influence of human activities on the ecological environment
in the Aral Sea basin of Central Asia was greater than the impact of climate change, based
on the RSEI method. Chen et al. [1] found that human activities are the dominant driving
force governing the expansion or shrinkage of oasis areas in the Shiyang River basin,
with mean contributions of 69.38% and 76.16%, respectively, and that policy decisions
are the pivotal human factor. Despite this, the Jinta Oasis of the Heihe River basin grew
during 1963–2010, as a result of the wasteland area being converted into cultivated land,
constructive land and forestland [27]. With the influence of human activities in recent
years, the vegetation ecosystem in the Tarim River basin has been seriously degraded. For
example, the NDVI in the Desert-Oasis Ecotone of the Tarim River basin decreased by 0.015
from 1990 to 2015 [71]. According to statistics, land cover area of the desert–oasis ecotone
region in Xinjiang decreased by 43%, while the oasis area expanded by nearly 35% during
1990–2008 [73]. From 1990 to 2008, the artificial oases in the Aksu River basin increased
significantly, with shifts in policy, enhancement of human activities, and changes in climate
and runoff being the main driving forces [74]. The protection and restoration of natural
and artificial vegetation in oases is the key to maintain the sustainable development of arid
and semi-arid regions. Since 2000, to protect and restore the dominant natural species of
desert riparian forests, the government of China began to implement the “Ecological water
diversion Project, EWCP” [75]. Ling et al. [76] evaluated the positive impact of EWCP
on the growth of desert vegetation in the arid basin. Ye et al. [14] found that the area of
Taitema Lake expanded by 144% from EWCP, which greatly improved the ecology of the
area and the water quality of the lake [14].

Between 2000 and 2020, the mutual transformation of different land use/cover types
in the TRB was severe (Table 5), especially for cultivated and urban construction land;
cultivated land area in the TRB increased by 15,324 km2 (56.95%), while forest and grassland
areas decreased by 1150 km2 (8.36%) and 17,639 km2 (7.28%), respectively. In terms of the
dynamic changes of land types in the TRB, the cultivated land area expanded significantly
from 2000 to 2020, accompanied by a significant decrease in forest and grassland areas.
During the study period, the cultivated land areas in the BLB, ARB, YRB, and HRB oases
expanded by 633 km2 (35.24%), 2852 km2 (50.68%), 1903 km2 (34.26%), and 1011 km2

(53.10%), respectively. However, the forest and grassland areas in the TRB decreased
significantly during the same period. The forest areas of the BLB, ARB, YRB, and HRB
decreased by 171 km2 (90.48%), 631 km2 (55.94%), 500 km2 (43.67%), and 161 km2 (57.50%),
respectively. The total grassland area in these basins decreased by 217 km2 (19.60%),
1198 km2 (30.65%), 638 km2 (10.55%), and 721 km2 (20.77%), respectively.

Table 5. Land use types and area changes in the Tarim River basin (TRB) during 2000–2020.

Year Basin
Oasis Non-Oasis

Cultivated Land Forest Grassland Industrial Land Water Unused Land

Area change

Km2
TRB

15,324 −1150 −17,639 −14,629 1620 16,902
% 56.95 −8.36 −7.28 −40.55 112.73 2.91

Km2
BLB

633.00 −171.00 −217.00 −61.00 90.00 −274.00
% 35.24 −90.48 −19.60 −5.46 86.54 −10.59

Km2
ARB

2852.00 −631.00 −1198.00 −130.00 245.00 −1138.00
% 50.68 −55.94 −30.65 −17.36 107.46 −28.55

Km2
YRB

1903.00 −500.00 −638.00 −421.00 209.00 −553.00
% 34.26 −43.67 −10.55 −45.96 87.82 −15.71

Km2
HRB

1011.00 −161.00 −721.00 −31.00 −7.00 −91.00
% 53.10 −57.50 −20.77 −7.81 −4.19 −3.20

Over the same period, the water area in the TRB increased by 1620 km2 (112.73%),
while the unused land area (main desert and bare land) increased by 2.91%. In addition,
the water bodies of all basins expanded, except for the HRB, which had an area decrease of
7 km2 (4.19%). However, unused land in the TRB decreased from 2000–2020, with areas
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decreased by 274 km2 (4.19%) in the BRB, 1138 km2 (28.55%) in the ARB, and 209 km2

(7.82%) in the YRB.
Overall, the cultivated land in the TRB expanded significantly between 2000 and 2020,

which severely squeezed forest and grassland areas and amplified the utilisation of land
use in non-oasis areas; urban construction land expanded by 112.73%. Meanwhile, the
used land area expanded by 2.91%, whereas the unused land area decreased significantly;
for example, these areas in the BLB and YRB oases decreased by 10.59% and 15.71%,
respectively, and those in the ARB decreased by 28.55%. This further indicates that human
activities have a great impact on land use in the TRB, including the expansion of bare land
and the reduction in grassland area in the oasis–desert zone.

In recent decades, the population and agricultural areas of the TRB have increased
rapidly. According to the 2016 Xinjiang Statistical Yearbook, the basin has a population
of more than 11 million and an agricultural area of 2819 × 103 ha, with more than one-
third of the area facing water resource shortages (World Resources Institute’s Aqueduct
Global Water Risk Map, http://www.wri.org/our-work/project/aqueduct accessed on
10 November 2021). The increased population, the need for economic development, and
the process of urbanisation have all intensified the pressure on regional natural resources
and the environment. With the gradual expansion of cultivated land area in oases, the
ecological space of the desert–oasis transition zone is strongly occupied, and this has caused
a continuous decrease in the desert–oasis transition zone area [3]. Despite the oasis areas
showing positive trends under human activities, water demand has increased for surface
and groundwater. For example, during the expansion of the Heihe Oasis area from 2000
to 2010, the agricultural land expanded by 11%, while the total irrigation water demand
increased by 6.3% [2]. Fu et al. [77] revealed that human effects significantly changed the
distribution and allocation of limited water resources in the basin, leading to the oasis
expansion. Deng and Chen [78] found that human activities were the main reason for
the decrease in terrestrial water storage in the northern TRB. Therefore, strengthening
and reasonably controlling water resources in the TRB is an important measure to pre-
vent further deterioration of the ecological environment and to realise sustainable and
healthy development.

5. Conclusions

This study investigated dynamic changes in oases and evaluated ecological security
across the TRB during the period 2000–2020. Our main conclusions are as follows:

The total oasis area in the TRB decreased by 0.65%, but the plain oasis area increased
significantly (8.21%) from 2000 to 2020. Specifically, the artificial oases (cultivated and
industrial land) showed a notable increase (53.36% and 19.09%), whereas the natural oases
(forests and grassland) exhibited an apparent decrease (43% and 72.86%). Spatially, the
total oasis areas in the northern TRB (e.g., ARB and BLB) showed higher expansion area in
comparison to the southern TRB (YRB and HRB).

The indictors of oasis change in the TRB were greatly improved over the past 20 years.
The NDVI of the TRB oases increased from 0.13 in 2000 to 0.16 in 2020. In addition, the FVC
increased significantly (36.79%), and the NPP increased by 31.55%. Spatially, the NDVI,
FVC, and NPP increased by 24.60%, 35.76%, and 98.51%, respectively, in the BLB oasis;
29.16%, 49.70%, and 56.13% in the ARB oasis; 24.74%, 26.53%, and 66.42% in the YRB oasis;
and 28.03%, 16.49%, and 49.56% in the HRB oasis.

From 2000 to 2020, the entire ecological environment of the TRB improved, with the
ecological grade changing from a poor grade (0.28) to a general grade (0.43). Approximately
69% of the TRB’s eco-environment experienced a relative improvement, mainly distributed
in the western mountains. The degraded ecological environment area was less than 5%,
mainly occurring in the desert–oasis ecotone. Spatially, the ecological restoration areas of
the BRB, ARB, and HRB were 36.25%, 51.19%, and 57.71%, respectively. The ecological
restoration area of the YRB was 76.06%, and the ecological degradation area of each basin
was less than 7%.

http://www.wri.org/our-work/project/aqueduct
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With a continuously changing climate and human disturbances, the oases in the TRB
have experienced great change. The recent ecological environment of the TRB is improving,
as plain oases are expanding significantly. Population increase promotes the transformation
of other land types to arable land and industrial land and translates natural oases and
non-oases to artificial oases. Despite the total oasis areas have been greatly expanded,
the natural oasis areas presented a shrinking trend, especially for the natural oases in the
desert–oasis ecotone, which will become more vulnerable. Owing to the rapid expansion
of the cultivated land, there has been a strong shrinkage of ecological water use and an
acceleration of expanded moderate and light desertification on oasis peripheries. The
ecological environment of the oasis is more fragile, and water problems in these regions
have become more prominent. The internal analysis of the dynamic changes in oasis shows
that human activities are an important reason for the fragmentation of the oases’ ecological
landscape. There is an urgent need to strengthen the coordinated management of oasis
ecological security in arid regions.

This work studied the dynamic changes of the oasis, evaluated the ecological security
in the TRB, and detected the driving factors affecting the oasis change, including land use,
oasis indictors, climate, and human activities. However, the change of the oases in the
arid region is a long-term and complex issue, which is affected by climate change, human
activities, topography, policies, and other aspects. Further research is needed to more
scientifically and accurately analyse the oasis changes and ecological security in the TRB,
e.g., the water resource changes, which are mainly influenced by mountain melt water from
glacier and snow, the ground water level changes, the allocation and utilization of water
resources, and the development of farm land. Thus, combining information from glaciers,
snow, and meteorological and hydrological data by using the glacial-hydrological model,
the future land use planning by the government and the total water storage in terms of the
future development of oases will be the aim of future research.
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