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Tarim River Basin (TRB), located at the Eurasia center, is a typical arid inland basin. It is critical to maintain the ecological security
of TRB for the sustainable development of oases. With the inputs of four period land use data, the landscape ecological risk
assessment model, the minimum cumulative resistance model, and network analysis were applied to analyze the landscape
ecological security pattern and to optimize the landscape pattern. The results show that, during the period 1990-2020, (1)
landscape ecological risks of TRB increased by 1.76%; (2) landscape ecological risks tend to agglomerate in space in each period.
The clusters of high-high risk are mainly distributed in the central and eastern desert areas, while low-low risk clusters are mainly
distributed in watersheds Oasis and mountains. (3) Ecological security pattern network of the basin becomes more complex and
better. The optimized pattern, called Oasis Corridor Functional Area with one ring, two screens, two belts, ten corridors, and

multicenter, is expected to provide reference for the ecological environment management and restoration.

1. Introduction

As an essential part of national security [1-5], ecological
security is equally essential to political security, homeland
security, military security, and economic security [6]. It has a
strategic position and great significance, and it is also the key
to achieving sustainable development [7, 8]. The concept of
ecological security pattern and optimization originates from
the West. In 1967, Mac Arthur and Wilson put forward the
theory of island biogeography and “ecological network
model” [9]. At present, based on different perspectives such
as land use, landscape pattern, and ecological infrastructure
construction, scholars have gradually developed from simple
qualitative and quantitative pattern and planning analysis to
more complex space research such as static pattern opti-
mization, dynamic pattern simulation, and ecological state
trend analysis [10]. The research methods mainly include

multi-index comprehensive evaluation, minimum cumula-
tive resistance model, scenario simulation, and landscape
ecological index. Taken together, the index construction and
methods of ecological security pattern research are still in
further exploring. Most studies use the framework of
“source-resistance surface-corridor” to construct the re-
gional ecological security pattern [11]. In addition, most
researchers regard the identification of ecological sources
and ecological corridors as an important part of the con-
struction of ecological security pattern, but the identification
of strategic points is ignored.

Compared with other regional ecological risks, water-
shed ecological risk assessment has unique watershed
characteristics [12]. In the current study, landscape analysis
method is mainly used to analyze watershed ecological risk
[13]. For example, Craig et al. [14] combined land use with
landscape structure and used ecological threat index to
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evaluate the ecological risk status of Colorado River Basin;
Yan et al. [15] constructed a watershed ecological risk as-
sessment model according to the three indexes of landscape
risk, vulnerability, and loss to evaluate the ecological risk of
Taihu Lake Basin; Xu et al. [16] analyzed the temporal and
spatial pattern of ecological security of coastal wetlands in
Jiangsu by using landscape interference index and vulner-
ability index; Xie et al. [17] constructed an ecological risk
assessment system based on landscape vulnerability, land-
scape structure index, and landscape component area to
evaluate the ecological risk of Taihu Lake; Ma et al. [18]
selected landscape indicators to quantitatively characterize
the landscape pattern in medium and downstream of Shule
River according to the degradation situation of the eco-
system; Ran et al. [19] applied an ecological risk assessment
framework integrating landscape pattern characteristics and
landscape vulnerability dynamics to analyze the spatio-
temporal variations of landscape ecological risk in the
Yangtze River Delta from 2000 to 2018. The above
achievements provide the theoretical basis for watershed
ecological planning, landscape structure adjustment and
optimization, and social and economic sustainable devel-
opment at home and abroad.

The Tarim River Basin (TRB) is the fifth largest in the
world, and also the largest inland river basin in China. Its
watershed runs around the Taklimakan Desert from west to
east and through the Tarim Basin. It is a hybrid system with
natural and social attributes, which compose of forests,
grasslands, wetlands, deserts, and people living in the basin.
It has typical characteristics such as good primitiveness and
naturalness. The TRB is an essential part of the ecological
barrier in northwest China in regulating the climate, con-
serving water sources, preventing desertification, protecting
biodiversity, and maintaining the ecological balance. Due to
the vulnerability of the ecological environment in arid areas
and the sensitivity to external interference [20], the TRB has
become one of the key areas for global change researches.
Over the decades, global climate change and human ac-
tivities have had a great impact on the ecological environ-
ment of the TRB. For example, the changes of Land Cover
and landscape pattern, and drastic desertification, the
shrinkage of wetland area, grassland degradation, reduction
in biodiversity, and the ecological risks have attracted more
and more attention. At present, the research on ecological
risk assessment mainly focuses on some key areas in TRB
[21-26], while the large-scale research on the whole TRB is
still lacking. At the same time, for the optimization of
landscape pattern, many studies focus on models and
methods but lack the combination of landscape ecological
security and pattern optimization and lack the evolution
analysis on time series. This study grasps the watershed
ecosystem pattern and ecological risk changes from a macro
perspective. Taking the whole TRB as the research object, the
paper uses the landscape ecological risk evaluation model to
quantitatively evaluate the temporal and spatial distribution
and change characteristics of landscape ecological risk and
then designs the optimal layout scheme of ecological spatial
structure in the TRB. It is expected to provide scientific
reference for optimizing the ecological spatial structure of
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TRB, ensuring regional ecological security and promoting
regional sustainable development.

2. Study Area and Data Source

2.1. Study Area. The TRB (71°39-93°45E, 34°20-43°39N) is
located in the center of Eurasian continent and the south of
Xinjiang. It borders the Pamir Plateau in the west, the
Kunlun Mountains and Altun Mountains in the south, and
Kuruktag Mountain in the east. The Taklimakan Desert is
located in the middle of the basin. The area of TRB is about
1.02 * 106 km? [27], and it is the largest inland river basin in
China (Figure 1). It has abundant natural resources but a
fragile ecological environment [27-29]. The total length of
the Tarim River is 2179 km. At present, only the Aksu River,
Hotan River, Yarkant River, and Kaidu-Peacock River have
surface hydraulic connections with the mainstream of the
Tarim River [27]. Its runoff mainly comes from its source
and snowmelt and glacial meltwater in the Tianshan and
Kunlun Mountains [30, 31]. The basin is located in the
hinterland of the Eurasian continent at mid-latitudes. The
terrain of the basin is low in the middle and high around,
inclined from west to East. TRB situates the inland with dry
climate, scarce precipitation, and high evaporation. The
average annual precipitation of TRB is 17.4-42.8 mm, and
the annual average temperature is 10.6-11.5°C. And the
climate type of TRB is a temperate arid continental climate
[26]. The land use types are mainly sandy land, unused land,
and grassland, and the ecological environment is extremely
sensitive and fragile.

2.2. Data. The land use/land cover change data in 1990,
2000, 2010, and 2020 are from the Resource and Environ-
mental Science Data Center of the Chinese Academy of
Sciences (https://www.resdc.cn), with a spatial resolution of
30m x 30m. With ArcGIS 10.2, the secondary land types
were reclassified into nine land-use types: cropland, forest,
grassland, waterbody, sandy land, saline-alkali land, Gobi,
and construction and unused land. The GDEMV2 digital
elevation data was used, with a spatial resolution of
30m x 30 m. It is collected from the Geospatial Data Cloud
Platform of the Computer Network Information Center of
the Chinese Academy of Sciences (https://www.gscloud.cn/).
This study uses the Albers Conic_Equal_Area projected
coordinate system.

3. Method

The framework of this study is mainly divided into three
parts (Figure 2) Firstly, the landscape indexes are used to
dynamically evaluate the landscape ecological risk of TRB.
The ecological sources are determined according to the
InVEST model and landscape connectivity indexes, and the
cumulative resistance surface is constructed combined with
the results of landscape ecological risk assessment. Then, the
ecological corridors are extracted through MCR model and
circuit theory, the ecological nodes and ecological obstacles
are identified, and the watershed ecological security pattern
is constructed. Finally, according to the above research
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FiGure 1: The location and land use/land cover of Tarim River Basin.
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results, the measures and suggestions for the optimization of
ecological security pattern are put forward. The specific
framework is shown in Figure 2.

3.1. Construction of Landscape Ecological Risk Assessment
Index System. The landscape pattern index highly condenses
the information and is a simple quantitative index that
expresses some aspects of its structural composition and
spatial configuration. Based on previous research results
[32, 33] and according to the relationship between the
ecosystem landscape pattern and ecological risk, the land-
scape interference index, landscape fragmentation index,
landscape separation index, landscape dominance index,
landscape fragility index, and landscape loss index were used
to establish the model of ecological risk index (Table 1). In
order to spatially express the regional heterogeneity of
landscape ecological risk [34, 35], a square grid of
10 km x 10 km was selected to divide the study area. The total
number of risk areas is 5522. The ecological risk of each grid
was calculated as the landscape ecological risk at the center
point of each sample area.

3.2. Specialization of Landscape Ecological Risk. This study
used ArcGIS10.2, GS +9.0, spatial autocorrelation analysis,
and semivariance analysis to represent the landscape eco-
logical risk in the TRB spatially. Through the calculation of
spatial weight and Moran’s I index, the spatial autocorre-
lation of ecological risk in the study area is obtained, which
reflects the distribution of adjacent ecological risk values in
space. Spatial autocorrelation analysis can be divided into
global correlation and local correlation [38, 39]. The best-
fitting model was obtained by fitting the semivariogram to
the point data through the geostatistical analysis module of
ArcGIS [40-42]. We used the ordinary kriging interpolation
method to get the spatial distribution map of ecological risk
in four different periods.

(1) Global spatial autocorrelation (Moran’s I). Global
spatial autocorrelation is used to study the spatial
correlation and regularity of variable attributes. The
formula is as follows:

NYi X Wij (x; - E)("j - E)

2 n m > 1
Z?:l (xi - 7) (Zizl Zj:l Wij) W

Moran'sl =

where N is the total number of sample areas in the
study area; x; and x; respectively, represent the
observation value of a characteristic attribute x on
the spatial unit (i#f) X is the mean value of x; Wj; is
the spatial weight matrix.

(2) Local spatial autocorrelation. Local spatial autocor-
relation can better show the spatial aggregation of
ecological risk. It can show the spatial aggregation of
ecological risk in the form of graphics, which can be
divided into High-High, High-Low, Low-Low, and
Low-High aggregation [43, 44]. The calculation
formula is
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where if the I; value is positive, it indicates the spatial
agglomeration of similar values (high or low values)
around the regional unit, and if it is negative, it
indicates the spatial agglomeration between dis-
similar values.

X — X\ ¢ _
- )j_zlwij (%; = %), (2)

(3) Semivariogram analysis method. In this paper,
GS+9.0 software is used to fit the semivariogram,
establish the fitting model, and carry out the spatial
analysis of eco-environmental security to reflect the
changes of observed values at different distances
[33, 45]. Then, the semivariogram can be expressed as

N (h)

1
NG ; [z(x;) =z (x; + h)]7, (3)

y(h) =

where p(h)represents the semivariogram, h is the step size,
N(h) represents the number of samples with interval h, and
z(xi) and z(x; + h) represent the measured values at z(x;) and
z(x;+ h), respectively.

3.3. Habitat Quality Model. InVEST model was developed by
Stanford University and the World Wide Fund for Nature in
the United States. The original intention is to weigh the
relationship between regional development and conserva-
tion. “Habitat Quality” in the model can be used as a re-
flection of habitat quality. It is a quantitative evaluation of
habitat quality from the perspective of biodiversity [46, 47].
According to the InVEST model guide [48, 49] and the
natural conditions of the TRB, this study set wetlands,
woodlands, grasslands, and waters as habitats, and other
lands as nonhabitats. Residential sites, roads, railways, and
rural roads are considered threat sources for habitats. Based
on reference values in the InVEST model guide and related
literature [49-51], we set the various parameters. The habitat
quality calculation formula is as follows:

-H Dy 4

where Q is the habitat quality of the grid x of land use type j,
H is the habitat suitability of the land type j, D is the habitat
degradation degree of the grid x of the land type j, k is the
half-saturation constant, which is generally 0.50, and z is the
default parameter, generally 2.50 [48, 52, 53].

3.4. Construction and Optimization of Ecological Security
Pattern. In this study, the cumulative resistance surface of
the landscape pattern was constructed according to the
results of ecological source and landscape ecological risk
assessment, and the minimum cumulative resistance model
(MCR) and network analysis were used to establish eco-
logical corridors, identify ecological nodes, and optimize the
landscape pattern. The formula is as follows [26]:
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TaBLE 1: The methods of landscape pattern indices.

Index Formula Ecological meaning of landscape pattern index
Cirepresents the fragmentation degree to which the landscape is segmented at a
Landscape fragment, C =n/A given time and nature, with higher values representing higher fragmentation of
Ci P the landscape and greater human disturbance to the landscape. #; is the number
of patches of landscape type i, A; is the total area of landscape type i.
N; represents the degree of separation of patch distribution in the same
Landscape separation, N, = ARANATA landscape type, and the larger the value, the more complex the corresponding

N;

Landscape fractal
dimension, F;

Landscape
interference, E;

Landscape fragility, V;

Landscape loss degree,
R;

Ecological risk index,
ERI

F; =2 In(p;/4)/In A,

E; = aC; + bN; + cF,

Expert consultation and
normalization

R, = E;xV;

ERI = YN A, /A xR,

landscape spatial distribution and the higher the degree of fragmentation [36].
A is the total landscape area.

F;is a noninteger dimension value representing the geometric complexity of the

patch or landscape mosaic. The value ranges from 1 to 2. The larger the value,

the more complex the structure and change of the landscape patch. P; is the
perimeter of landscape type i.

E; represents the effect of human interference on the area. The smaller the value,
the better the survival of the creature. g, b, and ¢ are the weights of the
corresponding landscape indices, and a+ b+ c=1, assign a, b, and ¢ to 0.5, 0.3,
and 0.2, respectively [37, 38].

V; represents the sensitivity of different landscape types to external
disturbances, and the larger the value, the higher the ecological risk. According
to the actual situation of the study area, the desert and Gobi are assigned a value
of 7. The saline-alkali land is assigned a value of 6. The water area is assigned a
value of 5. The cropland land is assigned a value of 4. The grassland is assigned a
value of 3. The forest is assigned a value of 2. The urban land in the oasis in the
arid area is the main area of human activities, the most stable, and is assigned a
value of 1. Then, the landscape fragility is calculated using normalization.
R; expresses the difference in the ecological loss suffered by various types of
landscapes when disturbed, that is, the degree of loss of natural attributes.
Through the comprehensive reflection of landscape disturbance index and
landscape vulnerability index
Based on the landscape disturbance index and vulnerability index, the spatial
pattern was transformed into ecological risk variables by sampling method, and
the ecological risk index of land use was constructed. N is the number of
landscape types, A,; is the area of the i-th type of landscape component in the x-
th risk area, and A, is the total area of the x-th risk area

m n
MCR = f i Z Z DyWw;,

where MCR represents the cumulative value of the mini-
mum resistance between ecological source j and any grid i;
Dj; represents the distance from the i-th grid to the j-th
ecological source on the landscape pattern resistance; W;
represents the resistance value of the first grid on the surface
of landscape pattern resistance to the operation of ecological
flows. This study used the Linkage Mapper module to build
ecological corridors. We use the Linkage Mapper toolbox to
construct ecological corridors in ArcGIS10.2 software.

(1) Identification of “ecological source” and the generation

i=1 j=1

ecological source. With the inputs of landscape eco-
(5) logical risk and the selected ecological sources, the
cumulative resistance surface of the TRB was calculated
by the cost distance tool. Using the natural breakpoint
method, the ecological land in the study area is divided
into five levels: ecological core area, ecological buffer
area, ecological transition area, ecological optimization
area, and ecological governance area.

(2) The establishment of ecological corridors. With the
input of the selected “ecological source” and the
cumulative resistance surface of the landscape pattern,
this study mainly used the Linkage Mapper tool to
calculate the minimum cost path between each eco-

of resistance surface. In this study, the habitat quality
model was used to identify the comprehensive eco-
logical source of the TRB. Firstly, the patches with an
area greater than 100 km were imported into Conefor
Sensinode 2.6 Software. The threshold is set to 2000,
and the connectivity probability is set to 0.5. Then, the
three landscape indexes, including landscape coinci-
dence probability (LCP), Integral index of connectivity
(IC), and Probability of connectivity (PC), could be
calculated. Finally, the patches with patch importance
of higher than 1 in the core area are identified as the

logical source and the rest of the ecological source.
The minimum cost path is the ecological corridor. The
ratio of the cost-weighted distance of the least-cost
path to the path length is used to describe the relative
resistance of moving along the path [54]. And the
ratio of each corridor is divided into small resistance,
medium resistance, and high resistance according to
the natural breakpoint method.

(3) Identify ecological “pinch points” and ecological

barrier points. Ecological “pinch points” refer to
areas that play an important role in ecological



protection. The identification of ecological “pinch
points” is to ground one node (ecological source
ground), input the same current electrical to other
nodes (ecological source ground), and obtain the
cumulative current electrical of each pixel through
the iterative operation. The point with the high value
of cumulative current electrical is the ecological
“pinch point” [54, 55]. Ecological “pinch points”
have high current electrical density and irreplace-
ability [56]. This study identifies “pinch points” in
ecological corridors through the Pinchpoint Mapper
module in Linkage Mapper toolbox. Ecological
barrier points refer to areas where the movement of
species between habitat patches is hindered. Re-
moving these areas can increase the connectivity
between ecological sources [57], and ecological
restoration should be carried out in these areas. We
use the Barrier Mapper module of Linkage Mapper
toolbox to identify the barrier points in the ecological
corridor.

(4) Optimizing the layout of ecological spatial structure
in the TRB. According to the construction of the
ecological security pattern in the TRB, identify the
main components of the ecological security pattern
and analyze their spatial and temporal distribution
characteristics. Based on reference to the “green-
heart corridor group network” ecological space
structure optimization combination mode proposed
by Yang Tianrong et al. [58] and the “corridor group
network” ecological space structure optimization
combination mode proposed by Guo Rongchao et al.
[59], this study optimizes and reorganizes the eco-
logical security pattern of the TRB. Based on the
identified ecological source areas, relying on topo-
graphical features to build an ecological safety
protection zone and dividing the ecological function
zones of the TRB, we use central river systems, roads,
and intersource corridors to connect functional areas
to build a regional ecological corridor network
system. Through the optimization and reorganiza-
tion of “point-line-surface” ecological spatial struc-
tural elements such as oasis areas, ecological pinch
points, and corridor networks [60], an ecological
spatial structure system with multilevel and complex
“oasis corridor group network” is constructed in the
arid inland river basin.

4. Results

4.1. The Spatial-Temporal Evolution of Landscape Ecological
Risk in the TRB. This study used the index model to fit the
ecological risk and generated a four-phase landscape eco-
logical risk distribution map (Figure 3). Using the natural
breakpoint method, the ecological risk value is divided into
five grades: low risk (ERI<0.028), relatively low risk
(0.028 <ERI<0.032), medium risk (0.032<ERI<0.036),
relatively high risk (0.036 <ERI<0.040), and high risk
(ERI=0.040). The results showed that the landscape eco-
logical risks at the four phrase in the TRB had similar
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structure and distribution characteristics. In the composi-
tion of risk levels, high-risk areas occupy the highest pro-
portion of area, followed by relatively high-risk areas, and
the ratio of the low-risk areas is the smallest. The spatial
distribution of risk levels generally follows a pattern of high
in the central and eastern regions and low in the sur-
rounding areas.

Spatially, high-risk areas are mainly distributed in the
central and eastern parts of the Tarim Basin and the tran-
sition zone between mountains and oases. These regions are
sandy land, Gobi, and saline-alkali land with high landscape
sensitivity and vulnerability. The landscape type is single,
and the external world’s resistance is weak, resulting in a
high landscape ecological risk. The relatively low-risk areas
are distributed in the southern slope of the Tianshan
Mountains, the Pamir-Kunlun Mountains-Aljin Mountains,
and the alluvial plains in the middle and lower reaches of the
river. The landscape in this area is mostly grassland, culti-
vated land, and swampy land. The low-risk areas are dis-
tributed in the southern slope of the Tianshan Mountains,
the Pamir-Kunlun Mountains, and the Altun Mountains.
This area is rich in water resources and has diverse landscape
types, mainly grasslands, waters, and woodlands. And there
is little human disturbance, so the landscape ecological risk
level is low.

As the trend of ecological risk, the statistics of the area
of each ecological risk level in the four periods (Table 2)
show that the degree of ecological risk overall increases. The
ecological risk of TRB is mainly of a high ecological risk
level, accounting for more than 30%. The trend of eco-
logical risk area in the four periods is as follows: the area of
high and relatively high-risk levels has increased at the cost
of decreasing the areas of the low, relatively low, and
medium risk level. Among them, the areas of high-risk
areas and relatively high-risk areas increased by 3.77% and
0.22%, respectively. The high areas were mainly distributed
in the transition zone of desert margins, cities, and oasis
margins. The interweaving changes of cropland, con-
struction land, grassland, saline-alkali land, and sandy land
reduce the landscape continuity and increase the landscape
fragmentation, resulting in an increasing trend of land-
scape ecological risks. From 2010 to 2020, the areas of
relatively low, medium, and high ecological risk levels
increased, and the areas of low and high-risk levels de-
creased significantly. And the share of the low ecological
risk level decreased from 9.37% to 8.24%. The area of low
and high-risk levels is mainly transferred to the relatively
low and relatively high-risk areas. With the implementa-
tion of environmental protection policies and policies in
the Tianshan Mountains, Pamir-Kunlun Mountains, and
Altun Mountains, many mines have been shut down, the
forest and grassland areas have increased significantly, and
the ecological risk has been reduced. The oasis area around
the Tarim River continues to develop with urbanization,
increasing ecological level. In the future, we should focus
on strengthening the ecological protection, planning, and
construction of the oasis area around the Tarim River and
the transition zone at the edge of the desert with medium
and above ecological risk levels.
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F1GURE 3: The spatial distribution of landscape ecological risks in the Tarim River Basin in four periods. (a) 1990, (b) 2000, (c) 2010, (d) 2020.

TaBLE 2: The ratio of each ecological risk level in TRB in four periods.

. Area/km’ Change ratio/%
Risk level
1990 2000 2010 2020 1990-2000 2000-2010 2010-2020

Low risk 105490.74 102003.28 96890.42 85162.72 -3.42 -5.28 -13.77
Relatively low risk 153342.37 151718.48 142635.10 144424.86 -1.07 —-6.37 1.24
Medium risk 204713.05 206221.62 180941.32 192709.24 0.73 -13.97 6.11
Relatively high risk 231268.06 229987.72 229288.61 233568.51 -0.56 -0.30 1.83
Hight risk 338523.99 343407.11 383582.75 377472.88 1.42 10.47 -1.62

4.2. Spatial Autocorrelation of Landscape Ecological Risk in the
TRB. Figure 4 shows that the distribution of landscape
ecological risks in the TRB is highly coupled with the re-
gional geographical environment, and the degree of ag-
glomeration of human activities corresponds to the degree of
spatial agglomeration of risks. The landscape ecological risk
in the TRB is dominated by High-High (H-H) and Low-Low
(L-L) clustering patterns, showing significantly spatial
clustering characteristics. The areas with H-H in the TRB are
mainly concentrated in the central part of the study area
(Taklimakan Desert), the eastern part (Kumtage Desert), and
the transition zone between mountains and oases. The re-
lated landscape types are mainly sandy land, saline-alkali
land, and the Gobi. The L-L agglomeration areas are mainly
distributed in the southern Tianshan Mountains, Kunlun
Mountains, Altun Mountains, and oasis areas in the TRB,
and the landscape types are dominated by grasslands, waters,
and woodlands. From 1990 to 2010, the distribution of H-H
areas in the southern and eastern part of the watershed in the
contact zone between desert and Oasis gradually expanded.

The area of L-L gradually shrank and the change of the L-L
are mainly in oases such as Korla City and Hotan County.
This is mainly due to the expansion of human activities and
the small-scale land reclamation in the Oasis middle-agri-
cultural area, which results in the increase of landscape
fragmentation and the reduction of the L-L area. From 2010
to 2020, the H-H areas gradually shrunk, and the L-L areas
gradually expanded.

4.3. Optimization of Landscape Ecological Pattern

4.3.1. Spatial-Temporal Dynamic of Habitat Quality in the
TRB. Figure 5 showed that industrial and mining con-
struction land, desert, saline-alkali land, Gobi, and bare land
are the main distribution areas with low habitat quality in
the study area. The Taklimakan Desert in the middle and the
Kumtag Desert in the east have the largest low habitat
quality. At the same time, there is an excellent correlation
between the distribution of habitat quality and topographic



.

Mathematical Problems in Engineering

.

N-N P L-u
B HH L
[}

N-N [ L-H
R L
-

(d)

FIGURE 4: Local spatial autocorrelation clustering map of landscape ecological risks in the Tarim River Basin in four periods. (a) 1990,

(b) 2000, (c) 2010, (d) 2020.

conditions. The areas with low habitat quality mostly have
low altitudes, where desert areas are widely distributed. And
the mountains and oasis areas with high altitudes and high
vegetation coverage are mostly the areas with suitable habitat
quality. Spatially, Figure 4 shows that the areas with high
habitat quality in the four periods are distributed in the oases
and mountainous areas, and the landscape types are mainly
grasslands, oases, and shelter forests on the edge of the
desert. The areas with low habitat quality are concentrated in
the sandy land and saline-alkali land in the central and
eastern parts, construction land such as towns and villages in
the oases, and the Gobi area in the transition zone between
the oases and the piedmont, which is largely different from
the areas with high habitat quality.

In terms of trend, the average habitat quality of the TRB
was 0.3751, 0.3736, 0.3686, and 0.3694 in the four periods,
respectively. And the habitat quality overall decreased. From
1990 to 2000, many croplands was reclaimed, resulting in a
gradual reduction in the area of wetlands and grasslands, and
the patches became more and more fragmented. During the

period 2000-2010, with the rapid urban development,
construction land expanded significantly, and the extension
of urban outlines took up a large amount of cropland,
grassland, and woodland. In addition, grasslands were de-
graded to unused land on the edge of deserts, resulting in a
sharp drop in habitat quality. In mountainous areas such as
the Tianshan Mountains and the Kunlun Mountains, the
habitat quality level is greatly affected by natural factors, and
the change of habitat quality in this area was small. From
2010 to 2020, the habitat quality increased slightly. During
this period, the water body area increased from
27970.69 km? to 27213.10 km®. The reduction rate of forest
and grassland areas decreased from 2.21% in 2010 to 1.40%
in 2020. The area converted from cropland land to forest and
grassland is 2282.94 km®. These indicate that the continuous
popularization of the water-saving drip irrigation model in
the Oasis, the transformation of the land use pattern, and the
implementation of the “ecological water delivery” and
“returning farmland to forests and grasslands” has improved
the ecological environment of the TRB.
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F1GUre 5: The spatial distribution of habitat quality in the Tarim River Basin in the four periods. (a) 1990, (b) 2000, (c) 2010, (d) 2020.

4.3.2. Spatial-Temporal Characteristics of Ecological Sources.
The ecological source area is generally an area with high
habitat quality, which positively affects the ecological en-
vironment. Based on the evaluation results of the habitat
quality of the TRB, the distribution of ecological sources was
identified (Figure 6). From 1990 to 2020, the area of eco-
logical sources in the TRB increased overall. The ecological
sources are mainly distributed in the southern slope of the
Tianshan Mountains, the Pamir-Kunlun Mountains- Altun
Mountains, and the watershed oasis area. The Tianshan
Mountains and the Pamir-Kunlun Mountains-Altun
Mountains water conservation areas are the primary areas
for ecological security in the TRB and the ecological bottom
line for urbanization development and resource and envi-
ronmental development and construction. Development
and construction activities must be strictly prohibited in the
above regions. From 1990 to 2000, the ecological source
areas of the mainstream of the Tarim River, the Kashgar
River, and the Yarkant River decreased, which was related to
the unreasonable use of water resources in the middle and
lower reaches of the basin, which resulted in the cut-off of
the river. By 2010, the area of ecological sources increased

significantly, and the source area accounted for 10.86% of
the study area, which was related to the policies of ecological
water delivery and returning farmland to forests and
grasslands in the middle reaches. By 2020, the areas of
ecological sources increase significantly, accounting for
11.32% of the study area. Under a series of environmental
management measures, the connectivity of green landscape
patches continues to increase, and the degree of aggregation
between patches increases.

4.3.3. Construction of Comprehensive Ecological Security
Pattern. Based on the establishment of the cumulative
resistance surface of the landscape pattern in the TRB, the
ecological corridors and ecological nodes were identified,
respectively, and they were superimposed and combined
to construct the ecological security pattern of the TRB
(Figures 7-9). Overall, from 1990 to 2020, the area of
ecological land in the TRB increased, the ecological
quality gradually began to improve, and the ecological
security pattern network system became more complex
and better.
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FIGURE 6: The spatial and temporal distribution of ecological sources in Tarim River Basin in four periods. (a) 1990, (b) 2000, (c) 2010,

(d) 2020.

In 1990, the ecological security pattern identified 58
ecological strategic nodes, 18 ecological barrier points, and
240 corridors (21 large resistance corridors, 142 medium
resistance corridors, and 77 small resistance corridors). The
ecological strategic nodes are mainly distributed at the in-
tersection of corridors, the ecological barrier points are
mainly distributed in the transition zone between oases and
mountains, and the ecological corridors surround the entire
TRB. In 2000, there were 56 ecological strategic nodes, 20
ecological barrier points, and 241 ecological corridors (23
large resistance corridors, 126 medium resistance corridors,
and 92 small resistance corridors). The ecological corridor
mainly has two rings connecting the primary “source” areas.
The middle ring is distributed along the mainstream of the
Tarim River, and the outer ring is distributed along the
Tianshan Mountains-Pamirs -Kunlun Mountains-Altun
Mountains. The medium-resistance corridors are longitu-
dinally connected to the transverse corridors, and some of
the transverse corridors are connected to a small part of the
source and intersect with the corridors. In 2010, the eco-
logical security pattern had 53 ecological strategic nodes, 18
ecological barrier points, and 292 ecological corridors (26
large resistance corridors, 138 medium resistance corridors,
and 128 small resistance corridors). Compared with 2000,
the number of corridors increases, the connectivity and

network connection between sources are stronger, and the
horizontal and vertical corridors in the watershed’s middle
and lower reaches are intertwined, strengthening the con-
nection between regions. In 2020, 70 ecological nodes, 21
ecological barrier points, and 337 ecological corridors (40
high-resistance corridors, 179 medium-resistance corridors,
and 118 low-resistance corridors) were extracted. The main
line of the corridor is still along with the distribution of the
mainstream of the Tarim River and its tributaries, and the
ecological source area has increased. And the number of
ecological corridors between the Kashgar River in the west
and the Qarqan River in the east has increased significantly.

Figure 9 also showed that the spatial distribution of
corridors in the TRB is significantly different. The central
and eastern deserts of the basin lack ecological sources and
are not connected by corridors. And the number of corridors
between patches around the Tarim River is large, the net-
work density is high, and the connectivity is strong. The
ecological sources in the northern Tianshan Mountains, the
western Pamir Plateau, the southern Kunlun Mountains-
Altun Mountains, and the Oasis have small resistance and a
large number of low-resistance corridors, but the ecological
sources are separated by deserts and Gobi, and the resistance
is relative. And the distribution of small-area ecological
sources acts as a “stepping stone,” connecting the various
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FIGURE 7: The spatial distribution of ecological nodes in four periods. (a) 1990, (b) 2000, (c) 2010, (d) 2020.

ecological sources to generate multiple high-resistance
ecological corridors, which together constitute the optimal
corridor network in the TRB. From 2010 to 2020, the
number of ecological nodes and corridors increased sig-
nificantly, especially the high-resistance corridors, which are
mainly concentrated in the transitional areas between the
upper and middle, and lower reaches of the Tarim River, and
are the key areas for soil and water conservation. The ob-
stacle points in the study area are mostly distributed in the
high-resistance ecological corridor. From the comparison
with Figure 8, it can be found that most of the barrier points
are construction land and road land, and they all appear in
the area where natural and artificial ecosystems blend. A few
barrier points appear in areas with frequent human activ-
ities, which are mostly urban residential land. The ecological
corridors in these areas are relatively short and narrow, and
as the resistance value of the obstacle points increases, the
ecological corridors may be directly cut off. Therefore, the
improvement and restoration of obstacle points are the focus
of ecological pattern network optimization and promote the
complexity of the ecological security pattern network
system.

4.3.4. Optimal Layout Design of the Ecological Spatial
Structure. Based on the analysis of the background char-
acteristics of ecological security in the TRB and related
policy orientations, the elements of the TRB are optimized
and reorganized. The oasis ecological source through the
watershed is the ecological green center; other land uses are
the matrix elements. The corridor is the ecological low re-
sistance area between the main ecological source areas. The
ecological high resistance area is the restoration zone, and
the transition zone between the Oasis and mountainous
areas is the key ecological restoration belt. The areas between
the Oasis and desert (Gobi) are ecological protection belts,
and the area outside the ecological protection belt is the
main governance area. And the Tianshan Mountains and
Kunlun Mountains-Altun Mountain ecological barriers are
the ecological functional area, which is mainly for water
conservation and ecological diversity maintenance. These
will eventually form an oasis ecological ring in the Tarim
Basin with green hearts embellishing the matrix, connecting
five major water system corridors in each functional area.
And a compound ecological spatial structure optimization
system with “one ecological ring, two ecological barriers, two
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restoration belts, and ten ecological corridors” will be
conducted (Figure 10).

5. Discussion

5.1. Suggestions for Ecological Space Structure Optimization in
the TRB

(1) Build an oasis ecological restoration belt and a
windbreak and sand fixation protective belt to
strengthen the ecological environment quality of the
“two districts.” To ensure the orderly development of
the nine oasis areas and prevent sandstorms and soil
erosion, protective belts are constructed in highly
vulnerable areas between desert areas and oasis areas,
mountain areas, and oasis areas to prevent deserti-
fication, salinization, and grassland degradation. The
Kunlun-Altun Mountain North Slope Restoration
Zone and the Tianshan South Slope Ecological
Restoration Zone are located in the transition zone
between the mountainous area and the oasis area,
which are of great importance for soil and water
conservation. The governance optimization area in

the desert area in the central TRB and the water
source conservation ecological functional area in
Tianshan Mountain and Pamir-Kunlun-Altun
Mountain are two critical areas in the ecological
optimization layout. The water conservation areas in
the north and south are the water sources of the
entire TRB. To ensure the normal development of the
oasis area, enclosure protection should be
strengthened to ensure water conservation. The
optimized management area is mainly in deserts
with the worst habitat quality, which is the biggest
threat to the development of the oasis area. The
management measures include adopting ecological
measures to fix the sand, implementing water-saving
irrigation measures, and planting desert vegetation.

(2) Coordinate the relationship between “oases” and

build a water systems and road corridors network.
The oasis ecological ring along the Tarim Basin
connects the nine oases (Akesu Oasis, Kuga Oasis,
Kashgar Oasis, Yarkant Oasis, Korla Oasis, Hotan
Oasis, Yanqi Oasis, Ruoqgiang Oasis, and Qiemo
Oasis), which is an essential corridor for preventing
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FiGure 9: Comprehensive ecological security pattern changes in spatial and temporal in Tarim River Basin in four periods. (a) 1990,

(b) 2000, (c) 2010, (d) 2020.

and controlling desert expansion and maintaining the (3) Create a “one-ring, multipoint” urban agglomeration

stability and security of Oasis. Based on the oasis
ecological ring of the Tarim Basin, the main ecological
corridor consists of water systems (Aksu River,
Weigan River, Kashgar River, Qargan River, Kaidu-
Peacock River, Hotan River, Yarkant River, and the
mainstream of Tarim River) and the main roads.
Increase the connectivity between oasis areas through
a ring and ecological corridor, which is more con-
ducive to oasis development. The complementarity of
the ring and ecological corridor will jointly promote
the development of the ecological environment in the
TRB and build a more complete ecological security
pattern network system. Strengthen the protection of
ecological nodes and water sources, maintain critical
ecological areas, and promote energy flow, ecological
flow, and diffusion between species. Further, conserve
water resources, maintain biodiversity, and optimize
and adjust the relationship between humans and land
in the oasis area.

to coordinate ecological and economically sustain-
able development. The Tarim Basin Oasis Ecological
Ring is the core area of the “Belt and Road” initiative,
the China-Pakistan Economic Corridor (CPEC), and
an important Silk Road passage. Therefore, it is also
the economic circle of the Tarim Basin. Build four
major urban agglomerations (Kashgar, Hetian,
Korla, and Aksu) along the economic circle of Tarim
Basin, play the radiation and driving role of the oasis
city group, build a green ecological security barrier,
and form a more secure, stable, and green sustainable
national space.

(4) Actively respond to government planning and op-

timize ecological space structure. The overall layout
of Xinjiang’s space plan (2021-2035) proposes that
the upstream areas need to strengthen enclosure
protection and continue building the Tianshan
Mountains and Pamir-Kunlun-Altun Mountains
water conservation forest. And in the middle and
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lower reaches, we should strengthen water conser-
vation, renovate the water-saving system, and con-
duct the oasis shelter forest system. These are all for
constructing the water conservation area in the
Tianshan Mountains and Pamir-Kunlun Mountains,
corridor basin oasis functional area, the interactive
functional area between desert and QOasis, and desert
area. Based on the relevant policies and planning,
this study reconstructs the spatial boundary in the
form of space, realizes the spatial governance from
the perspective of space, scientifically and rationally
divides the spatial structure of the watershed, and
promotes the sustainable development of the region.

5.2. The Uncertainty of the Methods. Uncertainty analysis of
landscape ecological risk assessment: the choice of indexes,
the determination of the relationship between indexes and
ecological risk, and the combination of indexes to obtain the
comprehensive results of ecological risk may lead to the
uncertainty of the results. For example, the assignment of
vulnerability in landscape ecological risk reflects the relative
vulnerability of landscape types in the study area. The dif-
ferences in landscape ecological classification also lead to the
low general applicability of vulnerability assignment.
Therefore, how to improve the accuracy of vulnerability
index assignment or construct new vulnerability index and
adopt more scientific methods to study landscape ecological
security needs to be further improved. In addition, this study

uses the landscape index to construct the ecological security
evaluation model. From the perspective of landscape spatial
structure to analyze the temporal and spatial changes of
watershed ecological security, there is a lack of consideration
of watershed socio-economic factors, and the results are
relative.

The selection of ecological sources may affect the results
of ecological corridors identification. Some small or scat-
tered ecological sources may be ignored in the analysis, but
they may play an important role in regulating the regional
environment. Therefore, we should pay attention to the
uncertainty in landscape ecological risk assessment, so as to
provide accurate scientific basis for relevant ecological en-
vironment decision-making.

6. Conclusion

As a typical watershed of Inland Arid area, TRB has a fragile
Desert-Oasis ecosystem, which is highly sensitive to human
activities. Watershed landscape management is a major
challenge for the government. How to realize the sustainable
development of the watershed? In this study, the temporal
and spatial dynamic changes of ecological security are an-
alyzed by constructing a landscape ecological risk assess-
ment model in TRB from 1990 to 2020. Secondly, the spatial
autocorrelation analysis of landscape ecological risk is
carried out to determine its spatial clustering characteristics.
Using the MCR model and circuit theory, this paper con-
structs the landscape ecological security pattern of TRB from
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1990 to 2020, defines the ecological function areas, ecological
corridors, and ecological points, and realizes the combi-
nation of spatiotemporal dynamic evaluation and optimi-
zation of regional ecological security. The main research
results are summarized as follows: the landscape ecological
risk shows an upward trend from 1990 to 2020. The areas
with high ecological risk are the desert areas in the middle
and east of the study area, the transition zone between
piedmont area and oasis. There is a significant aggregation
phenomenon of landscape ecological risk in TRB. Taking the
results of landscape ecological risk assessment and the
ecological sources selected through Habitat Quality and
landscape connectivity as the basis for the generation of
landscape pattern resistance surface, this paper constructs
the landscape ecological security pattern of the basin and
optimizes the ecological spatial structure of arid inland
rivers. The distribution pattern is “one ring, two screens, two
belts, ten corridors, and multiple centers,” so as to ensure the
continuity of ecological processes in the study area. The
corresponding optimization suggestions are put forward: the
key corridors connecting the nine oases around the TRB.
Urban development should consider the current ecological
resources and corridors to prevent landscape fragmentation,
strengthen the improvement and restoration of ecological
obstacles, and formulate the spatial planning of the Kunlun-
Altun Mountain North Slope Restoration Zone and the
Tianshan South Slope Ecological Restoration Zone. This
study can provide a scientific basis for the Ecological
Planning and Urban Master Planning of inland basins in
arid area in the future. With future research, human factors
should be added to the dynamic change of landscape security
pattern, especially in the analysis of the relationship between
national policies, watershed planning, socioeconomic sta-
tistics, and land use. In addition, according to the research
on the contradiction between water resources protection and
economic development in arid areas, it needs to be further
explored to build a practical ecological security model to
realize ecological and economic development.
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