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Abstract: Ecological vulnerability assessment increases the knowledge of ecological status and
contributes to formulating local plans of sustainable development. A methodology based on
remote sensing data and spatial principal component analysis was introduced to discuss ecological
vulnerability in the Toutun River Basin (TRB). Exploratory spatial data analysis and a geo-detector were
employed to evaluate the spatial and temporal distribution characteristics of ecological vulnerability
and detect the driving factors. Four results were presented: (1) During 2003 and 2017, the average
values of humidity, greenness, and heat in TRB increased by 49.71%, 11.63%, and 6.51% respectively,
and the average values of dryness decreased by 165.24%. However, the extreme differences in
greenness, dryness, and heat tended to be obvious. (2) The study area was mainly dominated by a
high and extreme vulnerability grade, and the ecological vulnerability grades showed the distribution
pattern that the northern desert area was more vulnerable than the central artificial oasis, and the
central artificial oasis was more vulnerable than the southern mountainous area. (3) Ecological
vulnerability in TRB showed significant spatial autocorrelation characteristics, and the trend was
enhanced. The spatial distribution of hot/cold spots presented the characteristics of “hot spot—cold
spot—secondary hot spot—cold spot” from north to south. (4) The explanatory power of each factor
of ecological vulnerability was temperature (0.5955) > land use (0.5701) > precipitation (0.5289) >
elevation (0.4879) > slope (0.3660) > administrative division (0.1541). The interactions of any two
factors showed a non-linear strengthening effect, among which, land use type N elevation (0.7899),
land use type N precipitation (0.7867), and land use type N temperature (0.7791) were the significant
interaction for ecological vulnerability. Overall, remote sensing data contribute to realizing a quick
and objective evaluation of ecological vulnerability and provide valuable information for decision
making concerning ecology management and region development.

Keywords: ecological vulnerability; remote sensing; spatial-temporal distribution; impact factor;
arid oasis; Urumgi-Changji Region

1. Introduction

In recent years, the ecosystem is undergoing increasing pressures and degeneration owing to
climate change, urban sprawl, and human activities [1-4]. The environmental problems following those
pressures, such as global warming [5], soil erosion [6], desertification [7], environment pollution [8],
and loss of biodiversity [9], have changed the ecosystem structure and process, decreased the ecosystem
service value, and posed great threats to region sustainable development. Ecological vulnerability is
regarded as a core issue in sustainability science [10], and it is an inherent property of an ecosystem. Asa
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description of the incapacity of an ecosystem to suffer pressure [11], the ecological vulnerability potential
depends on the features of an ecosystem that is composed of multilevel organization [12,13]. The notion
of vulnerability can be treated as a set of multiple intellectual flows, from ecosystem service functions,
ecological vulnerability zoning, ecological security to ecological disturbance theory, hierarchical system
theory, systematics, sustainable development, etc. [14]. When external stresses from nature and
humans exceed the carrying capacity of an ecosystem, the system loses its stable state and begins to
degenerate, and then, to endanger the development of ecosystems and socio-economic sustainability [15].
The concept of ecological vulnerability is closely related to the concerns and operations of sustainability
and environmental justice [16]. Additionally, like sustainability, vulnerability always employs a
systemic approach to understanding the interaction between the human and ecology environment, and
the harm caused by vulnerability can be avoided by accurately comprehending the influencing factors,
the carrying capacity, and the resilience of the system. The essence of vulnerability is the pursuit of
“ethics and fairness” [17], and the struggles for environmental justice strengthen the vulnerability
science, which bridges sustainability and environmental justice concerns [17]. Therefore, ecological
vulnerability assessment is not only a scientific evidence for ecology conservation and management, but
also a useful prerequisite for formulating local plans of sustainable and impartial development [18,19].

Researchers have proposed a variety of frameworks to estimate ecological vulnerability, such
as the island ecological vulnerability index (IEVI) [20], social-ecological vulnerability (SEV) [21],
revised vulnerability (RV) [15], vulnerability of landscapes (VL) [22], and the coastal vulnerability
index (CVI) [23]. In general, the comprehensive index method and scenario analysis method were
widely applied at diverse spatial and temporal ranges to assess ecological vulnerability [24,25].
The comprehensive index method is the most common method in related studies [11,26,27].
However, subjective factors tend to be susceptible to indicator selection and weight determination
in the comprehensive index method. Quantitative evaluation models focus on changes in
various aspects, such as the pressure-support—state-response model (PSSR) [28], the driving
force—pressure—state-impact-response model (DPSIR) [15], and the ecological index—ecological
sensitivity index-landscape structure composite index—exposure indicators—climate sensitivity
indicators—adaptive indicators model (EI-ESI-LSCI-EI-CSI-AI) [29], which were used in ecological
vulnerability assessment. Although these models diminish the impact of subjective judgements to
a certain extent, their application in a specific area and scale is still limited because of a shortage of
appropriate data. The lack of datasets to adequately assess ecosystems is particularly apparent, where
the statistical data are coarse in scale (e.g., provincial-scale or country—scale statistics). Moreover, data
gaps are particular in a new study area, such as the lack of consistent data collection and sharing
frameworks [30]. In contrast to the comprehensive index method, the scenario analysis method is
a relatively new technique that can provide a reference for ecological environment protection. The
method proposed aligning strategies or suggestions with paying more attention to ecosystems under
diverse conditions [22,24,31]. However, large quantities and accurate statistics needed for assessment
are always hard to obtain.

With the advancement of remote sensing technology, remote sensing data with multispectral,
high resolution, and longtime serial imagery have been produced and frequently applied to monitor
and evaluate ecological status as the main source of information when understanding ecological
vulnerability [32]. Compared with statistics and survey data, remote sensing data have great advantages
including a systematic image acquisition device, data consistency, and compatibility across administrate
borders [24,33]. For example, Komal et al. [34] identified vulnerability and land use with layers such as
land cover, vegetation, soil, geology, and geomorphology having been retrieved from remote sensing
images. Abu et al. [35] provided a detailed analysis of coastal land use and change patterns with
Landsat imagery, which was helpful for coastal land use and environmental management practices.
Chang et al. [36] estimated the ecological vulnerability of a river with land use data and vegetation data
from remote sensing data. Nityananda et al. [37] applied remote sensing indexes such as normalized
differences water index (NDWI), normalized differences vegetation index (NDVI), and normalized
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differences moisture index (NDMI) from Landsat 5 TM data to identify the water content pixel and its
vulnerability level in the Keleghai River Basin, India. Hu et al. [38] established an integrated index to
evaluate ecological vulnerability in Fuzhou City based on data from Landsat ETM+/OLI/TIRS while the
impacts of human activities on ecosystems inevitably spread to deserts and mountains. However, the
application of remote sensing data in ecological vulnerability evaluation is still at an exploration stage,
and the situation needs to be improved. Most studies have demonstrated vulnerability with the land
use type and landscape index from remote sensing images but have paid less attention to vulnerability
as an inherent attribute or state of ecosystem from a raster scale. An arid region is a vast and sparsely
populated area where precipitation is scarce, the temperature is high, and humidity is low [39]. These
climate characteristics and other biophysical features have profound implications on the ecological
environment and society economy and also easily result in critical ecological environmental decline
and long-term vulnerability that is harmful to ecosystem stability and human life [40-42]. Especially
in the arid land of northwestern China, human activities are concentrated in an artificial oasis, from
where, from just a small percentage of arid oasis, while the impacts of human activities on ecosystems
inevitably spread to deserts and mountains. Until now, few studies have attempted to adequately
assess ecological vulnerability and spatial heterogeneity from the perspective of assessing ecological
status in a raster scale.

The Toutun River originates from the Kalawucheng Mountain and flows about 190 km northward
into Junggar Basin. The river flows through Urumgqi City, Wujiaqu City, and Changji City, containing a
typical mountain—oasis—desert ecosystem in an arid area. The Toutun River Basin (TRB) is a typical
arid oasis in Xinjiang, northwest China, with a fragile ecological environment, while it possesses an
important position in regional development and is strategically significant due to its position on the
country’s periphery [43]. In 2017, the population and gross national product accounted for 11.83% and
28.51% of Xinjiang, respectively, while the land area accounted for 1.39% of Xinjiang. However, because
of the typical temperate continental arid climate and increasing development intensity in the middle
oasis, urban expansion [43], lack of water resources [44], environment pollution [45], soil erosion [46],
desertification [47], and the fragile ecological environment have already negatively influenced the
local development and posed great challenges to the sustainable development of the basin, making
the TRB appropriate for assessing ecological vulnerability. Establishing a quantitative ecological
vulnerability assessment framework in a raster scale is important for a more detailed understanding
of the ecosystem in TRB. Research on spatial heterogeneity and its driving mechanism will help
in gaining a deep and systematic understanding of the distribution, changes, and interactions in
ecological vulnerability. These will enrich the evaluation methods of ecological vulnerability and
promote the remote sensing data application in ecological vulnerability evaluation. In this study,
we used the humidity index, greenness index, dryness index, and heat index extracted from remote
sensing data to evaluate ecosystem vulnerability with the spatial principal component analysis method.
Then, exploratory spatial data analysis and a geo-detector model were employed for further study
of ecological vulnerability. Specific objectives were included to (1) assess ecological vulnerability
with remote sensing data in TRB; (2) analyze the temporal and spatial distribution characteristics
of ecological vulnerability; (3) judge the explaining power of influence factors and the interaction
between factors.

2. Materials and Methods

2.1. Study Area

TRB is located in the center of the Xinjiang Uygur Autonomous Region (86°24’32” N-88°09'53" N,
43°56” E-45°20'01” E), with an area of 23,090.62 km? (Figure 1). Backed by the Tianshan Mountain, it
lies on the southern edge of the Gurbantunggut Desert with an elevation from 274 to 4512 m. The
elevation gradually increases from north to south. The area consists of a desert and an oasis and is
mountainous, which is typical in arid inland river basins. In the temperate continental arid climate
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zone, the study area has a short spring and autumn, a cold winter, a hot and dry summer, and little
precipitation all year round, what is typical in arid/semiarid areas in northwest China. The area has
strong solar radiation, less precipitation and high evaporation, and a distinct soil-vegetation vertical
belt formed under the influence of the climate and topography.
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Figure 1. Location of the Toutun River Basin (TRB).

2.2. Data Source and Pre-Processing

A database was established including remote sensing data, digital elevation model (DEM) data,
meteorological data, and land use data for the study of the ecological vulnerability in TRB. Thematic
layers ware established with the same spatial boundary, a WGS_1984_UTM_45N projected coordinate
system, and a resolution of 30 m. (1) Remote sensing data. Landsat images with a resolution of 30
m in 2003, 2010, and 2017 were obtained from the United States Geological Survey. After that, the
remote sensing images were preprocessed by ENVI 5.3 software produced by Esri. Using a radiometric
correction tool, the digital number of the original image was switched to reflectance at a sensor, and
FLAASH atmospheric correction reduced the deviations caused by light and the atmosphere. (2) DEM
data and meteorological data. Both of them were downloaded from the Resources and Environment
Data Cloud Platform (http://www.resdc.cn/). Then, the elevation and slope were extracted from DEM
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data. (3) Land use data. In accordance with the land use classification system in China and the
characteristics in TRB, land use type was divided into the following categories: Desert, water bodies,
forest, grassland, cropland, construction land, bare exposed rock or gravel, and glacier and perennial
snowfield. Regarding the GoogleEarth image and field survey data, the overall precisions of the land
use/cover results were above 85%, which satisfied the research needs.

2.3. Methodology

2.3.1. Ecological Vulnerability Indicators Retrieval

In arid areas, water condition and vegetation cover are the main factors affecting the characteristics
of the ecological environment. Moisture, greenness, dryness, and heat are widely applied to assess
ecological status due to their close relationship with ecology quality. The ecological vulnerability
index (EVI) is constructed to assess ecological vulnerability with remote sensing data based on remote
sensing ecological index (RSEI) proposed by Xu [48].

e  Wetness retrieval

The Tasseled Cap transformation is widespread when monitoring and assessing ecosystems [49].
The components of Tasseled Cap, including brightness, greenness, and wetness, have an immediate
impact on the physical parameters of land surface [50]. The wetness component is exploited for land
surface moisture (LSM) here, and the formulas based on the reflectance of Landsat TM and Landsat
OLI image are expressed as follows, respectively:

LSMOLI = 0.1511« bBlug +0.1972 % bGreen + 0.3283 % bRed +0.3407 » bNIR —0.7117 # bSWIRl —0.4559
*bswirz

LSMTM = 0.0135=% bBlue + 0.2021 = bGreen +0.3102 % bRed + 0.1595 = bNIR —0.6806 * bSWIRl —-0.6109
* bswira

where bppe, bGreen, bred, UNIR, swirl, and bswiry is the planetary reflectance of the blue, green, red,
near-infrared, and mid-infrared band of the Landsat 5 TM image or Landsat 8 OLI image, respectively.

e Greeness retrieval

Vegetation growth is a description of status that reflects the confrontation between natural
ecosystems and drought [24]. In general, the near-infrared and red bands of remote sensing images are
recommended to quantitatively reflect the growth of photosynthetic vegetation on the ground [51,52].
As an effective indicator for quantifying vegetation, the Normalized Difference Vegetation Index
(NDVI) is capable of reflecting greenness and calculated as follows:

NDVI = (bNir — brea) / (DNIR + DRed)

where br,; and by denote the planetary reflectance of the red and near-infrared band of the Landsat 5
TM image and Landsat 8 OLI image, respectively.

e Dryness retrieval

The Impervious Built-up Index (IBI) and Soil Index (SI) can effectively distinguish built-up lands
and bare areas, respectively. In consideration of urban construction land, deserts, and abandoned land
in the study area, a combination index of IBI and SI, named Normalized Difference Imperviousness
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and Soil Index (NDISI), is applied due to it being adept at accurately recognizing impervious ground
and bare ground without masking out water body [49,53].

IBI = {2 = bswir1/ (bswir1 + bnir) — [DNIR/ (ONIR + DRea)
+ bGreen/ (DGreen + bswir1)|} /{2 * bswir1 / (bswir1 + bNir)
+ [bNIR / (BNIR + bRed) 4 bGreen/ (BGreen + bswir1)]}

SI = [(bswir1 + bred) = (bpiue + bNIR)]/ [(Dswirt + brea) + (DBlue + BNIR)]
NDISI = (IBI + SI) /2

where bpje, UGreens URed, UNIR, and bgwirs is the planetary reflectance of the blue, green, red, near-infrared,
and mid-infrared band of the Landsat 5 TM image and Landsat 8 OLI image, respectively.

e Heat retrieval

The thermal infrared band of remote sensing data contains information on land surface
temperature [54]. A significant correlation between satellite-derived surface temperature and the
actual land surface temperature has been proven in many studies of urban heat island [55,56]. The
thermal Band 6 of Landsat 5 TM and the thermal Band 10 of Landsat 8 OLI were employed to calculate
the land surface temperature (LST) in 2003, 2010, and 2017. The calculations of LST are expressed as
follows [57]:

L, = gain+ DN + bias

T, = Kz/ln(Kl/L/\ + 1)
LST = Ty /[1 + (ATy/p) Ine]

where L, is the at-satellite spectral radiance values of the thermal band; gain is the gain value of
the thermal infrared band, and bias is the offset value, both of which can be read from the header
file of the corresponding image. Ty, is the at-satellite brightness temperature, and K; and K; are the
thermal conversion constants; at the thermal infrared band of Landsat 5, K; = 607.76 W /(m?.sr.um)
and K, = 1260.56 K; at the thermal infrared band of Landsat 8, Ky = 774.89 W/ (mz.sr.um) and
K, = 1321.08 K. A is the wavelength of the thermal infrared band; p = 1.4380 * 10* um; ¢ is the surface
specific emissivity.

2.3.2. Construction of EVI

To remove the influence of different dimensions and ranges of values from the initial variables,
original data were normalized in a range from 0 to 1 for “homogenization” and “nondimensionalization”.
If there was a positive correlation between indicators and EVI, the equation was expressed as follows:

X; = [x; —min(x;)]/ [max(x;) — min(x;)].
While, if there was a negative correlation between indicators and EVI, the equation was:
X; = [max(x;) — x;]/ [max(x;) — min(x;)],

where X; is the normalized value of variable i, and x; is the initial value of variable i.

Principal component analysis can reduce the dataset dimensionality by converting the raw data
attributes into linearly uncorrelated variables [58]. Statistical methods have always brought much
inconvenience to the study of spatial data. Considering the obstacle in processing spatial and temporal
variations, a combination of the geographic information system and principal component analysis,
defined as spatial principal component analysis [59], which is adept at processing spatial data, was
employed here. The principal components were chosen based on the following criterion: If the
accumulated contribution of eigenvalues controlled 85% of the total, the principal components were
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reserved, and the rest of the components could be ignored. A composite index EVI for an objective and
quantitative evaluation is expressed as follows:

EVI = r1PCy + roPCy + 13PC3 + ... + 1;PC;,

where 7; is the contribution ratio of principal component (PC), and i is the quantity of PC that remains.
The contribution ratio 7; is calculated as follows:

n
ro=pi/ Zi:l Pir

where p; represents the eigenvalue of PC;.
The evaluation models of the ecological vulnerability index in 2003, 2010, 2017 were obtained
from Table 1:
EVIyp3 = 0.7374PC; + 0.1701PC; + 0.0658PC3

EVly10 = 0.7547PC; + 0.1728PC, + 0.0538PC3
EVLy017 = 0.7947PC; + 0.1726PC, + 0.0296PC5

Table 1. The result of spatial component principal analysis.

Eigenvalues Contribution Ratio of Cumulative Contribution of
PC 8 Eigenvalues/% Eigenvalues/%
2003 2010 2017 2003 2010 2017 2003 2010 2017
1 0.01465 0.01765 0.02266 73.7416 75.4668 79.4690 73.7416 75.4668 79.469
2 0.00338 0.00404 0.00492 17.0110 17.2811 17.2579 90.7526 92.7479 96.7269
3 0.00131 0.00126 0.00084 6.5819 5.3837 2.9559 97.3345 98.1317 99.6828
4 0.00053  0.00044  0.00009 2.6655 1.8683 0.3172 100 100 100

The distribution of ecological vulnerability from 2003 to 2017 was obtained by the raster calculation
tool in Arcgis10.5. Combined with the characteristics of the TRB, ecological vulnerability values were
classified into five categories with natural breaks as follows: Grade I—no vulnerability, Grade II—slight
vulnerability, Grade Ill—moderate vulnerability, Grade [IV—high vulnerability, and Grade V—extreme
vulnerability. The Ecological Vulnerability Body Index (EVBI) was used for analyzing the overall
differences in ecological vulnerability, the formula is:

EVBI =) " PAi/S,

where P; is the ecological vulnerability grade; no vulnerability, slight vulnerability, moderate
vulnerability, high vulnerability, and extreme vulnerability are assigned to 1, 2, 3, 4, and 5, respectively;
Aj represents the area of grade i; S represents the total area of TRB.

2.3.3. Exploratory Spatial Data Analysis

As an integration of methods for describing and visualizing the spatial distribution of observations,
exploratory spatial data analysis describes spatial distributions and heterogeneity by identifying the
spatial outliers or discovering spatial correlation patterns [60]. In practical application, Global Spatial
Autocorrelation and Hot Spot (Getis-Ord Gi*) Analysis are often applied to explore the spatial
distribution characteristics of observation data.
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e Global Spatial Autocorrelation

Global Spatial Autocorrelation measures if and how much the dataset is autocorrelated throughout
the study region. Global Moran’s I is calculated as follows [61,62]:

?:l 7:1 w,']'(xl' - E)(x] - f)

1 —\2 ’
n Z?:l (xi - x) * 2?21 2?21 wij

where x = % Y.i—1 xi; x; and x; represent the values of spatial units i and j, respectively; n is the number
of spatial units; w;; is an element of the spatial weight matrix W, if spatial units i and j share a common
border, w;; = 1; otherwise, w;; = 0. The value of Global Moran’s I is in the range of -1 to 1.

e Hot spot (Getis-Ord Gi*) Analysis

Getis-Ord Gi* is a useful technique for describing the spatial cluster of high values and low
values [60,63]. The G; statistic is calculated as follows:

Y wii(xj—X)
G — j=1 7\

i
2
?:1 x? ;’ 1}(] 2 nZ’; 1wl] (Z?:l wi]-)
n _( n ) n—1

where x = % Z?:l xj, n, and wj; are the same as above.

The G; values were divided into four grades with natural breaks from high to low. After that,
four categories were proposed as follows: Hot spot area, secondary hot spot area, secondary cold spot
area, and cold spot area. If high values cluster, G’lf will be large, and it will be defined as a hot spot,

7

while if low values cluster, G? will be small, and it will be defined as a cold spot.

2.3.4. Geo-Detector Model

Geo-detectors are a set of statistical methods for detecting spatial differentiation among the
geographical elements [64]. This paper employed factor detection and interaction detection to analyze
the explanatory power and the interaction between multiple variables. The explanatory power of
variable X on attribute Y was calculated with the following formula:

q =1-— 1/102 Zh 1Nh0h,

where g is the explaining power of a variable on a spatial attribute; ¢ is the categories or partitions of
variables; Ny, is the quantity of sample units in subfields; n is the quantity of sample units in the whole
area; L is the quantity of subfields; o2 is the variance of a single variable of the entire region; and oﬁ is
the variance of the subfield.

Interaction judgement makes a contribution by distinguishing between the interactions between
any two variables. Interaction detection was employed here to detect whether the various factors
formed a combined influence on ecological vulnerability, or whether the effect between different
variables was independent. The basis for interaction type is shown in Table 2.

Table 2. Types of interaction between two covariates.

Reference for Judging Interaction Type
q(x1 N x2) < Min(q(x1),q(x2)) non-linear weakening effect
Min(q(x1), q(x2)) < q(x1 Nx2) < Max(q(x1),q(x2)) single factor non-linear weakening effect
q(x1Nx2) > Max(q(x1),q(x2)) mutual strengthening effect

q(x1nx2) = (q(x

1) + q(x2)) independence
q(x1Nx2) > q(x1)

q(x2) non-linear strengthening effect

++
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Considering the actual situation of the basin and previous research, six independent variables of
ecological vulnerability were designed and are presented in Table 3.

Table 3. Considered independent variables of ecological vulnerability.

Variables Standard of Classification
Elevation (X1) Extracted from DEM data and classed into five categories with natural breaks
Slope (X2) Extracted from DEM data and classed into five categories with natural breaks
Precipitation (X3) Classed into five categories with natural breaks
Temperature (X4) Classed into five categories with natural breaks
Land Use Type (X5) Categorized into: Bare exposed rock or gravel, desert, water bodies, forest,

grassland, cropland, construction land, and glacier and perennial snowfield.

Midong District, Xinshi District, Shuimogou District, Toutunhe District,
Administrative Division (X6)  Shayibake District, Tianshan District, Dabancheng District, Urumgqi Country
(all above located in Urumgqi), Wujiaqu City, and Changji City

3. Results and Analysis

3.1. Characteristics of Indicators

The statistics of four indicators are shown in Table 4. During 20032017, the average value
of LSM rose by 49.71% and increased from —0.2038 in 2003 to —0.1025 in 2017. The average value
of NDVI was not stable, but mainly continued in a fluctuating growth trend, which indicated that
the water conservation capacity of the basin was getting better, and the vegetation coverage was
increasing. Meanwhile, the average value of NDISI increased from 2003 to 2010, with the increase in
bare underlying surface in TRB. The LST, closely related to vegetation and water resources, was on
the rise, and the mean value of LST increased from 36.9861 in 2000 to 39.3962 in 2017, indicating a
significant increase in surface temperature in the study area. During 2003-2017, the standard deviation
of NDVI, NDISI, and LST increased, indicating that the extreme differences in greenness, dryness, and
heat tend to be obvious.

Table 4. Statistics of four indicators during 2003-2017.

Statistics Max Min Mean Std
LSM 0.6404 -0.9711 —0.2038 0.1058
2003 NDVI 1 -1 0.3103 0.2458
NDISI 1 -1 0.0403 0.1555
LST 54.446 -15.1497 36.9861 9.2915
LSM 0.3693 -0.9284 -0.2023 0.1035
2010 NDVI 1 -1 0.3065 0.2197
NDISI 1 -1 0.0495 0.146
LST 52.832 -9.1065 36.6541 9.7006
LSM 0.951 -1.5174 —0.1025 0.0878
2017 NDVI 1 -1 0.3464 0.2627
NDISI 1 -1 —0.0024 0.1791
LST 57.9948 -6.7178 39.3962 11.6415

From the spatial distribution of ecological factors (Figure 2), it can be seen that in the desert areas
in the north, the soil moisture content decreased, and the surface temperature increased. Because of
the expansion of cultivated land at the edge of the middle artificial oasis, the ecological factors were all
developing in a favorable direction. The vegetation cover and soil moisture in the south mountainous
area were improved, and the tendency to expand to high altitude areas was obvious.
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Figure 2. Spatial distribution of ecological vulnerability indicators.
3.2. Ecological Vulnerability Status

The ecological vulnerability of the basin has been reduced as a whole; the EVBI in 2003, 2010, and
2017 were 3.6337, 3.5031, and 3.5393, respectively. According to Figure 3, ecological vulnerability grades
showed the distribution pattern that the northern desert area was more vulnerable than the central
artificial oasis, and the central artificial oasis was more vulnerable than the southern mountainous area.
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In 2003-2017, the vulnerability level was dominated by high vulnerability and extreme vulnerability,
mainly distributed in the northern desert area and gradually decreasing with the expansion of the
artificial oasis. The area surrounding the artificial oasis was dominated by moderate vulnerability
and slight vulnerability. The artificial oasis development increased the efficiency of water; the desert
landscape was gradually replaced by the cropland landscape, and then, the area with no vulnerability
and slight vulnerability gradually expanded along the edge of the artificial oasis. On the other hand,
the encroachment of construction land on cropland strengthened the vulnerability in the interior of
the oasis. The ecological vulnerability grades of the southern mountainous areas were mainly no
vulnerability and slight vulnerability. As a result of global warming, the rising temperature accelerated
ablation of glaciers, increased the river runoff, and vegetation was limited. The ecological vulnerability
in southern mountainous areas was also weakened.

2003 2010 2017

EVIl Grades EVI Grades EVI Grades
I R 1
I I I
C_Im C L Jm
B v Y v
. v

. . v

Figure 3. Spatial distribution of ecological vulnerability index (EVI) grades in TRB.

The area of each ecological vulnerability grade was calculated and is shown in Figure 4. In 2003,
the area with no vulnerability (I), slight vulnerability (II), moderate vulnerability (III), high vulnerability
(IV), and extreme vulnerability (V) was 1566.77 km?, 2546.89 km?2, 3070.64 km?, 3321.98 km?2, and
6599.42 km?, respectively. From 2003 to 2010, the area with no vulnerability, slight vulnerability, and
high vulnerability increased to 1887.41 km?, 2713.60 km? and 3949.20 km?, respectively, while the area
with moderate vulnerability and extreme vulnerability increased to 2982.91 km? and 5572.57 km?,
respectively. Area conversion mainly occurred between adjacent levels; for example, the increasing
area of no vulnerability, slight vulnerability, and high vulnerability came from slight vulnerability,
moderate vulnerability and extreme vulnerability, and high vulnerability, respectively. From 2010 to
2017, the area with no vulnerability, slight vulnerability, and extreme vulnerability increased to 2002.23
km?, 3060.90 km? and 6547.97 km?, respectively, while the area with moderate vulnerability and high
vulnerability decreased to 2300.62 km? and 3193.97 km?, respectively. The main types of conversion
included high vulnerability to extreme vulnerability, moderate vulnerability to slight vulnerability,
and slight vulnerability to no vulnerability.
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Figure 4. Area distribution and conversion of ecological vulnerability grades in TRB.
3.3. Spatial Heterogeneity in Ecological Vulnerability

Ecological vulnerability index maps were used to analyze the Global Moran’s I of ecological
vulnerability. As shown in Figure 5, the Global Moran’s I in 2003, 2010, and 2017 passed the
significance test, implying that ecological vulnerability in TRB had a positive autocorrelation or highly
clustered pattern. From the perspective of the evolution trend, the spatial autocorrelation degree was
continuously strengthened, and the spatial autocorrelation level was enhanced.
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Figure 5. Moran scatterplot of EVI during 2003-2017.

G; was classified into four categories with natural breaks, and four categories were proposed
as follows: Hot spot areas, secondary hot spot areas, secondary cold spot areas, and cold spot areas
(Figure 6). The distribution of cold/hot spots in TRB was relatively stable and presented strong spatial
accumulation. On the whole, the cold/hot spots of the ecological vulnerability of the TRB generally
showed the characteristics of “hot spot—cold spot—secondary hot spot—cold spot” from north to
south. The distribution of cold spots was mainly concentrated in the south of TRB, while hot spots
were distributed in the north; meanwhile, significant differences were presented in spatial distribution
patterns and quantities of cold and hot spots.

The distribution of cold/hot spots showed typical zonal features. The hots pots and secondary hot
areas were mainly distributed in the desert and desert steppe between the oasis and mountain, and
their spatial structure presented a blocky distribution. The cold spots and secondary cold points were
widely distributed in the mountainous areas in the south and east of TRB, where there is always low
ecological vulnerability owing to the high altitude, abundant precipitation, and flourish vegetation.
In the artificial oasis, agricultural land and urban green land would be beneficial to the ecological
environment, while building land, forming a dry and exposed surface, would have an adverse impact
on the ecological environment. Because of this and the above-mentioned factors, cold/hot spots of
vulnerability in the artificial oasis were distributed in a complex, point-like distribution structure.
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During 2003-2017, the quantity of cold/hot spots in the ecological vulnerability of the TRB presented
a certain fluctuation. The number of cold spot samples increased from 2606 in 2003 to 5048 in 2017,
and the number of secondary cold spots decreased from 4222 in 2003 to 2488 in 2017. The number of
samples in the secondary hotspots showed a trend of decreasing fluctuations, and the number of hot
spots remained basically stable.

2003 2010

Hot Spot
Cold Spot
Secondary Cold Spot L.
I secondary Hot Spot

Il Hot Spot

Hot Spot
Cold Spot
Secondary Cold Spot
I secondary Hot Spot ]

I Hot Spot

Hot Spot
Cold Spot
Secondary Cold Spof
I secondary Hat Spat

Il ot Spot

Figure 6. The spatial distribution of hot/cold spots of EVI.
3.4. Relationship Between Detected Factors and Ecological Vulnerability

Based on the results of the geographical detector (Table 5), the q values of factors were presented
as follows: Temperature (0.5955) > land use (0.5701) > precipitation (0.5289) > elevation (0.4879) >
slope (0.3660) > administrative division (0.1541), and all factors were statistically significant with
respect to the changes in the ecological vulnerability. As a typical basin oasis in the arid area, the TRB
was sensitive to hydro-thermal combination. Appropriate temperature and abundant rainfall played
an important role in ecological vulnerability by increasing vegetation cover and inhibiting the surface
temperature. The land use type reflected human activities to a certain extent. Grassland, woodland,
and cultivated land were covered by vegetation, the humidity and greenness of which were higher than
those of desert and build-up land. The “oasis effect” and “cold island” effects also had a significant
effect on the oasis ecosystem’s response to arid climates. Due to the combined use of water and thermal
resources, artificial oases had a high production efficiency and showed a stable ecological state.

Table 5. The detection result of different factors of ecological environment quality.

Factors Elevation  Slope Precipitatiofemperature Admin Land Use Type
q Statistic 0.4879 0.3660 0.5289 0.5955 0.1541 0.5701
p Value 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Concerning the significance test, the temperature, land use, precipitation, elevation, slope, and
administration division were selected to detect the interaction effect in ecological vulnerability. The
interactions between any two indicators of ecological vulnerability were higher than the explanatory
power of each single indicator but lower than the sum of two indicators” explanatory power (Table 6).
The result indicated that the interaction of any two factors in ecological vulnerability showed non-linear
strengthening. The maximum value of interaction appeared between land use type and elevation,
which meant that the difference of ecological vulnerability was the largest in different elevation under
the same land use type or different land use types at the same elevation. The land use combined
with other factors significantly enhanced the explanatory power of the factors. Among them, the
interaction of land use type N elevation (0.7899), land use type N precipitation (0.7867), and land use
type N temperature (0.7791) were the significant control factors for ecological vulnerability in the TRB.
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Table 6. Interaction between factors in the ecological vulnerability.

xinxj q(xinx;j) q(xi)+q(xj) Result Explanatory
x1Nx2 0.5025 0.8539 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x1Nx3 0.5670 1.0168 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x1 N x4 0.6292 1.0834 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x1Nx5 0.5359 0.6420 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x1Nx6 0.7899 1.0580 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x2Nx3 0.5510 0.8949 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x2 N x4 0.6174 0.9615 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x2 N x5 0.4147 0.5201 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x2 N x6 0.7143 0.9361 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x3 N x4 0.6317 1.1244 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x3 N x5 0.5661 0.6830 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x3 N x6 0.7867 1.0990 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x4 Nx5 0.6323 0.7496 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x4 N x6 0.7791 1.1656 q(xinxj) > q(xi) + q(xj) non-linear strengthening
x5 N x6 0.6063 0.7242 q(xinxj) > q(xi) + q(xj) non-linear strengthening

4. Discussion

Redundancy of multispectral data is often encountered and needs to be properly handled [65]. The
combined index EVI was selected to reflect dryness, heat, wetness, and greenness. At the same time,
the correlation and redundancy between data was reduced by spatial principal component analysis.
The presence of multicollinearity can be diagnosed by examining its indicators. The variance inflation
factor (VIF) and tolerance index (TOL), defined as complementary to VIF, were employed to estimate
and remove potentially redundant features. The cutoff value of VIF is 10 [66]; if VIF > 10 (i.e., TOL <
0.1), the multicollinearity among indicators are severe [66]. Taking the data of 2017 as an example, the
VIF and TOL of indicators were calculated with 17,089 points related to EVI and indicators, and then,
the results showed that the VIF was less than 10, and the TOL was more than 0.1, which indicated
that there was no obvious correlation between the indicators, and the indicators and methods were
desirable (Table 7).

Table 7. Results of multicollinearity diagnostics.

Index LSM NDVI NDISI LST
VIF 6.1658 5.3069 8.9883 2.4238
TOL 0.1622 0.1884 0.1113 0.4126

Ecological vulnerability assessment can objectively reveal the spatial differentiation features
of ecological vulnerability in TRB and provide a scientific basis and references for the ecological
environmental protection management of the basin. This method presented an apparent advantage
compared with other studies and can be applied to assess vulnerability, particularly in arid lands. In
TRB, ecological vulnerability showed a distribution pattern which not only corresponded with the
actual situation, a typical mountain—oasis—desert pattern in an arid area, but was also consistent with
the development requirements of the region [44]. Adequate and rational desert construction in arid
areas expanded the living space of human beings and improved the quality of the local ecological
environment [67,68]. With the development of water and soil resources at the edge of the artificial
oasis, the desert landscape in alluvial plain was replaced with an artificial oasis, and the ecological
environment improved along the edge of the artificial oasis. Reservoir construction and inter-basin
water transfer projects have effectively solved the problem of uneven water resources distribution;
however, the redistribution of water also means changes to the original ecological pattern. In arid areas
where water resources are relatively scarce, over-exploitation of land (mainly including over-expansion
of cultivated land and cities) means more water is being consumed for agricultural production and
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city development. As a consequence, the natural oasis ecosystems may not receive the needed water,
and desertification, salinization, groundwater level reduction, and vegetation cover reduction occur
easily [69-71]. Additionally, with the cities” extension, croplands became occupied by construction land,
while the negative impacts of urban sprawl such as a decrease in biodiversity, greenhouse gas emissions,
and air pollution also followed. From the long-term view, over-exploitation of cultivated land and cities
will threaten oasis stability and lead to oasis development being unsustainable. Given the complexity of
the ecosystem, some microscopic indicators and ecological processes, such as socio-economic impacts,
vegetation community structure, and soil degradation also need to be focused on. In future research on
ecological vulnerability, we would consider more attributes of the ecosystem in arid areas and verify
the result with statistical data and field survey data.

5. Conclusions

Ecological vulnerability assessment is of great significance for ensuring and improving ecosystem
stability. This paper made an attempt to evaluate ecological vulnerability using only remote sensing
data at a raster scale, which should be useful for a rapid and objective understanding of ecological status.
In this paper, NDVI, LSM, LST, and NDISI were retrieved from remote sensing images, and then, EVI
was constructed with spatial principal component analysis to obtain the distribution characteristics of
the ecological vulnerability in TRB. The results showed that the average values of humidity, greenness,
and heat increased, and the average values of dryness decreased. However, the extreme differences in
greenness, dryness, and temperature tended to be obvious from 2003 to 2017. Although the ecological
vulnerability of TRB has been reduced as a whole, it was mainly dominated by high and extreme grades
of ecological vulnerability. The ecological vulnerability grades showed the distribution pattern that the
northern desert area was more vulnerable than the central artificial oasis, and the central artificial oasis
was more vulnerable than the southern mountainous area. Ecological vulnerability had significant
spatial autocorrelation characteristics, and the trend was enhanced. The distribution of cold/hot spots
showed typical zonal features and presented the characteristics of “hot spot—cold spot—secondary hot
spot—cold spot” from north to south. The explanation for each factor of ecological vulnerability was
temperature > land use > precipitation > elevation > slope > administrative division. The interactions
of any two factors presented a non-linear strengthening effect. Among them, the interaction of land use
type N elevation, land use type N precipitation, and land use type N temperature were the significant
control factors for ecological vulnerability.

The framework presented in this paper provides a visual and mensurable approach for a detailed
understanding of ecological vulnerability in a raster scale, and the method can be employed to other
areas with suitable datasets for ecological conservation and environmental management, particularly in
arid regions. Furthermore, field survey data and statistical data will provide a reference for ecological
vulnerability assessment and verify the accuracy of assessment; they should be taken into account in
future research.
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