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Abstract: With the background of climate change and intensified human activities, environmental
problems are becoming increasingly prominent on the Qinghai-Tibet Plateau (QTP). For the develop-
ment of efficient environmental policies and protection measures, quick and accurate assessments of
the spatiotemporal patterns in ecological vulnerability are crucial. Based on the Google Earth Engine
(GEE) platform, we used Moderate Resolution Imaging Spectroradiometer (MODIS), Shuttle Radar
Topography Mission (SRTM), and human footprint (HFP) datasets to analyze the spatiotemporal
distributions and main driving factors of the remote sensing ecological vulnerability index (RSEVI) for
the QTP. Moreover, spatial autocorrelation analysis and the standard deviational ellipse (SDE) were
used to analyze the spatiotemporal characteristics. Our results showed that the RSEVI gradually in-
creased from the southeast to the northwest of the QTP. From 2000 to 2018, the potential vulnerability
area increased by 6.59 x 10* km?, while the extreme vulnerability area decreased by 1.84 x 10* km?.
Moran’s I value of the RSEVI was greater than 0 and increased, indicating that the aggregation degree
was increasing. The gravity center was located in Nagqu, Tibet, and shifted to the northwest from
2000 to 2015 and to the southeast from 2015 to 2018. The SDE rotated in a counterclockwise direction.
The three most important driving factors of ecological vulnerability were wetness, land surface
temperature (LST), and the normalized difference vegetation index (NDVI), indicating that climate
and vegetation were the dominant factors. Moreover, this study developed a promising method for
the ecological vulnerability assessment of large-scale and long time series datasets, and it provides
theoretical support for the ecological conservation and sustainable development of the QTP under
global change.

Keywords: ecological vulnerability; spatiotemporal patterns; driving factor; Google Earth Engine;
Qinghai-Tibet Plateau

1. Introduction

As a result of climate change and human activity, global and regional ecosystems are
under increasing stress and ecological degradation has intensified [1]. The loss of species
diversity, increased frequency of extreme weather events, increased desertification, and the
melting of polar glaciers are all powerful responses to ecosystem change, affecting human
existence and long-term socioeconomic growth [2]. In addition, rapid population growth
and unsustainable resource development and exploitation are deteriorating ecosystem
recovery and self-purification capacity over time, and human residential areas are becoming
more fragile [3]. Therefore, it is critical to implement ecological environment assessments
in light of the changing environment [4-6]. An ecological vulnerability assessment, as
one of the fundamental components of ecological research, is the basis and foundation for
addressing and adapting to climate change [7]. Vulnerability is an indicator that integrates
multiple multidimensional and multivariate attributes [8]. As the concept of ecological
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vulnerability has not yet been fully elucidated, the development of vulnerability indicators
should be carried out on a smaller scale [8]. Indicators and frameworks must be selected in
relation to the characteristics of the study area.

There have been many previous studies on ecological vulnerability assessments of typ-
ical ecological zones at different spatial scales. Kang et al. [9] selected both socioeconomic
and environmental topography indicators and introduced a spatial principal component
analysis (SPCA) to evaluate the geospatial and temporal characteristics of ecological vul-
nerability. The driving factors are identified using a matrix of principal components [9].
Guo et al. [7] proposed a dynamic weight determination method and established a dynamic
weighting table in the southwestern karst mountains of China. Net primary productivity
(NPP) was introduced to help determine the ecological vulnerability classification thresh-
olds in different periods and analyze the spatial and temporal variation patterns and
driving mechanisms of ecological vulnerability in the past 15 years. Hu et al. [5] used the
press-state-response (PSR) model to select parameters and the analytic hierarchy process
(AHP) to determine the weights of parameters. They carried out intrinsic evaluation of
ecological vulnerability, single parameter sensitivity analysis, and spatial autocorrelation
analysis [5]. Boori et al. [4] used dryness, greenness, moisture, and temperature indicators
based on the development of the remote sensing ecological index (RSEI) and applied it to
Samara, Russia. Wu et al. [1] proposed the remote sensing ecological vulnerability index
(RSEVI) using greenness, humidity, heat, terrain, land gradation, and human disturbance
indicators, which had good applicability in the China-Pakistan Economic Corridor region.
However, in recent years, indicators have tended to rely on ground measurements, which
are less available for poorer areas and extreme environments. Furthermore, ecological
vulnerability is a complex concept that couples natural ecosystems and socioeconomic
systems. Single socioeconomic indicators, such as population density, gross domestic
product (GDP), or nighttime lights, were often chosen in previous studies to reflect human
disturbance of nature [1,5]. However, these single indicators are unable to capture human
environmental modification and impact. Datasets of county or city statistics are less precise,
and it is difficult to show specific human disturbances within them [10].

In recent years, the Google Earth Engine (GEE) platform has been in the spotlight
for its remote sensing big data processing application [11-13]. As an open access and free
platform for research, education, and nonprofit purposes, users can process data directly
on the platform without needing to download them [11,12]. Some datasets have been
preprocessed to transform raw digital numbers to top-of-atmosphere reflectance and even
surface reflectance, allowing them to be further analyzed without the need for specialized
solar and atmospheric correction software [13]. Additionally, a large set of functions and
algorithms are available within the GEE library for analyzing various datasets [14]. Machine
learning, image processing, vector processing, geometrical analysis, different visualizations,
and multiple specialized algorithms are gathered into the GEE platform and enable users to
implement their research [12]. Many successful studies have emerged from the application
of GEE data, including land surface temperature estimation [15], drought monitoring [16],
land cover change [17], wind erosion [18], and water erosion [19]. Compared to traditional
tools, the GEE platform is suitable for long-term and large-scale ecological vulnerability
assessments. However, GEE has not been widely applied for this purpose.

The Qinghai-Tibet Plateau (QTP) is rapidly drawing increased attention due to signifi-
cant ecological changes in that region [20-22]. The QTP has a diverse environment due to
its vast differences in geography and climate [20]. Increasingly, extreme weather increases
the frequency of hazards in the region [23]. At approximately double the reported rate of
global warming, temperatures on the QTP have increased by 0.29 °C per decade over the
last 50 years, with an average increase of 0.22 °C per decade in summer and 0.42 °C per
decade in winter, resulting in significant freeze—thaw erosion and glacier retreat [24-26].
Additionally, extreme rainfall events can trigger rockfall and landslides [23]. Landslide
debris on the slopes can be further remobilized by rainfall and generate debris flows [23].
The QTP, with its high altitude, low temperature, scarce precipitation, simple ecosystem
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structure, limited resilience, and vulnerability to environmental changes, is one of the most
sensitive and fragile regions in China [27,28]. Therefore, an ecological vulnerability assess-
ment for the QTP is essential for sustainable regional development. Due to the extreme
climate of the QTP, there are relatively few ground-measured data, and the use of remote
sensing data can eliminate overreliance on ground-measured data compared to traditional
methods [1,29]. At the same time, human activities have had multifaceted impacts on
the QTP. The human footprint (HFP) is a novel indicator that is critical for monitoring
anthropogenic pressures in studies on species extinction risk, conservation science, and
human development potential [30].

Given that global climate change is accelerating, we must seriously consider the
sustainable development of the QTP. Therefore, it is necessary and urgent to scientifically
assess its ecological vulnerability and accurately identify the driving factors behind it.
The main objectives of this study were to (1) develop a comprehensive framework for an
ecological vulnerability assessment on the QTP; (2) analyze spatiotemporal patterns of the
RSEVI from 2000 to 2018 based on the GEE; and (3) identify the main driving factors of
RSEVI dynamics and their spatial distribution.

2. Materials and Methods
2.1. Study Area

The QTP (73°29'E-105°37'E, 24°40'N-40°39'N), covering 3 million km?, is the largest
geographical unit in China and also the geographical unit with the highest elevation on
earth (Figure 1) [21,22]. The QTP acts as an important reservoir for water, regulating climate
change and water resources in east Asia and even for the entire world [23]. The southern
and eastern marginal mountainous rivers are densely packed, with larger outflows to
the Indian Ocean system of the Brahmaputra and Nu Rivers and upper outflows to the
Pacific Ocean system of the Yangtze, Yellow, and Lancang Rivers [20,21]. The distribution
of rain and heat is extremely uneven, with the southeast region experiencing average
temperatures of 20 °C and the northwest experiencing average temperatures as low as
6 °C. The annual precipitation in the south is 10004000 mm, but it is only 20-100 mm in
the west [31]. Because of its high average altitude, low average temperature, and complex
topography, the QTP has a unique alpine ecosystem and is easily affected by ecological
and environmental issues due to global warming and human activities [32]. To maintain
regional ecological security, a series of measures have been adopted, including setting an
ecological redline, strengthening the environmental protection system, repairing damaged
ecology, and boosting government oversight [32,33].
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Figure 1. Location and main mountains of the Qinghai-Tibet Plateau.

2.2. Data Resources

MODIS images, including MOD09A1, MOD11A2 and MOD13A1, were obtained from
the NASA Land Processes Distributed Active Archive Center (LP DAAC), USGS/Earth
Resources Observation and Science (EROS) Center, from 2000 to 2018. The MOD09A1
product provided an estimate of the surface spectral reflectance of Terra MODIS bands 1-7
at a 500 m resolution within an 8-day composite [34]. The MOD11A2 product provided an
average 8-day land surface temperature (LST) with a spatial resolution of 1000 m [35]. The
MOD13A1 product provided the normalized difference vegetation index (NDVI), which
was a continuation index of the NDVI that was derived from the existing National Oceanic
and Atmospheric Administration-Advanced Very High Resolution Radiometer (NOAA-
AVHRR) within the 16-day composite at a 500 m resolution [36]. The digital elevation
model (DEM) and slope data were from NASA SRTM datasets, with a spatial resolution of
30 m. The annual records of the HFP were from the Figshare repository from 2000 to 2018,
which combined eight variables related to human activities (built environment, population
density, nighttime lights, cropland, pasture, roads, railways, and navigable waterways) at a
spatial resolution of 1000 m [30,37]. The mountain dataset was from the Global Mountain
Biodiversity Assessment (GMBA) Mountain Inventory v2, which provided a new inventory
of mountain range locations and developed ranges [38,39]. The Global Inland Water dataset
was from the NASA LP DAAC, USGS/EROS Center, which showed inland surface water
bodies, including fresh and saline lakes, rivers, and reservoirs, in the year 2000 with a
spatial resolution of 30 m.

2.3. Data Preprocessing

Based on the cloud shadow and cloud attribute fields contained in the quality assess-
ment tape “StateQA”, the mask function established in the MODIS image removed the
cloud-containing regions from each image, filtering the highest quality images with bites
equal to 0. Annual datasets with an 8- or 16-day temporal resolution were constructed for
the indicators using the median value composite approach. Based on the Global Inland
Water dataset, a water mask was created with a value equal to 2 to eliminate water from
the images and reduce the influence of rivers and lakes on the wetness components [40].
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2.4. Selection of Indicators

Most of the QTP is dominated by a unique alpine climate that is characterized by lower
temperatures and discernible seasonal and regional disparities in precipitation distribu-
tion [41]. Meanwhile, the frequent escalation of human activities, such as overgrazing and
inappropriate land use, has damaged the surrounding ecosystem [42]. Land salinization,
desertification, and grassland degradation are serious ecological problems affecting the
health of the environment [43]. According to the characteristics of the QTP, seven indicators
were chosen from the remote sensing images to evaluate the ecological vulnerability using
the GEE platform, ArcGIS 10.4, and R 4.2.1. These indicators included wetness, heat, green-
ness, elevation, slope, salinity, and HFP, which could fully reflect the natural conditions
and anthropogenic disturbances on the QTP.

(1) Wetness index

The QTP has abundant water resources and is the source of nine main rivers in Asia,
providing freshwater and sufficient food for billions of people downstream [20]. Wetness
indicates the water resource condition of the ground surface, including the water content of
soil, plants, and surface water [1]. In the context of global climate change, wetness changes
have a significant influence on ecological vulnerability. The integrated wetness of the soil
and vegetation can be reflected by the components transformed by the MODIS tassel cap
on the QTP [44]. Wetness can be derived from the surface reflectance product of MOD09A1
by the following Equation (1) [34]:

Wet = 0.1147Bggp + 0.2489By g1 + 0.2408Bp. 11k + 0.3132Bcreen — 0.3122By k2 — 0.6416Bsyy g1 — 0.5087Bsyiry (1)

where Bprur, Boreen, BrRep, BNir1, BNir2, Bswiri, and Bgwigro are the values of the
blue, green, red, near-infrared, and shortwave-infrared bands of the MOD(09A1 products,
respectively.

(2) Heatindex

Heat is a key indicator influencing vegetation growth, as well as driving changes in
the ecological environment [1]. Rising temperatures lead to increased evaporation, severe
desertification, and melting of permanent freeze zones, resulting in land degradation. Heat
is represented by the LST. We used the LST from MOD11A2 as the index of heat [35].

(3) Greenness index

The NDVI is the most extensively used vegetation indicator and can represent biomass,
leaf area index, and vegetation coverage [10]. The NDVI can accurately assess the status,
change, and trends of desertification [45]. Thus, the present study selected the NDVI
derived from MOD13A1 as the index of greenness [36].

(4) Elevation index

Temperature and precipitation have inverse relationships with elevation. The elevation
of the QTP varies widely, and this variability has a great impact on the regional ecological
environment. Therefore, it is necessary to select elevation as an indicator. The elevation
data were obtained from the SRTM dataset.

(5) Slope index

Mountains and rivers abound throughout the QTP, resulting in steep, complex, and
changeable slopes. Natural disasters such as soil erosion, landslides, and debris flows are
related to steep slopes. As a result, slope data were obtained from the SRTM dataset.

(6) Salinity index

Salinity factors, such as land salinization, desertification, and grassland degradation,
can easily reduce soil fertility and deteriorate the surrounding ecosystem. As a result,
it is critical to monitor the degree of soil salinization [46]. Following the methods of
previous studies, we chose the comprehensive salinity index (CSI) using ensemble learning,
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which combines the salinity index (SI-T), normalized differential salinity index (NDSI),
and salinity index 3 (SI3) with strong universality [46]. The CSI was calculated using
Equations (2)-(5) [34,46]:

SI-T+ NDSI+SI3

CSI = 2
3 )

_ Brep
SI—T= % 100 3)

BnIr

Brep — Bnir

NDS] = ————— 4
Brep + BNIR @)
SI3 = \/BGREEN2 + Brep? ©)

where Bgreen, Brep, and Byr are the values of the green, red, and near-infrared bands of
the MODO09A1 products, respectively.

(7) Human footprint index

Intensified human activities impact ecological processes and anthropogenic biomes [47].
In examining the combined influence of several human activities, the effects of single pres-
sures are limited [30,48]. In this study, 2000 to 2018 data from the global annual HFP dataset,
which was developed by Mu et al. [30], were selected.

2.5. Normalization

Indicator dimensions are not uniform, so normalization is needed. Recently, much de-
bate has arisen about data normalization and standardization options [49-51]. In this study,
we focused on annual changes in the RSEVI. Therefore, we used the min-max normalization
to normalize the indicators so that the indicator values ranged between 0 and 1. In light
of the relationship between the RSEVI and its indicators, the indicators were classified as
positive or negative indicators. When the RSEVI increased, the positive indicators increased
(elevation, slope, salinity, and HFP) and the negative indicators decreased (wetness, heat,
and greenness) [52]. The indicators were normalized using Equations (6) and (7):

Xi — Xonin)
Positive indicator : X;' = _(Xi = Xinin) 6
! (Xmax - Xmin) ( )
Xoax — X;)
Negative indicator : X;’ = (Knax — Xi) 7
8 (Xmax - Xmin) ( )

where X;’ represents the normalized value of i in the grid cell and X; is the attribute value
of the index. X;;;; and X4y are the minimum and maximum values of index i, respectively,
in the study region.

2.6. Calculation and Classification of the RSEVI

Principal component analysis (PCA) is an objective and common method used to deter-
mine the weight of each component, which is achieved by extracting significant indicators
and objectively transforming their related indicators into a set [42]. Additionally, PCA can
effectively avoid subjective bias in the determination of weights. The transformation of all
data into an integrated assessment index is critical to performing an ecological vulnerability
assessment, but it remains a difficult task [53]. According to Equation (8), the principal
components are as follows:

PC, = wjx1 +wpxy + -+ WipXp (8)

where PC;, is the principal component score, w is the component loading, x is the measured
value of a variable, i is the component number, and p is the total number of variables.
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As shown in Equation (9), each principal component is multiplied by its variance rate.
RSEVI =1 PCy +1rPCy+ - - - +1,PCy )

where RSEV [ is the ecological vulnerability index, r is the contribution ratio of the principal
component, PC is the principal component, and g is the number of principal components
retained. Referring to Equation (10), the coefficient r is defined as:

_ b
Zle bi

where r; is the contribution ratio of the principal component and b; is the eigenvalue of the
ith principal component.

In this study, we used eigen analysis on the GEE platform to calculate the RSEVI from
2000 to 2018 for the QTP [54].

The Mann-Kendall (M-K) nonparametric test is widely used for detecting time series
trends [55,56]. It only requires the data to be independent and tolerant of outliers and does
not require the data to be normally distributed [57]. Based on the GEE platform, the M-K
test was used to examine the trends and significance of the RSEVI from 2000 to 2018 [58].

In ArcGIS 10.4, based on the natural breaks (Jenks) method, the RSEVI was divided
into five levels: potential vulnerability, slight vulnerability, moderate vulnerability, serious
vulnerability, and extreme vulnerability.

Ti

(10)

2.7. Spatial Autocorrelation Analysis

Spatial autocorrelation is an essential index for determining whether an element is
connected to the ecological quality of its surrounding region [59]. In this study, to explore
the spatial correlation of the RSEVI, the global spatial autocorrelation (global Moran’s
I) and the local indicator of spatial correlation (local Moran’s I) were used. The global
spatial autocorrelation, which is usually described by Moran’s I, is used to determine
whether a specific attribute of the whole has spatial correlation or spatial agglomeration [5].
Local spatial autocorrelation analysis is used to determine the local spatial agglomeration,
which is mainly reflected by spatial agglomeration map [5]. To ensure the accuracy of
the quantitative evaluation and the integrity of information within the scale, combining
the internal characteristics of the study area, hexagons with a side length of 10 km were
created to analyze the spatial autocorrelation characteristics of the RSEVI [28]. Hexagons are
considered more efficient than square grids for continuously partitioning a two-dimensional
space, but square grids are more commonly used. Hexagonal forms produce an isotropic
neighborhood, allowing for more precise neighborhood analysis [60].

(1) Global Moran’s I

The Moran’s I coefficient indicates the connection of attribute values of spatially
adjacent units. When the absolute value of Moran’s I is close to 1, the unit’s spatial
autocorrelation is strong. In contrast, when the absolute value of Moran’s I is close to
0, the unit’s spatial autocorrelation is weak. Spatial correlation can be calculated using
Equation (11):

Z?:l 2;1:1 wl-j(xi —X) (X] — Y)

=2
Yitg L wij L (X — X)

where x;, X is the attribute value of the location of i, j; n is the total number of grids; wjj is
the weight of the matrix; and X is the average value of the RSEVL

(2) Local Moran’s I

I =

(11)

The local indicator of spatial association (LISA) clustering map was used to obtain and
analyze the local spatial correlation pattern to better understand the spatial and temporal
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distributions of the RSEVI. The local Moran’s I index accurately shows the correlation
between each grid unit in the study area using Equation (12) [61]:

(x; —%)* =

I = AP Sz 2“’11 (x] — x) (12)
]

where x;, X; is the attribute value of the location of i, j; wij is the weight of the matrix; X is

the average value of the RSEVI; and S is the sum of the spatial weight matrix.

2.8. Standard Deviational Ellipse

Lefever was the first to propose the standard deviational ellipse (SDE) [62]. The
SDE serves as a versatile GIS tool for delineating bivariate distributed features [63]. It is
commonly used to sketch the geographical distribution trend of the features in question by
summarizing both their dispersion and orientation [63]. By comparing interannual changes,
the method is used to identify the general spatial distributions and their dynamic patterns
over a research period [64]. The gravity center, development range, shape, and orientation
of the RSEVI can be expressed by the ellipse center, area, ratio of the short axis to the long
axis, and azimuth of the long axis, respectively, using Equations (13)—(17) [6]:

(1) Gravity center

n Sy
X = ):Zlnllel (13)
1= 1
n . .
y = B w@;y l (14)
i=1 %1

where w; is the attribute value of the RSEVI, x; and y; are the longitude and latitude
coordinates of i, respectively, and X and Y refer to the longitude and latitude coordinates
of the gravity center, respectively.

(2) Azimuth

(15)
2371 wilxi'y!

where 0; ,, is the angle movement of the gravity center from year u to year ¢; if 6 , = 0, it rep-

resents the east position. The expressly established angle represents the major orientation
of the geographical units [65].

(3) Major and minor axes

Y1 (wixi'cos — wiy;'sind)?
Oy = \/ 1 1( (i) ;1_1 wlz lyl ) (].6)
Y (wixisin® — w;y; cosh)?
‘Ty_\/ = ”anwizll (17)
1=

2.9. Driving Factor Analysis

The decision tree approach for determining continuous response variables includes
random forest regression analysis [66]. In this study, this approach was used to identify
the key driving factors influencing the RSEVI and describe the relationship between the
RSEVI and wetness, LST, NDV], elevation, slope, CSI, and HFP. Based on the GEE platform,
we randomly selected 1000 points and extracted the mean values of RSEVI, wetness, LST,
NDVI, elevation, slope, CSI, and HFP. Random forest regression analysis was conducted in
the R environment (v4.2.1). The significance of the models and cross-validated R? values
were assessed with 1000 permutations of the response variable, by using the “A3” package.
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Similarly, the significance of driving factors on the response variables was assessed using
500 trees with the “rfPermute” package. We utilized the percentage increases in the mean
squared error (MSE) of the variables to determine the importance of various driving factors:
higher MSE% values indicated more significant variables.

The Spearman correlation coefficient (SCC) is a nonparametric test used to assess
the correlation between variables based on ranked data [67]. It has no restrictions on
the overall distribution of data or sample size; it simply requires that the observations of
the two variables be paired rating data or transformed from observations of continuous
variables [68]. In this study, to analyze the spatial driving characteristics of the driving
factors and RSEV], the correlation was spatialized using SCC. The method required paired
rating data for the observations of the two variables. From 2000 to 2018, the elevation and
slope did not change, so the same data were used and could not be paired. Therefore, only
the wetness, LST, NDVI, CSI, and HFP were spatialized. We used the SCC on the GEE to
evaluate the correlation between two statistical variables using Equation (18) [69]:

DD
VI (X - %) (v - Y)

where r represents the Spearman correlation coefficient, X; and Y; represent the attribute
values, X and Y refer to the average of the indicators, and i refers to the number of samples.

(18)

3. Results
3.1. Spatial and Temporal Patterns of the RSEVI

Figure 2 shows the distribution of the RSEVI levels. Potential and slightly vulnerable
areas were predominantly found in the eastern and southern areas of the QTP. Potential
vulnerability areas were distributed in Yunnan Province, Sichuan Province, and southern
Tibet. Slightly vulnerable areas were distributed in Sichuan Province, Gansu Province, and
the Qaidam Basin. Moderate, serious, and extreme vulnerability areas were predominantly
found in the western and northern areas of the QTP. Moderate vulnerability accounted
for the largest proportion, with a value over 30%, distributed in most parts of Tibet and
Qinghai Province. Serious and extreme vulnerability areas were distributed in the Kunlun
Mountains, Tanggula Mountains, Transhimalaya, and Himalayas.

The average value of the RSEVI on the QTP remained stable from 2000 to 2018, but
there was an area transfer between different levels of vulnerability (Table 1). Potential
vulnerability areas showed an increasing trend from 12.10 x 10* km? (4.43%) in 2000, to
17.17 x 10* km? (6.28%) in 2010, and to 18.96 x 10* km? (6.94%) in 2018, expanding in
Yunnan Province and southern Tibet. Extreme vulnerability areas showed a decreasing
trend from 23.20 x 10* km? (8.49%) in 2000, to 20.96 x 10* km? (7.67%) in 2010, and to
21.36 x 10* km? (7.81%) in 2018, shrinking in the Transhimalaya. The findings of the M-K
nonparametric test revealed that none of the regions changed significantly. Areas with
an increasing trend accounted for 1.94% of the total area distributed in northern Qinghai
Province and southern Sichuan Province. Areas with a decreasing trend accounted for
1.26% of the total area distributed in the Transhimalaya.
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Figure 2. Vulnerability levels in 2000 (a), 2010 (b), and 2018 (c), and change from 2000 to 2018 (d) on
the Qinghai-Tibet Plateau.

Table 1. Areas and ratios of different remote sensing ecological vulnerabilities on the Qinghai-Tibet
Plateau in 2000, 2010, and 2018.

Vulnerability 2000 2010 2018
Levels Area/10* km? Ratio/% Area/10* km? Ratio/% Area/10* km? Ratio/%
POtentlfl! 12.10 4.43 17.17 6.28 18.96 6.94
vulnerability
Slight - 74.72 27.34 64.57 23.62 60.56 22.15
vulnerability
Moderate 110.45 40.40 108.24 39.59 98.19 35.92
vulnerability
serious 52.88 19.34 62.44 22.84 74.30 2718
vulnerability
vulnerability

3.2. Spatial Autocorrelation Characteristics of the RSEVI

Moran’s I values were 0.538, 0.551, and 0.627 in 2000, 2010, and 2018, respectively
(Table 2). The Z value was more than 2.58, and the p value was less than 0.001, passing
the 99.9% confidence test and indicating that the spatial autocorrelation of the RSEVI was
extremely significant. These results implied that the spatial distribution of the RSEVI was
clustered rather than random. Meanwhile, the Moran’s I value showed a gradual increasing
trend from 2000 to 2018, and the strongest positive spatial correlation was in 2018.
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Table 2. Global Moran’s I statistic of the remote sensing ecological vulnerability index on the Qinghai-
Tibet Plateau in 2000, 2010, and 2018.

Index 2000 2010 2018
Moran’s [ 0.538 0.551 0.627

Z score 88.20 90.88 103.39

p value 0.001 0.001 0.001

According to Figure 3, the spatial clustering characteristics had similar distributions
in 2000, 2010, and 2018. Yunnan Province, Sichuan Province, and southern Tibet had
high-high clusters of RSEVI. The number of units increased from 820 in 2000 to 881 in 2018,
indicating that the spatial distribution tended to be aggregated. The Kunlun Mountains,
Tanggula Mountains, and Transhimalaya had low-low clusters of RSEVI. The number of
units increased from 1002 in 2000 to 1264 in 2018, indicating that the spatial distribution
tended to be aggregated. The RSEVI of these areas had a positive spatial autocorrelation.
High-low outliers and low-high outliers were scattered in the transition area from the
high-high cluster to the low—low cluster. The RSEVI of these areas had a negative spatial
autocorrelation.

(2)2000 . (b)2010

Legend N

!j Not Significant W 7
I High-High Cluster

|:| High-Low Outlier S

" | Low-High Outlier

- Low-Low Cluster

0 235 470 940 1410 1880
km

Figure 3. LISA (local indicator of spatial association) aggregation of the remote sensing ecological
vulnerability index on the Qinghai-Tibet Plateau in 2000 (a), 2010 (b), and 2018 (c).

3.3. Standard Deviational Ellipse Analysis of the RSEVI

The spatial movement of the gravity centers (Figure 4 and Table 3) showed that the
gravity centers of the RSEVI were located in Nagqu, Tibet, which was near the Kunlun
Mountains. This site has a high altitude and steep terrain, with ecological functions that
are damaged and difficult to recover. The vertical and horizontal movement ranges were
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88°06'E-89°34'E and 33°15'N-33°14'N, respectively. From 2000 to 2015, the gravity center
moved to the northwest, showing a tendency to expand to the northwestern QTP. The
movement distances of the gravity center were 48.58 km, 39.61 km, and 69.17 km. From
2015 to 2018, the gravity center moved to the southeast, against the original movement
direction. The movement distance of the gravity center was the longest, with a value of
139.32 km.

2015 2010

2018

2005

Nagqu

Legend

2000

[ 2008
[ 2010
[Jats
[ 2ts

0 145 290

Figure 4. The standard deviation ellipse and its gravity center of the spatially distributed remote
sensing ecological vulnerability index on the Qinghai-Tibet Plateau from 2000 to 2018.

Table 3. Standard deviation ellipse parameters of the remote sensing ecological vulnerability index
on the Qinghai-Tibet Plateau.

Year Gravity Center Gravity Center Long Axis Short Axis Rotation
Longitude Latitude (km) (km) ©)
2000 89°25' 33°15 944.44 448.78 115.04
2005 88°58’ 33°27' 943.43 460.91 113.20
2010 88°51’ 33°47 936.82 474.54 113.06
2015 88°06 33°47 904.19 475.11 111.18
2018 89°34/ 33°27' 930.38 431.52 110.69

From the perspective of the trend of the spatial distribution of the azimuth, a few
changes were seen in the angle of the RSEVIL. From 2000 to 2018, the angle increased
slightly, indicating a minor counterclockwise rotation. The angle decreased from 115.04°
in 2000 to 110.69° in 2018. This direction was similar to the connecting line from the
Kunlun Mountains and Tanggula Mountains to the Transhimalaya, which were the most
concentrated extreme vulnerability areas. The counterclockwise rotation of the azimuth
could be due to the decreased vulnerability of the Transhimalaya and Hengduan Shan and
increased vulnerability in the Bayan Har Mountains.

The variations in the minor and major axes of the ellipse from 2000 to 2018 represented
the directions and degree of the dispersion distribution of the ellipse [70]. The long axis
showed a “decrease-increase” tendency, decreasing from 944.44 km to 904.19 km from
2000 to 2015, and increasing to 930.38 km in 2018. Meanwhile, the short axis showed an
“increase—decrease” tendency, increasing from 448.78 km to 475.11 km from 2000 to 2015,
and decreasing to 431.52 km in 2018. In general, the long and short axes had a decreasing
trend, demonstrating that the spatial differentiation of the RSEVI was evident. The spatial
distribution had a tendency to aggregate.
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3.4. Driving Factor Analysis

To disentangle the driving factors of the RSEVI on the QTP, we identified the factors by
random forest analysis. According to Figure 5, the random forest model explained 98.25%
(p < 0.001), reflecting a high goodness of fit. Wetness (p < 0.01) and LST (p < 0.01) were the
most important driving factors. Other important driving factors were the NDVI (p < 0.01),
CSI (p < 0.05), and elevation (p < 0.01). The HFP and slope had a low importance and were
statistically insignificant.

RSEVI
R%*=9825
P <0.001

S
<F

Figure 5. The importance scores of the driving factors affecting the remote sensing ecological
vulnerability index (RSEVI) on the Qinghai-Tibet Plateau. Significance levels are as follows: * p < 0.05,
**p < 0.01. MSE, mean squared error.

According to Figure 6, wetness was positively correlated with the RSEVI in western
Tibet and negatively correlated in the southeastern area of the QTP. The SCC between the
RSEVI and LST was positively correlated in the southeastern area of the QTP. However, the
correlation was negative in the Qaidam Basin. The spatial distribution patterns of the NDVI
and CSI driving factors were similar, with a positive correlation in the southeastern area of
the QTP. The HFP showed a negative correlation in Yunnan Province, Sichuan Province,
and southern Tibet.
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Figure 6. The spatial distribution of the Spearman correlation coefficient of the remote sensing
ecological vulnerability index (RSEVI) correlated with wetness (a), land surface temperature (b), the
normalized difference vegetation index (c), the comprehensive salinity index (d), and the human
footprint (e) on the Qinghai-Tibet Plateau.

4. Discussion
4.1. Spatiotemporal Variations in the RSEVI on the QTP

Currently, climate change is causing enormous problems for vegetation and ecosys-
tems. Because the QTP is an area vulnerable to global climate change, it is critical to
conduct a dynamic evaluation of its ecological vulnerability. Based on different frame-
works, methods, time ranges, and indicator selections, many studies have been conducted
on the ecological vulnerability of the QTP or Tibet in recent years [32,41,42,71-73]. In
this paper, a unique method was used to calculate ecological vulnerability by a remote
sensing index on the GEE platform. In terms of the spatial distribution, the conclusions of
Jiang et al. [32], Jiang et al. [71], Xia et al. [42], Li et al. [72], and Guo et al. [73] were similar
to the conclusions of this paper, showing a significant increasing trend of vulnerability from
southeast to northwest. All of these articles showed overall trends in spatial variability, but
this paper provides more details of that variability, revealing a clear trend toward increased
vulnerability in the mountains. This result may be due to the limited number of meteoro-
logical stations on the QTP. The precipitation and temperature data obtained by spatial
interpolation were coarse, while the remote sensing index showed more detail. However,
Zhang et al. [41] had the opposite conclusion: areas of extreme vulnerability were mainly
distributed in the eastern and central areas of the QTP. This article fitted the coefficients
of the autocorrelated multiple linear regression of NPP, temperature, and precipitation,
focusing more on dynamic changes than on natural background conditions [41].

In terms of temporal patterns, both Jiang et al. [32] and Jiang et al. [71] used 5-year
period data to illustrate a declining ecological vulnerability index and improving ecological
conditions. Xia et al. [42] used year-by-year data for an M-K trend analysis, which illustrated
a gradual slowing trend in vulnerability growth. In this paper, year-by-year data were
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also used for M-K trend analysis, and the results were not significant, but the area of
the decreasing trend was larger than the area of the increasing trend. Meanwhile, the
decrease in the area of extreme vulnerability and the increase in the area of potential
vulnerability both indicated the continuous improvement of ecological vulnerability on
the QTP. There were probably two main reasons for this trend. First, most of the studies
that have conducted vulnerability assessments for the QTP have mentioned that ecological
conservation measures have had a positive impact on the ecological environment of the
QTP [32,42,71,72,74]. These programs supported the conversion of farmland to grassland,
biodiversity conservation, and environmental improvement [28]. Additionally, as a result
of climate change, the QTP is becoming warmer, wetter, and greener [22]. Positive changes
in these three most important influencing factors on the QTP (i.e., wetness, heat, and
greenness) may have influenced the final RSEVI result. However, the impact of climate
change on ecological vulnerability still needs to be further explored and discussed.

4.2. Driving Factors of the RSEVI

In this paper, we combined random forest analysis and the SCC to jointly analyze
the importance of the driving factors. Li et al. [72] and Xia et al. [42] identified the most
significant driving factors as the NDVI using GDM and the weights of PCA, respectively. In
this paper, using random forest analysis, the top three important driving factors of the QTP
were wetness, LST, and NDVI. The reasons for the different results of these driving factor
analyses may be the data sources and the driving factor analysis methods. Additionally, this
paper found that natural factors (wetness, LST, NDVI, CSI, elevation, and slope) contributed
more than socioeconomic factors (HFP), and among the natural factors, the vegetation
factors (NDVI) and climatic characteristics (wetness and LST) were the main determinants,
while the topographic characteristics (elevation and slope) were less important, which was
similar to the results of related studies [42,72]. Although the QTP is experiencing rapid
population growth, it has rarely been explored by humans, probably due to its poor natural
conditions, and it is known as one of the least urbanized regions in the world [42].

The SCC, which can more visually show the spatial distribution of the driving factors,
was used to spatialize the driving factors. Our results indicated that wetness and LST
were the two most important driving factors, and their correlation with the RSEVI was
almost complementary. In regions with adequate precipitation, temperature was the main
driving factor, while in regions with suitable temperature, precipitation was the main
driving factor. Both the NDVI and the CSI showed positive correlations and strong effects
on the RSEVI in the southeastern area of the QTP, including the potential vulnerability
and slight vulnerability areas located in Yunnan Province, Sichuan Province, and southern
Tibet, as well as the extreme vulnerability areas located in the Transhimalaya. The HFP
showed a negative correlation in the southeast, which was the most densely populated
and economically developed area. These regions had low ecological vulnerability due to
abundant precipitation, suitable temperature, low elevation, and sufficient water resources,
which resulted in diverse landscape patterns and a high vegetation cover, despite the
disturbance of the natural environment from human activities [71].

4.3. Advantages and Limitations

In this study, the RSEVI of the QTP was constructed using the seven indicators of
wetness, heat, greenness, elevation, slope, salinity, and HFP, and this index had a good
ability to consider the conditions of the regional ecosystem and reflect disturbance from
human activities [1,75]. Meanwhile, based on the GEE platform, spatial and temporal
changes on the QTP were analyzed. Compared with traditional image processing tools
such as ArcGIS and ENVI, GEE can rapidly batch process a large number of images and
improve computational efficiency, which has significant advantages in the analysis of large-
scale and long-time series data [11,76]. A large set of functions and algorithms are available
within the GEE library for analyzing various datasets, making computation and analysis
easier [14]. On the QTP, especially in the west, there are fewer ground measurement
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stations, so remote sensing data eliminate the overreliance on ground-based measured data
and have application advantages in alpine regions [1,77]. In terms of human disturbance,
previous studies have used data such as population density, GDP, and nighttime lights to
identify human impacts on the ecological environment [42,71,72]. The HFP dataset was
used in this study, which integrated different aspects of human pressure and was more
reliable than a single dataset [30].

Although this method has shown some validity in ecological vulnerability assessment,
it still has some limitations. First, because the same topographic data were used from
2000 to 2018, the SCC could not be calculated in conjunction with the RSEVI. In future
studies, the most dominant factor for each cell can be spatially determined for all the
driving factors. Second, ecological processes are complex and diverse. They involve many
aspects and are difficult to fully identify. Therefore, there are uncertainties in the data
quality, analytical methods, and indicators. In the future, as ecological indicators and
models develop and evolve, various, accurate and appropriate indicators or models can be
used to reflect ecological processes [28]. Third, ecosystems are characterized by complexity,
self-organization, and facilitation [78]. Therefore, when the driving factors change, the
ecological vulnerability may abruptly shift from one state to another. However, this feature
has not yet been fully considered in ecological vulnerability assessments. In future research,
ecological vulnerability assessments will be performed with consideration of theories such
as tipping points.

5. Conclusions

In this study, based on the GEE platform, the RSEVI of the QTP was assessed using
remote sensing images from 2000 to 2018, and the importance of the driving factors was
analyzed using random forest and SCC methods. The results showed that the spatial
pattern of the RSEVI on the QTP was basically consistent, with a gradual increase from
southeast to northwest. Extreme vulnerability areas were concentrated near the mountains
in the northwest, and potential vulnerability areas were primarily located in the Yunnan
and Sichuan Provinces in the southeast. From 2000 to 2018, the potential vulnerability
area increased by 6.59 x 10* km?, while the area of extreme vulnerability decreased by
1.84 x 10* km2. Moran’s I of the RSEVI was greater than 0 and increased in 2000, 2010, and
2018, indicating that the spatial distribution in the study area was positively correlated and
that the degree of aggregation was increasing. The gravity center was located in Nagqu,
Tibet, shifting northwestward from 2000-2015 and southeastward from 2015-2018. The
SDE rotated in a counterclockwise direction. The three most important driving factors of
ecological vulnerability were wetness, LST, and NDVI, indicating that climatic factors and
vegetation characteristics were the dominant factors. Moreover, this study developed a
novel method for ecological vulnerability assessment, and our results can provide guidance
and recommendations for the conservation and management of the QTP.
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