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Abstract: Quantitative assessment of ecological vulnerability is of great significance for ecological
protection and restoration in ecologically vulnerable regions. Here, the ecological vulnerability of the
northern sand prevention belt (NSPB) of China was assessed using an ecological pressure–sensibility–
resilience model from 2000 to 2015. Results showed that the ecological vulnerability index (EVI)
displayed low values in the eastern part and high values in the western part of the study region.
The EVI ranged from 0.29 to 1.32 in 2000, with the mean value of 0.88, whereas it averaged 0.78
in 2015, ranging from 0.21 to 1.26. Decreasing EVI from 2000 to 2015 indicated that the ecological
status has been improved. Moreover, the area proportion of moderately, heavily, and extremely
ecological vulnerability levels occupied approximately 87% in both 2000 and 2015, indicating a high
ecological vulnerability level. Furthermore, the change in area proportion of different ecological
vulnerability levels were associated with the change in the spatial distribution of vegetation coverage,
indicating that eco-environmental protection projects were indeed effective. These findings indicated
that differential strategies in different restoration zones should be adopted, especially in the western
parts of the study region, and eco-environmental protection projects should be reinforced to improve
the ecological restoration.

Keywords: ecologically vulnerable regions; ecological protection and restoration; principal compo-
nent analysis; ecological restoration projects

1. Introduction

Since the middle of the 20th century, the global ecological environment has been
altered dramatically accompanying the increase of human activities and global climate
change [1]. Ecosystem degradation such as deforestation, soil degradation, desertification,
and loss of biodiversity has become one of the most prominent environmental problems
around the world, especially in ecologically vulnerable regions [2,3], which would threaten
ecosystem services and human well-being [4]. Ecological vulnerability is a specific attribute
of ecosystems, which indicates the resistance and resilience of an ecosystem to external
interference within a certain region [4–9]. It is an important evaluation indicator reflecting
regional ecological status and the degree of ecosystem stability, which also is the key content
in global change and sustainable development [3,10]. Therefore, a quantitative assessment
of the vulnerability of ecosystems is the scientific basis of adapting and mitigating climate
changes and is of great significance for ecological protection and restoration and ecological
environment management [1,3,11,12].

Sustainability 2021, 13, 6078. https://doi.org/10.3390/su13116078 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-2804-4780
https://doi.org/10.3390/su13116078
https://doi.org/10.3390/su13116078
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13116078
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13116078?type=check_update&version=2


Sustainability 2021, 13, 6078 2 of 15

To assess the ecological vulnerability of ecosystem, a series of quantitative assess-
ment models have been developed based on the different principles and purposes of
assessment, mainly including the pressure–sensibility–resilience model [3,4,13], exposure–
sensitivity adaptation model [14,15], resilience–exposure–sensitivity model [16], pressure–
state–response model [4,17], society–ecology model [18], influencing performance–stress
factors model [19], natural causes–results model [20], etc. In these quantitative assessment
models, the weights of the evaluation indices are generally determined using principal
component analysis [8,21,22], fuzzy methods [23], analytic hierarchy processes [24,25], arti-
ficial neural network methods [26], etc. Although several quantitative models, combined
with methods for determining the weights of the evaluation indices, have been devel-
oped to assess the ecological vulnerability, there is no uniform standard for the selection
of the evaluation indices in different regions and research scales [4,27]. Therefore, it is
necessary to explore the ecological vulnerability assessment further. Moreover, most of
the current studies focused on the ecological vulnerability of wetlands [23,28,29], river
basins [12,16,17,30], coastal zones [24,31,32], administrative units such as cities [4,33,34],
and forest ecosystems [35], while little knowledge exists about the ecological vulnerability
of sandy land ecosystems in semiarid and arid regions [7,24].

The northern sand prevention belt (NSPB) is a significant component of the “Two
Ecological Shelters and Three Belts” national ecological security shelter framework in
China, which is to improve the environment and maintain national ecological security
(the state of the environment and ecosystem in a nation) [36]. During the past few decades,
the irrational use of resources has led to a series of ecological problems such as forest
and grass degradation, land desertification, and serious soil erosion in the northern sand
prevention belt [1,37]. Ecological restoration is widely implemented as a means of restoring
ecosystem functions, reducing ecological vulnerability, and promoting harmony between
humans and land [38]. Therefore, large-scale ecological restoration projects in the NSPB
such as the Three-North Afforestation Program (TNAP), Sand Prevention and Control
Projects, and Grain for Green Program (GGP) have been implemented to improve the local
ecological environment [3,39]. Although several studies have shown that the ecological
environment in the northern sand prevention belt has been improved accompanying by
the implementation of ecological restoration projects [1,37,40], the ecological vulnerability
of NSPB is still fully unknown, which is a disadvantage of ecological protection and
restoration in this region.

In this study, we used the ecological pressure–sensibility–resilience model, combined
with principal component analysis, to assess the ecological vulnerability in the NSPB
from 2000 to 2015. This was because the pressure–sensibility–resilience model has the
advantages of the comprehensive evaluation of ecological vulnerability, data availability,
and strong regional pertinence, which has been successfully widely utilized in studies on
ecologically fragile areas over the years [41]. In addition, this model is constructed based
on the connotation of ecosystem stability and has a clear causal relationship, which covers
three major components of ecological vulnerability, namely, ecological sensitivity, ecological
resilience, and ecological pressure [3]. Furthermore, principal component analysis (PCA)
can provide information about the most meaningful parameters, which are those that
describe the whole data set and allow for data reduction with minimal loss of the original
information [42]. The specific objectives of this study were to quantify the spatial-temporal
variations of the ecological vulnerability of the northern sand prevention belt in northern
China. The results of this study would provide a scientific reference for decision makers to
make better ecological protection policies.

2. Materials and Methods
2.1. Study Region

This study was conducted in the northern sand prevention belt of China (71◦34′

E–125◦43′ E, 26◦45′ N–43◦53′ N) (Figure 1). The northern sand prevention belt includes
three parts: the Tarim sand-prevention belt, the Hexi Corridor sand-prevention belt, and
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the Inner Mongolia sand-prevention belt, whose main functions are being windproof
and providing sand fixation and grassland protection (Figure 1) [36]. The total area of
the northern sand prevention belt is 8.69 × 105 km2. This region has a semiarid and
arid climate. The mean annual precipitation ranges from 30 to 450 mm, with 80–90% of
precipitation occurring between May and September. The mean annual temperature ranges
from 1.9 to 13.5 ◦C [37]. The main soil types in the study region are aeolian sandy soil,
brown desert soil, and brown soil. The wind speed is relatively large, with an average
speed of blowing sand of 7.3 m s−1 (more than 5 m s−1). The vegetation coverage is low,
exhibiting relatively high in the eastern part of the study region and low in the western
part of the study region. This region is the typical agropasture ecotone, and the vegetation
types are composed of desert landscape, grassland landscape, and forest landscape, with
67% of the desert landscape and grassland landscape [37].

Figure 1. The location of the study area. NSPB: the northern sand prevention belt.

2.2. Data Sources

The data used in the present study mainly included remote sensing, meteorological,
socioeconomic, and basic vector data. Meteorological datasets were obtained from the na-
tional meteorological science data sharing service platform (http://data.cma.cn/, accessed
on 7 April 2020), which included the monthly mean temperature data and monthly rainfall
in 2000 and 2015. Digital elevation model (DEM) data were derived from the sharing
platform of Geospatial Data Cloud (http://www.gscloud.cn/, accessed on 5 August 2020)
with a spatial resolution of 30 m. DEM data were used to produce index layers of the
slope. Moreover, land use/cover (LULC) data in 2000 and 2015 was provided by the
Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(optimization of ecosystem services pattern in two ecological barriers and three shelters
of National Key Research and Development Programs in China). The population density
data used were derived from the WordPop (https://www.worldpop.org/, accessed on
24 November 2020), with a spatial resolution of 100 m in 2000 and 2015, and each grid pixel
represents the number of people per hectare. Gross domestic product (GDP) data and soil
type data were derived from the Data Center for Resources and Environmental Sciences,
Chinese Academy of Sciences. The GDP data were obtained from the China GDP spatial
distribution grid datasets with a spatial resolution of 1000 m in 2000 and 2015, and the
soil type data were used to calculate the soil erodibility factor with a spatial resolution of
1000 m. The normalized difference vegetation index (NDVI) data were also obtained from
the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(http://www.resdc.cn/, accessed on 23 October 2019). In the present study, the net primary
productivity (NPP) in 2000 and 2015 were estimated based on the Carnegie–Ames–Stanford
Approach (CASA) model using a moderate resolution imaging spectroradiometer (MODIS)
and meteorological datasets.

http://data.cma.cn/
http://www.gscloud.cn/
https://www.worldpop.org/
http://www.resdc.cn/
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2.3. Assessment Index System of Ecological Vulnerability

Based on existing evaluations of the ecological vulnerability, the northern sand preven-
tion belt is considered to exhibit typical “pressure–sensitivity–resilience” (PSR) characteris-
tics [34,43,44]. Therefore, the assessment index system of ecological vulnerability for the
study region was established based on the three PSR dimensions. In the PSR model, a total
of 13 indicators (Table 1) were selected from the 3 levels of ecological sensitivity, ecological
resilience, and ecological pressure, following the principles of scientificity, dominance,
feasibility, qualitative and quantitative and combining with the performance and main
causes of ecological vulnerability in the NSPB. In addition, these indicators were selected
also by referring to the relevant study and characteristics of the geographical area. These
indicators were introduced for evaluating the ecological security of the sand prevention belt
of northern China due to their widespread availability and adaptability [27,34]. Ecological
pressure refers to the degree of disturbance from the external environment that ecosys-
tems usually from human activity and economic pressure [45], e.g., population density
(people·km−2) and gross domestic product per capita (GDP, RMB) in the present study.
Ecological sensitivity refers to the degree of response of the ecosystem after pressure, which
is determined by the system’s environmental factors [34,46]. Therefore, eight ecological
environmental factors, namely, elevation (m), slope (◦), soil erodibility factor, land use
types, precipitation (mm), temperature (◦C), humidity index, and windy days (day), were
selected to evaluate the ecological sensitivity of the study region. Ecological resilience
refers to the capacity of a system to resist disturbance and reorganize while changing to
retain essentially the same functions, structures, identities, and feedbacks [47], expressed
in terms of net primary productivity (g C·m−2·a−1), vegetation coverage, and amount of
sand fixation (t·hm−2) in the present study.

Table 1. Assessment index of the ecological vulnerability using the pressure–sensibility–resilience
model for northern sand prevention belt of China.

Criterion Layer Feature Layer Indicator Layer Attributes

Pressure
Human activity Pressure Population density Positive

Economic pressure GDP per capita Positive

Sensibility

Terrain
Elevation Positive

Slope Positive

Earth’s surface
Soil erodibility factor * Positive

Land use types Positive

Meteorology

Precipitation Negative
Temperature Negative

Humidity index Negative
Windy days Positive

Resilience
Net primary productivity Negative

Vegetation coverage Negative
Amount of sand fixation Negative

Note: * Soil erodibility factor (EF) is calculated by equation [48]: EF = [29.9 + 0.31Sa + 0.17Si +0.33 (Sa/Cl) −
0.29OM − 0.95CaCO3]/100, where Sa is sand content (%), Si is silt content (%), Sa/Cl is the ratio of sand to clay,
SOM is soil organic matter content (%), and CaCO3 content (%).

2.4. The Index of Ecological Vulnerability

After preprocessing of each index, the index was standardized using the following
Equations (1) and (2) [21,34]:

Positive indicator : X′ij =
Xij − Xj−min

Xj−max − Xj−min
(1)

Negative indicator : X′ij =
Xj−max − Xij

Xj−max − Xj−min
(2)
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where X′ij represents the normalized value of index j in grid cell i, Xij represents the actual
value of index j in grid cell i, and Xj-min and Xj-max are the minimum and maximum values
of index j in the study region, respectively.

After data standardization, the principal component analysis (PCA) was employed to
develop a model used to evaluate ecological vulnerability based on 13 selected parameters
from within 3 groupings for the study region [49]. The PCA contributed to simplifying
the data, reducing the number of original data types, and retaining the original data to
the greatest extent [3]. The PCA was used to compress all 13 indicators (Table 1) and
transform the indicators data into 13 representatives comprehensive principal components
(Table 2). The ranking of the principal components in order of their significance is denoted
by the eigenvalues associated with the vector for each principal component, and the
proportion of the total variance explained by each principal component was calculated. If
the accumulated contribution (proportion) represents over 85% of the total variance, the
remaining components can be ignored (Table 2) [45,49]. The final evaluation value was
obtained using the following formula [3]:

EVI = r1PC1 + r2PC2 + · · · + rqPCq (3)

where EVI represents the ecological vulnerability index, rq is the contribution ratio of the
principal component PCq, PC is the principal component, and q is the number of principal
components retained. According to the natural breakpoint method, the EVI can be divided
into five levels: slightly (0–0.4), lightly (0.4–0.6), moderately (0.6–0.8), heavily (0.8–1.0), and
extremely (>1.0) vulnerability [34].

Table 2. Eigenvalues, contribution rates, and cumulative contribution rates for the index of the ecological vulnerability.

Principal
Component

2000 2015

Eigenvalue Contribution Cumulative
Contribution Eigenvalue Contribution Cumulative

Contribution

1 4.657 × 10−2 50.066 50.066 4.934 × 10−2 49.265 49.265
2 1.671 × 10−2 17.968 68.034 1.725 × 10−2 17.225 66.490
3 1.308 × 10−2 14.058 82.092 1.133 × 10−2 11.317 77.807
4 6.112 × 10−3 6.571 88.663 9.997 × 10−3 9.981 87.788
5 3.537 × 10−3 3.803 92.466 4.434 × 10−3 4.427 92.214
6 2.417 × 10−3 2.598 95.064 2.076 × 10−3 2.072 94.287
7 2.037 × 10−3 2.190 97.253 1.943 × 10−3 1.940 96.227
8 1.076 × 10−3 1.157 98.410 1.641 × 10−3 1.638 97.865
9 8.602 × 10−4 0.925 99.334 1.052 × 10−3 1.050 98.915
10 6.047 × 10−4 0.650 99.985 6.841 × 10−4 0.683 99.598
11 1.876 × 10−5 0.010 99.994 3.560 × 10−4 0.356 99.953
12 1.949 × 10−5 0.006 99.999 4.491 × 10−5 0.045 99.998
13 3.235 × 10−7 0.0001 100 1.890 × 10−6 0.002 100

Note: The eigenvalue represents the total amount of variance that can be explained by a given principal component, while the contribution
is the proportion of the total variance explained by each principal component. In addition, cumulative contributions are the cumulative
proportion of the total variance explained by the principal component.

3. Results
3.1. Spatiotemporal Dynamics of the Indicators

The gross domestic product per capita (GDP) ranged from 0 to 115,382 RMB in 2000
and from 0 to 179,735 RMB in 2015 (Figure 2a,b). However, it displayed a low value in 2000,
and area proportion of less than 15,000 RMB (1906 EUR, calculated based on the average
exchange rate in 2020) occupied 99% (Figure 2a), whereas area proportion of more than
15,000 RMB for GDP accounted for over 92% in 2015 (Figure 2b). Moreover, the density
of the population varied between 0 and 5879 people per square kilometer and between 0
and 11,991 people per square kilometer in 2000 and 2015, respectively. However, the area
proportion of the population density less than 25 people per square kilometer accounted for
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88% in 2000, whereas the area proportion for the population density less than 100 people
per square kilometer occupied 94% in 2015 (Figure 2c,d).

Figure 2. Spatial distribution of gross domestic product per capita (GDP, (a,b)) and population
density (c,d) in the northern sand prevention belt of China in 2000 and 2015.

The elevation displayed the higher values in the western part of the study region and
lower values in the eastern part of the study region (Figure 3a). The elevation of the study
region ranged from 0 to 6932 m, and approximately 53.9% of the total area was located in
750–1500 m. Moreover, the slope of the study region was mainly ≤6◦ (ranging from 0 to
40◦), whereas the slope of the study region more than 6 ◦ is mainly located in the Tianshan
Mountain, Qilian Mountain, and Yinshan Mountain (Figure 3b). Furthermore, the soil
erodibility factor in the study region ranged from 0 to 0.93, and it was within 0.6–0.7 for
more than 61.8% of the total area (Figure 3c). Moreover, grassland was the main land-use
type in the study region, accounting for 37.81% and 37.56% of the total area of the study
region in 2000 and 2015, respectively (Figure 3d,e). From 2000 to 2015, the area of shrubland
and grassland decreased by 4646 and 2324 km2, respectively, whereas the area of cropland
and built-up lands increased by 3467 and 3607 km2, respectively.
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Figure 3. Spatial distribution of elevation (a), slope (b), soil erodibility factor (c), and land use types
(2000 and 2015, (d,e)) in northern sand prevention belt of China.

In the study region, the precipitation ranged from 0.2 to 1006 mm and 0.6 to 1199 mm
in 2000 and 2015, respectively, and the region with annual precipitation less than 400 mm ac-
counted for 71% and 74% of the total area in the study region in 2000 and 2015, respectively
(Figure 4a,b). However, the annual mean air temperature varied between −0.8 to 13.2 ◦C
in 2000 and between 0.6 to 14.3 ◦C in 2015 (Figure 4c,d). The region with annual mean air
temperature less than 9 ◦C occupied 76% and 71% of the total area of the study region in
2000 and 2015, respectively (Figure 4c,d). Additionally, the humidity index ranged from
0.11 to 0.93 and from 0.13 to 0.92 in 2000 and 2015 in the study region, respectively, with
more than 70% of the total area less than 0.3 in both years (Figure 4e,f). From 2000 to 2015,
the windy days in different day classifications decreased (except for the windy days of
10 day), and the region with the windy days of 10 day accounted for 64% of the total area
in 2015 (Figure 4g,h).
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Figure 4. Spatial distribution of annual precipitation (a,b), annual mean air temperature (c,d),
humidity (e,f), and the number of windy days (g,h) in the northern sand prevention belt of China in
2000 and 2015.
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The vegetation coverage ranged from 0 to 1 in both 2000 and 2015. However, the
vegetation coverage is low in the study region, and more than 66% of the study area had
vegetation coverage of less than 0.5 in both 2000 and 2015 (Figure 5a,b). Moreover, the high
vegetation coverage was located in the eastern part of the Inner Mongolia sand-prevention
belt and the Hexi Corridor sand-prevention belt. Furthermore, the mean vegetation cover-
age was 0.41 in 2000, whereas it was 0.47 in 2015. In addition, the net primary productivity
varied between 0 and 1123.7 g C·m−2·a−1 and between 0 and 1307.7 g C·m−2·a−1 in 2000
and 2015, respectively. Nevertheless, the net primary productivity was also low, with
over 60% of the total area having the net primary productivity less than 50 g C·m−2·a−1

(Figure 5c,d). Furthermore, the amount of sand fixation varied between 0 and 38.3 t·hm−2

and between 0 and 43.2 t·hm−2 in 2000 and 2015, respectively. The amount of sand fixation
overall was low, and the region with the amount of sand fixation less than 5 t·hm−2 occu-
pied more than 77% of the total study area. From 2000 to 2015, the area with the amount
of sand fixation >20 and 5–10 t·hm−2 decreased, whereas <5, 15–20 and 10–15 t·hm−2

increased (Figure 5e,f).

Figure 5. Spatial distribution of vegetation coverage (a,b), net primary productivity (c,d), and amount
of sand fixation (e,f) in the northern sand prevention belt of China in 2000 and 2015.
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3.2. Spatiotemporal Dynamics of Ecological Vulnerability

The ecological vulnerability index (EVI) displayed the low values in the eastern part
of the study region and high values in the western part of the study region in 2000 and 2015
(Figure 6a,b). The EVI ranged from 0.29 to 1.32 in 2000, with the mean value of 0.88, whereas
it averaged 0.78 in 2015, ranging from 0.21 to 1.26. In 2000, the area proportion of slightly,
lightly, moderately, heavily and extremely vulnerable levels was 2.24%, 8.75%, 13.70%,
26.59% and 48.72% in 2000, respectively, while it was 2.33%, 10.04%, 21.85%, 23.57% and
42.21% in 2015, respectively (Table 3 and Figure 6c,d). During 2000–2015, the proportion
area of slightly, lightly, and moderately vulnerable levels increased by 0.09%, 1.29%, and
8.15%, respectively, whereas the area proportion of heavily and extremely vulnerable levels
decreased by 3.02% and 6.51%, respectively.

Figure 6. Spatial distribution of ecological vulnerability index (a,b) and ecological vulnerability
levels (c,d) of northern sand prevention belt of China in 2000 and 2015.

Table 3. The ecological vulnerability levels of the study region in 2000 and 2015.

Year Area (km2)
Percentage of Ecological Vulnerability Levels (%)

Slightly Lightly Moderately Heavily Extremely

2000 869,650 2.24 8.75 13.70 26.59 48.72
2015 869,650 2.33 10.04 21.85 23.57 42.21

4. Discussion

Ecological vulnerability assessment has become an important means for recognizing
ecological conditions, which can aid sustainable development and ecological restora-
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tion [50]. Therefore, numerous studies on ecological vulnerability assessment have been
conducted in different landscape types and regions. For example, Ortega et al. [51] assessed
the spatial resilience of the Spanish olive socioecological landscape in Spain and found
that the index of spatial resilience of olive landscapes was low in southern Spain and
medium in the northeast and central Spain, with an increase in it throughout the time series
considered. Christmann et al. [52] assessed the vulnerability and resilience constructions
in Lübeck and Rostock cities based on the heuristic model for empirical analysis. Anjos
and de Toledo [53] assessed the resilience and sensitivity of ecosystems to climate stress of
three stable states of ecosystems (forest, savanna, and grassland) in South America. They
found that forests are more vulnerable to climate change than savannas or grasslands, and
showed less resistance to climate stress. In the present study, the ecological vulnerability of
sandy land ecosystems of the NSPB in China was assessed. The ecological vulnerability
level of the overall NSPB could be assessed as “extremely” since it occupied the largest
area proportions over 42% (Table 3). In addition, the area proportion of “moderately,”
“heavily,” and “extremely” ecological vulnerability levels accounted for more than 87%
in both 2000 and 2015 (Figure 6c,d and Table 3). This was consistent with the findings
of previous studies. For example, Zou et al. [54] reported that ecological vulnerability is
higher in northern China than that in southern China and higher in western China than that
in eastern China. Liu et al. [55] demonstrated that the ecological vulnerability of the NSPB
was high, compared with other regions of China. In the present study, the high ecological
vulnerability of the NSPB was because the study region was located in the arid and semi-
arid regions with low annual precipitation (Figure 4a,b), and the vegetation coverage was
low (Figure 5a,b). The prosperity of green vegetation is the dominant driving force among
all selected indicators due to its ecosystem functions in wind prevention and sand fixation,
water and soil conservation, biodiversity, and climate adjustment. Climate factors such as
precipitation are basic environmental factors influencing vegetation dynamics. Therefore,
low vegetation coverage and low precipitation resulted in high ecological vulnerability
(Table 1, Negative). Furthermore, most deserts and sandy land were distributed in the
study region., e.g., the Taklimakan Desert, Badain Jaran Desert, Tengger Desert, Hunshan-
dak Sand Land, and Horqin Sandy Land [55,56]. Therefore, the ecological vulnerability
level of the NSPB overall was high. Moreover, we found that the western part of the
study region was suffering from the highest ecological vulnerability (Figure 6a,b). This was
because the annual precipitation in this region was less than 100 mm. Additionally, the high
altitudes, accompanied by high temperatures, can lead to its bare and sparsely vegetated
land cover, which is highly vulnerable to natural and anthropic pressures. Furthermore,
deserts and sandy lands were distributed in these regions, with severe desertification and
salinization. Therefore, the ecological status of these regions was poor. However, the
eastern part of the study region had a low ecological vulnerability index, indicating that
this region had a relatively good ecological environment. This was associated with high
annual precipitation, vegetation coverage, and net primary productivity (Figures 4 and 5).
Although these regions had higher human activity pressure and economic pressure, they
had higher resilience. These findings indicated that the ecological vulnerability index was
significantly different in different regions. Therefore, we should take differential strategies
in different restoration zones, and pay more attention to the improvement of ecological
status in the western parts of the study region.

In addition, we observed that the EVI displayed decreasing trend from 2000 to 2015,
indicating the ecological status was improved. Similar to our findings, Su et al. [37] re-
ported that the ecological environment of NSPB was improved from 2005 to 2015 based
on analyzing the spatial and temporal variations of ecosystem patterns in NSPB. In the
present study, decreasing EVI from 2000 to 2015 might be associated with the conduc-
tion of environmental protection projects, such as the Three-North Afforestation Program
(TNAP, initiated in 1978), Sand Prevention and Control Projects (initiated in 1991), and
Grain for Green Program (GGP, initiated in 1999) [57,58]. With the implementation of
environmental protection projects, a large number of vegetations had been planted, and
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human grazing and farming behaviors had been restricted, which reduced the fragmen-
tation of the landscape and increased vegetation coverage and thus reduced the level of
ecological vulnerability. It can be seen that a series of environmental protection measures
to improve vegetation coverage are very effective in improving the ecological environment
(e.g., increasing sand fixation and reducing soil erosion) [3]. Moreover, with the concept
of environmental protection, the economic development of the study region was mostly
driven by green industry and ecological engineering, which also contribute to reducing the
level of ecological vulnerability. This was demonstrated by the coincident spatial distribu-
tion of EVI, vegetation coverage, and net primary productivity (Figures 5 and 6). Moreover,
since eco-environmental conservation and construction plans for NSPB were adopted
earlier, and the ecological environment of NSPB would promote vegetation growth, great
achievements may have been accomplished by eco-environmental projects in the NSPB.

Moreover, we found that the area proportion of “slightly,” “lightly,” and “moderately”
ecological vulnerability levels increased, while the area proportion of “heavily” and “ex-
tremely” vulnerability levels decreased, which was associated with the change in the spatial
distribution of vegetation coverage, indicating that eco-environmental protection projects
were indeed effective in ecological restoration of the NSPB. Therefore, eco-environmental
protection projects should be reinforced to improve the ecological restoration of the NSPB.

5. Conclusions

To assess the ecosystem vulnerability of the sand prevention belt in northern China,
the ecological pressure–sensibility–resilience model, combined with principal component
analysis, was used to assess the ecological vulnerability from 2000 to 2015. The ecological
vulnerability index (EVI) displayed low values in the eastern part of the study region
and high values in the western part of the study regions. A decrease in EVI from 2000
to 2015 indicated that the ecological status of the study region has been improved due to
implement of ecological restoration projects. In addition, the ecological vulnerability level
of the overall NSPB could be assessed as “extremely.” Furthermore, the area proportion of
“slightly,” “lightly,” and “moderately” ecological vulnerability levels increased from 2000 to
2015, whereas the proportion of “heavily” and “extremely” ecological vulnerability levels
decreased, indicating that eco-environmental protection projects were indeed effective in
ecological restoration of the NSPB. These findings indicated that differential strategies in
different restoration zones should be adopted, especially in the western parts of the study
region, and eco-environmental protection projects should be reinforced to improve the
ecological restoration of the NSPB. In the western part of the study region with the high
ecological vulnerability, some measures such as increasing the vegetation coverage with
shrub and grass, and fencing should be adopted to restore the environment, whereas in
the eastern part of the study region with relatively low ecological vulnerability, improving
quality of vegetation coverage and the adjustment of industrial toward the development
of green economy should be encouraged. In addition, the ecological pressure–sensibility–
resilience model, combined with principal component analysis, could be applied to assess
the ecological vulnerability of other regions due to its comprehensiveness and objectiv-
ity. Our findings would supply some scientific references for ecological protection and
restoration in ecologically vulnerable regions.
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