
Introduction

Ecological vulnerability can have a dampening effect 
on high-quality economic development. With the rapid 
development of human society, global environmental 
problems, such as climate change and environmental 

pollution, have become increasingly prominent, making 
it increasingly important to assess the vulnerability of 
regional ecosystems scientifically and continuously [1, 
2]. Chongqing Municipality has harsh natural conditions, 
and with the development of tourism, population, resource, 
and environmental problems are becoming more and 
more prominent, and the ecological environment of the 
region is receiving more and more attention [3]. The 
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Abstract

Ecological vulnerability is an important constraint to sustainable, high-quality economic 
development. In this paper, 38 districts and counties in Chongqing Municipality are the object of 
study, and 12 representative indexes are selected using the SRP (Sensitivity-Recovery-Pressure) 
conceptual model. Principal component analysis (PCA) and geographic information system (GIS) 
are used to evaluate and analyze the ecological vulnerability of Chongqing, and the driving factors 
are identified by Geodetector. Finally, the ecological vulnerability of Chongqing in 2025 is predicted 
by the gray prediction model GM(1,1). The results show that: 1) The ecological vulnerability of 
Chongqing Municipality from east to west is characterized by a “low-middle-high” distribution with 
obvious regional heterogeneity. 2) From 2010 to 2020, there is a trend of “overall stabilization but local 
enhancement”. The migration from moderately and above vulnerable areas to more highly vulnerable 
areas is significantly higher than the migration to micro and mild vulnerability areas, which is due to 
socio-economic and vegetation factors dominating the region. 3) In 2025, moderate vulnerability will 
expand spatially in the northeast of Chongqing Municipality, while severe and extreme vulnerability 
will move to the periphery and the east. The results of this study can provide a theoretical basis and 
decision support for ecological environment protection and sustainable development of Chongqing.
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rapid development of urbanization and industrialization, 
especially after the completion of the Three Gorges 
Reservoir, has made ecological problems more prominent 
and more acute contradiction between resources and the 
environment. Atmospheric pollution, water pollution, soil 
erosion, desertification, and the accelerated extinction 
of species have seriously constrained the sustainable 
development of the region [4, 5]. However, there is still 
a lack of research on the ecological vulnerability of small 
areas in the county of Chongqing Municipality. Therefore, 
ecological vulnerability evaluation, spatial analysis, and 
prediction are important issues in the context of the 
country’s new development model.

At present, research on ecological vulnerability 
mainly focuses on the refinement of the research scale, 
the construction of the evaluation index system, and the 
diversification of evaluation methods [6]. Most of the 
research scales of regional ecological vulnerability by 
Chinese scholars are based on the background of large area 
scales of provinces and watersheds; correspondingly, there 
are relatively few researches on the ecological vulnerability 
of small areas of counties [7, 8]. Only a few scholars studied 
the ecological vulnerability of Chongqing Municipality 
[9, 10], whose evaluation index is relatively single, and 
fewer spatial relevance analysis researchers. Moreover, the 
simulation prediction of the future development trend of 
ecological vulnerability has been ignored. The evaluation 
models selected by researchers vary according to the natural 
conditions and anthropogenic factors in different regions. 
The earliest proposed is the Pressure-State-Response (PSR) 
model, in which the interaction between humans and nature 
is clear [11, 12]. In addition to this, there is the Vulnerability 
Scoping Diagram (VSD) model [13, 14], the distributed 
hydrological model [15], the pressure-sensitivity-elasticity 
(PSE) model [16], the object-element model [17], the gray 
trigonometrically whitening weight set pair analysis (SPA) 
model [18], and the Sensitivity-Resilience-Pressure (SRP) 
model [19, 20]. The existing evaluation models selected 
for the current study lack a comprehensive analysis of 
the ecological problems and evolutionary characteristics 
in the study area. With the refinement of the scale of the 
evaluation object and the in-depth study of the evaluation 
model, the evaluation methods have become more and more 
systematic and diversified. Currently, the main evaluation 
methods include the analytic hierarchy process(AHP) [21], 
the entropy weight method(EWM) [22-24], the BP neural 
network method [25, 26], the Bayesian network method [27, 
28], the fuzzy comprehensive evaluation method [29-31], 
and principal component analysis [32-34]. The evaluation 
methods selected for the existing studies rarely reflect 
specific differences in the degree of ecological vulnerability 
within the region.

This study mainly achieves the following objectives: 
1) Establish an ecological vulnerability evaluation method 
based on PCA and GIS; 2) Based on the SRP evaluation 
model, construct the county small area ecological 
vulnerability evaluation index system; 3) Analyze the 
spatial and temporal distribution of ecological vulnerability 
in Chongqing Municipality, and carry out spatial correlation 

analysis and hot spot analysis; 4) Using the gray prediction 
model GM(1,1) to predict the ecological vulnerability of 
Chongqing Municipality in 2025, to analyze the spatial 
and temporal distribution of ecological vulnerability and 
the trend of change, to provide a scientific basis for the 
ecological environmental protection and restoration of 
Chongqing Municipality and to promote the high-quality 
development of the region.

Material and Methods

Study Area

Chongqing Municipality is situated in the southwest 
of China, in the upper reaches of the Yangtze River 
(105°11′~110°11′E, 28°10′~32°13′N). As a direct-
controlled municipality of China and a key national 
center city, it is a megacity encompassing 38 districts 
and counties, with a total area of 82,300 square kilometers 
and a population of approximately 31 million permanent 
residents [35]. The altitude of Chongqing Municipality 
ranges from 73.1m to 2796.8m, with the terrain gradually 
decreasing from south to north along the Yangtze River 
valley. The northwest and central parts of Chongqing 
Municipality are mainly hilly and low mountainous, 
while the southeastern part has a lot of slopes due to the 
Daba Mountains and Wuling Mountains [36]. Chongqing 
Municipality has a subtropical monsoon humid climate, 
with an average annual temperature of 16-18°C. The 
average annual rainfall is 1000-1350mm, making 
Chongqing Municipality rich in climate resources, but 
prone to frequent meteorological disasters [37]. The major 
rivers in Chongqing Municipality include the Yangtze 
River, Jialing River, Wujiang River, Fuliang River, 
Qijiang River, Daning River, Apeng River, Youshui River, 
etc. The main stream of the Yangtze River traverses the 
whole territory from west to east, crossing three anticlines 
in the Wushan Mountains and forming the famous Qutang 
Gorge, Wu Gorge, and Xiling Gorge [38].

Data Source

The study data mainly come from remote sensing data, 
meteorological data, socio-economic data, and other data of 
Chongqing Municipality in 2010, 2015, and 2020 (Table 1).

Data Processing

1) Remote sensing data, including Normalized Vegetation 
Index (NDVI) and land use data. The normalized vegetation 
index involves preprocessing NDVI and NPP data by 
stitching, clipping, and reprojection transformation using 
MODIS Reprojection Tool and ArcGIS 10.8. Subsequently, 
the maximum value composite method (MVC) is applied 
to reduce errors caused by cloud cover, atmospheric 
conditions, and solar elevation angle disturbances, thereby 
enhancing data accuracy. The authors synthesized NDVI 
data into annual data to obtain the average values of 
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each district. Land use data, through ERDAS, ArcGIS 
software human-computer interaction interpretation, and 
field survey validation [39], radiometric and geometric 
correction processing is carried out on remote sensing 
data of thematic mapper (TM) and operational land imager 
(OLI) in different periods, so as to obtain six land use types, 
namely, cropland, forest land, grassland, watersheds, built-
up land, and unutilized land [40]. After resampling and 
clipping, the author can extract 1km resolution annual raster 
data of land use in each district of Chongqing Municipality 
and then calculate the land use extent index L calculated 
for each county, as shown in Formula (1).

	 	 (1)

where ηi is the proportion of the area of the region 
covered by the ith land-use type; Pi is a parameter for the 
degree of land use of the ith land-use type (Table 2).

2) Other data include elevation and the Shannon 
diversity index (SHDI). Elevation data, generated by 
resampling based on SRTMV4.1 data, were cropped to 
extract 1km resolution annual average data for each county. 
The Shannon diversity index, based on land use data, is 
equal at the landscape level to the negative of the sum of 

the area ratios of each patch type multiplied by the natural 
exponent of its value, as in Formula (2), which can be 
calculated by Fragstats 4.2 software.

	 	 (2)

Where n is the number of landscape types and Pi is the 
proportion of area occupied by landscape type i.

3) Data standardization. Due to the different units, value 
sizes, and indicator types of each variable in the raw data, 
in order to eliminate data bias arising from the variable’s 
magnitude and range of variation. This paper standardizes 
the data in terms of polar deviation, with Formula (3) for 
positive indicators and Formula (4) for negative indicators, 
and the results take the values of [0,1].

	 	 (3)

	 	 (4)

Where ximax and ximin are the maximum and minimum 
values of the ith indicator, respectively.

Table 1. Data sources for study.

Type of Information Data Name Data Sources

Sensing data

Normalized Vegetation Index
(NDVI)

United States Geological Survey Official Website
(https://earthexplorer.usgs.gov)

Data Center for Resource and Environmental Sciences,  
Chinese Academy of Sciences

(https://www.resdc.cn)
Land use data

Meteorological data
Average annual temperature Tibetan Plateau Science Data Center

(http://data.tpdc.ac.cn)Average annual precipitation

Socioeconomic data

Population density World Population website
(www.worldpop.org/)

Data Center for Resource and Environmental Sciences,  
Chinese Academy of Sciences

(https://www.resdc.cn)
Chongqing Municipal Bureau of Statistics

(http://tjj.cq.gov.cn/)

GDP per capita

Forestry output

Average years of schooling

Other data

PM2.5 Data Center for Resource and Environmental Sciences,  
Chinese Academy of Sciences

(https://www.resdc.cn)
National Aeronautics and Space Administration,  

agency of US government
(https://www.nasa.gov)

Altitude

Slope

Shannon Diversity Index
(SHDI)

Table 2. Parameters for different levels of land use.

Land use intensity  
parameters 0.545 0.114 0.215 0.12 0.936 0.063

Land use type Cropland Forest land Grassland watersheds Built-up land Unutilised land
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Methodology

The SRP model is a comprehensive evaluation model 
with strong causality, premised on ecosystem stability, 
and capable of comprehensively analyzing ecological 
vulnerability [41, 42]. The SRP model and PCA method 
have been widely used in the China ecological vulnerability 
evaluation [43–45]. The authors comprehensively analyzed 
the ecological condition of Chongqing Municipality to study 
the spatial and temporal characteristics of the ecological 
vulnerability of Chongqing Municipality as well as its 
future prediction (Fig. 1).

Evaluation Index System

Ecological vulnerability is the result of the interaction 
between nature and humans [46]. The ecological sensitivity 
in the SRP model is the sensitivity to the geological and 
climatic environment. The ecological recovery in the SRP 
model is the ability to recover to the original state after an 
external disturbance. The ecological pressure degree in the 
SRP model is the pressure of ecosystems being disturbed by 
social factors [47-49]. In this paper, 12 evaluation indicators 

that are representative and in line with the characteristics 
of the study area were selected and classified into positive 
and negative indicators according to the influence of each 
indicator on the ecological vulnerability index (Table 3).

Principal Component Analysis

The Principal Component Analysis (PCA) method can 
transform relevant multivariate spatial data into a few 
irrelevant composite indicators by rotating the original 
spatial axes. PCA has the advantage that it can maximize 
the retention of spatial information reflected in the original 
larger number of variables by using a smaller number 
of composite indicators, but its accuracy depends on the 
cumulative contribution rate of the principal components 
[50-53]. The score of each principal component is calculated 
as in Formula (5).

	 	 (5)

where Yj is the score of the jth principal component;  
zij is the eigenvector corresponding to evaluation index i 
(i = 1, 2, ..., n) in the jth principal component.

Fig. 1. Overall methodological flowchart.
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Calculated Ecological Vulnerability

The Ecological Vulnerability Index (EVI) is used to 
express the degree of ecological vulnerability, as shown 
in Formula (6).

	 	 (6)

where EVI is the Ecological Vulnerability Index; 
Yj is the score of the jth principal component; and wj is 
the contribution rate corresponding to the jth principal 
component.

Spatial Correlation Analysis

The global Moran index analyzes the degree of 
clustering of a variable at different scales (Formula 7) 
[54]. It can clearly determine whether there is a spatial 
aggregate of ecological vulnerability in the study area, 
and its limitation is that it can only measure the spatial 
correlation between geographical elements.

	 	 (7)

Where xi, xj are the ith and jth spatial region fragile 
values; x– is the fragile average of all regional attribute 
values; wij is the spatial weight matrix between regions; 
s is the sum of the elements of the spatial weight matrix; 
n is the number of regions.

Hot Spot Analysis

The hot spot analysis (Getis-OrdG*i) method is capable 
of identifying spatial clustering of high (hot) and low (cold) 

values of data so as to reveal the clustering characteristics 
of spatial points. This method has been widely used in 
ecological vulnerability studies (Formula 8) [55]. Its 
advantage is that it can clearly show the spatial distribution 
of high values (hot spots) and low values (cold spots) of 
the data. Nevertheless, if the number of samples in the 
study area is too small or the confidence level is low, the 
characteristics of the spatial distribution of the high and 
low values will be very unclear.

	 	 (8)

where xj and xi are the ecological vulnerability index 
values of patches j and i, respectively, and Wij is the 
spatial weight array. Z-test was also performed on Gi

*. If 
Gi

* is significantly positive, it means that the ecological 
vulnerability index is highly clustered, i.e., it is a hot-spot 
area; conversely, it is a cold-spot area.

Driver Analysis

Geodetector is a spatial statistical method whose main 
objective is to detect spatial heterogeneity and explain 
the causal relationship between the independent variable 
and its influences [56]. The advantage is that it is easy 
to analyze the driving forces and influencing factors of 
various phenomena, but the independent variables need to 
be discretized and converted into type quantities. In this 
paper, the authors use the factor probing of Geodetector, 
with 12 indicators as independent variables and EVI values 
as dependent variables, to explore the magnitude of the 
influence of the independent variables on the dependent 
variables, which is expressed by the q-value, as shown in 
Formula (9).

Table 3. Chongqing Ecological Vulnerability Evaluation Indicator System.

Target layer Normative layer Factor layer Indicator layer Indicator direction

Chongqing
ecological vul-

nerability

Ecological sensi-
tivity

Topographic factor
Elevation Positive

Slope Positive

Meteorological factor

Average annual temperature Negative

Average annual precipitation Negative

PM2.5 Positive

Ecological 
resilience Vegetation factor

NDVI Negative

Forestry output Negative

SHDI Negative

Ecological 
pressure Socio-economic factors

GDP per capita Positive

Population density Positive

Level of land use Positive

Educational attainment Negative
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	 	  (9)

where q is the degree of explanation of ecological 
vulnerability by the evaluation factors; n is the number 
of samples; L is the number of indicator classifications; 
Nh is the sample size of the stratum; σh

2 is the variance of 
the ecological vulnerability index of the h stratum; σ2 is 
the variance of the ecological vulnerability index of the 
whole region.

Prediction Methodology

The gray prediction model GM(1,1) is a prediction 
method based on gray system theory, where a differential 
equation model is built based on the generated data and then 
the predicted values are obtained by cumulative reduction 
[57]. The advantage is that more reasonable short- and 
medium-term predictions can be obtained from less data. 
However, if the original data pattern does not conform to 
the exponential pattern and it is a long-term prediction with 
a low model fit rating, the prediction will not achieve the 
ideal effect [58].

The ecological vulnerability value values of each 
district and county in Chongqing Municipality are used 
as the original sequence, and the original sequence is set 
to be x(0) (Formula 10). A single cumulative generative 
transformation is performed on the original series to 
generate a new sequence x(1) (Formula 11). Let a cumulative 
generating sequence x(1) satisfy the first-order ordinary 
differential equation (Formula 12), transform to obtain 
Formula (13), and apply the least squares method to find 
the parameters a and b. After matrix operations, the time 
response function (Formula 14) of the gray prediction 
model GM(1,1) is obtained, which is calculated to obtain 
the fitted value of x(1)(t), and back-substituted to obtain the 
predicted value of x(0)(t). Two methods were used in this 
study to test the model predictions, as shown in Table 4.

	 , , , , 	(10)

	 , , , , 	(11)

	 	 (12)

	 	 (13)

	 	 (14)

Results and Discussion

Analysis of Ecological Vulnerability 
Results for Chongqing

The evaluation indicators of the ecological vulnerability 
of Chongqing Municipality from 2010 to 2020 were 
subjected to principal component analysis. By calculating 
the contribution rate of each factor as well as the cumulative 
contribution rate of all factors, the top six indicators with 
a cumulative contribution rate of more than 95% were 
extracted as principal component factors (Table 5). The 
score Yj of each evaluation index on the six principal 
components was calculated, and finally, the ecological 
vulnerability index EVI was calculated.

Based on the natural, social, economic, and 
environmental characteristics of the study area, this 
paper uses the natural breakpoint method in ArcGIS 10.8 
to classify the 2010–2020 EVI into five classes: micro 
vulnerability, mild vulnerability, moderate vulnerability, 
severe vulnerability, and extreme vulnerability (Table 6).

Analysis of the Spatial and Temporal Distribution 
and Drivers of Ecological Vulnerability

By using ArcGIS10.8, the authors obtained the spatial 
distribution of ecological vulnerability assessment in 
Chongqing during 2010–2020 (Fig. 2). From the perspective 
of spatial distribution, there is obvious heterogeneity in 
the northeast, southeast, central, and western regions of 
Chongqing. The details are as follows: the northeastern part 
of the city is dominated by micro vulnerability and mild 
vulnerability; the south is dominated by mild vulnerability; 
the central part is dominated by mild vulnerability and 
moderate vulnerability; and the west is dominated by severe 
vulnerability and extreme vulnerability.

In terms of time, there is a general upward trend in 
ecological vulnerability in Chongqing; however, there are 
also local declines in some areas. (Table 7). Ecological 
vulnerability levels are mainly distributed between mild, 
moderate, and severe vulnerability.

From 2010 to 2015, an area of 7076 km2 was transferred 
from moderately and above vulnerable areas to lower 

Table 4. Model fit class

Model fit class Relative residual test Variance ratio test

Level 1 (excellent) μ < 0.01 C < 0.35

Level 2 (pass) 0.01 ≤ μ < 0.05 0.35 ≤ C < 0.5

Level 3 (barely) 0.05 ≤ μ < 0.1 0.5 ≤ C < 0.65

Level 4 (unsatisfactory) μ ≥ 0.1 C ≥ 0.65
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vulnerable areas (Table 8). The ecological vulnerability 
decreased, mainly in Fengdu County, Qijiang District, and 
Dazu District. 

From 2015 to 2020, the area of moderately or above 
vulnerable areas transformed into more highly vulnerable 
areas is 10,115 km2 (Table 9). The ecological vulnerability 
is on an upward trend, which is mainly distributed in Beipei 
District, Bishan District, Rongchang District, Yongchuan 
District, Yubei District, and Changshou District. 

Using a geodetector to statistically analyze the driving 
factors, the magnitude of the explanatory power of each 
factor on the ecological vulnerability index is shown in 
Table 10. p<0.01 in the table indicates that the evaluation 
index passed the significance test. In 2010, the three factors 
that had the greatest impact on the vulnerability of the study 
area were population density, land use, and vegetation 
index, followed by GDP per capita, PM2.5, and elevation, 
and the impact of the other factors was relatively small. In 
2015, the three factors that had the greatest impact on the 
vulnerability of the study area were population density, land 
use, and PM2.5, followed by vegetation index, GDP per 
capita, and elevation, while the other factors had relatively 
little impact. In 2020, the three factors that had the greatest 
impact on the vulnerability of the study area were vegetation 
index, land use, and population density, followed by PM2.5, 
GDP per capita, and elevation, while the other factors had 
relatively little impact. Overall, the explanatory power of 

the drivers for ecological vulnerability varied slightly, but 
the main drivers were essentially the same, with socio-
economic and vegetation factors playing a dominant role.

Spatial Correlation Analysis of 
Ecological Vulnerability

1) Calculation of the global Moran index
The results of the global Moran’s index for Chongqing 

Municipality’s ecological vulnerability index in 2010, 
2015, and 2020 are shown in Table 11. Table 11 shows 
that the Moran’s index has been positive across all years, 
fluctuating between 0.63 and 0.74. The P-value is less 
than 0.01, indicating that the results are significant at 
the 1% level, and there is a strong positive correlation 
between ecological vulnerability and geographic location. 
Specifically, the more similar the ecological vulnerability 
is as the spatially distributed locations are clustered, the 
more there are differences in ecological vulnerability as 
the spatially distributed locations are discrete.

2) Calculation of the Local Moran’s Index and LISA 
Clustering Diagram

The Local Moran Index (LMI) was calculated using the 
2010–2020 Ecological Vulnerability Index (EVI), and the 
LMI was clustered to further analyze the spatial aggregation 
patterns of ecological vulnerability. Through the LISA 

Table 5. Results of spatial principal component analysis by period.

Research 
year

Contribution rate and
cumulative contribution

Principal component

PCA1 PCA2 PCA3 PCA4 PCA5 PCA6

2010

Eigenvalue 6.779 2.095 1.071 0.898 0.725 0.234

Contribution rate(%) 56.489 17.462 8.927 7.482 6.045 1.952

Cumulative contribution(%) 56.489 73.951 82.878 90.360 96.405 98.357

2015

Eigenvalue 6.922 2.037 1.087 0.879 0.680 0.153

Contribution rate(%) 57.682 16.978 9.059 7.321 5.667 1.271

Cumulative contribution(%) 57.682 74.660 83.719 91.040 96.707 97.978

2020

Eigenvalue 7.319 2.063 1.098 0.703 0.370 0.163

Contribution rate(%) 60.988 17.189 9.147 5.855 3.080 1.355

Cumulative contribution(%) 60.988 78.177 87.324 93.179 96.259 97.614

Table 6. Ecological vulnerability level.

Ecological  
vulnerability level Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ

Ecological  
vulnerability index

-1.7341 < EVI < 
-1.3179

-1.3178 < EVI < 
-0.1603

-0.1602 < EVI < 
0.4635

0.4636 < EVI < 
0.8848

0.8849 < EVI < 
3.3187

Class Micro  
vulnerability

Mild  
vulnerability

Moderate  
vulnerability

Severe
vulnerability

Extreme  
vulnerability
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Fig. 2. Spatial distribution of ecological vulnerability in Chongqing.

(a) 2010

(c) 2020

(b) 2015

Table 7. Changes in the area of ecological vulnerability in Chongqing.

Level of vulnerability
2010 2015 2020

Area (km2) Percentage (%) Area (km2) Percentage (%) Area (km2) Percentage (%)

Micro vulnerability 7304 8.87 7304 8.87 7304 8.87

Mild vulnerability 37056 45.02 42698 51.87 39951 48.54

Moderate vulnerability 20844 25.32 16636 20.21 16432 19.96

Severe vulnerability 15690 19.06 14256 17.32 10043 12.2

Extreme vulnerability 1418.71 1.73 1418.71 1.73 8582.71 10.43
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Table 8. Area transfer matrix for ecological vulnerability rating 2010–2015 (km2).

Research 
year

Level of 
vulnerability

2015 2010
OutflowMicro vul-

nerability
Mild vulner-

ability
Moderate vul-

nerability
Severe vul-
nerability

Extreme vul-
nerability Total

2010

Micro 
vulnerability 7304 0 0 0 0 7304 0

Mild 
vulnerability 0 37056 0 0 0 37056 0

Moderate 
vulnerability 0 5642 15202 0 0 20844 5642

Severe 
vulnerability 0 0 1434 14256 0 15690 1434

Extreme 
vulnerability 0 0 0 0 1418.71 1418.71 0

2015 Total 7304 42698 16636 14256 1418.71 82312.71 -

Inflow 0 5642 1434 0 0 - 7076

Table 9. Area transfer matrix for ecological vulnerability rating 2015–2020 (km2).

Research 
year

Level of 
vulnerability

2020 2015
OutflowMicro vul-

nerability
Mild vulner-

ability
Moderate 

vulnerability
Severe vul-
nerability

Extreme vul-
nerability Total

2015

Micro 
vulnerability 7304 0 0 0 0 7304 0

Mild 
vulnerability 0 39951 2747 0 0 42698 2747

Moderate 
vulnerability 0 0 13685 2951 0 16636 2951

Severe 
vulnerability 0 0 0 7092 7164 14256 7164

Extreme 
vulnerability 0 0 0 0 1418.71 1418.71 0

2020年 Total 7304 37056 16432 10043 8582.71 82312.71

Inflow 0 0 2747 2951 7164 12862

clustering map of ecological vulnerability in Chongqing 
(Fig. 3), it can be seen that the clustering characteristics 
are stable but spatial heterogeneity exists. The counties in 
the northeast, such as Chengkou, Wuxi, Wushan, Fengjie, 
and Yunyang, all show a low-low aggregation pattern, 
indicating that the ecological vulnerability is relatively 
stable. Moreover, the low ecological vulnerability of the 
surrounding cities, are low-value aggregation areas. The 
ecological vulnerability of the cities in the west, such 
as Yuzhong District, Yubei District, Banan District, and 
Jiangjin District, is high. The surrounding cities are also 
at high values, which is a high-value agglomeration area, 
indicating that the county’s ecological vulnerability is high 
and insufficient ecological regulation. Furthermore, all 
of these areas are characterized by a scarcity of natural 

resources, overexploitation of construction land, and more 
serious soil erosion.

Ecological Vulnerability Prediction

The ecological vulnerability prediction of Chongqing 
Municipality meets the requirements of the gray prediction 
model. The relative residuals μ<0.01, variance ratios 
C  <  0.35 of 38 counties, and model fit grades reached 
level 1 (excellent), indicating that the prediction model 
had a high level of accuracy, and the results are reliable. 
Therefore, it is suitable for the prediction and simulation 
of the ecological vulnerability of Chongqing Municipality 
in 2025. Using the data from 2010, 2015, and 2020, the 
ecological vulnerability of Chongqing Municipality 
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in 2025 can be predicted (Fig. 4). As a whole, in 2025, 
moderate vulnerability will have a spatial expansion trend 
in the northeastern part of Chongqing Municipality, and 
extreme vulnerability will have a tendency to spread to 
the periphery and the east. Specifically, in the northeast, 
moderate vulnerability areas will expand from Wanzhou 
District to surrounding areas, and mild vulnerability will 
decrease significantly. In the west, the Yuzhong, Yubei, and 
Yongchuan districts as the centers, the area of moderate 
vulnerability turned into severe and extreme vulnerability 
increased significantly. The above phenomena are caused 
by the following reasons: Chongqing Municipality had 
a large gap in infrastructure needs during the epidemic 
and was under extreme pressure. Chongqing Municipality 
experienced a “retaliatory” increase in production and 
consumption in the aftermath of the epidemic. Chongqing 
Municipality has an urgent need for economic recovery and 
development, and its human activities, such as irrational 
reclamation and rough management, have a greater impact 
on the surrounding ecology, leading to a more serious 
ecological vulnerability of the region.

Discussion on Evaluation of 
Ecological Vulnerability

This study combines a large number of methodological 
models and indicators to evaluate, spatially analyze, 
and predict the ecological vulnerability of Chongqing 
Municipality. The results of this study can provide 
a theoretical basis and decision support for land use 
optimization decision-making, ecological risk prevention, 
and regional ecosystem sustainable management in 
Chongqing. However, the evaluation of regional ecological 
vulnerability has not formed a unified evaluation standard, 
and further research is still needed on the method of 
selecting indicator parameters. In addition, there is a clear 
trend of increasing ecological vulnerability in Chongqing. 
Government departments need to balance the relationship 
between ecological restoration and economic growth and 
strengthen systematic planning for ecological restoration. 
For micro and mild vulnerability areas, the protection 
of existing vegetation and ecological diversity needs to 
be further strengthened to achieve green and ecological 

Table 10. Geodetector explanatory factor q-value statistics.

Serial 
number Driving factor

2010 2015 2020

q p q p q p

1 Elevation 0.454 0 0.443 0 0.458 0

2 Slope 0.366 0 0.414 0 0.427 0

3 Average annual temperature 0.415 0 0.417 0 0.412 0

4 Average annual precipitation 0.234 0 0.197 0 0.254 0

5 PM2.5 0.456 0 0.528 0 0.509 0

6 NDVI 0.541 0 0.513 0 0.579 0

7 Forestry output 0.128 0 0.253 0 0.221 0

8 SHDI 0.283 0 0.164 0 0.233 0

9 GDP per capita 0.482 0 0.446 0 0.467 0

10 Population density 0.593 0 0.571 0 0.542 0

11 Level of land use 0.567 0 0.538 0 0.556 0

12 Educational attainment 0.395 0 0.432 0 0.402 0

Table 11. Global Moran Index.

Research year Global Moran Index P-value Z-statistic Variance

2010 0.6316 <0.001 13.0034 0.000104

2015 0.6168 <0.001 9.3702 0.000158

2020 0.7401 <0.001 16.374 0.000074
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development in agriculture and animal husbandry on the 
basis of small areas in counties. For moderate vulnerability 
areas, it is necessary to actively do a good job of 
returning farmland to forests and grasslands, insisting on 
comprehensive conservation and efficient use of resources, 
and constructing a guarantee for green development. In 
heavily and extremely vulnerable areas, government 
departments should focus on the development of green 
industries, such as energy-saving and environmental 
protection industries and eco-environmental industries. At 
the same time, it is necessary to do a good job of ecological 
early-warning monitoring and public opinion campaigns 
and to strengthen the education of the public on ecological 
protection awareness.

Conclusions

Taking the 38 counties of Chongqing Municipality as the 
research object, the ecological vulnerability of Chongqing 
Municipality has been evaluated, spatially analyzed, and 
predicted using remote sensing data, meteorological data, 
and socio-economic data. By calculating the EVI for 2010–
2020 and projecting the EVI for 2025, the authors draw the 
following main conclusions:

1) Ecological vulnerability studies in small areas of 
Chongqing County reflect specific differences within 
the region, with a general trend of “overall stability but 
local enhancement”. There is less variation in ecological 
vulnerability in the eastern low-value agglomerations, 

Fig. 3. LISA Cluster Map of Ecological Vulnerability in Chongqing Municipality.

(a) 2010

(c) 2020

(b) 2015
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while the western high-value agglomerations are expanding 
outward.

2) From the analysis of the driving forces of ecological 
vulnerability evolution in Chongqing, the effects of all 
indicators are significant, with socio-economic and 
vegetation factors playing a dominant role in the region, 
especially those of population density, land use, PM2.5, 
vegetation index, GDP per capita, and elevation.

3) From 2020 to 2025, the area of light and slight 
vulnerability turning into medium vulnerability is 
10,629 km2, and the area of more than medium vulnerability 
turning into heavy and extreme vulnerability is 17,349 km2, 
with a clear upward trend of ecological vulnerability. 
Human beings should further reduce the intervention of 
economic activities, actively restore vegetation cover, 
and reduce the level of irrational land exploitation and 
utilization in order to achieve sustainable development of 
the regional economy.

Acknowledgements

The authors are very grateful to the editor and anonymous 
reviewers for their comments, valuable advice and useful 
suggestions. This study was funded by the Educational 
Science Project of Henan Provincial Department of 
Education (grant No. 2021YB0405) and the Curriculum 
Construction Project of Xinyang College (No. 20200705).

Conflict of Interest

The authors declare no conflict of interest.

References

1.	 ZHANG X.Y., WEI W., ZHOU L., GUO Z.C., LI Z.Y., 
ZHANG J., JIE B.B. Analysis of spatial and temporal 
evolution of ecological vulnerability in the Northwest Arid 
Zone. Journal of Ecology, 41 (12), 4707, 2021.

2.	 LIU G., WANG J., LI S., LI J., DUAN P. Dynamic 
Evaluation of Ecological Vulnerability in a Lake 
Watershed Based on RS and GIS Technology. Polish 
Journal of Environmental Studies, 28 (3), 1785, 2019.

3.	 SUN X., RAN Y.R., LIN L., ZHOU H., YANG X.M., 
WU B. Grid-based risk zoning control study of water 
environmental emergencies in the mainstem of the 
Yangtze River (Chongqing section). Environmental Impact 
Assessment, 44 (3), 89, 2022.

4.	 YAO K., ZHANG C.J., HE L., LI Y.X., LI X.J. Dynamic 
evaluation and prediction of ecological environment 
vulnerability in the middle and upper Yalong River basin. 
Remote Sensing of Land Resources, 32 (4), 199, 2020.

5.	 5.YAO K., ZHOU B., LI X.J, HE L., LI Y.X. Evaluation 
of ecological environment vulnerability in the middle 
and upper reaches of Dadu River basin based on AHP-
PCA entropy weight model. Research on Soil and Water 
Conservation, 26 (5), 265, 2019.

6.	 FENG X.Y., WANG Z., ZHANG Z.L., TIAN R., LI C., 
XIA Q., JIANG L., WANG Y., YUAN B., ZHANG Y. 
Characteristics and evaluation of spatial and temporal 
evolution of regional ecological vulnerability based on 
SRP model--Taking Mao County in Sichuan as an example. 
Chemical Minerals and Processing, 5 (9), 39, 2023.

7.	 HAO Z.J., WEN Q., SHI L.N, WU X.Y., DING J.M. 
Spatial network analysis of coupled socio-economic and 
ecological coordination of urban agglomerations in the 
Yellow River Basin. Economic Geography, 43 (12), 181, 
2023.

8.	 TIAN X.L., MENG C.Y. Progress and optimisation of 

Fig. 4. Spatial distribution of ecological vulnerability in Chongqing, 2025.



Evaluation, Spatial Analysis... 13

the horizontal ecological compensation mechanism in the 
Yangtze River Economic Belt. Three Gorges Ecological 
Environment Monitoring, 8 (2), 88, 2023.

9.	 SHEN X.J., CHEN Z.J., ZHANG J.S., JIANG L. Causes 
and zoning analysis of fragile ecological environment in 
Chongqing. Chongqing Environmental Science, 1 (12), 96, 
2003.

10.	 GUAN D.J., SU W.X. Evaluation of ecological vulnerabil-
ity of karst areas in Chongqing based on GIS. China Karst, 
1 (3), 211, 2006.

11.	 LONG R.H. Research on the vulnerability of ecological 
environment in Qianxinan Prefecture based on PSR model. 
Shaanxi Normal University, 2021.

12.	CHEN D., ZENG W., GUO K.R., WANG F.H. Spatial and 
temporal evolution of ecosystem services in the Three 
Gorges Reservoir Area from 2000 to 2020 and the driving 
forces. Western Habitat Journal, 38 (4), 127, 2023.

13.	 CHEN Z.Q., ZHANG J., ZHANG Y.L., LIU R. Study on 
the ecological vulnerability of Hunsandak Sandy Land in 
the past 20a based on VSD. Arid Zone Research, 38 (5), 
1464, 2021.

14.	 LIU X.X. Ecological Vulnerability Assessment of Heng-
duan Mountain Area. Yunnan University, 2021.

15.	 LIN B.Q. Watershed water ecological function zoning and 
river health evaluation based on distributed hydrological 
modelling. Fujian Normal University, 2020.

16.	 SUN P.J., XIU C.L., WANG Z.Z. Changes in ecological 
vulnerability of mining cities based on the PSE model – A 
case study of Fuxin, Liaoning. Economic Geography, 30 
(8), 1354, 2010.

17.	 WANG M.Q., WANG J.D., LIU J.S., DOU J.X. Evaluation 
of ecological vulnerability in western Jilin Province based 
on the object-element model. Journal of Ecology, 1 (2), 
291, 2007.

18.	 LIU X.B., QIN T.B., ZHOU B.T., TU J.J. Evaluation 
of ecological security of cultivated land in Leshan City 
based on improved SPA. Journal of Southwest Normal 
University(Natural Science Edition), 41 (3), 147, 2016.

19.	 WANG C.J., LUO X.Y. A study on the evaluation of 
ecological environment vulnerability and spatial and 
temporal evolution of Yulin city based on SRP model. 
Productivity Research, 1 (10), 56, 2023.

20.	GUO L., LI B.J., YANG Z. Evaluation of ecological 
vulnerability of Qinling „life community” based on 
SRP model under the perspective of mineral resources 
development. Safety and Environmental Engineering, 30 
(5), 273, 2023.

21.	 WU N., SUN Q.Y., HUANG H.M., HUANG Y.J., PAN 
J.Y., MIN T.T., ZHANG L.L., CHEN M.R. Evaluation 
of ecological risk and preventive countermeasures in the 
sea area of Beibu Gulf of Guangxi based on PSR model. 
Marine Lakes and Marshes Bulletin, 45 (6), 124, 2023.

22.	WANG Y.Q., YAO S.B., HOU M.Y., JIA L., LI Y.Y., 
DENG Y.J., ZHANG X. Spatial and temporal variability 
of agroecological efficiency and its influencing factors in 
China based on geodetectors. Journal of Applied Ecology, 
32 (11), 4039, 2021.

23.	YAO X., YU K.Y., LIU J., YANG S.P., HE P., DENG Y.B., 
YU X.Y., CHEN Z.H. Spatial and temporal evolution of 
ecological vulnerability in a severe soil erosion area in 
southern China. Journal of Applied Ecology, 27 (3), 735, 
2016.

24.	HU H.B., LIU H.Y., HAO J.F., AN J. Characteristics of 
spatial and temporal variability of ecosystem service 
values in urbanised watersheds and their response to land 
use. Journal of Ecology, 33 (8), 2565, 2013.

25.	CHANG Z. Forest ecosystem health assessment of Yong’an 
City based on BP neural network. Fujian Agriculture and 
Forestry University, 2018.

26.	LIU C. Application of neural network in urban landscape 
ecological safety evaluation. Henan Agricultural Univer-
sity, 2022.

27.	 LI B., HE J.H., QU S., HUANG J.L., LI Y.H. An urban 
ecological red line delineation method based on Bayesian 
network. Journal of Ecology, 38 (3), 800, 2018.

28.	ZHENG T., CHEN S., ZHANG T., XU L.T., MA L.Y. 
Research on the mechanism of ecological land loss based 
on Bayesian network. Journal of Natural Resources, 35 
(12), 2980, 2020.

29.	 YANG J. Evaluation of eco-competitiveness of Guizhou 
science and technology-based micro and small enterprises 
based on SEM-fuzzy evaluation method. Guizhou Normal 
University, 2020.

30.	 ZHANG L.L., YAN P.F. Analysis of the necessity and effec-
tiveness of returning farmland to wetland under the construc-
tion of ecological civilisation - based on game and fuzzy eval-
uation perspective. Journal of Water Ecology, 41 (2), 8, 2020.

31.	 CHEN N.N. Ecological environment quality assessment 
of Qinling (Shaanxi section) based on fuzzy evaluation 
method. Chang’an University, 2021.

32.	LEI Y.Z., FENG Y., ZHOU B.T., ZUO T.A. Evaluation of 
ecological environment vulnerability in karst area based on 
principal component analysis and cluster analysis-Taking 
Bijie karst area as an example. Guangdong Agricultural 
Science, 40 (2), 169, 2013.

33.	 ZHANG J., CHEN P.B., LIN Q.L., WU N.J., ZHU C.Z. 
Research on the evaluation of comprehensive benefits 
of eco-agriculture in Zhangzhou City, Fujian Province 
based on AHP. Journal of Yunnan Agricultural University 
(Social Science), 13 (6), 137, 2019.

34.	DENG W. Strategic Concept of Ecological Environmental 
Protection in the 14th Five-Year Plan-Taking Chongqing 
Municipality as an Example. Environmental Impact 
Assessment, 42 (4), 31, 2020.

35.	 WANG Q. Research on the mechanism of thermal environ-
ment of water bodies in the main urban area of Chongqing 
and planning strategy. Chongqing University, 2020.

36.	LI C.C. Exploration of Rural Environmental Protection Is-
sues under the Perspective of Rural Revitalisation-Taking 
Changshou District of Chongqing Municipality as an Ex-
ample. New West, 1 (12), 51, 2019.

37.	 LEI P., WANG C., ZHANG H., ZHOU J. Water pollution 
control and water quality improvement of the heavily 
polluted secondary river Furniu Creek in Chongqing. 
Journal of Environmental Engineering, 13 (1), 95, 2019.

38.	YANG Z.J. Exploration of water environment management 
routes in Bishan District, Chongqing. Environmental 
Protection, 45 (12), 60, 2017.

39.	 XU P. Research on soil and water conservation resilient 
landscape function of Dushandian Reservoir. North China 
University of Water Resources and Hydropower, 2020.

40.	CHEN D., JIANG G.G., DENG Y.J., PAN H.Y. Impacts 
of land use and landscape pattern evolution on ecological 
service value in peri-urban areas of large cities-taking 
Longquanyi District of Chengdu City as an example. 
Jiangsu Agricultural Science, 46 (24), 328, 2018.

41.	 LEI C. Dynamic evaluation of ecological environment 
vulnerability in Guiyang city based on SRP model. 
Guizhou Normal University, 2021.

42.	FAN Q. Research on spatial and temporal differentiation of 
ecological vulnerability of resource-depleted cities based 
on SRP model. Liaoning Normal University, 2017.



Haicheng Lv, et al.14

43.	 WU Y.Z., ZHANG Z.G. Analysis of the association 
between eco-city construction and industrial structure in 
Nanjing-an empirical analysis based on PCA-GRA model. 
Research on Science and Technology Management, 40 (4), 
107, 2020.

44.	QI S.S., GONG J., QIAN C.Y., XIE Y.C., ZHANG Y. 
Ecological vulnerability assessment of Bailongjiang 
watershed in Gansu Province based on SRP model. Soil 
and Water Conservation Bulletin, 37 (1), 224, 2017.

45.	 LI H.G., ZHOU X., XIAO Y., LUO X., LIANG R.G., 
YANG D.F. Characteristics of spatial and temporal 
changes in ecological vulnerability in the karst mountains 
of Southwest China based on the SRP model. Ecological 
Science, 40 (3), 238, 2021.

46.	SHI H., SHI T., LIU Q., WANG Z. Ecological Vulnerabil-
ity of Tourism Scenic Spots: Based on Remote Sensing 
Ecological Index. Polish Journal of Environmental Stud-
ies, 30 (4), 3231, 2021.

47.	 KANG H., XU X.L., WANG J., ZHANG J. Evaluating 
Ecological Vulnerability Using the GIS and Analytic 
Hierarchy Process(AHP )Method in Yan’an, China. Polish 
Journal of Environmental Studies, 25 (2), 599, 2016.

48.	WANG X., LI J.S., LIU Q.Y., ZHANG J.X., TANG X.Y. 
Evaluation of ecological vulnerability in Xin’an River 
basin based on SRP model. Journal of Water Ecology, 45 
(2), 1, 2024.

49.	 LI R.Z., HU X.J., DU X.Y., LEI Y.J., ZHANG W. 
Ecological vulnerability assessment of Nanxiong Danxia 
Wutong Nature Reserve based on SRP model. Journal of 
Northwest Forestry College, 36 (5), 152, 2021.

50.	ZHANG H. Research on ecological environment 
vulnerability zoning in the upper Jialing River Basin. 
Xihua Normal University, 2021.

51.	 HE R.H., LU Y.W., ZHOU Y., LI Q.S. Research on land 
ecological security evaluation of Huaihe River ecological 
economic zone based on principal component-cluster ana
lysis. Journal of Shandong Agricultural University(Social 
Science Edition), 21 (4), 39, 2019.

52.	LI Y.J., LI J. Dynamic evaluation of the ecological 
level of industries in the Yangtze River Economic Belt-
measurement based on the global principal component 
analysis model. Forestry Economy, 42 (7), 41, 2020.

53.	 RU S.F., MA R.H. Evaluation, spatial analysis and 
prediction of ecological vulnerability in the Yellow River 
Basin. Journal of Natural Resources, 37 (7), 1722, 2022.

54.	WANG S.Y., ZHANG X.X., ZHU T., YANG W., ZHAO 
J.Y. Remote sensing evaluation of ecological environment 
quality in Changbaishan Nature Reserve. Progress in 
Geoscience, 35 (10), 1269, 2016.

55.	 DU J.H., WANG J. Analysis of spatial and temporal 
changes of water ecosystem service function in Yongping 
County, Dali Prefecture based on InVEST model. Western 
Forestry Science, 50 (6), 91, 2021.

56.	WANG J.F., XU C.D. Geodetector: Principles and pros-
pects. Journal of Geography, 72 (1), 116, 2017.

57.	 JIANG T., LI N., SHANG S.T. Study on water demand 
prediction in Jixi City based on gray prediction model 
GM(1,1). Heilongjiang Water Resources Science and 
Technology, 52 (4), 26, 2024.

58.	HUANG T.Y., ZHOU J.J., LI Y.J., LI Y.J. Comparison of 
six prediction models in short-term prediction of urban 
ecosystem water use in Beijing. Water Conservancy and 
Hydropower Technology, 53 (3), 119, 2022.


