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Abstract
The ecological security (ES) of urban agglomeration and surrounding environmental system is related to the sustainable 
development of cities, which is a hot spot that we must pay attention to. In this study, four subsystems composed of natural 
base, landscape structure, ecosystem stability, and anthropogenic interference were used to evaluate the comprehensive 
ecological security (CES) of Guangdong-Hong Kong-Macao Greater Bay Area (GHMGBA) in 2000, 2010 and 2020. The 
results show that CES of the region was generally well. The central urban region of GHMGBA was unsafety with an area 
proportion of about 24.5%, the periphery was safety with an area proportion of about 43.5%, and the others are transitional 
zone. From 2000 to 2020, the CES change first slightly decreases and then relatively stable, and the transfer of different 
safety levels mainly occurs in the transitional zone. In 2010-2020 the transfer of different levels of CES is more frequent 
than in 2000-2010, indicating that the spatial-temporal pattern of CES fluctuated sharply during 2010-2020. The urban-rural 
gradient showed that with the increase of distance, CES fluctuations increase, but decreases at about 20-40km, 60-80km and 
120-140km away from the city center, which may be sub-urban regions. The overall CES change range gradually decreases 
with increasing distance from urban centers. This study helps to understand the temporal and spatial distribution of ecologi-
cal environment and urban-rural gradient in typical urban regions, and provides a reference for the collaborative planning 
of urban agglomeration.

Keywords Ecological security · Landscape structure · Ecosystem stability · Anthropogenic interference · Guangdong-Hong 
Kong-Macao Greater Bay Area (GHMGBA)

Introduction

Ecological security (ES) is a landscape structure that main-
tains the balance between environment and development 
(Gong et al. 2009). It is the state of "environmental health" 
and the capacity of an ecosystem, and the overall sensitiv-
ity of an ecosystem to various external influences (Zhang 
et al. 2017; Feng et al. 2018). ES has become a research 
hotspot in different environmental contexts and at different 
spatial-temporal scales, such as ecologically fragile areas 
(Fan et al. 2021), arid zones (Li et al. 2019), urban agglom-
erations (Chu et al. 2017; Zhang et al. 2020a), county scales 
(Fu et al. 2020; Jin et al. 2021), watershed scale (Yu et al. 
2014; Gao et al. 2020), and national and global scale (Cheng 
et al. 2021; Huang et al. 2020a). Coastal and riverside areas 
are naturally more likely to form urban areas, while there is 
also competition for land resources (Jin et al. 2018; Zhang 
et al. 2022a), and urban area is a concentrated region where 
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the intersection of natural environment and human society. 
Therefore, strengthening the study of ES in typical regions is 
necessary to maintain ecological health as well as to ensure 
sustainable socioeconomic development. And remote sens-
ing provides excellent technical support for ecological health 
surveys (Abbaszadeh Tehrani et al. 2022).

China is experiencing significant urbanization. The pro-
vincial capital cities of China, such as Hangzhou, Wuhan and 
Jinan, have attracted attention to their ES (Cen et al. 2015; 
Gao et al. 2017; Huang et al. 2020b). There were generally 
increasing trend of intensive land use system and landscape 
ecological security in Hangzhou from 1992 to 2012 based 
the pressure-state-response model (Cen et al. 2015). Not 
only the pressure-state-response model was used to assess 
contemporary ES, cellular automata have also been used 
to simulate and predict urban ES in Wuhan, and economic 
development and urban construction have been found to be 
important causes of ES changes (Gao et al. 2017). Based on 
the circuit theory, ecosystem services as ecological sources 
and biodiversity construction resistance surface were used 
to assess the ES of Jinan, and this method obtained a spatial 
pattern of ES at the grid scale (Huang et al. 2020b). More 
studies have focused on urban agglomerations in China. The 
Beijing-Tianjin-Hebei urban agglomeration is a representa-
tive urban agglomeration in North China, where the ES risk 
was high and the ES was generally unsafety from 2005-2018, 
with the northern outperforming the southern and spatial dif-
ferentiation increasing, considering ecosystem service sup-
ply as an effective reference for ES assessment (Chu et al. 
2017; Peng et al. 2021; Zhang et al. 2017). The Yangtze 
River Delta Urban Agglomeration has the highest GDP and 
the largest population in China. Rapid changes in anthropo-
genic land use threaten ecological security, and therefore 
are applied to construct ES patterns, indicating that the level 
of urbanization was inversely proportional to the level of 
ES (Zhang et al. 2020a; Zhang et al. 2022b). In addition, 
technique for order of preference by similarity to an ideal 
solution method and gray correlation method showed that 
urbanization, ecological pathology, economic development, 
population pressure, land pressure and water pressure drive 
the change of ES pattern in the region (Huang et al. 2021). 
The results of these case studies show that the application of 
methods with different focuses to ES assessment in different 
regions has obtained abundant reference material. Unifying 
one method does not necessarily lead to great results. On the 
contrary, it is needed to enrich the research in this field with 
multiple methods. The existing evaluation mainly considers 
one or more aspects of ecological security, and cannot fully 
present comprehensive ecological security. The latter needs 
to consider comprehensive factors such as natural environ-
ment, landscape structure, ecological restoration, and socio-
economic conditions.

The Guangdong-Hong Kong-Macao Greater Bay Area 
(GHMGBA) is a highly urbanized region and one of the 
major urban agglomerations in South China. ES assessment 
has been carried out in several cities of GHMGBA, such 
as Guangzhou, Foshan, and Pearl River Delta (Zhang et al. 
2006; Gong et al. 2009; Li et al. 2020a; Jiao et al. 2021). 
More and more studies have been conducted with GHMGBA 
as a whole and analyzing the gradient characteristics. This 
study aims to assess the spatial-temporal characteristics of 
ES in GHMGBA from 2000-2018. Two new perspectives, 
an assessment methodology based on four subsystems, and 
an analysis of the spatial-temporal characteristics from an 
urban-rural gradient. Strengthening the study on ES in this 
region could help to reconcile the relationship between econ-
omy and environment, which is conducive to the sustainable 
development of urban agglomerations, and also provide a 
reference for related studies.

Materials and methods

Study area

The GHMGBA (21°33′-24°24′N, 111°21′-115°25′E) is 
located in the coastal area of South China, with high topog-
raphy in the north and low topography in the south, gener-
ally flat and open, and the plain accounts for 66.7% of the 
total area of the region (Fig. 1). This area has a subtropi-
cal monsoon climate (Wang et al. 2021a), with well hydro-
thermal conditions, annual precipitation of more than 1500 
mm, average annual temperature of 20-25°C, and subtropical 
evergreen broad-leaved forests as the main vegetation type. 
The GHMGBA has 11 cities, including nine cities in Guang-
dong Province (Guangzhou, Foshan, Dongguan, Shenzhen, 
Huizhou, Zhongshan, Zhuhai, Zhaoqing, and Jiangmen), 
Hong Kong, and Macao (Fig. 1), and it aims to become one 
of the four major global Bay Areas. The GHMGBA has eco-
nomic development rapidly in recent decades, with strong 
land use change (Yang et al. 2021), rapid expansion of urban 
space (Zhang et al. 2020b), large differences in comprehen-
sive carrying capacity among cities (Weng et al. 2020), as 
well as the disturbance of the ecosystem by human activities 
has deepened significantly (Wang et al. 2022).

Research framework and data

The implementation of GHMGBA comprehensive eco-
logical security assessment involves four steps (Fig. 2): (1) 
understanding the natural environment and socio-economic 
conditions of GHMGBA; (2) Establish an evaluation data-
set based on the comprehensive ecological security index; 
(3) Analyze the characteristics of the ecological security 
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Fig. 1  Location and elevation of the Guangdong-Hong Kong-Macao Greater Bay Area (GHMGBA). (a) Location of GHMGBA in South China; 
(b) Distribution of 11 cities in GHMGBA

Fig. 2  Research framework
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subsystem; (4) Analyze the comprehensive ecological pat-
tern and changes based on spatial and urban-rural gradients.

There are five types of data are provided. The climate 
data, include the annual mean temperature and annual pre-
cipitation for 2000, 2010 and 2020, comes from China Mete-
orological Data Service Centre (http:// data. cma. cn). Based 
on ArcGIS 10.2 platform, Kriging interpolation method 
is used to spatialize climate data (1×1 km). The land use/
land cover (LULC) and normalized difference vegetation 
index (NDVI) (1×1 km) for 2000, 2010 and 2020 are from 
Resource and Environmental Science Data Center (RESDC, 
http:// www. resdc. cn/), Chinese Academy of Sciences. In 
addition, the spatial distribution data (1×1 km) of popula-
tion and gross domestic product (GDP) in 2000, 2010 and 
2019 are also from the RESDC. ArcGIS 10.2 and Origin 
2021 are used for data processing and drawing.

Evaluation model of comprehensive ecological 
security

The CES model includes four aspects: regional natural base, 
landscape structure, ecosystem stability and anthropogenic 
interference, which is calculated as follows (Kang et al. 2007):

Where, CESI is the comprehensive ecological security 
index; NNBI is the normalized regional natural base index; 
NLSI is the normalized landscape structure index; NESI is 
the normalized ecosystem stability index; NAII is the nor-
malized anthropogenic interference index. The natural base 
index reflect the natural environmental conditions of the 
study area, which is the basis of landscape ecology. The 
landscape structure index reflects the fragmentation degree 
of the landscape and the aggregation degree of individual 
distribution of different patch numbers. The ecosystem 
stability index describes the resistance and resilience of 
an ecosystem when it is disturbed by the outside world. 
Anthropogenic interference indicate the degree of external 
interference in the area. They are extremely important for 
comprehensive ecological security evaluation.

Natural base index (NBI)

Biological, vegetation, and climatic are important factors to 
measure the impact of natural base on ecosystems. In this 
study, these factors were weighted and superimposed as the 
NBI of the study area, calculated as follows:

Where, NIb is the normalized biological abundance; 
NIv is the normalized vegetation cover index; NIc is the 

(1)CESI =
NNBI + NLSI + NSBI + (1 − NAII)
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normalized climate index; λb, λv and λc are weight of the 
three indexes, which are set as 0.4, 0.3 and 0.3, respec-
tively, based on the regional overview and relevant ref-
erences (Guo et al. 2017; MEPPRC 2015). Biological 
abundance is an excellent indicator for evaluating the 
natural environment, reflecting the climate and environ-
mental conditions to a certain extent, and is a relatively 
comprehensive indicator, so it has a larger weight. Veg-
etation cover can be more sensitive to environmental 
changes and easy to monitor through remote sensing 
technology. Climate is an indicator of obvious changes 
in the external environment, and the statistical data are 
relatively reliable.

(1) Biological abundance index, which refers to the differ-
ence in the number of biological species per unit area 
between different ecosystem types, and can indirectly 
reflect the degree of biological abundance (Fig. 3a-c). 
The calculation formula is as follows (Guo et al. 2017):

Where, Abio is the normalized index of biological abun-
dance; FL, GL, WB, CL, BL and UL are forest land, grass-
land, water body, cultivated land, build-up land and unused 
land, respectively; TA is the area; Amax is the maximum value 
of biological abundance index before normalization. These 
formulas are calculated based on China and cover more bio-
logical abundance in different environmental backgrounds. 
This is a wider area and also includes the GHMGBA, so they 
are basically applicable to the study area.

(B) Vegetation cover index, which can reflect the degree 
of vegetation sparseness, and NDVI was used to 
illustrate the vegetation cover status in this study 
(Fig. 3d-f).

(C) The climate index, which can reflect the climate 
state of the earth surface, and defined by the super-
position of annual mean temperature (weight 0.4) 
and annual precipitation (weight 0.6) (Fig. 3g-l). 
Among them, the statistical data of the GHMGBA 
shows that precipitation has greater spatial variabil-
ity, so the weight is greater.

Landscape structure index (LSI)

Fragmentation reflects the degree of fragmentation of 
patches, and separation reflects the degree of separation 
between patches. They constructed LSI to reflect the degree 
of habitat security. The calculation formula is as follows:

(3)

I
b
= A

bio
× (0.35 × FL + 0.21

×GL + 0.28 ×WB + 0.11

×CL + 0.04 × BL + 0.01 × UL)∕TAA
bio

= 100∕A
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Where, LSI is landscape structure index; CI is land-
scape fragmentation; SI is landscape separation, λCI and 

(4)

LSI = 1 −
�
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× CI
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λSI are the weights of fragmentation and separation, 
respectively; Ai denotes the area of class i landscape and 
A is the total area of the region; NP is the number of 
patches; PA is the area of patches; MPA is the average 
area of patches; TA is the total area of patches. In this 
study Fragstats 4.2 was used to calculate these indicators 
(Table 1).

Fig. 3  Factors distribution of natural base index from 2000 to 2020. (a)-(c) Biological abundance; (d)-(f) NDVI; (g)-(i) Temperature; (j)-(l) Pre-
cipitation
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Ecosystem stability index (ESI)

The ecosystem stability includes both resistance stability and 
resilience stability. Reduced ecosystem stability indicates 
that the ecosystem is vulnerable. This study assigns values 
to different land use types to represent ecosystem stability 
based on previous studies in China and the South China 
(Chen and Wang 2020; Lin et al. 2020; Guo 2016), which 
shows that unused and difficult-to-use lands are the most 
vulnerable and built-up lands are the most stable (Table 1). 
The reason is that, in general, ecosystems in the primary 
successional stage, with a simple food chain structure and a 
low biodiversity index, are more fragile; while ecosystems in 
areas subject to anthropogenic improvement, with negative 
entropy input through management, tend to be more stable 
than other habitat types (Xu et al. 2001).

Anthropogenic interference index (AII)

The anthropogenic interference index is used to character-
ize the level of anthropogenic influence on the ecosystem. 
There are three factors in this study, land use disturbance 
(Table 1) (Wang et al. 2021b, 2022) (weight 0.4), popu-
lation (weight 0.3) and GDP (weight 0.3) (Fig. 4), whose 
normalized results are superimposed to define the AII of 
CES. Where the population and GDP data are less spatially 
effective and therefore less weighted.

Urban‑rural gradient

In order to analyze the spatial characteristics of CES pattern 
and CES change, buffer zones were constructed along the 

urban-rural gradient from the urban center (Fig. 5). As the topo-
graphic relief of GHMGBA is relatively gentle on the whole, it 
is acceptable to use equidistant concentric circles as the buffer 
zones (Dai et al. 2018; Guo et al. 2022). First, the 11 urban 
centers (administrative center) are input as a whole to create a 
buffer for the whole region; then, the sub-buffers within each 
of the 11 cities are clipped; third, the value of CES and CES 
change corresponding to different distances in the buffer zones 
are counted respectively, and plotted in statistical charts. Con-
sidering that GHMGBA is a whole and each city is a sub-region 
of the same level, and the traffic and population flows between 
cities are very frequent, so it is acceptable to set the same buffer 
zone distance for each city and also convenient to compare the 
differences between cities.

Results

Subsystem characteristics of comprehensive 
ecological security

The four subsystems of CES were concentrated in the 
middle and diffused to the periphery in a point axis man-
ner. Among them, the average value of natural base index 
was 0.2 to 0.86, the landscape structure index was 0.44 
to 0.99, and the ecosystem stability index was 1 to 10, 
and they take the middle as the low value center. The 
mean value of anthropogenic interference index was 0.007 
to 0.96, and it take the middle as the high value center 
(Fig. 6).

From 2000 to 2020, the low value area of the natural base 
index gradually expanded from Guangzhou to the southern 

Table 1  Classification of 
landscape structure, ecosystem 
stability and land use 
disturbance based on land use/
land cover

Note: CL, FL, GL, WB, BL and UL represent cultivated land, forest land, grassland, water body, build-up 
land and unused land, respectively.

Land use type LSI ESI Disturbance

2000 2010 2020

CL Paddy field, dry land 0.467 0.436 0.418 4 0.76
FL Forest land 0.978 0.975 0.973 9 0.28

Shrub land 0.992 0.992 0.992 8 0.46
Sparse woodland 0.908 0.911 0.91 7 0.53
Other woodland 0.935 0.872 0.891 6 0.63

GL high coverage grassland 0.955 0.959 0.957 7 0.42
medium coverage grassland 0.999 0.999 0.999 6 0.57
low coverage grassland 1 1 1 5 0.71

WB River and canal 0.979 0.979 0.977 3 0.5
Lake and reservoir 0.915 0.919 0.92 2 0.29
Shoal and beach land 0.998 0.998 0.998 2 0.23
Sea 1 1 1 2 0.1

BL City and town, rural residential area land 0.786 0.718 0.665 10 0.96
UL Unused or difficult to use land 1 1 1 1 0.25
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cities, indicating that the natural base condition gradually 
deteriorated; the landscape structure index had a large low 
value area, indicating that the landscape structure was poor 
overall; the low value area of the ecosystem stability index 
decreased, indicating that the ecosystem stability increased; 
the high value area of the anthropogenic disturbance index 
expanded significantly, indicating that the disturbance of 
human activities to ecosystem had increased significantly.

Comprehensive ecological security

Comprehensive ecological security pattern

The CES evaluation results of the study area were 
obtained by superimposing the regional natural base 
index, landscape structure index, ecosystem stability 
index and anthropogenic interference index. The values 
of the CES index in the GHMGBA in 2000, 2010 and 
2020 were 0.228-0.919 (mean 0.687), 0.223-0.924 (mean 

Fig. 4  Factors distribution of anthropogenic interference index. (a)-(c) Land use based HDI (from 2000 to 2020); (d)-(f) Population (person/
km2) (from 2000 to 2015); (g)-(i) GDP (10000 yuan/km2) (from 2000 to 2015)

Fig. 5  City centered buffer zones setting
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0.679) and 0.294-0.918 (mean 0.701), respectively, indi-
cating that the ES of the study area was generally well. 
Referring to the Jenks Natural Breaks method, the CES 
were classified into four levels (Fig. 7a-c).

The safety region were distributed periphery of 
the GHMGBA, concentrated in Zhaoqing, northern 

Guangzhou, eastern and northern Huizhou, Hong Kong, 
Shenzhen, and Jiangmen, area proportions from 41.8% 
to 46% (mean 43.5%) (Fig. 7). The unsafety region were 
concentrated in the central regions of Guangzhou, Fos-
han, Zhongshan, and Dongguan, area proportions from 
23% to 26.9% (mean 24.5%). The relative unsafety and 

Fig. 6  Subsystem distribution of CES from 2000 to 2020. (a)-(c) Natural base index; (d)-(f) Landscape structure index; (g)-(i) Ecosystem stabil-
ity index; (j)-(l) Anthropogenic interference index
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relative safety region were distributed in the transition 
zone, area proportions from 14% to 19.9% (mean 17.6%) 
and from 11.1% to 16.5% (mean 14.4%), respectively. 
The GHMGBA is mainly surrounded by forest land, with 
high stability index and weak human disturbance, and the 
regional natural base index and landscape structure index 
are high, so the CES index is high and the ecosystem 
is stable. The central of the GHMGBA is mainly con-
struction land, which increased rapidly during the study 
period. Although the ecosystem stability is high, there 
is strong anthropogenic interference, poor regional natu-
ral base and fragmented landscape structure, so the CES 
index is low and the ecosystem is unstable.

Urban‑rural gradient of comprehensive ecological security

The urban-rural gradient of CES distribution showed a fluc-
tuating increasing trend of CES in 2000, 2010 and 2020 with 
increasing distance from the city center, indicating that the 
further away from the city, the safer the ecosystem (Fig. 8). For 
the GHMGBA as a whole and the nine cities in Guangdong 
(Guangzhou, Foshan, Dongguan, Shenzhen, Zhongshan, Zhu-
hai, Zhaoqing, Jiangmen, and Huizhou), the CES decreased 
slightly at about 20-40 km, 60-80 km, and 120-140 km from 
the city center, respectively, which may be due to the suburban 
region leading to a lower CES (Fig. 8a-j).

The overall CES of GHMGBA was relative unsafety 
(CES < 0.65), relative safety (0.65 < CES < 0.8) and safety 
(CES >0.8) at 0-40km, 40-140km and greater than 140km, 

respectively (Fig. 8a). At 40-50km, Guangzhou, Foshan, 
Dongguan, Shenzhen, Zhuhai, Jiangmen and Huizhou, ele-
vated from relative unsafety to relative safety (Fig. 8b-e, g, 
i-j). Zhongshan has been in a relative unsafety state (Fig. 8f). 
Zhaoqing was relative safety and safety about greater than 5 
km, with the highest CES of GHMGBA (Fig. 8h). CES in 
Hong Kong was relative safety and safety (Fig. 8k). The area 
of Macao is small, and CES also showed a fluctuation upward 
trend from the city center to the outside (Fig. 8l).

Comprehensive ecological security change

Comprehensive ecological security pattern change

From 2000 to 2020, the spatial distribution of CES in the 
study area changed little on the whole, and there were dif-
ferences in the area proportions at different levels. The pro-
portion of unsafety and relative safety regions decreased by 
3.9% and 5.4% respectively, and the proportion of relative 
unsafety and safety regions increased by 5.9% and 3.3% 
respectively (Fig. 7).

In addition, the change characteristics of CES in the 
two transition periods of 2000-2010 and 2020-2020 were 
obtained by subtracting 2000 from CES in 2010 and sub-
tracting 2010 from CES in 2020. The spatial characteristics 
of CES changes also showed smaller changes in CES for 
the two transitional periods (Fig. 9a, b). In 2000-2010, CES 
changes from -0.37 to 0.52 (mean -0.009), with an overall 
decrease, and slightly significant in Dongguan, Foshan and 

Fig. 7  CES distribution aggregation characteristics from 2000 to 2020. (a)-(c) CES distribution (d)-(f) Area proportion statistics
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Fig. 8  Urban-rural gradient of CES pattern. (a) Overall results of GHMGBA; (b)-(l) results in different cities
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Zhongshan (Fig. 9a). In 2010-2020, CES changes from -0.56 
to 0.61 (mean 0.022), with increased spatial heterogeneity, 
and both increasing and decreasing CES regions were dis-
tributed in GHMGBA (Fig. 9b).

The transfer characteristics of different levels of CES 
showed that each levels was dominated by non-transfer 
(Fig. 9c-f). For the spatial distribution, the transfer between 
different levels mainly occurs in the transition zone, with the 
central of GHMGBA mainly transferred between unsafety 
and other three levels, and the periphery mainly transferred 
between safety and other three levels (Fig. 9c, d). For the 
transfer region, in 2000-2010, unsafety, relative unsafety, 
relative safety and safety were transferred sequentially 
(Fig. 9e); and in 2010-2020, the transfer between each lev-
els and the other three classes was very frequent (Fig. 9f), 

indicating that the spatial-temporal pattern of CES fluctuated 
sharply during this period.

Urban‑rural gradient of comprehensive ecological security 
change

The urban-rural gradient of CES changes showed that most 
of the changes were from -0.05 to 0.05, with many of the 
changes in 2000-2010 being below 0 and those in 2010-2020 
being mostly above 0 and fluctuating slightly significantly 
(Fig. 10). Overall, with increasing distance, the character-
istics of CES changes in 2000-2010 tended to be constant 
from decreasing, and fluctuated between 0.01 and 0.05 in 
2010-2020 (Fig. 10a). The change of CES in Guangzhou 
and Foshan had more obvious fluctuations in 20-40 km and 

Fig. 9  CES changes and transfers from 2000 to 2020. (a)-(b) CES changes from 2000 to 2010 and from 2010 to 2020; (c)-(d) CES transfers 
from 2000 to 2010 and from 2010 to 2020; (e)-(f) CES transfers chord diagram from 2000 to 2010 and from 2010 to 2020



102485Environmental Science and Pollution Research (2023) 30:102474–102489 

1 3

60-100 km (Fig. 10b). The CES changes in Dongguan and 
Shenzhen were clearly bounded by 0 (constant) around 2010, 
which was consistent with the overall trend, and Dongguan 
had significant changes within 0-10km (Fig. 10c). As the 
distance increases, the CES change in Zhongshan and Zhu-
hai gradually tends to 0 (Fig. 10d). Huizhou, Zhaoqing and 
Jiangmen are at the periphery of GHMGBA, and the three 
cities had insignificant changes of CES after greater than 10 
km, excepted for Jiangmen, where CES gradually got worse 
with increasing distance from 2010-2020 (Fig. 10e). Hong 
Kong had the most significant decreasing trend at 0-10 km 
(Fig. 10f).

Discussion

Ecological security assessment methods

There are many methods used to evaluate ES. The minimum 
cumulative resistance model (Peng et al. 2018; Dong et al. 
2019; Liu et al. 2020; Dai et al. 2021; Zhou et al. 2021), the 
pressure-state-response model (Du et al. 2013; Gao et al. 

2017; Ou et al. 2017; Wang et al. 2019; Huang et al. 2021) 
and their improved methods (Peng et al. 2021) are well gen-
eralized and have been widely used. In addition, fuzzy math-
ematics (Jiang 2011), projection pursuit (Gao et al. 2012), 
ecological (renewable/emergy) footprint (Li et al. 2014; Bi 
et al. 2020; Zhang and Ma 2021), entropy matter-element 
model (Wu et al. 2019), circuit theory (Huang et al. 2020b), 
DEMATEL-ANP (Ghosh et al. 2021), and InVEST models 
(Moarrab et al. 2021) have also been applied to ES assess-
ment in different regions.

These methods have assessed regional ecological secu-
rity from different perspectives, providing a rich choice of 
methods and comparisons for relevant studies in different 
regions. However, they are still inadequate in evaluating the 
impact of regional landscape units or spatial structure of 
cover types on ES (Kang et al. 2007). Whether an ecosystem 
is safety or not is related to its constituents and external dis-
turbances. Therefore, the evaluation of ecosystem security 
can be considered from multiple perspectives such as natural 
background, ecosystem and external disturbance, and the 
CES model in this study is considering these aspects. In 
particular, the model was better applied in a typical urban 

Fig. 10  Urban-rural gradient of CES change. (a) Overall results of GHMGBA; (b)-(f) results in different cities. In the legend, (1) and (2) repre-
sent from 2000 to 2010 and from 2010 to 2020 respectively
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agglomeration of a typical developing country. This helps 
to enrich the application cases of this model.

Differences and similarities of ecological security 
in the different studies

In this study, the ES of the GHMGBA was comprehensively 
evaluated using the natural base and landscape pattern indices, 
and the results showed that the ecosystem of the central devel-
oped cities was unsafety and the surrounding less developed 
areas was safety. However, Han et al. (2016) evaluated the land 
ES pattern of the Pearl River Delta urban agglomeration from 
four aspects: land use resource utilization, economic develop-
ment level, environmental condition, and coordinated social 
development, which is basically opposite to the results of this 
study. The reason for this may be the difference in evaluation 
perspectives. Han et al. (2016) mainly used socio-economic 
indicators and most of the indicators reflected positive correla-
tion with land ES in terms of high and low values, so that Shenz-
hen and Guangzhou had the highest land security. More relevant 
studies have well correspondence. Zhang et al. (2006) analyzed 
the general characteristics of ES in the developed city of Foshan 
in the GHMGBA in terms of ecological carrying capacity and 
ecological risk, Gong et al. (2009) assessed and predicted the 
ES of Guangzhou City using cellular automata model in four 
aspects (ecosystem service, vegetation cover, transportation, 
urban built-up area), Jiao et al. (2021) constructed an early warn-
ing pattern of ES in the Pearl River Delta using landscape dis-
turbance and vulnerability, Gao et al. (2010, 2012) constructed 
and calculated a landscape vulnerability index and a landscape 
security adjacency index based on the projection pursuit method 
to assess the landscape ES, Hu et al. (2018), Wen et al. (2020), 
Li et al. (2020a) and Li et al. (2020b) assessed the urban ES of 
the Pearl River Delta using the pressure-state-response model, 
and Wu et al. (2020), Wang et al. (2021c) and Zhou et al. (2020) 
assessed the ES based on the minimum cumulative resistance 
model from ecosystem services. The results obtained by these 
methods are basically consistent with the ES pattern of this 
study, indicating that the basic results between different meth-
ods could be compared with each other, and also shows that the 
results of this study are reasonable. Compared with the indica-
tor method and pressure-state-response model, which evaluate 
from the urban perspective, this study makes the spatial pattern 
more refined based on raster data; compared with the minimum 
cumulative resistance model, which is also based on the raster 
scale, the comprehensive evaluation perspective of this study is 
relatively comprehensive entire.

Policy implications and deficiency

Environmental problems caused by economic and social devel-
opment have prompted the government and society to pay 

attention to ES. For example, Guangzhou, Dongguan, Zhuhai, 
Huizhou and Zhaoqing within GHMGBA have successfully 
established a national forest city, Shenzhen has successfully 
established a national green and low-carbon city, Zhongshan 
has established a national demonstration city for ecological civi-
lization construction, Foshan has implemented the construction 
of 55 ecological parks, and Jiangmen actively carried out the 
"100 day remediation action of environmental law enforce-
ment" (Hu et al. 2018). Based on the results of our ES, there 
are some suggestions that can be provided. (1) Conduct an ES 
survey and delineate key protection areas. Firstly, we should 
conduct an ES survey and analyze in detail the distribution of 
different ES levels in the region and the specific problems faced. 
On this basis, then divide the key protection areas, such as the 
unsafety areas caused by human activities. (2) Construction of 
ecological corridors to link isolated ecological parks. In this 
study, some isolated ecological safety zones are distributed in 
the ecologically unsafety and relatively unsafety areas in and 
around the city. Ecological corridors are used to link these iso-
lated ecological circles and prevent them from disappearing. 
(3) Rational planning of land space to avoid disorderly expan-
sion of urban land. In this study, ecological unsafety and relative 
unsafety areas are mainly distributed in and around cities, which 
suggests that we need to rational use land resources in urban 
and rural planning, make full use of the original ecosystem, and 
avoid disorderly development leading to irreversible destruction 
of the ecosystem.

There are also shortcomings in the indicators and model used 
in this study. The interannual fluctuations of climate elements 
such as temperature and precipitation in the natural base index 
are relatively obvious, which may affect the results. Subsequent 
studies may consider using multi-year averages to reduce the 
adverse effects of interannual fluctuations if longer time scales 
can be involved. In addition, considering the importance of eco-
system structure, internal function, stability and external distur-
bance to maintain ecological security, the four subsystems of 
the CES evaluation are equally weighted, and there is no spatial 
difference, but there may be differences in practice, which need 
to be further quantified in subsequent studies.

Conclusion

In this study, comprehensively evaluated the ES of Guang-
dong-Hong Kong-Macao Greater Bay Area (GHMGBA) 
in 2000, 2010 and 2020 from four aspects: natural base, 
landscape structure, ecosystem stability, and anthropogenic 
interference. The four subsystems of CES were concentrated 
in the middle and diffused to the periphery in a point axis 
manner.

The mean values of the CES index in the GHMGBA 
in 2000, 2010 and 2020 were 0.687, 0.679 and 0.701, 
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respectively, indicating that the ES of the study area was 
generally well. The safety and unsafety region were distrib-
uted periphery and central regions in GHMGBA. Area pro-
portions of unsafety, relative unsafety, relative safety and 
safety were 24.5%, 17.6%, 14.4% and 43.5%, respectively. 
The urban-rural gradient of CES distribution showed a fluc-
tuating increasing trend of CES in 2000, 2010 and 2020 
and decreased slightly at about 20-40 km, 60-80 km, and 
120-140 km with increasing distance from the city center.

The spatial characteristics of CES changes showed smaller 
changes in CES for the transitional periods of 2000-2010 and 
2010-2020. The transfer characteristics of different levels of 
CES showed that each levels was dominated by non-transfer. 
For the transfer region, unsafety, relative unsafety, relative 
safety and safety were transferred sequentially in 2000-2010; 
and the transfer between each levels and the other three classes 
was very frequent in 2010-2020. The urban-rural gradient of 
CES changes showed that the changes gradually decreases 
with increasing distance from urban centers.

The CES model in this study considers four aspects of the 
ecosystem and external environment, which is an important 
complement to the ES assessment methods. The CES results 
of GHMGBA can be compared with the relevant results of 
other methods, indicating the reasonableness of the results of 
this study. This study helps to understand the temporal and 
spatial distribution of ecological environment and urban-
rural gradient in typical urban regions, and provides a refer-
ence for the collaborative planning of urban agglomeration.

Acknowledgements This work was supported by the Science and 
Technology Project of Jiangxi Provincial Department of Education 
(No. GJJ201419), the Humanities and Social Science Research Plan-
ning Project for Universities of Jiangxi Province (No. GL20116), the 
University Students Innovation Practice Training Program of The Chi-
nese Academy of Sciences, the Climbing Program Special Funds for 
Science and Technology Innovation Strategy of Guangdong Province 
(No. pdjh2020b0169), and the Challenge Cup Gold Seed Project of 
South China Normal University (No. 20DKKA01). The authors thank 
editor and anonymous reviewers for their constructive comments, sug-
gestions, and help in enhancing the manuscript.

Authors contribution Xiaojun Wang: Data curation, Resources, Con-
ceptualization, Methodology, Software, Writing-original draft prepara-
tion, Writing-review and editing; Guangxu Liu: Conceptualization, 
Methodology, Writing-review and editing, Supervision, Funding; 
Churan Zhang, and Yiling Liao: Data curation, Methodology, Soft-
ware, Drawing, Writing-original draft preparation. All authors have 
read and agreed to the published version of the manuscript.

Data availability All data supporting the findings of this study are 
included within the article. Data will be made available from authors 
on reasonable request.

Declarations 

Ethics in publishing Not applicable.

Consent for publication Not applicable.

Consent to participate Not applicable.

Competing interests The authors declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

 References

Abbaszadeh Tehrani N, Mohd Shafri HZ, Salehi S, Chanussot J, Jana-
lipour M (2022) Remotely-Sensed Ecosystem Health Assessment 
(RSEHA) model for assessing the changes of ecosystem health 
of Lake Urmia Basin. Int J Image Data Fusion 13(2):180–205. 
https:// doi. org/ 10. 1080/ 19479 832. 2021. 19248 80

Bi M, Xie G, Yao C (2020) Ecological security assessment based on 
the renewable ecological footprint in the Guangdong-Hong Kong-
Macao Greater Bay Area, China. Ecol Indic 116:106432. https:// 
doi. org/ 10. 1016/j. ecoli nd. 2020. 106432

Cen X, Wu C, Xing X, Fang M, Garang Z, Wu Y (2015) Coupling 
intensive land use and landscape ecological security for urban sus-
tainability: An integrated socioeconomic data and spatial metrics 
analysis in Hangzhou city. Sustainability 7(2):1459–1482. https:// 
doi. org/ 10. 3390/ su702 1459

Chen Y, Wang J (2020) Ecological security early-warning in central 
Yunnan Province, China, based on the gray model. Ecol Indic 
111:106000. https:// doi. org/ 10. 1016/j. ecoli nd. 2019. 106000

Cheng H, Zhu L, Meng J (2021) Fuzzy evaluation of the ecologi-
cal security of land resources in mainland China based on the 
Pressure-State-Response framework. Sci Total Environ 150053. 
https:// doi. org/ 10. 1016/j. scito tenv. 2021. 150053

Chu X, Deng X, Jin G, Wang Z, Li Z (2017) Ecological security assess-
ment based on ecological footprint approach in Beijing-Tianjin-
Hebei region, China. Phys Chem Earth 101:43–51. https:// doi. org/ 
10. 1016/j. pce. 2017. 05. 001

Dai E, Wu Z, Du X (2018) A gradient analysis on urban sprawl and 
urban landscape pattern between 1985 and 2000 in the Pearl River 
Delta, China. Front Earth Sci 12:791–807. https:// doi. org/ 10. 
1007/ s11707- 017- 0637-0

Dai L, Liu Y, Luo X (2021) Integrating the MCR and DOI models to 
construct an ecological security network for the urban agglomera-
tion around Poyang Lake, China. Sci Total Environ 754:141868. 
https:// doi. org/ 10. 1016/j. scito tenv. 2020. 141868

Dong R, Zhang X, Li H (2019) Constructing the ecological security 
pattern for sponge city: a case study in Zhengzhou, China. Water 
11(2):284. https:// doi. org/ 10. 3390/ w1102 0284

Du P, Xia J, Du Q, Luo Y, Tan K (2013) Evaluation of the spatio-
temporal pattern of urban ecological security using remote sens-
ing and GIS. Int J Remote Sens 34(3):848–863. https:// doi. org/ 
10. 1080/ 01431 161. 2012. 714503

Fan F, Liu Y, Chen J, Dong J (2021) Scenario-based ecological security 
patterns to indicate landscape sustainability: A case study on the 
Qinghai-Tibet Plateau. Landsc Ecol 36(7):2175–2188. https:// doi. 
org/ 10. 1007/ s10980- 020- 01044-2

Feng Y, Yang Q, Tong X, Chen L (2018) Evaluating land ecological 
security and examining its relationships with driving factors using 
GIS and generalized additive model. Sci Total Environ 633:1469–
1479. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 03. 272

Fu Y, Shi X, He J, Yuan Y, Qu L (2020) Identification and optimization 
strategy of county ecological security pattern: A case study in the 
Loess Plateau, China. Ecol Indic 112:106030. https:// doi. org/ 10. 
1016/j. ecoli nd. 2019. 106030

Gao Y, Huang H, Wu Z (2010) Landscape ecological security assess-
ment based on projection pursuit:a case study of nine cities in 

https://doi.org/10.1080/19479832.2021.1924880
https://doi.org/10.1016/j.ecolind.2020.106432
https://doi.org/10.1016/j.ecolind.2020.106432
https://doi.org/10.3390/su7021459
https://doi.org/10.3390/su7021459
https://doi.org/10.1016/j.ecolind.2019.106000
https://doi.org/10.1016/j.scitotenv.2021.150053
https://doi.org/10.1016/j.pce.2017.05.001
https://doi.org/10.1016/j.pce.2017.05.001
https://doi.org/10.1007/s11707-017-0637-0
https://doi.org/10.1007/s11707-017-0637-0
https://doi.org/10.1016/j.scitotenv.2020.141868
https://doi.org/10.3390/w11020284
https://doi.org/10.1080/01431161.2012.714503
https://doi.org/10.1080/01431161.2012.714503
https://doi.org/10.1007/s10980-020-01044-2
https://doi.org/10.1007/s10980-020-01044-2
https://doi.org/10.1016/j.scitotenv.2018.03.272
https://doi.org/10.1016/j.ecolind.2019.106030
https://doi.org/10.1016/j.ecolind.2019.106030


102488 Environmental Science and Pollution Research (2023) 30:102474–102489

1 3

the Pearl River Delta. Acta Ecol Sin 30(21):5894–5903 https://d. 
wanfa ngdata. com. cn/ perio dical/ stxb2 01021 020 (In Chinese)

Gao Y, Wu Z, Lou Q, Huang H, Cheng J, Chen Z (2012) Landscape 
ecological security assessment based on projection pursuit in Pearl 
River Delta. Environ Monit Assess 184(4):2307–2319. https:// doi. 
org/ 10. 1007/ s10661- 011- 2119-2

Gao Y, Zhang C, He Q, Liu Y (2017) Urban ecological security simu-
lation and prediction using an improved cellular automata (CA) 
approach—a case study for the city of Wuhan in China. Int J 
Environ Res Public Health 14(6):643. https:// doi. org/ 10. 3390/ 
ijerp h1406 0643

Gao Y, Jia J, Lu Y, Sun X, Wen X, He N, Yang T (2020) Progress in 
watershed geography in the Yangtze River Basin and the affiliated 
ecological security perspective in the past 20 years, China. J Geogr 
Sci 30:867–880. https:// doi. org/ 10. 1007/ s11442- 020- 1759-y

Ghosh S, Chatterjee ND, Dinda S (2021) Urban ecological security 
assessment and forecasting using integrated DEMATEL-ANP and 
CA-Markov models: A case study on Kolkata Metropolitan Area, 
India. Sustain Cities Soc 68:102773. https:// doi. org/ 10. 1016/j. scs. 
2021. 102773

Guo A, Yue W, Yang J, He T, Zhang M, Li M (2022) Divergent impact 
of urban 2D/3D morphology on thermal environment along urban 
gradients. Urban Clim 45:101278. https:// doi. org/ 10. 1016/j. uclim. 
2022. 101278

Guo C, Zhu Y, Sun W, Song J (2017) Dataset of biological abundance 
index of China in 1985 and 2005 at 1 km resolution. J Global 
Change Data Discov 1(1):60–65. https:// doi. org/ 10. 3974/ geodp. 
2017. 01. 09

Guo Y (2016) Analysis of landscape ecological security in a fast grow-
ing urban district: the case of Shenzhen City. Geomatics Spatial 
Inform Technol 39(12):127–131. https:// doi. org/ 10. 3969/j. issn. 
1672- 5867. 2016. 12. 039 (In Chinese)

Gong JZ, Liu YS, Xia BC, Zhao GW (2009) Urban ecological security 
assessment and forecasting, based on a cellular automata model: 
A case study of Guangzhou, China. Ecol Modell 220(24):3612–
3620. https:// doi. org/ 10. 1016/j. ecolm odel. 2009. 10. 018

Han S, Xiong J, Li D (2016) Evaluation index system of land ecological 
security in the Pearl River Delta urban agglomeration. Guangdong 
Agric Sci 43(2):83–88. https:// doi. org/ 10. 16768/j. issn. 1004- 874x. 
2016. 02. 016 (In Chinese)

Hu Z, Gong J, Li T, Sun J (2018) Ecological security assessment and 
situation analysis of Pearl River Delta urban agglomeration. Ecol 
Environ Sci 27(2):304–312. https:// doi. org/ 10. 16258/j. cnki. 1674- 
5906. 2018. 02. 015 (In Chinese)

Huang J, Yu H, Han D, Zhang G, Wei Y, Huang J, An L, Liu X, Ren 
Y (2020a) Declines in global ecological security under climate 
change. Ecol Indic 117:106651. https:// doi. org/ 10. 1016/j. ecoli nd. 
2020. 106651

Huang J, Hu Y, Zheng F (2020b) Research on recognition and protec-
tion of ecological security patterns based on circuit theory: a case 
study of Jinan City. Environ Sci Pollut Res 27(11):12414–12427. 
https:// doi. org/ 10. 1007/ s11356- 020- 07764-x

Huang Q, Peng B, Elahi E, Wan A (2021) Evolution and driving 
mechanism of ecological security pattern: a case study of Yang-
tze River Urban Agglomeration. Integr Environ Assess Manag 
17(3):573–583. https:// doi. org/ 10. 1002/ ieam. 4358

Jiang X (2011) Urban ecological security evaluation and analysis based 
on fuzzy mathematics. Procedia Eng 15:4451–4455. https:// doi. 
org/ 10. 1016/j. proeng. 2011. 08. 836

Jiao M, Wang Y, Hu M, Xia B (2021) Spatial deconstruction and dif-
ferentiation analysis of early warning for ecological security in the 
Pearl River Delta, China. Sustain Cities Soc 64:102557. https:// 
doi. org/ 10. 1016/j. scs. 2020. 102557

Jin G, Deng X, Zhao X, Guo B, Yang J (2018) Spatiotemporal patterns 
in urbanization efficiency within the Yangtze River Economic Belt 

between 2005 and 2014. J Geogr Sci 28:1113–1126. https:// doi. 
org/ 10. 1007/ s11442- 018- 1545-2

Jin X, Wei L, Wang Y, Lu Y (2021) Construction of ecological security 
pattern based on the importance of ecosystem service functions 
and ecological sensitivity assessment: a case study in Fengx-
ian County of Jiangsu Province, China. Environ Dev Sustain 
23(1):563–590. https:// doi. org/ 10. 1007/ s10668- 020- 00596-2

Kang X, Liu X, Zhang S, Ma X (2007) Regional eco-security assess-
ment of southwest Beijing. Chin J Appl Ecol 18(12):2846–2852. 
https:// doi. org/ 10. 13287/j. 1001- 9332. 2007. 0463 (In Chinese)

Li X, Tian M, Wang H, Wang H, Yu J (2014) Development of an 
ecological security evaluation method based on the ecological 
footprint and application to a typical steppe region in China. Ecol 
Indic 39:153–159. https:// doi. org/ 10. 1016/j. ecoli nd. 2013. 12. 014

Li JX, Chen YN, Xu CC, Li Z (2019) Evaluation and analysis of eco-
logical security in arid areas of Central Asia based on the emergy 
ecological footprint (EEF) model. J Clean Prod 235:664–677. 
https:// doi. org/ 10. 1016/j. jclep ro. 2019. 07. 005

Li Z, Li M, Xia B (2020a) Spatio-temporal dynamics of ecological 
security pattern of the Pearl River Delta urban agglomeration 
based on LUCC simulation. Ecol Indic 114:106319. https:// doi. 
org/ 10. 1016/j. ecoli nd. 2020. 106319

Li M, Hu M, Xia B (2020b) Spatial differentiation and aggregation 
characteristics of ecological security of urban agglomeration in 
the Pearl River Delta. Acta Scientiarum Naturalium Universitatis 
Sunyatseni 59(1):96–104. https:// doi. org/ 10. 13471/j. cnki. acta. 
snus. 2020. 01. 012 (In Chinese)

Lin L, Chen W, Liu Y (2020) Analysis of landscape pattern change 
and ecological risk assessment in Sanming area. J Subtrop Resour 
Environ 15(3):83–90. https:// doi. org/ 10. 19687/j. cnki. 1673- 7105. 
2020. 03. 011 (In Chinese)

Liu Y, Cui N, Han R, Guo L (2020) Establishing ecological security 
patterns based on reconstructed ecosystem services value in rap-
idly urbanizing areas: A case study in Zhuhai City, China. Sustain-
ability 12(16):6629. https:// doi. org/ 10. 3390/ su121 66629

MEPPRC (Ministry of Environmental Protection of the People's 
Republic of China) (2015) National environmental protection 
standards of the People's Republic of China: Technical criterion 
for ecosysrem status evaluation (HJ192-2015). China Environ-
mental Press, Beijing

Moarrab Y, Salehi E, Amiri MJ, Hovidi H (2021) Spatial–temporal 
assessment and modeling of ecological security based on land-
use/cover changes (case study: Lavasanat watershed). Intl J Envi-
ron Sci Technol, https:// doi. org/ 10. 1007/ s13762- 021- 03534-5

Ou ZR, Zhu QK, Sun YY (2017) Regional ecological security and 
diagnosis of obstacle factors in underdeveloped regions: a case 
study in Yunnan Province, China. J Mountain Sci 14(5):870–884. 
https:// doi. org/ 10. 1007/ s11629- 016- 4199-5

Peng J, Pan Y, Liu Y, Zhao H, Wang Y (2018) Linking ecological deg-
radation risk to identify ecological security patterns in a rapidly 
urbanizing landscape. Habitat Intl 71:110–124. https:// doi. org/ 10. 
1016/j. habit atint. 2017. 11. 010

Peng C, Li B, Nan B (2021) An analysis framework for the ecologi-
cal security of urban agglomeration: A case study of the Beijing-
Tianjin-Hebei urban agglomeration. J Clean Prod 315:128111. 
https:// doi. org/ 10. 1016/j. jclep ro. 2021. 128111

Wen X, Zhu J, Gao W (2020) Empirical analysis on cooperative 
efficiency of ecological security in nine cities of Guangdong-
Hong Kong-Macao Greater Bay Area under the heterogeneous 
system:based on PSR and GIS-DEA combined model. Ecol Econ 
36(4):200–205 (In Chinese)

Wang S, Zhang X, Wu T, Yang Y (2019) The evolution of landscape 
ecological security in Beijing under the influence of different poli-
cies in recent decades. Sci Total Environ 646:49–57. https:// doi. 
org/ 10. 1016/j. scito tenv. 2018. 07. 146

https://d.wanfangdata.com.cn/periodical/stxb201021020
https://d.wanfangdata.com.cn/periodical/stxb201021020
https://doi.org/10.1007/s10661-011-2119-2
https://doi.org/10.1007/s10661-011-2119-2
https://doi.org/10.3390/ijerph14060643
https://doi.org/10.3390/ijerph14060643
https://doi.org/10.1007/s11442-020-1759-y
https://doi.org/10.1016/j.scs.2021.102773
https://doi.org/10.1016/j.scs.2021.102773
https://doi.org/10.1016/j.uclim.2022.101278
https://doi.org/10.1016/j.uclim.2022.101278
https://doi.org/10.3974/geodp.2017.01.09
https://doi.org/10.3974/geodp.2017.01.09
https://doi.org/10.3969/j.issn.1672-5867.2016.12.039
https://doi.org/10.3969/j.issn.1672-5867.2016.12.039
https://doi.org/10.1016/j.ecolmodel.2009.10.018
https://doi.org/10.16768/j.issn.1004-874x.2016.02.016
https://doi.org/10.16768/j.issn.1004-874x.2016.02.016
https://doi.org/10.16258/j.cnki.1674-5906.2018.02.015
https://doi.org/10.16258/j.cnki.1674-5906.2018.02.015
https://doi.org/10.1016/j.ecolind.2020.106651
https://doi.org/10.1016/j.ecolind.2020.106651
https://doi.org/10.1007/s11356-020-07764-x
https://doi.org/10.1002/ieam.4358
https://doi.org/10.1016/j.proeng.2011.08.836
https://doi.org/10.1016/j.proeng.2011.08.836
https://doi.org/10.1016/j.scs.2020.102557
https://doi.org/10.1016/j.scs.2020.102557
https://doi.org/10.1007/s11442-018-1545-2
https://doi.org/10.1007/s11442-018-1545-2
https://doi.org/10.1007/s10668-020-00596-2
https://doi.org/10.13287/j.1001-9332.2007.0463
https://doi.org/10.1016/j.ecolind.2013.12.014
https://doi.org/10.1016/j.jclepro.2019.07.005
https://doi.org/10.1016/j.ecolind.2020.106319
https://doi.org/10.1016/j.ecolind.2020.106319
https://doi.org/10.13471/j.cnki.acta.snus.2020.01.012
https://doi.org/10.13471/j.cnki.acta.snus.2020.01.012
https://doi.org/10.19687/j.cnki.1673-7105.2020.03.011
https://doi.org/10.19687/j.cnki.1673-7105.2020.03.011
https://doi.org/10.3390/su12166629
https://doi.org/10.1007/s13762-021-03534-5
https://doi.org/10.1007/s11629-016-4199-5
https://doi.org/10.1016/j.habitatint.2017.11.010
https://doi.org/10.1016/j.habitatint.2017.11.010
https://doi.org/10.1016/j.jclepro.2021.128111
https://doi.org/10.1016/j.scitotenv.2018.07.146
https://doi.org/10.1016/j.scitotenv.2018.07.146


102489Environmental Science and Pollution Research (2023) 30:102474–102489 

1 3

Wang X, Zhong W, Li T, Quan M, Wang B, Wei Z (2021a) A 16.2-kyr 
lacustrine sediment record of mercury deposition in Dahu Swamp, 
eastern Nanling Mountains, southern China: Analysis of implica-
tions for climatic changes. Quat Int 592:12–21. https:// doi. org/ 10. 
1016/j. quaint. 2021. 04. 013

Wang X, Zhang C, Liao Y, Liu G, Wang B, Yu J (2021b) Spatial and 
temporal characteristics of hemeroby degree in Guangdong-Hong 
Kong-Macao Greater Bay Area during 1980-2018. Bull Soil 
Water Conserv 41(3):333–341. https:// doi. org/ 10. 13961/j. cnki. 
stbctb. 2021. 03. 043 (In Chinese)

Wang H, Ma X, Du Y (2021c) Constructing ecological security pat-
terns based on ecological service importance and ecological sen-
sitivity in Guangdong Province. Acta Ecol Sin 41(5):1705–1715. 
https:// doi. org/ 10. 5846/ stxb2 02001 080068 (In Chinese)

Wang X, Liu G, Xiang A, Qureshi S, Li T, Song D, Zhang C (2022) 
Quantifying the human disturbance intensity of ecosystems and 
its natural and socioeconomic driving factors in urban agglomera-
tion in southern China. Environ Sci Pollut Res 29:11493–11509. 
https:// doi. org/ 10. 1007/ s11356- 021- 16349-1

Weng H, Kou J, Shao Q (2020) Evaluation of urban comprehensive carry-
ing capacity in the Guangdong–Hong Kong–Macao Greater Bay Area 
based on regional collaboration. Environ Sci Pollut Res 27(16):20025–
20036. https:// doi. org/ 10. 1007/ s11356- 020- 08517-6

Wu J, Luo K, Ma H, Wang Z (2020) Ecological security and restora-
tion pattern of Pearl River Delta, based on ecosystem service and 
gravity model. Acta Ecol Sin 40(23):8417–8429. https:// doi. org/ 
10. 5846/ stxb2 02003 150550 (In Chinese)

Wu X, Liu S, Sun Y, An Y, Dong S, Liu G (2019) Ecological secu-
rity evaluation based on entropy matter-element model: A case 
study of Kunming city, southwest China. Ecol Indic 102:469–478. 
https:// doi. org/ 10. 1016/j. ecoli nd. 2019. 02. 057

Xu X, Lin H, Fu Z, Bu R (2001) Regional ecological risk assessment 
of wetland in the Huanghe River Delta. Acta Sci Nat Univ Pekin 
37(1):111–120. https:// doi. org/ 10. 13209/j. 0479- 8023. 2001. 020

Yang C, Liu H, Li Q, Cui A, Xia R, Shi T, Zhang J, Guo W, Zhou X, 
Wu G (2021) Rapid urbanization induced extensive forest loss to 
urban land in the Guangdong-Hong Kong-Macao Greater Bay 
Area, China. Chin Geogr Sci 31(1):93–108. https:// doi. org/ 10. 
1007/ s11769- 021- 1177-9

Yu G, Zhang S, Yu Q, Fan Y, Zeng Q, Wu L, Zhou R, Nan N, Zhao P 
(2014) Assessing ecological security at the watershed scale based on 
RS/GIS: a case study from the Hanjiang River Basin. Stoch Env Res 
Risk A 28(2):307–318. https:// doi. org/ 10. 1007/ s00477- 013- 0750-x

Zhang H, Tang X, Wang S, Guo L, Yong Y, Wang X (2006) Regional 
ecological security of rapidly urbanizing Pearl River Delta, China: 

a case study of Foshan City. J Natl Resour 21(4):615–624. https:// 
doi. org/ 10. 3321/j. issn: 1000- 3037. 2006. 04. 015 (In Chinese)

Zhang L, Peng J, Liu Y, Wu J (2017) Coupling ecosystem services 
supply and human ecological demand to identify landscape eco-
logical security pattern: A case study in Beijing-Tianjin-Hebei 
region, China. Urban Ecosyst 20(3):701–714. https:// doi. org/ 10. 
1007/ s11252- 016- 0629-y

Zhang D, Wang X, Qu L, Li S, Lin Y, Yao R, Zhou X, Li J (2020a) 
Land use/cover predictions incorporating ecological security for 
the Yangtze River Delta region, China. Ecol Indic 119:106841. 
https:// doi. org/ 10. 1016/j. ecoli nd. 2020. 106841

Zhang J, Yu L, Li X, Zhang C, Shi T, Wu X, Yang C, Gao W, Li Q, Wu 
G (2020b) Exploring annual urban expansions in the Guangdong-
Hong Kong-Macau Greater Bay Area: Spatiotemporal features 
and driving factors in 1986–2017. Remote Sens 12(16):2615. 
https:// doi. org/ 10. 3390/ rs121 62615

Zhang J, Ma L (2021) Urban ecological security dynamic analysis 
based on an innovative emergy ecological footprint method. 
Environ Dev Sustain 23:16163–16191. https:// doi. org/ 10. 1007/ 
s10668- 021- 01341-z

Zhang S, Shao H, Li X, Xian W, Shao Q, Yin Z, Lai F, Qi J (2022b) 
Spatiotemporal Dynamics of Ecological Security Pattern of Urban 
Agglomerations in Yangtze River Delta Based on LUCC Simula-
tion. Remote Sens 14(2):296. https:// doi. org/ 10. 3390/ rs140 20296

Zhang Y, Qiao Q, Liu J, Sang H, Yang D, Zhai L, Li N, Yuan X (2022a) 
Coastline changes in mainland China from 2000 to 2015. Int J 
Image Data Fusion 13(1):95–112. https:// doi. org/ 10. 1080/ 19479 
832. 2021. 19430 11

Zhou D, Lin Z, Ma S, Qi J, Yan T (2021) Assessing an ecological secu-
rity network for a rapid urbanization region in Eastern China. Land 
Degrad Dev 32(8):2642–2660. https:// doi. org/ 10. 1002/ ldr. 3932

Zhou R, Lin M, Wu Z, Liu H, Zhong L (2020) Construction of ecologi-
cal security in Guangdong-Hong Kong-Macao Greater Bay Area 
from the perspective of importance of ecosystem services. Ecol 
Econ 36(7):189–196 (In Chinese)

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.quaint.2021.04.013
https://doi.org/10.1016/j.quaint.2021.04.013
https://doi.org/10.13961/j.cnki.stbctb.2021.03.043
https://doi.org/10.13961/j.cnki.stbctb.2021.03.043
https://doi.org/10.5846/stxb202001080068
https://doi.org/10.1007/s11356-021-16349-1
https://doi.org/10.1007/s11356-020-08517-6
https://doi.org/10.5846/stxb202003150550
https://doi.org/10.5846/stxb202003150550
https://doi.org/10.1016/j.ecolind.2019.02.057
https://doi.org/10.13209/j.0479-8023.2001.020
https://doi.org/10.1007/s11769-021-1177-9
https://doi.org/10.1007/s11769-021-1177-9
https://doi.org/10.1007/s00477-013-0750-x
https://doi.org/10.3321/j.issn:1000-3037.2006.04.015
https://doi.org/10.3321/j.issn:1000-3037.2006.04.015
https://doi.org/10.1007/s11252-016-0629-y
https://doi.org/10.1007/s11252-016-0629-y
https://doi.org/10.1016/j.ecolind.2020.106841
https://doi.org/10.3390/rs12162615
https://doi.org/10.1007/s10668-021-01341-z
https://doi.org/10.1007/s10668-021-01341-z
https://doi.org/10.3390/rs14020296
https://doi.org/10.1080/19479832.2021.1943011
https://doi.org/10.1080/19479832.2021.1943011
https://doi.org/10.1002/ldr.3932

	Spatial-temporal pattern and urban-rural gradient of comprehensive ecological security in urban agglomeration in South China from 2000 to 2020
	Abstract
	Introduction
	Materials and methods
	Study area
	Research framework and data
	Evaluation model of comprehensive ecological security
	Natural base index (NBI)
	Landscape structure index (LSI)
	Ecosystem stability index (ESI)
	Anthropogenic interference index (AII)

	Urban-rural gradient

	Results
	Subsystem characteristics of comprehensive ecological security
	Comprehensive ecological security
	Comprehensive ecological security pattern
	Urban-rural gradient of comprehensive ecological security

	Comprehensive ecological security change
	Comprehensive ecological security pattern change
	Urban-rural gradient of comprehensive ecological security change


	Discussion
	Ecological security assessment methods
	Differences and similarities of ecological security in the different studies
	Policy implications and deficiency


	Conclusion
	Acknowledgements 
	References


