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Abstract: Ecological security is related to human well-being, is closely linked to a region’s sustainable
development, and is an essential cornerstone of any national security system. The Demonstration
Zone of Green and Integrated Ecological Development (DZGIED) of the Yangtze River Delta is
a critical point in implementing the integrated development strategy of the Yangtze River Delta.
This paper used the Pressure-State-Response (PSR) framework to evaluate the regional ecological
security (RES) in the DZGIED based on multi-source remote sensing and GIS data. And the analysis
was conducted from the overall and administrative division perspective. The results show that
(1) from 2000 to 2020, the ecological security of the DZGIED shows a slight decline overall. The RES
decreased from 0.60 to 0.53. The RES level is kept above the critical security level and needs further
improvement. (2) Significant differences in the RES across townships, with more pronounced changes
in extreme values. The ecological security status of more than 80% of the townships shows solid
positive spatial correlations. The ecological security of the DZGIED is more critical to the central area.
(3) Human disturbance is the most important factor causing the decline in ecological security and
the impact of environmental safety on the central area is more enormous. (4) The ecological security
state of the DZGIED shows an improving trend, but it is still necessary to promote the construction
of various demonstration projects. This paper aims to ensure the sustainable development of the
DZGIED in the future and to provide guidance for policy formulation on ecological safety in the
DZGIED from the perspective of administrative divisions. It also provides a reference for small-scale
regional ecological safety evaluation studies such as townships.

Keywords: regional ecological security; PSR framework; the demonstration zone of green and
integrated ecological development of the Yangtze River Delta; sustainable development

1. Introduction

Ecological security is a cornerstone of any national security system [1]. It refers to
the interrelationship of various organisms and natural resources in the ecosystem and the
environment’s overall health [2]. Ecological security has become the most fundamental
component of sustainable and healthy economic development and people’s well-being
and happiness [3]. It is a new field of sustainable development research, and the literature
provides a quantitative description of the overall security of ecosystems [4,5]. From the
beginning, ecological security has placed human and natural environmental security on an
equal footing, seeking to find a balance between the two, which complements and improves
the traditional concept of sustainable development [6]. Increasingly rapid urbanization has
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led to the deterioration of regional ecological environments and resulted in significant envi-
ronmental issues such as atmospheric pollution and soil degradation [7-9]. Furthermore,
the decline in local environmental security has severely inhibited the sustainability of social,
economic, and environmental development [10,11]. An increasing amount of attention is
being paid to regional environmental security, and scientific and academic assessments of
regional environmental security can facilitate the reasonable distribution of regional eco-
logical resources and the accurate prediction of trends in ecological security development,
as well as guaranteeing the sustainability of regional ecological development [12-14].

The broad concept of “Ecological Security” was first put forward in 1989 when the
International Institute for Applied Systems Analysis pointed out the need to build an opti-
mized monitoring system for ecological security worldwide [15]. In “Ecological Security
and the United Nations System”, published in 1998, experts and scholars from various
countries put forward views on the definition of ecological safety, the factors that lead to
insecurity, the degree of risk, and the trend of change [16-18]. Humanity’s understanding
and awareness of ecological and environmental issues have gradually deepened, and the
concern has steadily increased [19]. It has slowly progressed from concern for environ-
mental problems to environmental safety to ecological security [20,21]. The concept of
sustainable development advocated during the 1980s has also been recognized worldwide
and has become part of a common code of conduct for people in the future [22]. With
the United Nations” adoption of the 2030 Agenda for Sustainable Development and its
17 Sustainable Development Goals (SDGs) in 2015 [23], the issue of ecological security has
become an essential topic in the international arena. Research by scholars at home and
abroad into evaluating ecological safety is characterized by diversity.

With the interconnectedness and complexity of factors in urban ecosystems, the re-
alization of regional ecological safety is deeply influenced by various environmental as-
pects [24,25]. Numerous studies have shown that human factors impact regional ecological
safety more than natural factors [26-28]. Currently, the most widely used evaluative in-
struments regarding ecological security are still founded on the Pressure-State—-Response
(PSR) framework or similar environmentally relevant multi-dimensional systems. For
instance, Yang et al.’s [29] Ecological Vulnerability Index (EVI) was formulated according to
a typical PSR conceptual framework. The EVI was then evaluated using a comprehensive
index method. Meanwhile, Sadeghi [30] implemented the PSR model to evaluate how
healthy the Pishkou watershed (Yazd province, Iran) was and adaptively assigned targeted
solutions for resource management. Tang et al. [31] used another watershed, namely, that
of Chaohu Lake, as their study target and comprehensively evaluated the ecological safety
status of the water prior to and following the introduction of the river management system.
Zhao et al. [32] constructed a process analysis model regarding the environmental security
of the Liaohe River basin, which considers its importance as part of the environmental
macro-regulation of the northeast region. One more study has constructed an ecological
and environmental security evaluation system for the Batangilin Desert and its surrounding
areas based on the drivers, pressure, state, and impact [33].

However, traditional ecological security monitoring has many limitations. The use
of statistical data for evaluation, for example, is easily restricted by time and space, and
much data collection and collation work has a certain lag [34,35]. The emergence of remote
sensing technology, on the other hand, has pointed ecological security monitoring in a new
direction. Multi-temporal remote sensing data can produce a large amount of environ-
mental information on time, improving the efficiency of monitoring work [36-38]. This
approach enables real-time and dynamic monitoring of the environment and supervision of
environmental quality, thus reducing the occurrence of ecological pollution [39,40]. Using
remote sensing and GIS tools to conduct ecological security evaluation studies on large
spatial scales such as watersheds [41-43] and wetlands [44—46] is more common. Ecological
security-related studies have also been conducted on large urban scales [47-49], but only a
few have been shown on small scales, such as townships.
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Recognizing the crucial importance of carrying out ecological safety research on
a smaller scale is essential. In small-scale ecological security assessments, researchers
can develop a more nuanced understanding of the regional ecological environment’s
characteristics. This enhanced understanding enables the timely detection and warning of
potential ecological risks, furnishing decision-makers with a scientific foundation to avert
ecological disasters. Simultaneously, this kind of research facilitates the identification of
key protection areas within the ecological environment, allowing for the formulation of
targeted measures for ecological protection. In turn, it promotes the rational use of regional
resources, ecological environmental protection, and the coordinated development of the
economy and society. Ultimately, these endeavors propel the sustainable development of
the region.

How to achieve a township-scale ecological safety assessment is the key scientific
issue of this study. This paper takes the Demonstration Zone of Green and Integrated
Ecological Development (“DZGIED” or “Demonstration Zone”) of the Yangtze River Delta
(“YRD”) as the study area, which is an early demonstration zone for reform and innovation
development. The PSR model was used to evaluate the regional ecological security level
within the study area and explore the changes in ecological security using accurate five-
phase land use data from 2000 to 2020 and the corresponding remote sensing data. It
also explored the differences in ecological security among towns and streets from the
perspective of administrative divisions, which was optimized compared with previous
studies. This paper aims to provide a reference for small-scale regional ecological safety
evaluation studies and give guidance for the policy formulation of ecological safety in the
demonstration zone to ensure the future sustainable development of the DZGIED.

2. Study Area

Taking into account the vast geographical area of the YRD and the great differences
in economic and social development, the program of constructing the DZGIED has been
proposed as a breakthrough in the implementation of the YRD integrated development
strategy. Through the designation of demonstration zones, the program hopes to plan
innovative development systems and construction projects in centralized spatial areas, to
pilot integrated and comprehensive governance models across administrative boundaries,
and to explore ways to transform regional ecological advantages into socio-economic
development advantages. After successful piloting, the development experience of the
demonstration zone will be replicated on a wider scale.

The DZGIED in the Yangtze River Delta is located on the eastern coast of China,
spanning Shanghai, Jiangsu province, and Zhejiang province, adjacent to Dianshan Lake. It
includes Wujiang District in Suzhou, Qingpu District in Shanghai, and Jiashan County in
Jiaxing (Figure 1). The area of the DZGIED is approximately 2300 km?, of which the water
area is about 350 km?. Among them, Qingpu District covers 676 km?, Wujiang District
covers 1092 km?, and Jiashan County covers 506 km?.

The DZGIED is strategically located in the core area of Jiangnan water town, and the
geographical position is superior. The ecosystems in the demonstration zone are of diverse
types, including wetlands, forests, farmland, etc., which have high ecological services
and ecological value. The DZGIED is low-lying, with an average altitude of only about
6 m above sea level. The region is densely covered with a water network and numerous
lakes. Also, the demonstration zone is densely populated, and the population is highly
urbanized, with an urbanization rate of about 70%. It has formed a pattern of mainly small
and medium-sized towns during its historical development and has made many pioneering
attempts at joint cross-border action. Still, in the wake of rapid expansion, it has also faced
challenges such as damage to the ecological environment, tightening land restrictions, etc.

Therefore, as a benchmark of integrated development, carrying out the ecological
security research in the demonstration zone is helpful to improve the overall ecological
security level of the Yangtze River Delta region and provide a reference for the coordinated
protection of ecological security in other parts of the country.
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Figure 1. A general view and the location of the DZGIED. (a): YRD’s river system and DZGIED’s
location in YRD; (b): District administrative divisions in DZGIED; (c): Elevation of DZGIED.

3. Materials and Methods
3.1. Data Sources

The land use dataset (30 m x 30 m) from 2000-2020 was provided by the Data Center
for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) [50]
(http:/ /www.resdc.cn (accessed on 10 March 2022)). The DMPS/OLS and NPP/VIIRS
nighttime light data (1 km x 1 km) were acquired from the National Geophysical Data
Center (https://ngdc.noaa.gov/ (accessed on 6 April 2022)), which were de-noised to
generate stable nighttime light data dispersed in each area. They were used to calculate
the township development intensity. The United States Geological Survey (USGS) remote
sensing image platform was used to obtain Landsat information with 30 m spatial resolu-
tion (https:/ /earthexplorer.usgs.gov/ (accessed on 10 March 2022)), which was used to
calculate LST and NDVI metrics. Dr. Wei Jing and Professor Li Zhanqing [51,52] developed
ChinaHighPM2.5 (1 km X 1 km), one of several full-coverage, high-quality, and high-
resolution long-term ground-level air pollutant datasets produced in the Chinese context;
it is measured in pg/m?. Additionally, the Digital Elevation Model data applied were
NASADEM_HGT V001 (https:/ /lpdaac.usgs.gov/products/nasadem_hgtv001/ (accessed
on 26 May 2022)) from NASA, which have a spatial resolution of 30 m and a coverage of
60N-56S, they were used to compute topographic difference, and the Revised Universal
Soil Loss Equation (RUSLE) was used to assess soil erosion. The uniform data resolution
for each indicator was 200 m, and the spatial resolution of the results (RES, pressure, state,
and response) was 200 m.

3.2. Regional Ecological Security Assessment Model

Based on the PSR framework established by the Organization for Economic Coop-
eration and Development [53,54] and combined with the current status of domestic and
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international research on ecological security, considering that the study area is small scale
and many township-scale data are challenging to obtain. So this paper selected nine evalu-
ation indicators from pressure, stress, and response levels. Finally, a small-scale regional
ecological security assessment model applicable to the study area was established, as shown
in Table 1.

Table 1. Regional ecological security assessment model.

Target Layer The Standard Layer Index Layer Attribute
Township Development Intensity negative
Township Development Speed negative
Pressure Soil Erosion negative
Air Pollution Concentration negative
Regional ecological security Topographic Difference negative
assessment model
Land Surface Temperature negative
State Landscape Fragmentation negative
Ecological Vitality positive
Response Ecological Resilience positive

(1) Township Development Intensity [55]. It refers to the expansion of human activities in
the township. The general economy of the DZGIED has been growing, but excessive
development and construction will cause damage to the environment.

TDI = B/S¢g x PCC (1)

pPCC = (Lave - Lmin)/(Lmax - Lmin) (2)

where TDI refers to the township development intensity of the DZGIED; B is the
build-up area of the grid; S is the total area of the grid; PCC is the population
concentration coefficient; Ly, is the average brightness of nighttime light; Lpin is the
minimum brightness; and Lnax is the maximum brightness.

(2) Township Development Speed [55,56]. If the economic development speed of the
DZGIED grows too fast, it could damage the ecology.

TDS = B, — B, 1 3)

where TDS refers to the development speed of the DZGIED; By is the build-up area
in year y; B, 1 is the build-up area in year y — 1.

(8) Soil Erosion [57,58]. Soil erosion destroys land resources and causes land degradation,
loss of soil fertility, siltation, and other problems. It can have a negative ecological
impact. The RUSLE model was used to calculate the soil erosion degree.

A=RXKXLSxCxP 4)

where A is the mean annual soil loss; R is the rainfall erosivity; K is the soil erodibility;
LS is the topography; C is the vegetation cover; P is the factor of conservation practice.

(4) Air Pollution Concentration [51,52]. Excessive concentration of PM2.5 will lead to the
deterioration of air quality, which will cause pollution and damage to the ecosystem,
and affect the health and stability of the ecosystem.

(5) Topographic Difference [59]. Variations in slope are caused by topography. Significant
differences in altitude affect other natural factors such as precipitation, temperature,
and so on, affecting human socio-economic and social activities.

TDI = Gvar/Gave (5)
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(6)

@)

®)

©)

where TDI refers to the topographic difference index for the DZGIED; Gy, is the
gradient variance; Gy is the average gradient. It was calculated with DEM data.
Land Surface Temperature [60]. The Land Surface Temperature (LST) is fundamental
in studying the surface thermal environment and the urban heat island effect. This
paper solves the surface temperature in accordance with Statistical Mono-Window
(SMW). Too high or too low land surface temperature will cause adverse effects on
the ecology and destroy the ecological balance.

T 1
LST:AZ-?b—FBiE—i—Ci 6)

where Tb is the TOA brightness temperature in the TIR channel and ¢ is the surface
emissivity for the same channel. A;, B;, and C; are algorithm coefficients. The LST
indicator was calculated by using Google Earth Engine based on the study of Ermida
et al. [60].

Landscape Fragmentation degree [61]. Landscape fragmentation is one of the most
dominant aspects of the structure of ecosystems. A landscape with high fragmentation
degree is vulnerable to interference by human activities and natural disasters, and its
anti-interference ability is weak.

LF=Y" N;/Sc )

where LF is the degree of landscape fragmentation, Number “6” represents that there
are six types of land use, N; is the number of land patches, and Sg is the total area of
the grid.

Ecological Vitality. Ecological vitality is the completeness and health of the ecosystem,
supporting the prosperity and development capacity of the ecosystem. The growth
quality of vegetation is a sign of ecosystem vitality [62]. The maximum annual NDVI
was used to express ecological vitality.

EV - NAmax (8)

where EV is the ecosystem vitality of the grid, NAmax is the largest NDVIL
Ecological Resilience [63]. Ecological resilience represents the ability of the ecosystem
to keep and regulate itself while withstanding a series of external pressures and
disturbances. It can mitigate the impact of external ecological pressure on regional
ecological security to some extent.

ER=Y " fixCi/Sg ©)

where ER is the grid system’s ecosystem resilience, f; is the resilient weight of the
land use i, C; is the area of the land use type i, and S is the grid system’s area. The
ecosystem resilient weight of each land use type in the study was Forest 1; Grass Land
0.8; Cultivated Land 0.6; Artificial Surfaces 0.2; Water Body 1; Bareland 0.4.

3.3. Comprehensive RES Index
3.3.1. Data Standardization

The normalization of the indicators selected the maximum difference normalization

method, which results in the raw data matrix of the DZGIED with m indicators for n years.

For positive indicators:
Xi — Ximi
Xy = L—L (10)

ijax - ijin
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For negative indicators:

Xi' —1— X] - ijin

/ ijax - ijin

(11)

where Xl-]- represents the standardized value of each index (i=1,2,3,...,1n,7=1,2,3, ...,
m); X; represents the value of the indicator j in i year; Xjmin, Xjmax are the maximum and
minimum values of the indicator j, respectively.

3.3.2. Assignment of Index Weights

Indicator weights are assigned different weight values according to the importance
of each indicator, and their scientific determination is of great significance to the compre-
hensive evaluation results. Commonly used methods for determining indicator weights
include hierarchical analysis, entropy weighting method, principal component analysis,
etc. The entropy weighting method can effectively solve the problem of decision accuracy
and reliability [64,65]. The entropy value is the decisive factor in reflecting the decision’s
accuracy and reliability, which can objectively determine the importance of each indicator
and give it the corresponding weight [66]. Therefore, this paper adopted the objective
entropy weighting method to obtain the weights of each regional ecological security index
factor. It can avoid the subjectivity and inaccuracy of assignments.

According to the theory of the entropy weighting method, firstly, calculate the entropy
of m evaluation objects and n evaluation indicators. Define P;; as the weight of the ith
evaluated indicator under the jth indicator and e; is the indicator entropy value. Utilizing
the formula:

1+ X
Pj= s (12)
; (1+ Xl])
-1 m
e = r’”/nlzzl Pl] In PZ] (13)

When P;; = 0, P;jIn P;; = 0; after the entropy value of the index is determined, the
entropy weight W; of the ith index can be determined according to the following calculation
formula:

W; = _l-e (14)

(1—e)

It:

1

After a series of calculations, the index weights were obtained, see Figure 2. In the pres-
sure layer, the air pollution concentration was most weighted in 2000, and the topographic
difference was negligible. But by 2020, the weight of township development intensity is the
highest because the DZGIED is in the plain, and the impact of the topographic difference
on ecological security is almost zero. In the state layer, in 2000, the effect of ecological
vitality is most significant, and the land surface temperature is less weighted. While in
2020, the weighting values of the land surface temperature and landscape fragmentation
remarkably increased. In the response layer, compared to 2000, in 2020, the value of the
ecological resilience weighting has decreased slightly, but the degree of influence has al-
ways been more significant. It can be deduced that township development intensity, air
pollution concentration, and ecological resilience are the key indicators affecting the level
of ecological security in the DZGIED.

3.3.3. Comprehensive Index of Regional Ecological Security

Through the above calculation process and steps, standardize each evaluation index
and calculate index weights, then utilize Equation (15) to obtain the comprehensive value
of regional ecological security.

RES =Y " W;X;; (15)
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where RES is the comprehensive regional ecological security value of the DZGIED; W; is
the weight value of each indicator; Xij is the standardized value of each indicator; i =1, 2,
3,...m;j=1,23,...,m.

0.50
Ecological Resilience
Ecological Vitality
0.40
Landscape Fragmentation
Land Surface Temperature L 0.30
Topographic Difference
Air Pollution Concentration - 0.20
Soil Erosion
0.10
Township Development Speed
Township Development Intensity ) 0.253
0.00

2000 2005 2010 2015 2020
Figure 2. Weight values of each indicator.

3.4. Assessment Level

This paper combines the characteristics of the ecological environment of the DZGIED
with the degree of regional ecological security. It determines the criteria for dividing
the ecological safety evaluation of the DZGIED by referring to other relevant works and
materials. The regional ecological security assessment of the DZGIED is classified into five
levels according to its comprehensive security value. The RES index is between 0 and 1. If
the RES value is higher, it indicates an elevated level of ecological security. Conversely, if
the RES value is lower, the security level of the area is dispirited. See Table 2 for details.

Table 2. Regional ecological security assessment standards and levels.

Evil:‘la:;on First Level Second Level Third Level  Fourth Level Fifth Level
Descrio Very insecure Rela’avely Moderately Relatively Very secure
escription insecure secure secure
Highly Moderately Mildly In good state Comforted
alarmed alarmed alarmed
RES value <0.20 0.20-0.40 0.40-0.60 0.60-0.80 >0.80

3.5. Spatial Autocorrelation Analysis

Spatial autocorrelation refers to the correlation between different locations in spatial
data. In this study, global autocorrelation and local spatial autocorrelation were applied to
explore the spatial distribution pattern and the degree of spatial aggregation of regional
ecological security by using Geoda 1.16 software.

iy Yy Wii(x — %) (x5 —x) Lt X Wi (v = %) (% = %)
I= n n : =2 = SZzﬂ now (16)
Zi:l Zj:] le(xi - x) i=1 &ji T
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2 1y =2 7
$=-3 i (xi—7) (17)
w11 W22 Win
Wz W22 -+ Wpn
Wij=1 . S : (18)
Wyl Wyp2 -+ Wnn

where [ is the global Moran index; x; is the RES value of region i; n represents the total
number of samples; W;; represents the spatial weight, which is created based on the QUEEN
adjacency matrix; X is the mean value of x.

Xj— X
Ii = ( 152 )Z] (xl- — x) (19)
where [; is the local Moran indeX, the spatial correlation patterns of local autocorrelation
include five types of high-high aggregation; high-low aggregation; low-high aggregation;
low-low aggregation; and not significant.

3.6. Slope Trend Analysis

Slope trend analysis is a common trend analysis method, and it can be used to study a
set of data trend directions and trend degrees.

nY g Yiresi — Yiq Vil Tesi
ny it — (i vi)?

where 7 is the total number of years, equal to 5; y; denotes the ith year; res; is the RES value
corresponding to the ith year. The magnitude of the SLOPE can reflect the rate of change
in the RES index rising or falling. The grading criteria were determined using the natural
breakpoint method of ArcGIS.

Slope = (20)

4. Results and Analysis
4.1. Regional Ecological Security for the DZGIED

The constructed regional ecological security assessment model was used to obtain the
overall RES value for the study area. Figure 3 shows the spatial and temporal variation
in the regional ecological security index for the DZGIED from 2000 to 2020. The average
RES value of the DGZIED during the study period was 0.58, which is at a moderately
secure level. From 2000 to 2005, the overall RES value increased slightly and then decreased
year by year until 2020. The RES value decreased from 0.60 to 0.53. Most areas within the
DZGIED have a high level of ecological security, with relatively few places having a low
level. The low RES level zones are mainly in Huaxin, Chongyuan, Tongli, and Shengze.
These areas are mainly within the Wujiang electrooptical communication zone, the Jiashan
Specialization Cluster, and the Qingpu Industrial Zone. They have a relatively high level of
economic development, and the rapid expansion of industry and commerce may impact
the ecological environment. The areas with the highest RES levels are found in the Taihu
Lake and Dianshan Lake basins, which is due to the superior natural resources of Jiangnan.
Areas with higher RES values are also scattered around Qidu Town, Baihe Town, and
Zhujiajiao Town. Zhujiajiao is an ancient town famous for its 1700-year history. It has often
been likened to a lustrous pearl on the shores of Dianshan Lake.

The total area of the different security levels in the DZGIED, Jiashan County, Qingpu
District, and Wujiang District was calculated, see Figure 4. The proportion of zones at
the unsafe level increases year by year, the ratio of areas at the less safe level more or less
remains the same, the balance of zones at the critical safe level decreases year by year, the
proportion of regions at the safer level increases and then falls year by year, and the ratio of
areas at the safe level also decreases year by year from 2010 onward. In 2005, the proportion
of areas in a good state increased by 10% compared to 2000, and the overall ecological
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safety level was also the highest in 2005. By 2020, the proportion of areas below the second
level increased to 29.48%, but the proportion of areas at a good ecological safety level still
had the highest percentage. From 2000 to 2020, the proportion of areas in a good state (the
fourth level) of ecological safety was higher than in any other state, and the proportion of
areas in a safe state was increasing, indicating that the overall ecological safety within the
demonstration area is in a good state.

2000 N b) 2005 N 2010 N
(@) A (b) | A (©) A

Legend
B very Secure
[ Relatively Secure [ Relatively Secure [ Relatively Secure
[ ] Moderately Secure [ ] Moderately Secure [ | Moderately Secure
[ Relatively Insecure [ Relatively Insecure L [ Relatively Insecure
Km I Very Insecure Km N Very Insecure Km N Very Insecure

Legend
B very Secure

Legend
B very Secure

I Very Secure
Relatively Secure

[ ] Moderately Secure [ ] Moderately Secure
Relatively Insecure Relatively Insecure

L1 Km [ Very Insecure Km [ Very Insecure

[ Relatively Secure

Figure 3. Spatial and temporal variation in the RES levels for the DZGIED from 2000 to 2020.

2020 2020
2015 2015
2010 2010
2005 2005
2000 2000
0 20 40 60 80 100 % 0 20 40 60 80 100 %
(a)EGIDZ (b)Jiashan
2020 2020
2015 2015
2010 2010
2005 2005
2000 2000
0 20 40 60 80 100 % 0 20 40 60 80 100 %
(c)Qingpu (d)Wujiang
Very Secure Relatively Secure Moderately Secure Relatively Insecure Very Insecure

Figure 4. Area proportion change in different security levels.

At the district level, the temporal change in the RES levels with administrative districts
is generally consistent with the change in the DZGIED. The proportion of areas with the
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(a) 2000

lowest and highest ecological safety levels both show an increasing trend year by year,
indicating differences in the environmental safety effects of the townships within the study
area. Among them, Jiashan County has the smallest area at the safe level, and its sustainable
development capacity could be weakened. Wujiang District has the highest proportion of
areas in a healthy state, and its overall ecological safety level is high.

4.2. Analysis of RES at Township Scale
4.2.1. Spatiotemporal Change in RES in Each Township

The average value of the RES for each township in the DZGIED was noted and
expressed in levels (see Figure 5), and the maximum and minimum values of the RES for
each township were counted separately (see Figure 6). It can be seen that the mean RES
decreases from 0.601 in 2000 to 0.533 in 2020, and the security level decreases from the
fourth level to the third level, with little overall change, but the ecological security status
of each administrative region varies significantly spatially, and the RES of each township
shows fluctuating changes over two decades. In 2000, most towns were at the fourth level
of ecological security. In 2020, the ecological security level in the middle towns turned
to the third level, and the levels of some towns in the northeast significantly decreased.
Spatially, the ecological security shows a general trend of a slight decline from the northeast
and southeast to the center.

N b) 2005 N 2010 N
A (b) A (© A

‘ourth Level

I Fifth Level Km [ Finh Level

Figure 5. RES of each township at the DZGIED.

In terms of individual administrative divisions, the ecological security of Jinze Town
is always at the highest level from 2000-2020, with its average RES close to 0.70, and the
Jinze reservoir in the upper reaches of the Huangpu River is located here, which makes a
certain contribution to the integrated ecological management of the Yangtze River Delta. In
2000, the extreme RES of Songling Town was the largest, and the extreme RES of Xujing
Town was the smallest. In 2005, the extreme RES of Jinze Town was the highest, and Baihe
Town had the lowest RES. In 2010, the largest extreme RES turned to Xitang Town and that
of Xianghuagqiao street was the smallest. In 2015, the extreme RES of Qidu Town was the
highest and that of Lili Town was the lowest. In 2020, the extreme RES of Jinze Town was
the largest and that of Qidu Town was the smallest. High values of RES appeared in towns
such as Taozhuang Town, Qidu Town, Zhujiajiao Town, and Songling Town, but from 2000
to 2020, their RES still showed a decline. The RES of Weitang street, Yingpu street, and
Xianghuagqiao street all show a decreasing trend year by year, and the decline is large. In
addition, the mean RES of Xujing Town and Huaxin Town decreased from 0.50 and 0.52
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in 2000 to 0.26 and 0.25 in 2020, respectively, with the greatest decline. Both towns are
in Qingpu District, and Xujing Town is one of the new suburban towns that started the
earliest development of Shanghai and is the leading township in the economic and social
development of Qingpu District. It has a high level of economic development, but the level
of ecological safety is at the bottom of the list.

The spatial differences in the RES extremes are obvious. The RES of streets is generally
lower than that of townships because they are similar to cities and have a higher level of
urbanization, which causes more damage to ecology by human factors.

I 2000MEAN [ 200SMEAN  [7] 2010MEAN [ 2015MEAN (B 2020MEAN
—A—2000MAX ~ —A—2005MAX 2010MAX ~—4A—2015MAX  —A—2020MAX

—¥— 2000MIN —v— 2005MIN 2010MIN —¥— 2015MIN —v— 2020MIN

Figure 6. RES of each township (column chart: mean of RES; line chart: maximum and minimum of
RES. (QY: Qianyao; JZ: Jinze; YP: Yingpu; CG: Chonggu; WT: Weitang; TN: Tianning; SZ: Shengze;
Z27: Zhenze; TZ: Taozhuang; XT: Xitang; YZ: Yaozhuang; QD: Qidu; PW: Pingwang; LT: Liantang;
LL: Lili; ZJ]: Zhujiajiao; XY: Xiayang; X]: Xujing; TL: Tongli; SL: Songling; XHQ: Xianghuagiao; HX:
Huaxin; BH: Baihe; ZX: Zhaoxiang; DY: Dayun; LX: Luoxing; TY: Taoyuan; HM: Huimin).

4.2.2. Spatial Autocorrelation Analysis of 28 Township Streets

The global spatial autocorrelation (global Moran’s I) and the local indicators of spatial
autocorrelation (LISA) [67] were analyzed for the ecological safety value of each township
in the study area. The results show that the ecological security of the DZGIED exhibited
strong spatial autocorrelation.

Firstly, the global Moran’s I index was calculated. Global spatial autocorrelation was
performed for each year. The 2000 global Moran’s I was 0.398, the 2005 global Moran’s I
was 0.551, the 2010 global Moran’s I was 0.462, the 2015 global Moran’s I was 0.495, and
the 2020 global Moran’s I was 0.471. The values of the Moran index in these five years are
all in the [0, 1] range, indicating a positive spatial correlation in the ecological security in
the demonstration zone in the past 20 years, and the spatial autocorrelation is strong. In
particular, in 2005, 23 townships showed a positive spatial autocorrelation, accounting for
82.14% of the entire study area. One of the townships with a positive correlation was fewer
in 2020 than in 2005. The results showed that the cities with positive spatial correlations
decreased in number slightly but remained essentially unchanged.

All the calculations passed the significance test, with a z-value > 1.96 and a p-value < 0.05,
indicating significant clustering. After the local Moran index was calculated (Figure 7), it
can be seen from the significant cluster plot of LISA that the high-high aggregation and
low—low aggregation are mainly distributed in Songling Town, Lili Town, Jinze Town,
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Zhaoxiang Town, and a few other towns. The results show that the ecological security of
the DZGIED is more critical to the central area, and the impact of environmental safety
on the central area is more significant. The central area includes Songling Town, Qidu
Town, Pingwang Town, Lili Town, Jinze Town, and Liantang Town, distributed around
Taihu Lake and Dianshan Lake basins, with large-scale water production and rich water
resources, which have a significant impact on the ecology of the demonstration zone.
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Figure 7. LISA cluster map of regional ecological safety in 28 townships.
4.3. Influence of Different Subsystems on RES
The average value of the RES under different subsystems was calculated separately
(Table 3). The environmental pressure in the DZGIED first showed a rising trend and then
a decreasing trend (Figure 8). The ecological state showed a trend of declining first and
then rising before decreasing again. The value of the ecological response in the DZGIED
decreased continuously.
Table 3. Comprehensive evaluation level of RES.
Y Pressure State Response Comprehensive Index
ears
RES Level RES Level RES Level RES Level
2000 0.64 Relatively 0.67 Relatively 0.54 Moderately 0.60 Relatively
Secure Secure Secure Secure
2005 0.73 Relatively 0.65 Relatively 0.52 Moderately 0.62 Relatively
Secure Secure Secure Secure
2010 0.69 Relatively 0.69 Relatively 0.49 Moderately 0.59 Moderately
Secure Secure Secure Secure
2015 0.62 Relatively 0.67 Relatively 047 Moderately 056 Moderately
Secure Secure Secure Secure
2020 0.58 Moderately 0.63 Relatively 0.46 Moderately 053 Moderately
Secure Secure Secure Secure

See Figure 9 for details. In 2005, the pressure on the ecosystem first increased and
then showed a trend of continuous decline, which is consistent with the time change trend
of the overall ecological security. According to this index, the overall pressure on the
ecosystem in the DZGIED is increasing. From the perspective of the security level of the
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demonstration zone, only Qidu Town, Songling Town, and Zhujiajiao Town maintain the
safety level, showing a relatively stable state. The safety level of Qingpu District’s clusters
of towns in the Wujiang Development Zone is declining yearly. According to the index of
the pressure layer, township development intensity and air pollution concentration have
a more significant negative impact on ecological security pressure. Compared with that
in 2000, the development intensity’s effect on the demonstration zone’s environmental
security pressure was significantly more significant in 2020. The development intensity
and pollution of the industrial park are more severe than in other regions, which will cause
more pressure on the ecological security in the demonstration zone.

08l Pressure
State
--A--- Response
0.7
0.6
A _
‘”‘A\._\_
0.5¢ AL
TTee—ll . A— ___________ —A
0.4 L L . . '
2000 2005 2010 2015 2020

Figure 8. Trend of each subsystem index from 2000 to 2020.

The value of the ecological state in the DZGIED also showed a clear downward trend,
but there was a certain fluctuation. From 2000 to 2005, it declined. From 2005 to 2010, it
rose a little. And from 2010 to 2020, it showed a clear downward trend. Overall, however,
from 2000 to 2020, the value of the ecological status remained in decline. The results
indicate that the ecological security of the demonstration zone was greatly affected by
external factors. The main reason for the fluctuations is the impact of urban expansion
and environmental governance measures. After 2010, the construction land within the
demonstration area increased, and the area of cultivated land and forest land decreased.
The development intensity increased significantly at this stage, and there was no good
environmental remediation and ecological protection. In addition, township reconstruction
has been carried out in the demonstration area. New industrial parks, such as Jiashan
High-tech Industrial Park, Wujiang Development Zone, and Qingpu Industrial Park, have
been built.

In 2000, the impact of ecological vitality on the environmental security state layer
was more significant than in 2020, when the weight value of landscape fragmentation
and land surface temperature increased significantly. According to the remote sensing
images and land use data, the woodland area was significantly reduced. The landscape
fragmentation of the forest area increased, and the land surface temperature increased
yearly. Both indicators are negative. The security index of the ecosystem state layer became
smaller. The regional state safety index of Taihu Lake, Dianshan Lake, and other water
bodies flowing through the demonstration area also showed a downward trend. The reason
is that the NDVI value of the water body is negative, so the safety index in the water body
is abnormal. Regarding the security level of each town, there was a decrease in the areas
with a secure status and insecure statuses. By 2020, most of the regions had the status of
relatively secure.

The value of the ecosystem response in the demonstration zone decreased. This
decrease shows that the ecological security in the DZGIED is greatly affected by the pressure
and state of the environmental safety of the system, and it is more challenging to implement
the ecological security response of the system effectively. The DZGIED still needs to increase
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the response to the ecological environment policy in the future. From the perspective of the
safety level of each district, the response status of the economic development zones and
high-tech parks in the demonstration zone is lower than in other townships of the study
area. Although the Yangtze River Delta region has always emphasized the construction
of ecological civilization, governments at all levels have also realized the importance of
environmental problems and have taken various measures to promote ecological security.
However, because the towns in the study area are at a relatively low economic level in
the Yangtze River Delta region, the pressure of ecological security is relatively large, the
industrial energy level (the influence of industry on economic development in an area
within a certain period) and the industry value segments of the demonstration zone are
generally not high, and the economic development mode is relatively traditional, which
also restricts the effect and quality of the ecological security response of the system.

2000 N 2000 N k) 2000 N
(@) A ® A (k) A

Figure 9. Spatial and temporal variation in RES in different subsystems. (a—e): pressure level;
(f—j): state level; (k—o): response level.
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4.4. Trend Analysis for RES

For the purposes of evaluating trends in ecological security within the research area
over the study period, which covered the years 2000-2020, it was decided to adopt the slope
trend analysis [68] (see Figure 10). Thus, five trends were identified, namely, substantial
increase, slight increase, generally unchanged, slight decrease, and substantial decrease.
These trends aligned with the natural points of discontinuity method associated with the
geographic information system software known as ArcGIS 10.8. Subsequently, it was
possible to gauge the proportion of the area linked to each trend in respect of Jiashan
County, Qingpu District, and Wujiang District. Hence, for the 2000 to 2020 research period,
it was determined that no significant change in trends was evident for 17.09% of the
demonstration zone. The concentration of these areas in the DZGIED is markedly uniform,
whilst 7.34% of the DZGIED areas revealed substantial improvements, and 56.35% of areas
within the demonstration zone revealed evidence of marginal improvements.

54.49
52.74 59.06
TTT— T
22.01 e
k7¥16413»\ 15.59
1683 10.58 711

Jashan Qingpu  Wujiang

56.35%
_a .

7.34%
9.11%

10.11%

Figure 10. (a) Emerging trends in RES values within the demonstration zone. (b) The proportion of
the region in respect of each trend in Jiashan County, Qingpu District, and Wujiang District. (c) The
proportion of the area linked to each trend within the demonstration zone.

Those areas that exhibited significant trends towards more marked improvement
trends tended to be located in the west, southwest, and southeast parts of the DZGIED.
Moreover, the areas with only marginal improvements were dispersed throughout the
entirety of the demonstration region. In addition, areas with substantial downward trends
represented 9.11% of the whole demonstration zone, whereas there were slight downward
trends in 10.11% of the overall demonstration zone. By superimposing the land use map
over the trend chart, it is possible to discern that these areas are primarily located in
the developed zone. In total, 9.88% of Qingpu District exhibited a significant increasing
trend, which exceeded the trends displayed in the remaining two regions. This stands in
contrast to the marginal increase demonstrated in 52.74% of the region, which was the least
significant proportion out of all three demonstration areas. Furthermore, in Jiashan County,
22.01% of regions remained typically unchanged, while about 17% displayed decreasing
trends, which exceeded other regions.
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5. Discussion

In the literature on ecological security assessment, there are few studies on ecological
security in small areas. To build on the existing research, this paper examines the situation
of the DZGIED in the Yangtze River Delta and selects the indicators for a comprehensive
evaluation to ensure the scientific credibility of the research. The research results are also
analyzed and discussed from the perspective of administrative divisions, which can reflect
the regional ecological security situation and differences more comprehensively. And it can
be optimized unlike previous studies that only focus on the region as a whole.

5.1. Dynamic Change Law of Ecological Security

The ecological environment is a very complex integrated whole, and its dynamic
change shows a complicated and diversified trend. In the exploration of the DZGIED,
the following text discussed the dynamic change trend of ecological security from the
environment, policy, population, and other aspects based on the relevant information and
policy information.

Firstly, environmental factors play a key role in determining the dynamics of ecological
security [69]. During the study period, environmental issues such as air quality, water
quality status, and soil pollution in the demonstration zone have attracted much attention.
The degradation of waterfront ecological wetland, the total amount of pollutants discharged,
and other problems have caused a certain negative impact on the regional ecological
security, showing a general trend of deterioration. Secondly, the government departments
have intensified environmental protection policies and issued a series of plans, such as
“Joint protection planning of ecological environment in Yangtze River Delta”, etc., to
regulate the behavior of enterprises and individuals and strengthen ecological protection.
At the same time, in order to promote regional ecological protection and green development,
the government has established an ecological compensation mechanism. Thirdly, with the
acceleration of economic development and urbanization in the demonstration zone, the
population migration shows the characteristics of flowing from less developed areas to
developed areas, leading to the change in the population structure and the improvement in
the urbanization rate. Meanwhile, restricted by the ecological environment, resources, and
other factors, the population capacity of the DZGIED may show fluctuations [70]. Fourthly,
in the past 20 years, the industrial structure of the demonstration zone has changed a
lot. Traditional industries have been gradually transformed and upgraded, and emerging
industries such as green technology and eco-tourism have developed rapidly, promoting
green economic growth. Regional cooperation has been strengthened, and all localities
have jointly promoted ecological and environmental protection and resource sharing to
achieve coordinated development.

In general, from 2000 to 2020, the dynamic change law of ecological security in the
DZGIED is as follows: environmental quality still needs to be improved, policies and
systems are constantly enhanced, the population structure changes, the industrial structure
is optimized, and regional cooperation is strengthened. In the future, the demonstration
zone will continue to adhere to the concept of integrated ecological and green development,
promote the construction of ecological civilization, and ensure ecological security.

5.2. Recommendations for Future Enhancement of Ecological Security

This study shows that the overall ecological security situation of the demonstration
zone is dominated by the critical security state, which needs to be improved. It is still
necessary to promote the construction of various demonstration projects ahead, including
projects concerning ecological environmental protection, industrial innovation, and the
quality of human settlements, thus guaranteeing the orderly implementation of high-quality
integrated construction in the demonstration zone in the future. It is also suggested that the
DZGIED should strengthen the natural regulation capacity of the ecological environment,
optimize the land use structure, formulate scientific and reasonable ecological planning,
clarify the ecological red line, ecological corridor, etc., so as to fundamentally reduce the
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regional ecological environment pressure and improve the environmental security level. For
towns with a higher security level, they should continue to strengthen ecological awareness
and maintain a high level of ecological security; for towns with larger decreases in RES,
they should pay more attention to ecological civilization construction, and the development
of green and low-carbon industries should be encouraged. In addition, the ecological
monitoring network system should be established to conduct real-time monitoring of key
regions and key ecological elements, which can improve the ecological risk early warning
ability, and strive to balance the relationship between economic development and ecological
security, thus ensuring the steady improvement in the regional ecological security level to
realize regional sustainable development.

6. Conclusions

This paper constructed a regional ecological security assessment model for the DZGIED
using the PSR framework and evaluated the ecological security situation of the demon-
stration zone from 2000 to 2020. The ecological security status of the study area was also
analyzed at a small scale of townships. Moreover, the influencing factors of ecological secu-
rity in the demonstration zone were analyzed from the perspective of the ecological security
subsystem. In turn, a trend analysis of the ecological safety status of the demonstration
zone was conducted. The main results are as follows:

(1) From 2000 to 2020, the regional ecological security of the DZGIED first shows a trend
of rising and then a slight decline overall. The RES decreased from 0.60 to 0.53. The
ecological security level is kept above the critical security level. The areas with the
highest RES levels are found in the regions that have the superior natural resources
of Jiangnan. The lower RES level zones are mainly within the Wujiang electrooptical
communication zone, the Jiashan Specialization Cluster, and the Qingpu Industrial
Zone. They have a relatively high level of economic development, and the rapid
expansion of industry and commerce may impact the ecological environment.

(2) The spatial differences in the ecological safety status among administrative districts
are significant, and the RES of townships shows fluctuating changes. The spatial
differences in the RES extremes are obvious. The streets are more urbanized, and
the RES values are generally lower than those of townships. The ecological security
situation of each township in the DZGIED presents a strong spatial autocorrelation.
More than 80% of townships in the study area have positive spatial correlations. The
cities with positive spatial correlations decreased in number slightly but remained
essentially unchanged. The regional ecological security is more critical to the central
area and the impact of environmental safety on the central area is more significant.

(8) Different subsystems of the regional ecosystem have other effects on ecological se-
curity. Among them, the ecological pressure subsystem is the most critical driver of
the decline in environmental safety. The ecological state and response subsystems
exacerbate the downward trend in ecological safety. Human disturbance is the crucial
issue causing a deterioration in environmental security. Excessive land development
is the direct driver of the ecological security decline in the demonstration zone. Eco-
logical issues such as air pollution and urban heat islands also negatively impact the
DZGIED’ s ecological security.

(4) The ecological security of the DZGIED generally shows an improving trend. Regions
associated with significant increasing trends were identified around the DZGIED,
specifically in the west, southwest, and southeast. Nonetheless, the increasing rate
with which urbanization is occurring has still adversely affected specific regions.

There are still some imperfections in this paper. In the selection of regional ecological
security assessment indicators, although the selection principles of many indicators are
mentioned and the results are also in line with expectations, there is still much space for
improvement in the option of indicators, and more natural, economic, and other aspects
of the elements will be considered in the future, so that the ecological security assessment
of the demonstration zone will be more comprehensive. In addition, the analysis of the
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influencing factors of RES is relatively simple and not inclusive enough. It selected only the
factors in the assessment model and explored the magnitude of each factor’s influence on
the RES level in the study area. Follow-up studies will consider adding multi-dimensional
factors to enrich the ecological security driving force research of the demonstration zone.
Moreover, it is expected to predict the future ecological security level in the study area;
thus, the study will be more diverse.
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