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Abstract: Urbanization has a significant negative impact on both the structure and function of ecosys-
tems, as it is a major part of the human-caused transformation of natural landscapes. Concurrently,
the attenuation of ecosystem service values (ESVs) poses critical impediments to urbanization and
imperils human well-being. Investigating the interactive coupling and coordination relationship
between urbanization and ESV is paramount in informing urban development strategies and envi-
ronmental preservation efforts. Using Jiangsu Province as a representative case, this study forges an
urbanization assessment index framework, estimates ESV, and subsequently delves into the multi-
faceted nexus between urbanization and ESV. The findings disclose a gradual uptick in urbanization
levels in Jiangsu Province, underscored by conspicuous regional disparities typified in the subregions
of southern Jiangsu, central Jiangsu, and northern Jiangsu, mirroring the high congruence observed
in the economic urbanization subsystem. However, this upward trajectory in urbanization coincides
with an overarching descent in ESV, with the most pronounced declines manifesting in regions char-
acterized by elevated urbanization levels, such as Nantong and Suzhou. A robust interrelationship
between urbanization and ESV is discernible throughout Jiangsu Province. Nevertheless, certain
cities exhibit perturbations and retrogression in the associations between urbanization subsystems
and ESV. The coupling coordination between population urbanization and ESV is characterized
by disharmony while the coordination of economic urbanization markedly lags. Additionally, sev-
eral cities are witnessing a progressive deterioration in the coordination relationships between ESV
subsystems (food production, soil conservation, gas regulation, and raw material production) and
urbanization. In light of these findings, it is recommended that governmental authorities enact
measures to harmonize urban development with environmental preservation, safeguard the integrity
of ecosystem functions, and facilitate the sustainable management of land resources.

Keywords: urbanization; ecosystem service value (ESV); coupling coordination degree model (CCD);
Jiangsu Province

1. Introduction

Natural ecosystems provide essential services to humanity, including habitat, raw
materials, food, clean water, and more. These services play an irreplaceable role in hu-
man survival, development, and well-being [1]. The concept of ecosystem services has
evolved [2], with its early definition by Costanza [3] and the widespread global attention it
received with the release of the Millennium Ecosystem Assessment (MEA) by the United
Nations. Research increasingly indicates that ecosystem services are being lost on a global
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scale, including services related to flood control [4], genetic resources [5], and pollina-
tion [6]. Ecosystem service assessments make the value of these losses more intuitively
understandable. According to Costanza (2014) [7], from 1997 to 2011, land use changes
led to annual losses of ecosystem services worth USD 4.3-20.2 trillion, prompting a more
thoughtful consideration of the trade-offs between economic development and ecological
preservation by global policymakers. Urbanization serves as both the foundation and
outcome of economic development and is a significant driver of land use change. As the
human population has grown and economic development advanced, human activities
have led to considerable modifications of natural environments, resulting in climate change
and loss of biodiversity [8-10]. Urbanization is one of the primary factors driving these
imbalances [11,12]. With the urban population projected to grow from the current 55% to
68% by 2050 [13], urbanization will continue to have a profound impact on ecosystems.
Urban expansion is an inevitable component of the urbanization process and invariably
comes at the cost of forfeiting natural or seminatural landscapes [14]. This transformation
leads to the conversion of land into impermeable surfaces [15]. Within the backdrop of
population growth and economic development, as time progresses, the pressures on ecosys-
tem services stemming from changes in land use and land cover due to urban expansion
become increasingly pronounced [16]. The most conspicuous characteristic of the urban
expansion process lies in its conversion of ecologically valuable and agricultural lands into
urban construction zones [17,18], which have lower ecosystem service values. This trans-
formation is chiefly characterized by spatial disarray [19,20] and rapid temporal alterations.
Consequently, it directly results in the disorderly distribution of urban construction zones
and the swift development and construction of new urban areas and high-tech zones during
the rapid urbanization process. All these factors consume significant portions of periur-
ban land types, such as forests, farmlands, and water bodies, which provide ecosystem
services [21]. This, in turn, leads to the erosion of ecological functions, such as heightened
carbon emissions and loss of biodiversity, resulting in the diminished value of ecosystem
services. This situation poses a severe threat to human health and survival [22-24].
Additionally, the global city population share doubled (from 25 percent in 1950 to
about 50 percent in 2020), with a global population of 4.378 billion in 2020, as reported by the
UN-Habitat. With the sustained increase in urban populations, the demand for ecosystem
services within regions has seen a corresponding significant surge. This encompasses not
only fundamental services such as supply and regulation, which have a direct bearing
on survival, but also the frequent overcrowding of tourist destinations and parks on
holidays and weekends [25,26]. Urban expansion directly encroaches upon ecologically
valuable and agricultural lands, thereby diminishing ecosystem services. However, an
ever-increasing number of city residents are expressing an increased demand for regional
ecosystem services. This glaring contradiction will become increasingly acute as time goes
on [27]. Consequently, a more comprehensive understanding of the delicate equilibrium
between ecosystem services and urban expansion holds paramount practical significance.
The impact of urban expansion on ecosystems can be measured in terms of ecosystem
service value. Many scholars have analyzed the impact of urbanization on ecosystem
services from various perspectives, including social [28], biodiversity [29], and economic
value [30]. In the context of ecosystem service values, some studies have been dedicated
to investigating supply potential, with a focus on computing the maximum attainable
values [31]. Conversely, others have prioritized the assessment of actual supply [32],
representing services that can be practically utilized. Moreover, recent research has wit-
nessed a growing interest in the study of ecosystem service demand, including topics
such as ecosystem service deficits [27] and supply—demand mapping [33]. Studies have
consistently demonstrated that urban expansion reduces ecosystem services. This study
focused on Jiangsu Province and quantitatively analyzed the impact of urbanization on
ecosystem services.
Jiangsu Province, one of China’s most developed provinces, has experienced rapid
economic growth and urbanization over the past 15 years. This has led to a significant
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reduction in arable land [34], urban heat islands [35], soil erosion [36], and water resource
shortages [37], which seriously hinder the economic, social, and ecologically sustainable
development of Jiangsu Province. The goals and significance of this research include balanc-
ing the protection of arable land, urban expansion, and ecological landscapes; optimizing
land use structures; and minimizing the loss of ecosystem services during the urbanization
process. The study’s main objectives were as follows: (1) to construct an urbanization
evaluation index system for Jiangsu Province, (2) to estimate the ecosystem service value of
Jiangsu Province, and (3) to explore the coupling and coordination between urbanization
and ecosystem service value.

2. Materials and Methods
2.1. Study Area

The chosen research area for this study was Jiangsu Province, situated in the central
coastal region of mainland China (Figure 1). It is one of the most affluent regions in China,
and its geographical location has promoted rapid socioeconomic development since the
initiation of economic reforms. However, in recent years, the fast-paced industrialization
and urbanization processes in Jiangsu have resulted in unprecedented loss of arable land.
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Figure 1. Location of the study area.

Jiangsu Province is located between approximately 116°18’ to 121°57’ east longitude
and 30°45’ to 35°20' north latitude. It borders the Yellow Sea to the east and is adjacent to
Anhui, Shandong, Zhejiang, and Shanghai to the west, north, and southeast, respectively.
The province falls within a transitional zone from a temperate to a subtropical climate, with
distinct monsoonal climate features. It enjoys abundant light, heat, and water resources;
experiences four distinct seasons; and benefits from overall favorable natural conditions.

Jiangsu Province is comprised of 13 prefecture-level cities, including Nanjing (NJ), Wuxi
(WX), Changzhou (CZ), Suzhou (SZ), Zhenjiang (Z]), Nantong (NT), Yangzhou (YZ), Taizhou
(TZ), Xuzhou (XZ), Lianyungang (LYG), Huai’an (HA), Yancheng (YC), and Sugian (SQ).

2.2. Data Sources

The land use data for urban areas used in this study were sourced from the China
Academy of Sciences Resource and Environment Science and Data Center “http://www.
resdc.cn/ (accessed on 16 May 2023)”. These data were captured at a spatial resolution
of 30 m x 30 m and were generated from Landsat Thematic Mapper (TM) and Enhanced
Thematic Mapper Plus (ETM+) sensors. The interpretation was conducted through human-
computer interactive visual interpretation, with an overall accuracy exceeding 88.95%.
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The primary land use categories used for analysis in this study included cropland, forest,
grassland, water bodies, built-up land, and unused land (Figure 2). Digital Elevation
Model (DEM) data were obtained from the Geospatial Data Cloud Platform “http:/ /www.
gscloud.cn (accessed on 21 June 2023)”. Slope and aspect data were derived from the DEM
dataset. The socioeconomic data used in this study were primarily sourced from the China
City Statistical Yearbook (2005-2021), the Jiangsu Statistical Yearbook (2005-2021), local
statistical yearbooks (2005-2021) from various prefecture-level cities in Jiangsu, the China
Urban Construction Statistical Yearbook (2005-2021), and the National Compilation of
Agricultural Cost-Benefit Data (2005-2021).
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Figure 2. Distribution of land use type in Jiangsu Province from 2005 to 2020.

2.3. Method

This study developed an indicator system to demonstrate the level of urbanization by
gathering socioeconomic data and concurrently calculating the ecosystem service value
based on land use data. Then, the above indicators were standardized, and the weight of
each indicator was determined using the entropy weight method. Finally, the CCD model
was used to clarify the relationship between urbanization and ESV and its subsystems,
examine the factors, and provide recommendations. The research framework is illustrated
in Figure 3.

2.3.1. Construction of the Indicator System

Urbanization is a comprehensive concept and a systematic process. The urbanization
process is generally considered to encompass four main aspects: economic development,
population growth, urban spatial expansion, and sociocultural transmission [38]. This
article refers to the existing comprehensive evaluation index system [39] and summarizes
the connotation of urbanization into the following four aspects: 1. population urbaniza-
tion mainly reflects the degree of population concentration in cities, which is the basis;
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Standardization
of indicators

2. Economic urbanization mainly reflects the economic structure and development level;
3. structural urbanization mainly reflects the degree of changes in the geographical land-
scape of urbanization; and 4. social urbanization mainly reflects the level of lifestyle and
infrastructure supporting facilities. These four aspects are intertwined and influence each
other, but they comprehensively reflect the level of urbanization from different aspects to
varying degrees (Table 1).
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Results of CCD between
urbanization and ESV

Figure 3. Research framework for the coupling and coordination relationship between urbanization
and ecosystem service value.

Table 1. Index system of urbanization.

Target Layer Criterion Layer Indicator Layer Unit Type
Total population 10* persons +
Proportion of urban population % +

Population urbanization

Economic urbanization

Urbanization
level

Structure urbanization

Social urbanization

Density of urban population person/km? +
Proportion of population in secondary and

tertiary industries o *

per capita GDP CNY +

Proportion of secondary and tertiary % +

industries to GDP

Per capita gross industrial product CNY +

Per capita financial income CNY +

Per capita road length km +

Proportion of construction land to % +

urban area

Per capita construction land area km? +

Per capita green areas of public places km? +

Total retail sales of consumer goods CNY +

Per capita d1sposa.1ble income of CNY +
urban residents

Number of beds of hospitals per unit +
10,000 persons

The proportion of education and science o +

expenditure in local finance
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2.3.2. Urbanization Assessment

In this paper, the entropy method was employed to determine the weights of the indi-
cators within the urbanization indicator system. In this method, the weights are calculated
based on the information entropy of each indicator. To account for differences in dimensions
and quantities of the selected indicators, data normalization is performed before analysis.
All indicators are categorized as positive or negative. For positive indicators, higher values
correspond to more favorable conditions for urbanization system development (conversely,
for negative indicators, larger values indicate less favorable conditions). The following
equation is used to transform the indicators into dimensionless values.

Positive indicator: y;j = (Xij — Xjmin) / (Xjmax — Xjmin);

Negative indicator: y;j = (Xjmax — Xij) / (Xjmax — Xjmin)-

After standardized processing, the numerical range is between 0 and 1. The index
weight is determine as follows:

n
Yij = xij/ ) xij
i=1

where x;; is the ith sample of the jth indicator, and y;; is the proportion of x;;.
Then, the entropy of each indicator in the urbanization indicator system can be deter-
mined as follows:

n
8]' = —k X Zy,] X lny,‘]’
i=1

1
k= In(r x t)

where ¢; is the entropy of each indicator, r is the number of samples for each indicator, and
t is the number of study years.
The information utility value of index j is calculated as follows:

gi=1-¢

The weight of each index is calculated as follows:

]

where m is the number of indicator types.

2.3.3. Estimation of Ecosystem Service Value (ESV)

Costanza [40] was among the first to establish the principles and methods for sci-
entifically estimating ESV and estimated 17 ESV categories for 16 ecosystems globally.
Xie Gao Di [41] improved the method of Costanza based on a questionnaire survey of
200 Chinese ecologists. In addition, Xie [42] also formulated the ESV equivalent factor table
per unit area of China’s terrestrial ecosystems in 2008 based on the opinions of more than
700 ecologists (Table 2). This factor refers to the potential relative contribution of ecological
services produced by different ecosystems. Capacity, the economic value of an equivalent
factor, is determined to be 1/7 of the market value of the regional average annual grain
production. This study revised the economic value of the ESV equivalent factor per unit
area based on the average yield of major grain crops and the average market price of raw
grains in Jiangsu Province. The formula is as follows:

E*EX X

where ¢ is the economic value of food service provided by per unit area of farmland (the
economic value of an ESV equivalent factor), p is the average crop price, and y is the yield
of crop per unit area.
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Table 2. China ecosystem services value equivalent factor table. (Xie et al., 2008) [42].

Cropland Forest Grassland Water body Wetland Unused Land

Food production (FP) 1.00 0.33 043 0.53 0.36 0.02
Raw materials production (RP) 0.39 2.98 0.36 0.35 0.24 0.04
Gas regulation (GR) 0.72 4.32 1.50 0.51 241 0.06
Climate regulation (CR) 0.97 4.07 1.56 2.06 13.55 0.13
Water regulation (WR) 0.77 4.09 1.52 18.77 13.44 0.07
Waste treatment (WT) 1.39 1.72 1.32 14.85 14.40 0.26

Soil conservation (SC) 1.47 4.02 224 0.41 1.99 0.17
Biodiversity maintenance (BM) 1.02 451 1.87 343 3.69 0.40
Entertainment (ET) 0.17 2.08 0.87 4.44 4.69 0.24

We used the “Equivalent value per unit area of ESs in China” table (Xie et al., 2008) [42]
to obtain the unit area ecosystem equivalent of each city in Jiangsu Province, including food
production, raw material production, gas regulation, climate regulation, water resource
regulation, waste treatment, soil conservation, biodiversity conservation, and recreation.
Since urban construction land does not contribute to ecosystem functions, the equivalent
ES value of construction land was set to 0. The ESV per unit area of an ecosystem (E) can
be determined as follows:

E=exg

where e is the economic value of the grain production function of the farmland, and g is the
ESV equivalent factor per unit area.

According to the annual land use in Jiangsu Province, the areas of different land use
types were calculated. Based on the equivalent ES value per unit area in Jiangsu Province,
the calculation formula of the overall ESV is as follows:

m n
ESV =) ) AiEj;
j=1i=1

where A; is the area of ecosystem type i, and E;; is the value per unit area of ecosystem
service j of ecosystem type i.

2.3.4. Evaluation of Coupling Coordination between Urbanization and Ecosystem
Service Value (ESV)

To conduct a more detailed analysis of the relationship between ESV and urbanization,
we treated different ecosystem service functions and aspects of urbanization as subsystems of
ESV and urbanization, respectively (Table 3). During the urbanization process, factors such as
the expansion of built-up land, population density growth, and changes in industrial structure
can lead to increased resource consumption, intensified environmental pollution, and greater
pressure on ecosystem services. In contrast, the services that ecosystems can provide are
limited and act as constraints on urbanization. When the demand for and destruction of
ecosystems exceeds a certain threshold, ecosystem services will constrain urbanization.

In this paper, the comprehensive assessment values of urbanization and ESV are de-
noted as U; and Uy, respectively. The CCDM model was employed to reveal the interactive
stress relationship between urbanization and ESV. The CCD between urbanization and
ecosystem development was calculated at both the system and subsystem levels.
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Table 3. Criteria for the coupling coordination between urbanization and ESV.
Index Value Type Explanation Unit
The positive interaction between urbanization
. . and ESV is increasing, and the coupling is
08-1 High-level coupling becoming stronger. V%/hen C=1, thE sy§tem isin a
resonance state.
The relationship between urbanization and ESV
Coupling degree (CD) 0.5-0.8 Running-in period grac}gally tenc%s to be cooperative, showing a b
positive coupling trend.
- . The correlation between urbanization and ESV is
0.2-0.5 Antagonistic period . . c
enhanced, showing a trend of mutual influence.
The correlation between urbanization and ESV is
0-0.2 Low-level coupling  very weak, and when C = 0, it means that the d
two are not correlated at all.
The positive coordination between urbanization
0.8-1 High coordination = and ESV is increasing. When D =1, the system is A
in an ideal condition.
0.6-0.8 Positive The coordination between urbanization and ESV B
coordination is strengthened and tends to be positive.
The basic coordination between urbanization
Coupling 0.5-0.6 Basic coordination  and ESV shows the characteristics C
coordination of coordination.
degree (CCD) 0.4-0.5 Light incoordination The coordination between urbanization and ESV D
is poor.
Middle The incoordination between urbanization and
0.2-0.4 . L . . E
incoordination ESV is obvious.
The incoordination between urbanization and
0-0.2 Deep incoordination ~ ESV is very serious. When D = 0, the system is F

completely incoordinate.

Coupling refers to the phenomenon where two or more systems interact with each
other through various interconnections, and the degree of coupling (CD) describes the
extent of interactions between systems or elements. The coupling coordination degree
(CCD) is an indicator constructed based on the coupling coordination degree, measuring the
extent of integrated system development coupling. In the case of k systems, the Coupling
Degree Model (CDM) is expressed as follows:

C= k{(ul XUy x...xU)/ {ngz‘,jgk,i;éj Ui+ uf] }1/k

Here, U, represents the comprehensive value of system i, and C is the CD value for
k systems, with values ranging from 0 to 1, reflecting the strength of interactions between
systems. A CD of 1 indicates the highest level of coupling, suggesting that the systems and
their internal elements are in harmonious resonance, and the overall system structure will
develop in a more orderly direction. A CD of 0 indicates the lowest CD, implying that the
systems and their internal elements are essentially independent, and the integrated system
structure will tend toward disorder.

While CDM can reflect the degree of coupling between systems, it is insufficient
when not considering the overall effectiveness and synergy between the two systems.
Coordination is a consistent, mutually beneficial relationship within or between systems,
ensuring the long-term healthy development of the entire system. Hence, we used the
CCDM between urbanization and ESV to determine the coordination within the system,
with the formula expressed as follows:

T = all; + bUy(i # j)

D= (CxT)"?
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Here, D represents the CCD between U; and Uy; T reflects the overall effects and levels
of Uj and U, with a and b denoting undetermined coefficients and set at 0.5 in this study,
as urbanization and ESV are considered equally important. The range of D is from O to 1,
with higher values indicating greater coherence between subsystems. With reference to
previous coupling coordination classification standards, the coupling coordination level was
categorized into four stages: low coordination, antagonistic, adaptive, and high coordination.

3. Results
3.1. Urbanization Evaluation

Figure 4 illustrates the urbanization levels in various regions of Jiangsu from 2005
to 2020. Nanjing consistently had the highest urbanization level at all stages, increasing
from 0.34 in 2005 to 0.81 in 2020. Conversely, apart from 2005, when Lianyungang had
the lowest urbanization level (0.10), Sugian consistently had the lowest urbanization level
at all stages, ranging from 0.18 in 2010 to 0.33 in 2020. In 2005, the urbanization levels in
different regions of Jiangsu, from high to low with corresponding values, were as follows:
Nanjing > Wuxi > Suzhou > Changzhou > Nantong > Zhenjiang > Xuzhou > Yangzhou >
Taizhou > Yancheng > Huai’an > Suqian > Lianyungang. In 2020, the order was Nanjing >
Suzhou > Wuxi > Changzhou > Nantong > Zhenjiang > Yangzhou > Taizhou > Xuzhou >
Yancheng > Huai’an > Lianyungang > Suqian, with corresponding values. This indicates a
significant regional disparity in urbanization levels in Jiangsu, with the highest in southern
Jiangsu, followed by central Jiangsu, and the lowest in northern Jiangsu.

Urbanization Level

[ 0.81
08 “‘ 0.74
- | } 0.67
‘ |
it L ccanara 0.60
, STe®? '
c® eGP ARV
% § 7SS 0.46
C SR B TR S : : 0.38
2 03 D R SRR ; '
z 0 A
g 0.31
- 02
- 0.24
0.
3 017
0
0. 0.10

Figure 4. Three-dimensional urbanization levels of cities. Note: 1. Nanjing; 2. Suzhou; 3. Wuxi;
4. Changzhou; 5. Zhenjiang; 6. Nantong; 7. Taizhou; 8. Yangzhou; 9. Xuzhou; 10. Yancheng;
11. Huai’an; 12. Lianyungang; 13. Sugian.

Regarding the urbanization subsystems (population urbanization, economic urbaniza-
tion, structural urbanization, social urbanization), Figure 5 shows the differences among
various prefecture-level cities in Jiangsu from 2005 to 2020. In 2005, the gap in population
urbanization was not significant, with Suzhou ranking second after Changzhou. However,
from 2010 to 2020, Suzhou consistently maintained a leading position by a significant
margin, reflecting Suzhou'’s strong population attraction over the past decade. Economic
urbanization saw the greatest growth in Nanjing and the smallest in Lianyungang. Over
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time, regional disparities became more systematic, showing significant differences among
southern Jiangsu, central Jiangsu, and northern Jiangsu in 2020. Structural urbanization
had Nanjing far ahead of all other cities at all time stages, with the surprising result of
Suzhou ranking last in 2020. This suggests that as large numbers of people have flocked
to Suzhou and the economy has rapidly developed, the city’s urban structure urgently
needs optimization and evolution. The changes in social urbanization were strongly cor-
related with economic urbanization, and the patterns were relatively consistent, showing
gradual but significant regional differences. The development process of these four urban-
ization subsystems indicates that urbanization levels in all cities accelerated first and then

slowed down. Additionally, economic urbanization and social urbanization saw significant
increases from 2010 to 2015.

I
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() MOV
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Figure 5. Levels of different systems of urbanization.
3.2. Estimation of Ecosystem Service Value (ESV)

With the land area of each city in Jiangsu combined, the average ESV per square
meter (PESV) was calculated. As shown in Table 4 and Figure 6, Yancheng consistently
ranked first in total ESV, except in 2005. However, its PESV did not rank at the top during
the different periods. Yancheng, Suzhou, and Huai’an maintained steady positions in
the top three for ESVs, significantly exceeding other cities. The ESV of the top-ranking
city was approximately four times that of the lowest-ranking city, Zhenjiang. In 2020, the
ranking, from highest to lowest, was Sugian > Nantong > Xuzhou > Yangzhou > Nanjing
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> Lianyungang > Wuxi > Taizhou > Changzhou. Suzhou not only had the highest ESVs
but also ranked first in PESV during all periods, with a substantial lead over other cities.
Correspondingly, although Xuzhou’s ESV was in the middle range, its PESV ranked at the
bottom. In 2020, the ranking was Wuxi > Huai’an > Yangzhou > Changzhou > Sugian >
Nanjing > Yancheng > Zhenjiang > Lianyungang > Nantong > Taizhou.

Table 4. ESV (billion CNY) and PESV (CNY/m?) in Jiangsu from 2005 to 2020.

2005 2010 2015 2020
ESV PESV ESV PESV ESV PESV ESV PESV
Nanjing 146.52 2.22 143.32 2.18 142.52 2.16 139.22 211
Wuxi 135.13 2.89 131.23 2.80 130.43 2.79 129.77 2.77
Xuzhou 179.62 1.61 168.97 1.52 168.29 1.51 166.44 1.50
Changzhou 101.67 2.33 98.60 2.26 97.82 2.24 96.24 2.20
Suzhou 307.59 3.56 306.57 3.55 305.00 3.53 293.30 3.40
Nantong 193.95 1.97 194.79 1.98 186.24 1.89 176.86 1.79
Lianyungang 122.84 1.62 119.86 1.58 119.67 1.58 137.23 1.81
Huai’an 260.42 2.59 25491 2.53 253.64 2.52 255.03 2.54
Yancheng 283.20 1.77 312.00 1.95 309.29 1.93 323.25 2.02
Yangzhou 163.91 249 163.37 2.49 163.36 249 161.77 2.46
Zhenjiang 79.70 2.08 76.53 2.00 75.92 1.98 74.14 1.94
Taizhou 104.07 1.80 104.66 1.81 104.63 1.81 102.64 1.77
Sugian 187.65 2.20 184.26 2.16 183.74 2.15 183.60 2.15
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Figure 6. ESV and PESV of cities.

Figure 7 displays the changes and change rates of ESV. Overall, ESVs showed a de-
creasing trend, with PESV following the same pattern. The largest increase in ESV from
2005 to 2010 was in Yancheng, amounting to CNY 28.80 billion, while Xuzhou saw the
most significant decrease, with a reduction of CNY 10.65 billion. Apart from Nantong
and Taizhou, which experienced slight growth, all other cities witnessed varying degrees
of decline. From 2010 to 2015, the ESV decreased across the province, with Nantong ex-
periencing the most substantial decline of CNY 8.55 billion. In the period from 2015 to
2020, Lianyungang and Yancheng showed the most considerable growth, amounting to
CNY 14.38 billion and CNY 40.06 billion, respectively. Suzhou and Nantong experienced
the most significant declines, with reductions of CNY 14.29 billion and CNY 17.10 billion,
respectively. Over the entire period from 2005 to 2020, Yancheng and Lianyungang in-
creased their ESV by CNY 40.06 billion and CNY 14.38 billion, respectively. The three cities
with the most substantial reductions were Nantong, Suzhou, and Xuzhou, with decreases
of CNY 17.10 billion, CNY 14.29 billion, and CNY 13.18 billion, respectively.
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Figure 7. ESV changes and ESV change rates of cities.

Figure 8 presents the change rates of ESV functions as a proportion of total ESV from
2005 to 2020. The proportions of WR and WT increased in the entire province, with the
most significant changes seen in Yancheng and Lianyungang, where WR rates reached
5.16% and 2.89%, respectively, and WT change reached 2.59% and 1.69%, respectively.
This is primarily due to the abundant water resources in Jiangsu and recent efforts in
environmental conservation, particularly water resource management. The most significant
factors influencing WR and WT are water resources, indirectly leading to an increase in ET
throughout the province. For the remaining ESV functions, they decreased to varying de-
grees except for minor increases in some areas. Yancheng and Lianyungang also dominated
the list for the most significant decreases, indicating the least stable ecosystem structure in
these two cities.

3.3. The CCD between Urbanization and Ecosystem Service Value (ESV)
3.3.1. The Overall Interactive Coupling Relationship

Figure 9 displays the changes in C values and D values for cities in Jiangsu Province.
Zhenjiang had the lowest C values and D values, indicating the weakest correlation and
coordination between urbanization and ESV. This trend also exhibited a clear decreasing
pattern, with both C and D levels reaching the second lowest classification of ¢ and E in
2020. Changzhou, Taizhou, Wuxi, and Nanjing showed significant declines in C values,
with the first three cities experiencing notable downgrading. Other cities had good C
values, with slight fluctuations but generally above 0.8, categorizing them as “a” level,
indicating strong coupling. Except for Zhenjiang, the D values across the entire province
generally rose, indicating increasing coordination between urbanization levels and ESV in
different cities. However, this coordination has not reached the ideal level. Most cities fell
into the categories of “Basic coordination” and “Positive coordination”, with none reaching
“High coordination”. Figure 10 demonstrates the spatial distribution of CCD levels among
cities in Jiangsu Province. Suzhou and Zhenjiang maintained their respective CCD levels,
at B and E, with Lianyungang showing the most significant change, rising by two levels
from E to C. The overall level change was most significant between 2010 and 2015.



13 of 20

Land 2024, 13, 204
>3
ET 031 027 -0.04 025 0.33 0.14 0.68 0.13 0.86 0.23 0.10 0.42 0.18
BM —-0.20 -0.15 -0.19 -0.14 -0.20 0.08 -0.19-0.06 -0.29 -0.14, 2 -3
s --0.18--0.38 .0.19.-0.44
1 ~2
WT <058 0.40 0.55 0.41 0.61 0.88 0.51 0.12 0.84 0.40
WR -. 0.97 0.31 0.95 0.99 0.26 . 0.79 0 ~1
CR =029 -0.17-0.09 -0.22 -0.40 -0.21 0.06 -0.49 -0.20
1~0
GR H-0.31-0.21-0.30 -0.22 -0.32 -0.45 -0.27-0.06 -0.44 -0.21
RP —-0.16-0.10-0.20 -0.10 -0.17 0.04 211
FP -0.47 -0.42 0.14 -0.38 -0.50 0.09
T T T T T T 3~2
o0 ; = = = o0 o0 = o0 = °n = =
£ 8 £ 2§ E %5 §: %
£ 5§ 8 F 8 P EZE R OE R E
z A £ 2 7 2 2 2 E 2 & ¢
5 g Pl >~ N
-
Figure 8. The change rates of ESV functions as a proportion of total ESV from 2005 to 2020.
1
a
0.8
—e» Nanjing
—&» Wuxi
Xuzhou
b —e&» Changzhou
—&» Suzhou
—&» Nantong
(o] .
—&» Lianyungang
—&» Huaian
—&» Yancheng
—e» Yangzhou
0.5 —&» Zhenjiang
—@» Taizhou
—&» Sugian
[
0.2
02 E 0.4 D 05 (o} 06 B 038 A 1

Figure 9. The changes in C values and D values of cities from 2005 to 2020.



Land 2024, 13, 204

14 of 20

0 20 40

Legend
I -
I
o
EEc
N B
. A

80

......

C.2015 d.2020
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3.3.2. The CCD between ESV and Subsystems of Urbanization

Figure 11 shows the CCD results between ESV and subsystems of urbanization. In
2015 and 2020, Suzhou had CCD levels for economic urbanization and social urbanization
exceeding 0.8, classifying them as “High coordination”, which was higher than that of
other cities. Additionally, in 2015 and 2020, Changzhou, Lianyungang, Zhenjiang, and
Taizhou had CCD values below 0.5 for population urbanization and economic urbanization,
indicating a lack of coordination and unclear changes, with Zhenjiang having the lowest
levels of “Middle incoordination” for both population and economic urbanization.

Regarding the development history of each city, the CCD for population urbanization
exhibited the smallest changes and lacked a discernible pattern. Economic urbanization,
structural urbanization, and social urbanization CCDs all showed an overall upward trend,
but the magnitude and direction of change varied. The most significant change was ob-
served in social urbanization, followed by structural urbanization. The social urbanization
CCD in all cities shifted from overall incoordination in 2005 to overall coordination in 2020,
with Suzhou, Wuxi, Nanjing, and Changzhou in the southern part of Jiangsu achieving
“High coordination”.

3.3.3. The CCD between Urbanization and Subsystems of ESV

Figure 12 presents the CCDs between urbanization and ecosystem service functions.
In 2020, Yancheng showed all values above 0.7, representing “Positive coordination” and
the highest and most balanced comprehensive level. Additionally, Suzhou had higher
CCD values for hydrological regulation, waste disposal, and recreation with urbanization
compared to other cities, classifying them as “High coordination”. Conversely, Zhenjiang
had the lowest comprehensive level, and Wuxi’s food production, Taizhou’s raw material
production, and Changzhou'’s gas regulation CCD with urbanization lagged.
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Figure 12. The CCD of urbanization and different ecosystem service functions.

Between 2005 and 2020, most cities experienced increased CCDs in various systems,
but some cities such as Wuxi, Changzhou, and Taizhou had declining trends with urbaniza-
tion in food production, gas regulation, and raw material production, respectively. Water
regulation, waste disposal, and recreation showed the most significant changes in CCDs
throughout the province, while gas regulation, soil preservation, and food production
had smaller fluctuations. In 2005, only Nanjing achieved coordination in all functions
with urbanization, with the remaining cities displaying varying degrees of incoordination.
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By 2020, Nanjing, Suzhou, Nantong, Huai’an, and Yancheng reached varying levels of
coordination between all functions and urbanization. Nevertheless, Zhenjiang, Changzhou,
and Taizhou still had most functions in incoordination with urbanization.

4. Discussion
4.1. The Mutual Restriction between Urbanization and ESV

Urbanization is an inevitable product of rapid socioeconomic development, and
urban expansion is a critical driver of this process [43]. However, urban expansion also
leads to a range of ecological issues, and the degradation of the ecological environment
can, in turn, hamper the progress of urbanization. Jiangsu Province, a major province
for urbanization development in China, provides insights into the relationship between
urbanization and ESV from 2005 to 2020. The results show that urbanization levels have
continued to rise but with significant differences in the speed and level of urbanization
among different cities. There is a distinct division between northern, central, and southern
regions, consistent with previous research results [44], which is gradually intensifying. The
subsystems of urbanization have experienced unbalanced development, with economic
urbanization playing a significant role. Given that China’s demographic dividend is
gradually diminishing [45], population urbanization is expected to have a more significant
impact on the urbanization process. Abundant global research shows that the rapid
development of urbanization has resulted in substantial losses in ESV [46-48]. Rapid
urbanization has led to a substantial increase in land used for construction, particularly
at the cost of ecologically functional land, especially high-quality arable land [49]. This
poses a severe threat to food and ecological security in the region. While Yancheng and
Lianyungang have shown an increase in ESV, further analysis reveals an increase in water
regulation (WR), water supply (WT), and evapotranspiration (ET). This is due to the series
of ecological restoration measures in the coastal regions, such as returning farmland to
wetlands and lakes. Nonetheless, urbanization processes have still significantly reduced
other functions of ESV. Other cities have witnessed increases in WR, WT, and ET values
due to adjustments in industrial structure, an increase in aquaculture areas, and the density
of artificial canals. While these adjustments link various ecosystem types and promote the
flow of information, materials, and energy between patches, they tend to make the structure
of ecosystem functions more homogeneous and increase ecological vulnerability [50], which
is a cause for concern.

4.2. Coupling Coordination of Urbanization and ESV

As mentioned earlier, urbanization and ESV are interrelated with mutual restrictions
and interactions. To better understand the extent and characteristics of their mutual impact,
the study examined their coupling coordination, which is crucial for the healthy develop-
ment of regional cities [51]. The results show that most cities have a high coupling degree,
indicating a strong association between urbanization and ESV. Moreover, the D values are
generally on the rise, and many have reached a level of coordination. This is largely due
to the increased emphasis on ecological protection by the government, as they respond
actively to national policies. However, the intrinsic relationship between urbanization and
ESV has not been optimized and highlights some serious issues. The relationship between
urbanization subsystems and ESV is imbalanced, with some cities showing imbalances and
degradation in the coupling coordination of population urbanization and ESV, especially
in terms of economic urbanization. This suggests that population mobility within Jiangsu
Province is high, with people primarily moving to economically prosperous cities, resulting
in population-outflow cities having economic urbanization-ESV CCDs that lag behind the
CCDs for structural and social urbanization. The relationship between ESV subsystems and
urbanization is also not very stable. In Wuxi and Changzhou, the coupling coordination
between food production and soil regulation with urbanization has deteriorated, indicating
a growing conflict between the conversion of high-quality farmland and the protection
of ecological environments [52]. Urban expansion consumes a substantial amount of eco-
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logically functional land, particularly around urban perimeters and high-quality arable
land. Despite land use policies, such as cultivated land protection designed to slow the
overall reduction of arable land [53], these policies have resulted in both arable land being
pushed onto hills and wetlands and in the fragmentation of various ecologically functional
lands. This has led to varying degrees of ecosystem function damage, and although recent
years have seen significant improvements in ecological environment restoration, many of
these measures prioritize creating wetland parks and aquaculture, which, while provid-
ing short-term benefits, exacerbate food security and ecological system homogenization.
Furthermore, the extensive use of pesticides and fertilizers, industrial emissions of air and
water pollutants, and the accumulation of domestic waste due to population aggregation
have caused severe air, water, and soil pollution. This has also threatened ecosystem service
functions, such as atmospheric regulation, hydrological regulation, waste disposal, and soil
conservation [54], as their coupling coordination with urbanization has not been sufficiently
strong. Hence, comprehensive protection of ecosystems is necessary to maintain various
ecosystem service functions during urbanization.

4.3. Implications and Limitations

Guiding urbanization towards a focus on improving quality rather than speed is
crucial [55]. As land resources become scarcer with urbanization, the past development
model, primarily focused on economic growth, is unsustainable. Government decision-
makers should optimize land use structures, implement city planning boundaries, balance
urban development with ecological protection, and promote the rational development
of natural resources. Achieving sustainable land use is also crucial for addressing food
security and ecological safety. The transformation of land use is influenced by economic
measures, land engineering, policies, and institutional aspects of land management [56,57].
Considering the difference of urbanization level and ecosystem service value, this paper
also puts forward some effective policy suggestions: For urbanization, achieving high-
quality population urbanization promotes attracting and retaining talent. The economic
side should prioritize technological innovation, industrial upgrading, and a shift away from
labor-intensive industries, aiming for a “green economy” under the dual carbon goals. For
urban structure, the government needs proper control of large city scales and rational city
boundary definition. Social urbanization should involve improved social welfare benefits,
increased investment in science and education, and leadership in information society de-
velopment. Regarding ESV, decision-makers need to strengthen ecological protection when
formulating land use policies in the future. They should also pay attention to protecting
the diversity of ecosystem functions and avoid overly emphasizing the enhancement of
certain high-ESV factors (such as water bodies and wetlands) to offset ESV losses during the
urbanization process, which could lead to structural imbalances in ecosystems. Although
most cities in Jiangsu Province have a high coordination level of urbanization and ESV,
urbanization scales are also constrained by the ecological environment’s carrying capac-
ity [58]. As new land spatial planning work is underway, the focus should shift away from
an economic-centric mindset. Instead, a more comprehensive approach to ecological effect
analysis is recommended. ESV should be used as a quantitative indicator for measuring
ecological effects, which is vital for the scientific validity, rationality, and completeness of
ecological planning.

This study still has room for improvement. Although the urbanization indicator sys-
tem was constructed based on the work of numerous researchers, limitations stemming
from statistical data constraints still exist. Data selection and prioritization have resulted
in an indicator system that does not comprehensively reflect the actual progress of urban-
ization in different cities and only accounts for differences in time dimensions. There is
less research into spatial dimensions. Similarly, calculations for ESV have their limitations.
While this study adjusted value coefficients to align with local characteristics, this approach
may also be suitable for research in other parts of the world. However, more exploration is
needed into the characteristics of ecosystem functionality, supply and demand, and human
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impacts on these systems. Future work should involve on-site data collection to analyze
urban spatial response trends, enhance the depth of the urbanization indicator system,
and develop a more comprehensive and improved ESV model that includes a wider range
of ecosystem characteristics, providing a more comprehensive analysis of the synergistic
relationship between urbanization and ESV.

5. Conclusions

This study, through the construction of an urbanization indicator system and the
estimation of ecosystem service values, has provided a systematic and subsystem-level
investigation into the coupling coordination between urbanization and ecosystem service
value. The findings suggest the following:

Urbanization levels in Jiangsu Province have seen a gradual increase from 2005 to 2020,
with a typical regional difference: urbanization decreases gradually from south to north. The
overall ESV demonstrates a decreasing trend, and the cities in the southern part of Jiangsu,
with rapid urbanization, have experienced substantial reductions in ESV. This supports the
notion that urbanization has a negative impact on ESV.

From 2005 to 2020, the ESV in Jiangsu Province showed some degradation, although it
was not severe. However, attempts to mitigate this degradation by increasing water bodies
pose substantial risks.

Most cities in Jiangsu Province exhibit a high level of coupling between urbanization
and ESV, with an upward trend in coordination. However, the overall coordination is not
yet ideal. Some subsystems’ coupling coordination with ESV shows signs of degradation,
particularly in terms of population urbanization and economic urbanization.

Jiangsu Province is known for its rapid economic development and is facing grow-
ing challenges to ecological sustainability. This study’s exploratory work is not only of
paramount importance for regional sustainable development but also provides valuable
insights for the ongoing transformation and upgrading of Jiangsu Province.
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