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Abstract

The interactive coupling mechanism between ecosystem service value (ESV) and urbanization
has emerged as a critical research focus in ecological security and sustainable development.
This study quantifies the ESV of prefecture-level cities by leveraging remote sensing data and
socioeconomic statistics from the Yangtze River Delta (YRD) region spanning 2006—2020. It
constructs a multidimensional evaluation index system for urbanization. We systematically
assess both systems’ spatiotemporal evolution and interactions by employing entropy weight-
ing, comprehensive indexing, and coupling coordination models. Furthermore, Geo-detectors
and Geographical and Temporal Weighted Regression (GTWR) models are applied to identify
driving factors influencing their coordinated development. Key findings include (1) the total
amount of ESV in the YRD exhibits a fluctuating decline, primarily due to a steady increase
in urbanization levels; (2) the coordination degree between ESV and urbanization demon-
strates phased growth, transitioning to a “basic coordination” stage post-2009; (3) spatially,
coordination patterns follow a “core–periphery” hierarchy, marked by radial diffusion and
gradient disparities, with most cities being of the ESV-guidance type; (4) GTWR analysis
reveals spatiotemporal heterogeneity in driving factors, ranked by intensity as Normalized
Difference Vegetation Index (NDVI) > Economic density (ECON) > Degree of openness
(OPEN) > Scientific and technological level (TECH) > Industrial structure upgrading in-
dex (ISUI) > Government investment efforts (GOV). This study advances methodological
frameworks for analyzing ecosystem–urbanization interactions in metropolitan regions, while
offering empirical support for ecological planning, dynamic redline adjustments, and terri-
torial spatial optimization in the YRD, particularly within the Ecological Green Integrated
Development Demonstration Zone.

Keywords: urban agglomerations; ecosystem service values; coupled coordination;
geographically and temporally weighted regression; Yangtze River Delta

1. Introduction
Ecosystem service value (ESV) is conceptualized as all the benefits that natural ecosys-

tems provide for human well-being [1]. As a core indicator for measuring ecosystem
services and ecological security, ESV can be quantitatively assessed through the economic
value of various environmental services, such as food production, water purification, cli-
mate regulation, and cultural recreation [2,3]. The relationship between ESV and human
activities, particularly urbanization, is dynamic and interdependent. On one hand, urban-
ization relies on ecosystem services to support its development, consuming resources and

Land 2025, 14, 2061 https://doi.org/10.3390/land14102061

https://doi.org/10.3390/land14102061
https://doi.org/10.3390/land14102061
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0002-0621-3563
https://doi.org/10.3390/land14102061
https://www.mdpi.com/article/10.3390/land14102061?type=check_update&version=2


Land 2025, 14, 2061 2 of 29

land, which can weaken ecosystem functions. On the other hand, the degradation of these
services may trigger ecological problems, thereby forcing the urbanization system to adjust
its development mode through environmental restoration and policy regulation [4,5].

Over the long term, developing countries, represented by China, have undergone un-
precedented rapid urbanization. The Yangtze River Delta Urban Agglomeration (YRDUA),
one of China’s most dynamic regions, exemplifies the tension between economic agglom-
eration and ecological stress. High-intensity land development has led to a substantial
reduction in ecological space, while industrial convergence has exacerbated environmental
pollution and ecosystem fragmentation [2,6]. According to the Millennium Ecosystem
Assessment, approximately 60% of global ecosystems are consistently damaged [7], under-
scoring the global significance of clarifying the dynamic coupling mechanism between ESV
and urbanization for regional sustainable development, especially under the “dual-carbon”
strategy and high-quality development goals [8,9].

The Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES)points
out that the contradiction between the urbanization process and ecosystem services has
become a significant issue affecting ecological security worldwide [10]. Currently, relevant
studies at home and abroad primarily focus on assessing ESV in a single city or region [4],
and there is a lack of research on the multi-scale spatial and temporal synergistic evolution
patterns of megacity clusters such as the Yangtze River Delta (YRD). Regarding the mutual
coupling between ESV and urbanization levels, most previous studies have primarily
focused on the impact of urbanization on ESV [11]. However, there is still a lack of
systematic research on the spatiotemporal dynamic evolution and driving factors of the
coupling and coordination mechanism between the two. Especially in the context of a
“dual-carbon” strategy and high-quality development, clarifying the interaction mechanism
between ESV and urbanization is of great practical significance in solving the bottleneck of
regional ecological–urban synergistic development.

The relationship between ecosystems and urbanization is intricate, and scholars both
at home and abroad have gradually incorporated the interactive effects of ESV and the
urbanization process into their research scope. Early studies used the equivalent factor
method [4,12] to assess ESV. They analyzed its correlation with a single urbanization rate
through linear regression, in addition to the binary Moran index [9] and the value gain/loss
method [13]. With the progress of spatial analysis technology, scholars began to focus on
the spatial heterogeneity characteristics of the two. For example, the spatial autocorrelation
model was introduced in the study of the Yellow River Basin [11], which revealed the
spatial agglomeration law of ESV and urbanization. The sustainable development of urban
agglomerations of forest land includes economic, social, and ecological systems [14]. At the
same time, scholars have proposed and applied an indicator system to assess the quality of
development in urban agglomerations [15]. Coupled coordination has become a focal point
of global change research, which can be used to analyze the impacts of human activities
on ecosystems by quantifying the coordination trend in measuring interactions between
systems [16].

Scholars have recently researched the coupled coordination mechanism of urbaniza-
tion and ecosystem services. At present, in terms of research scale, it has developed from
individual city cases, including watersheds [13,17] and cities [12,18], to the study of urban
agglomeration systems [19–21]. Secondly, spatiotemporal dynamic analysis has become
mainstream. Wang Xia et al. revealed the path of Beijing–Tianjin–Hebei collaborative
development through a three-stage division [22], and Huang Lingling used nighttime
lighting data to construct an analytical framework of the Yangtze River Economic Belt in
a long time series [23]. Following this, there were some remarkable innovations in research
methods. Using the coupling coordination degree model as a fundamental tool [22,24] as
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well as the introduction of various models, such as geo-probe [25,26], the PVAR model [27],
and the GWR model [28,29], deepens the study of influencing factors. The latest progress
is reflected in the composite application of spatial measurement models [30] and barrier
degree models [31]. Finally, in terms of the identification of influencing factors, pre-
vious research focused on single factors, such as land urbanization [32], with a recent
shift toward the perspective of multi-factor system integration, including the following:
(1) the natural–economic dual-factor drive [26]; (2) policy response mechanisms [33]; and
(3) the technology transfer mediation effect [31]. However, the time-lag effect of policy
intervention and the behavioral feedback of market players require further exploration.

Existing studies mainly focus on a single dimension, such as the impact of land
use change on ecological services or the measurement of urbanization level, and the
coupled and coordinated evolution of the “urbanization–ecosystem” composite system
is not sufficiently characterized, which is manifested in the following specific features:
(1) weak temporal and spatial dynamic analysis: most studies are based on static cross-
sectional data [34], which makes it challenging to reveal the long-term evolution trend of
the coupling coordination degree and spatial heterogeneity; (2) inadequate analysis of the
influencing mechanism: there is a lack of quantitative discussion on how the interaction
between natural and socio-economic factors influences the degree of coupling coordination;
and (3) insufficient policy articulation [35]: the existing results are challenging with regard
to supporting the formulation of the strategy of regional differentiation of ecological
compensation and spatial optimization of the national territory.

To address these gaps, this study takes 26 cities in the YRD, using data spanning 2006
to 2020. Our research objectives are threefold: (1) to quantify the ESV and construct a multi-
dimensional urbanization index system for the region; (2) to analyze the spatiotemporal
evolution of the coupling coordination degree (CCD) between ESV and urbanization; and
(3) to identify the key driving factors and their spatiotemporal heterogeneity using the
Geographically and Temporally Weighted Regression (GTWR) model. Theoretically, this
study integrates landscape ecology and spatial econometrics to open up new ideas for
urban agglomeration sustainability research. Practically, the findings are expected to pro-
vide a scientific basis for ecological planning, dynamic redline adjustments, and territorial
spatial optimization in the YRD, thereby contributing to the achievement of Sustainable
Development Goals (SDGs), particularly Goal 11 (Sustainable Cities and Communities).

2. Materials and Methods
2.1. Study Area

The YRDUA, spanning 30◦20′ N–32◦30′ N and 119◦24′ E–122◦30′ E at the Yangtze
River estuary, represents one of China’s most dynamic and rapidly urbanizing regions.
Formally designated in the Yangtze River Delta City Cluster Development Plan (State
Council, 2016), the agglomeration comprises 26 core cities (Figure 1), with Shanghai as
its hub, nine cities in Jiangsu Province, eight cities in Zhejiang Province, and eight cities
in Anhui Province. Encompassing 211,700 km2, the region is characterized by a mosaic
of forest and aquatic ecosystems, reflecting the intricate ecological interplay typical of
estuarine delta systems.

By 2020, the region had attained an urbanization rate of 75.01%, with its urban built-
up area expanding at an annual rate of 2.3% over the preceding decade [36]. This rapid
urban growth resulted in a 15% reduction in wetland coverage between 2000 and 2020 [37],
alongside marked declines in biodiversity and heightened ecological degradation. As an
important intersection of the “Belt and Road” initiative and the Yangtze River Economic
Belt development strategy, the contradiction between expanding construction land and
protecting the ecological environment is becoming increasingly apparent in the context
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of accelerated urbanization. Addressing this imbalance requires urgent research into
strategies that harmonize urban development with environmental sustainability. This
study aims to advance such efforts by examining the coupling mechanisms between ESV
and urbanization dynamics, providing a theoretical and practical framework for promoting
sustainable development in estuarine delta urban agglomerations.

Figure 1. Location map of the Yangtze River Delta Urban Agglomeration.

2.2. Data Sources

The land use data for 2006–2020 were obtained from the China Land Cover Dataset
(CLCD, created by Yang, J. and Huang, X., Wuhan University, Wuhan, China; https:
//zenodo.org/records/8176941 [accessed on 2 October 2023]). This dataset was derived
from Landsat imagery with a spatial resolution of 30 m, and its overall accuracy and Kappa
coefficient were validated as 80% and 0.75, respectively, through random sampling. To
align with the Chinese Land Use Classification Standard (GB/T21010–2017), we reclassified
the original CLCD subcategories into six major types, cropland, forest, grassland, water,
built-up land, and unused land, using ArcGIS 10.8 spatial analysis tools. The Digital El-
evation Model (DEM) data were acquired from the European Space Agency (ESA, Paris,
France) via the Copernicus Data Space Ecosystem (https://dataspace.copernicus.eu/ [ac-
cessed on 4 October 2023]) with a spatial resolution of 30 m × 30 m, supporting terrain-
related analyses.

Data on urban nighttime light and the Normalized Difference Vegetation Index (NDVI)
were obtained using methods described in the relevant literature [24].

Urban agglomeration socioeconomic and food production data were obtained from the
China Urban Statistical Yearbook (2021) [38] and municipal statistical bulletins published
by the 26 constituent cities. To address inconsistencies in data availability, missing values
were compensated for through linear interpolation, ensuring temporal continuity and
dataset integrity.

2.3. Research Methodology

In the context of rapid urbanization, the ecological environment serves as the core
foundation supporting the realization of high-quality development in cities while also
delimiting the spatial constraints that shape the boundaries of resource development
and utilization. This bidirectional relationship—marked by interdependence, with both

https://zenodo.org/records/8176941
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mutual benefits and conflicts [39,40]—reflects the dynamic interdependence between urban
expansion and ecological integrity. To elucidate these complex coupling mechanisms, this
study systematically delineates their interactions (Figure 2), offering insights into how
urbanization trajectories can align with ecosystem resilience.

Figure 2. Coupled ecosystem services and urbanization system interaction map.

Firstly, the demand for and impacts of urbanization on ecosystems mean that the
agglomeration of the population will intensify the consumption of resources and directly
rely on and affect supply services such as water resources and food as well as regula-
tion services such as climate regulation and pollution purification [41]. The demand for
and impact of economic urbanization also lies in the intensification of the demand for
resources through the development of industries, which may weaken the ecosystem’s
support services and at the same time relies on the landscape value and other cultural
system services to promote the diversification of the urban economy; at the spatial level, the
acceleration of urbanization and the expansion of land development area have compressed
the natural ecological space and reduced the overall service capacity of the ecosystem.
Secondly, ecosystem services have a constraining and feedback effect on urbanization,
and the degradation of these services may trigger a series of ecological problems, such
as natural disasters and resource shortages, thereby forcing the urbanization system to
respond and adjust its urban development mode, including environmental restoration
and policy regulation. The value of ecosystem services can be quantified through an as-
sessment mechanism that guides urbanization, enabling the balance between efficiency
and sustainability in spatial planning and resource utilization, thereby forming a dynamic
feedback loop. In summary, urbanization relies on ecosystem services to support its devel-
opment and, at the same time, changes the type and intensity of services through regulation
and intervention; ecosystem services limit or promote the urbanization process through
the maximum thresholds of each function, and the two form a dynamic coupling and
interaction of “demand–supply–feedback–regulation”.
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2.3.1. Valuation of Ecosystem Services

According to the land resource characteristics and research objectives of the YRDUA,
the land ecosystems were classified based on the six reclassified land use types (Section 2.2)
into six categories: cropland, grassland, forestland, water bodies, unutilized land, and
built-up land. While the ESV equivalent factor method of Costanza was utilized [2,3], this
method does not apply to the actual situation in China; on this basis, the correction factor
was finally obtained by combining the ESV equivalent factor table specified by Costanza
and the region of China, as modified according to Xie et al.

(i) In this paper, we refer to the method of Xie et al. [42–44] and take one-seventh of
the average economic value of grain production in the YRDUA as the equivalent coefficient
of ESV. The calculation formula is

Ea =
1
7
× PQ

S
(1)

where Ea is the economic value of grain per unit of farmland (CNY/hm2); P is the average
purchase price of grain (CNY); Q is the grain output (kilograms); and S is the sown area
of grain (hm2). According to the weekly national grain variety purchase price data, the
average value of grain was calculated to be 2.62 CNY/kg, and the economic value of
cropland per unit area was estimated to be 2187.22 CNY/ha.

(ii) The ecosystem service value coefficient (VC) was determined by integrating land
use data with regionally calibrated unit area values [45], where the economic value of
cropland per unit area served as the baseline reference. While traditional methodologies
often assigned a null ESV coefficient to built-up land, contemporary studies recognize
that urbanized areas retain partial ecological functions, including cultural and recreational
services [45]. The VC for each land use category was computed using the following formula:

VCij = eij × Ea(i, j = 1, 2, . . . , n) (2)

where eij represents the ESV per unit equivalent for land use type i and service category j,
and Ea denotes the economic value per unit area of cropland.

(iii) Annual ESVs for the YRD were computed by integrating land use data with the
derived unit area VC coefficients:

ESV = ∑n
i=1 VCi × Ai (3)

Here, VCi corresponds to the value coefficient for land use type i, and Ai denotes the
spatial extent (area) of that land type.

2.3.2. Methodology for Evaluating the Level of Comprehensive Urbanization Development

This study constructed an urbanization development index system for the YRDUA
(Table 1). The indicator system reflects the comprehensive urban development level of the
YRDUA across the four dimensions of population, economy, society, and spatial urban-
ization utilizing 20 fundamental indicators [46–49]. The specific calculation steps of each
indicator refer to the existing studies [50,51], and the exact steps are as follows:

The entropy value method is an objective weighting technique grounded in informa-
tion theory, where entropy quantifies the disorder or uncertainty inherent in data. This
approach assigns weights to indicators based on their relative information content: higher
entropy values correspond to greater informational utility and thus larger weights, signify-
ing a disproportionate influence of the indicator on the system. By analyzing the variability
of observed indicator values, the method minimizes subjectivity in weight determination,
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ensuring robustness in multi-indicator assessments. For computational details, refer to the
methodology outlined in [52,53].

Table 1. Comprehensive evaluation index system for urbanization.

Target Layer Criterion Layer Indicator Layer Weight
Population density 0.0525

Share of non-agricultural population 0.0113
Share of the employed population in secondary

and tertiary industries 0.0073

Tertiary student population per
10,000 population 0.0117

Urbanization of the
population (0.1097)

The rate of natural increase of population 0.0268

Economic urbanization
(0.2994)

Per capita GDP 0.0416
Per capita fiscal revenue 0.1218

Output of secondary and tertiary industries as a
share of GDP 0.0088

Investment in fixed assets 0.0666
Night light value 0.0606

Per capita total retail sales of consumer goods 0.0640
Number of hospital beds per 10,000 population 0.0417
Public library holdings per 10,000 population 0.1159

Public vehicles per 10,000 population 0.0772

Urbanization of society
(0.3651)

Unemployment insurance participation rate 0.0664

Spatial urbanization
(0.2258)

Area of built-up land 0.1099
Share of built-up area in the total area of

the region 0.0618

Greening coverage in built-up areas 0.0043
Area of paved roads per capita 0.0039

Urbanization level

Public green space per capita 0.0460

2.3.3. Coupled Coordination Degree (CCD) Models

To assess the coupling and coordination dynamics between ESV and urbanization in
the YRD, this study employs a physics-derived coupling coefficient model [54] in conjunc-
tion with a complementary coordination degree framework [55]. The coupling coefficient
quantifies the interaction intensity between ESV (f (x)) and urbanization (g(x)) as follows:

C = 2 ×
[√

f(x)× g(x)

(f(x) + g(x))2

]
(4)

where C (ranging 0–1) represents the coupling degree; higher values indicate stronger
interdependence. However, there are limitations to relying only on the coupling coefficient
to judge the level of development of the two couplings, e.g., the coupling judgement is
skewed due to the differences between ESV and the level of urbanization itself. To address
this, the coordination degree (D) was calculated as the geometric mean of C and T:

T = λf(x) + µg(x) (5)

D =
√

C × T (6)

where T denotes the comprehensive coordination index, with f (x) and g(x) representing
ESV and urbanization scores, respectively. D (coupling coordination degree) increases
with improved alignment between ecological and urban systems. Weights λ and µ re-
flect the relative contributions of ESV and urbanization; this study assigns equal weights
(λ = µ = 0.5) based on the following:
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(1) The United Nations Sustainable Development Goals (SDGs) advocate balanced
ecological–economic development;

(2) The YRD’s ecological sensitivity necessitates synergy between conservation
and growth;

(3) Prior evidence [48] suggests the minimal impact of weight variability on coordina-
tion trends.

There is no uniform specification for the classification of coupling coordination de-
gree. The classification of coupling coordination degree in this study is determined based
on relevant research results [53]. The interval between each coordination degree is 0.2
(Tables 2 and 3).

Table 2. Division of coupling between ESV and urbanization level.

C Value Range Categories Characteristic

[0, 0.2) Low coupling A correlation emerges between ESV and urbanization, but when
C = 0, the two systems are uncorrelated.

[0.2, 0.4) Rivalry The interaction between ESV and urbanization is gradually
increasing.

[0.4, 0.6) Matching There is a gradual interplay between ESV and urbanization, with
significantly higher positive impacts.

[0.6, 0.8) High coupling
There is significant two-way feedback between ESV and
urbanization, and the evolution of the two systems shows a high
degree of correlation.

Table 3. Intervals for dividing the degree of coupling coordination.

D Value Interval Categories Characteristic

[0, 0.2) Extreme incoordination The two systems are in severe opposition, and development is
mutually inhibited.

[0.2, 0.4) Moderate incoordination Sporadic signals of coordination between systems emerge, but
overall conflict still dominates.

[0.4, 0.6) Basic coordination Positive interactions are tentative, but coordination mechanisms
are fragile.

[0.6, 0.8) Moderate coordination Synergies have increased significantly, and conflicts are
manageable.

[0.8, 1] High coordination The system is deeply integrated to form a self-optimizing cycle.

2.3.4. Geo-Detectors

The Geo-detectors method is a statistical tool designed to determine drivers of spatial
heterogeneity. In this study, we applied its factor detection module to isolate the key
determinants influencing the CCD between ESV and urbanization [26,56]. Central to this
approach is the q-statistic, which measures the explanatory power of individual factors on
observed spatial patterns, with values ranging from 0 to 1. A higher q-statistic signifies a
more substantial contribution of the factor to spatial variation in coupling coordination,
thereby highlighting its role in shaping system synergies. The q-statistic is calculated as

q = 1 − ∑L
h=1 Nhσ2

h
Nσ2 (7)
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where Nh and σ2
h denote the sample size and variance of the coupling coordination degree

within subregion h, N and σ2 represent the total sample size and variance across the study
area, and L is the number of subregions stratified by the influencing factor.

Drawing on existing studies and taking into account the availability of data and
information as well as the characteristics of the YRDUA, this study selects 10 influencing
factors from four aspects: the natural environment [48,57], economic structure [26], policy-
driven [35], and technical efficiency [58] (Table 4).

Table 4. Indicators of coupled coordination impact factors.

Type of Impact Factors Measurement Indicators Numbering

Natural environment
Vegetation coverage Normalized Difference Vegetation Index NDVI
Precipitation Average annual precipitation PREC
Air quality Annual average PM2.5 concentration PM2.5

Economic structure

Economic density GDP/land area of administrative districts ECON
GDP growth rate Incremental GDP/previous year’s GDP GDPSP
Degree of openness Foreign investment as a share of GDP OPEN
Industrial structure Industrial structure upgrading index ISUI

Policy-driven Government
investment efforts

Investment in fixed assets/local general public
budget expenditure GOV

Technical efficiency
Energy efficiency The rate of decline in energy consumption per

unit of GDP EGDP

Scientific and
technological level

Expenditure on technology/local general
public budget expenditure TECH

Note: Rationale for selecting PM2.5 over other pollutants: (1) The percentage of PM2.5-polluted days (26.6%)
nationwide significantly exceeds that of other pollutants [52,57]; (2) Other pollutants such as SO2 and NOx were
excluded due to insufficient data continuity.

2.3.5. Classification of Regional Development Typologies

To further explore the coordination relationship between ESV and urbanization, we
classified the cities into three development types based on the rank difference between
their ESV and comprehensive urbanization level [52,53]. The specific classification criteria
are as follows:

ESV-guidance type: The rank order of ESV exceeds that of the urbanization level by
more than 2. Urbanization-guidance type: The rank order of the urbanization level exceeds
that of ESV by more than 2. Balanced development type: The absolute difference between
the two ranks does not exceed 2.

This typology helps to identify whether a city’s development is more reliant on its
ecological foundation or its urban socioeconomic development or whether it is in a state of
relative balance between the two.

2.3.6. Geographically and Temporally Weighted Regression Models

Traditional geographically weighted regression (GWR) models often neglect tempo-
ral dynamics, focusing solely on spatial heterogeneity [39]. To address this limitation,
the geographically and temporally weighted regression (GTWR) model incorporates a
temporal dimension, allowing for a robust analysis of spatial and temporal variability in
driving factors. This advancement enables more precise identification of spatiotemporal
patterns and the dynamic evolution in ESV–urbanization interactions. The GTWR model’s
mathematical formulation [16] is expressed as

Yi = β0(xi, yi, ti) + ∑n
j=1 βj(xi, yi, ti,)Xij + εi (8)
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where Yi is the CCD between ESV and urbanization for city i. xi, yi, ti are the spatio-
temporal coordinates of city i. β0(xi, yi, ti) is the spatiotemporally varying intercept.
β j(xi, yi, ti) corresponds to the regression coefficient of the j-th explanatory variable at city
i; Xij is the observed value of variable j for city i. n is the number of explanatory variables,
and εi is the random error term. All impact factors were rasterized in ArcGIS 10.8, and a
unified projected coordinate system was established [59].

3. Results
3.1. Spatiotemporal Evolution of ESV and Urbanization
3.1.1. Temporal Evolution of ESV: Fluctuating Downward Trend in Total Volume

According to existing studies on urbanization stages [60], the period 1996–2011 is
defined as the rapid development stage, emphasizing the role of an externally oriented
economy (e.g., industrial upgrading of the Pearl River Delta and the Yangtze River Delta)
in promoting urbanization and pointing out that after 2012, it enters the “new urbanization
stage”, focusing on quality improvement as the core. During the study period, urbanization
in the YRDUA was accelerated by the export-oriented economy (1992–2011) and a mature
period of high-quality urbanization (2012–present).

Temporally, the ESV showed a “fluctuating downward” trend, which stands in sharp
contrast to the steady upward trend of comprehensive urbanization (Figures 3 and 4). This
decline was particularly notable during the period of rapid, export-oriented urbanization
before 2011—a pattern that suggests a significant trade-off between urban expansion and
ecosystem integrity in the early stage of development. Existing studies indicate that two
factors are key drivers of this ESV reduction: first, industrial isomerization, which is driven
by competition among cities within the agglomeration; second, the spread of inefficient
land use, triggered by the expanded commuting radii of metropolitan areas [61].

Figure 3. Trend direction of ESV in the YRDUA, 2006–2020.
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Figure 4. Comprehensive level of urbanization development in YRDUA, 2006–2020.

3.1.2. Spatial Pattern: Stable Gradients with Localized Changes

Spatially, ESV distribution remained relatively stable but exhibited a clear core-
periphery gradient (Figure 5). Cities with abundant forest and water resources
(e.g., Suzhou, Hangzhou) consistently formed high-value cores, while cities with lim-
ited ecological land and smaller areas (e.g., Zhoushan, Maanshan) constituted low-value
areas. A general, albeit gradual, decline in ESV was observed across most prefectural cities
from 2006 to 2020.

By 2020, the YRDUA’s ESV distribution showed incremental adjustments rather than
systemic shifts. However, most prefectural cities experienced gradual declines in ESV peaks,
which can be attributed to urban expansion and the conversion of natural landscapes to
built-up land. The deceleration in ESV loss from 2016 to 2020 likely reflects two factors:
(1) moderated urban sprawl following peak construction phases and (2) enhanced ecosys-
tem conservation efforts under China’s Five-in-One Strategic Layout, though policy impacts
were delayed due to implementation lags.

3.1.3. Temporal Evolution of the Level of Urbanization: Overall Continuing Upward Trend

The entropy value and linear weighting methods are used to obtain comprehensive
indicators of urban development. From the weight of the indicators of urbanization level,
the results show that population urbanization has a greater impact on the extensive level
of urbanization. We can divide existing studies into stages of urbanization [61]. This
paper divides the urban development of the YRDUA into I. Rapid urbanization driven by
economic system reform and export-oriented economy (2006–2011) and II. new urbaniza-
tion focusing on quality enhancement, with the core being the “urbanization of people”
(2012–2020). As can be seen from the chronological evolution characteristics (Figure 4), the
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comprehensive development level of urbanization in the YRDUA has shown a significant
stage-by-stage leap, especially in stage II, where the growth rate is more pronounced, which
is probably due to the effect of national policies, such as the policy direction of “narrowing
the gap between the urbanization rate of the resident population and the urbanization
rate of the household population by two percentage points” put forward by the “National
New Type of Urbanization Plan (2014–2020)”. This “quantitative and qualitative trans-
formation” verifies the applicability of Northam’s urbanization S-curve [62] theory at the
regional scale.

Figure 5. Characteristics of ESV spatial distribution in YRDUA, 2006–2020.

The comprehensive urbanization level exhibited significant phased growth (Figure 5),
a trend that aligns with national policy cycles. Notably, a temporary slowdown around 2012
coincided with post-financial-crisis recovery and adjustments to domestic macroeconomic
regulations [63,64]. In contrast, the peak in 2016 corresponded to the launch of the 13th
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Five-Year Plan and supply-side reforms, which boosted industrial upgrading and regional
integration [62,65].

3.1.4. Urbanization Spatial Structure: A Strengthening Core–Periphery Hierarchy

The comprehensive urbanization level of the YRDUA exhibited pronounced spatial
heterogeneity and path-dependent trajectories between 2006 and 2020 (Figure 6). In 2006,
Shanghai emerged as the primary core, dominating the agglomeration due to its advanced
economic output and high urban population density. A sub-core cluster—comprising Nan-
jing, Wuxi, Suzhou, and Hangzhou—demonstrated strong urban development foundations
and elevated urbanization levels. Nine intermediate cities, including Ningbo and Hefei, oc-
cupied a transitional gradient with moderate urbanization progress. Conversely, peripheral
cities such as Nantong and Anqing lagged significantly, constrained by weaker economic
foundations, infrastructure gaps, and low scores across economic, demographic, spatial,
and social dimensions, collectively forming peripheral zones with lagging urbanization.

Figure 6. Evolutionary pattern of urbanization levels in the YRDUA.
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By 2020, the urbanization pattern in the city cluster exhibited remarkable character-
istics of “gradient enhancement and local leap”. First of all, the polarization effect of the
core area continues, with Shanghai and Nanjing’s comprehensive score being 0.82 and
0.69, respectively, while Suzhou, Hangzhou, and other five cities form a high level of
agglomeration at 0.44–0.56; second, the middle gradient of the town shows differentia-
tion, with Changzhou and Jiaxing relying on industrial upgrading and transformation
of urban development to improve the position order. The edge cities, such as Chuzhou
and Xuancheng, have caught up by undertaking industrial transfer; however, due to the
limitations of their spatial location, Yancheng and Chizhou are still cities with a lower level
of development.

3.2. Spatio-Temporal Characterization of Coupled Coordination Degrees
3.2.1. Temporal Process: Phased Growth from Incoordination to Coordination

Between 2006 and 2020, the coupling relationship between ESV and urbanization in
the YRD transitioned from low-level mismatches to synergistic alignment (Table 5). The
coordination degree of these systems exhibited fluctuating yet sustained growth (Figure 7),
signaling progressive harmonization of ecological and urban development. A pivotal
shift occurred in 2011, marking the transition from a period of dissonance (2006–2011)
to one of coordination (2011–2020). During the initial phase, interactions between ESV
and urbanization were limited, resulting in suboptimal coordination. Following 2011,
rapid urbanization coincided with increased ecological stewardship, fostering stronger
bidirectional interactions.

Figure 7. Evolution of coupling harmonization trends, 2006–2020.
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Table 5. Classification of coupling harmonization levels, 2006–2020.

Year ESV Urbanization
Level C CCD Degree of

Coordination Year ESV Urbanization
Level C CCD Degree of

Coordination

2006 0.8069 0.0242 0.1680 0.2642 Moderate
incoordination 2014 0.7907 0.6001 0.4953 0.5869 Basic

coordination

2007 0.8036 0.0377 0.2068 0.2950 Moderate
incoordination 2015 0.7911 0.6329 0.4969 0.5948 Basic

coordination

2008 0.8092 0.0930 0.3041 0.3704 Moderate
incoordination 2016 0.7913 0.7998 0.5000 0.6307 Moderate

coordination

2009 0.8080 0.1663 0.3762 0.4281 Basic
coordination 2017 0.7891 0.7033 0.4992 0.6103 Moderate

coordination

2010 0.7901 0.2159 0.4106 0.4545 Basic
coordination 2018 0.7829 0.7490 0.4999 0.6188 Moderate

coordination

2011 0.7915 0.3359 0.4573 0.5077 Basic
coordination 2019 0.7773 0.8297 0.4997 0.6337 Moderate

coordination

2012 0.7887 0.3291 0.4558 0.5047 Basic
coordination 2020 0.7860 0.8465 0.4987 0.6497 Moderate

coordination

2013 0.7921 0.4905 0.4860 0.5583 Basic
coordination

Quantitatively, the coupling degree rose from 0.168 (2006) to 0.4987 (2020), averaging
2.2% annual growth, while the coupling coordination degree increased from 0.2642 to
0.6497 (2.57% yearly growth). These trends reflect deepening systemic interdependence,
where urbanization has increasingly integrated ecological preservation into its trajectory.
The steady upward trajectory of both metrics underscores the YRD’s progress in reconciling
economic expansion with ecosystem resilience, likely driven by policy measures prioritizing
balanced development.

We analyzed the CCD across the region to assess the spatiotemporal interactions
between ESV and urbanization in the YRDUA. Figure 8 illustrates the CCD distribution
via box plots, where the white boxes denote median values and scattered points represent
individual cities (n = 26). During the study period, median CCD values fluctuated moder-
ately (0.31–0.38), with an overall trend of slow increase. According to the classification in
Table 3, the YRDUA transitioned through three distinct phases: (1) moderate incoordination
(0.2 ≤ CCD < 0.4) from 2006 to 2008, (2) basic coordination (0.4 ≤ CCD < 0.6) from 2009
to 2015, and (3) moderate coordination (0.6 ≤ CCD < 0.8) from 2016 to 2020. This tra-
jectory signifies a critical shift from fragmented development to integrated ecological–
urban interactions, underscoring the region’s capacity to reconcile economic growth with
ecosystem resilience.

Looking specifically at the trend of the coupling coordination degree of each city over
time (Figure 9), it can be seen that although the coupling coordination degree of each
town has been on the rise, the trajectory of development is characterized by an “inverted
U-shape”—accelerated growth in the early stage followed by a gradual slowdown. Among
them, the coupling coordination degree of Suzhou continues to be in the leading position,
while the coupling coordination degree of Zhoushan, although always at a low level, also
maintains a growing trend.

3.2.2. Spatial Pattern: Radial Diffusion from Core Cities

Using CCD results from 2006, 2011, 2016, and 2020, spatial pattern dynamics were
mapped via ArcGIS 10.8 (Figure 10). The results reveal a pronounced spatial autocorrelation,
characterized by a radiation-diffusion pattern centered on core cities as growth poles. Over
the study period, regional disparities narrowed, with the overall CCD transitioning from a
dysfunctional state (2006) to one of primary coordination (2020).
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Figure 8. Box plot of coupling coordination degree of YRDUA, 2006–2020, where white squares
indicate mean values and scattered points show data from the 26 cities. Colors are for visual
distinction only.

Spatially, the CCD evolved from a fragmented pattern with isolated coordination cores
(e.g., Suzhou, Shanghai, Hangzhou in 2006) to a more integrated, multi-nodal structure ra-
diating along major development axes by 2020 (Figure 10). Despite an overall improvement
in regional balance, a persistent core–periphery disparity remained evident.

From 2006 to 2020, the mean ESV–urbanization level coupling coordination degree of
the YRDUA increased from 0.31 to 0.38 (+22.6%). The standard deviation expanded from
0.073 to 0.078 (+7%), decreasing the coefficient of variation from 23.60% to 20.60% (with a
speed of decline of 12.7%), indicating that the relative equilibrium of regional coordination
degree improved. However, the core–edge absolute gap still needs attention. Overall, the
balance between ESV and urbanization level coupling coordination degree in the YRDUA
is improving.

3.2.3. Types of Development: Predominantly ESV Guidance, with a Growing Number of
Balanced Development Types

From 2006 to 2011 (Figure 11a,b), the balanced development type expanded from
a single city (Shaoxing) to four cities (Hefei, Suzhou, Taizhou, and Shaoxing), with the
new cities mainly located in central Anhui (Hefei) and Jiangsu’s riverside areas (Suzhou
and Taizhou); the number of ESV-advance type cities shrunk from 11 to 10, with the
spatial distribution maintaining a stable pattern of industrial cities along the Wanjiang
River (Anqing, Chuzhou, Chizhou, and Xuancheng) and in the northern part of Zhejiang
(Hangzhou, Huzhou, Jinhua, and Taizhou), with only Suzhou exiting the category. The
number of urbanization-advanced cities decreased from 14 to 12 and continued to cluster in
three major regions: industrial towns along the Yangtze River (Wuhu, Maanshan, Tongling),
coastal hub cities (Shanghai, Ningbo, Jiaxing, Zhoushan), and economic powerhouses in
southern Jiangsu (Nanjing, Wuxi, Changzhou, Nantong, Zhenjiang).
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Figure 9. Trend of coupling coordination among cities in YRD, 2006–2020.

In 2016–2020 (Figure 11d), the pattern was reconfigured, with the number of bal-
anced development-type cities being adjusted back to four cities (Wuxi, Taizhou, Huzhou,
Shaoxing), concentrated around the Taihu Lake; the ESV pioneer type added the city of
Hefei, and the number of cities rose to 10 cities, forming a “double-zone” pattern, the west-
ern part of which includes the ecological barrier zone formed by Hefei, Anqing, Chuzhou,
Chizhou, and Xuancheng, and the eastern part of which consists of coastal ecological
zones formed by Yancheng, Yangzhou, Hangzhou, Jinhua, and Taizhou. The number of
urbanization pioneer-type cities stabilized at 12, and Suzhou returned to this type, forming
a “core–periphery” structure, in which the core area includes the Shanghai–Nanjing–Hebei
metropolitan area (covering Shanghai, Changzhou, Nanjing, and Suzhou) and the pe-
riphery consists of industrial cities along the river and coast, such as Wuhu, Ma’anshan,
Tongling, Nantong, and Ningbo.

Overall, the evolution of the coupling relationship types in the spatial pattern of
differentiation show the following patterns: (1) Ecologically sensitive areas (hills in western
Anhui Province, mountainous regions in west Zhejiang Province) continue to maintain the
ESV guidance advantage. (2) The urbanization process is located within the radius of the
regional central cities (Shanghai, Nanjing, Hangzhou) and (3) along the main transportation
arteries (Shanghai–Nanjing, Hu–Hangzhou, and He–Ning axes) to form a coordinated
urban agglomeration zone and along the principal axes of regional development (Shanghai–
Nanjing, Shanghai–Hangzhou, and He–Ning transportation corridors) to create a balanced
development type of urban belt agglomeration. This is manifested in the joint effect of
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transportation accessibility and factor mobility; the axis cities are more likely to achieve
a dynamic balance between ecological protection and urban construction. (4) Policy-
oriented regions (such as the YRD Eco-Green Integration Demonstration Zone) show the
characteristics of the development type of conversion; the implementation of national
strategies in the region shows a coordinated evolution type of gradient. The gradient
conversion characteristics of the coordinated evolution type reflect the directional regulation
role of policy intervention in the ESV–urbanization coupling relationship.

Figure 10. Evolution of the type of coupled coordination in the YRDUA, 2006–2020.
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Figure 11. Spatial and temporal distribution of development types, 2006–2020.

3.3. Driving Mechanisms Revealed by GTWR Model
3.3.1. Dominant Factors of Coupling Coordination

The results of single-factor detection by Geo-detectors show (Table 6) that the p-
values of the six factors NDVI, ECON, OPEN, ISUI, GOV, and TECH are all less than 0.01,
indicating that their effects on the coupling coordination are statistically significant.

Grounded in the human–land interaction relationship, six key factors were selected as
explanatory variables to investigate their influence on the CCD between ESV and urban-
ization. The GTWR model was employed, with CCD as the dependent variable. Before
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modeling, variables were standardized using Z-score normalization, and multicollinearity
was assessed via SPSS 27. Variance Inflation Factor (VIF) values for all variables remained
below 10, confirming the absence of severe multicollinearity and validating their inclusion
in the model.

Table 6. Detection results of factors influencing the coupling coordination degree.

Factors NDVI PREC PM2.5 GDPSP OPEN ECON ISUI GOV EGDP TECH

q statistic 0.351 0.018 0.020 0.050 0.301 0.303 0.249 0.242 0.010 0.258
p value 0.000 0.967 0.386 0.906 0.000 0.000 0.002 0.000 0.990 0.000

The GTWR model was calibrated using ArcGIS 10.8′s spatiotemporal regression
module, with automated bandwidth optimization and a spatiotemporal distance parameter
ratio of one [16]. As shown in Table 7, the model demonstrated strong performance,
including a residual sum of squares (RSS) of 0.0990 and a residual standard error (δ) of
0.0159, where lower values indicate superior model fit. The Akaike Information Criterion
corrected (AICC) value (−1845.1) and adjusted R2 (0.9635) collectively confirm the GTWR
model’s efficacy in spatially and temporally quantifying the drivers of CCD dynamics.

Table 7. Correlation coefficients for the GTWR model.

Parameter Bandwidth Residual Squares δ AICC R2 Adjusted R2

Value 0.1150 0.0990 0.0159 −1854.1 0.9641 0.9635

3.3.2. Temporal Heterogeneity of Driving Factors

The GTWR model was applied to quantify the drivers influencing the degree of cou-
pling coordination between ESV and urbanization in the YRDUA. Regression coefficients
for each factor were analyzed, and their annual evolution from 2006 to 2020 is illustrated in
Figure 12.

The regression coefficients for the vegetation coverage (NDVI) exhibited a fluctuating
yet statistically significant upward trajectory (Figure 12a). While NDVI impacts were
predominantly negative before 2010, the mean coefficient shifted to a positive correlation
thereafter, with a marked acceleration post-2015. This trend aligns with urbanization
policies that emphasize ecological balance, such as the “park city” initiative, which mitigates
ecological losses from land expansion through increased green space. Concurrently, large-
scale afforestation (e.g., farmland-to-forest conversion) and wetland restoration projects
further enhanced vegetation coverage, amplifying NDVI’s positive contribution to CCD.

The impact coefficient of ECON (Figure 12b) is negative in the first period from
2006 to 2012 and then turns to a stable positive impact in the second period from 2013 to
2020. In the early years, the increase in economic density relied on the consumption of
land resources. High-density economic activities encroach on ecological space, negatively
impacting the ESV. In contrast, promoting the “new urbanization” strategy after 2013 has
led to a decrease in energy consumption per unit of GDP. The synergistic enhancement of
economic agglomeration and eco-efficiency has increased, which in turn has enhanced the
positive effect on the degree of coupling and coordination.

The impact coefficient of OPEN (Figure 12c) generally had a positive effect, and the
average value of the impact coefficient exhibited a trough in 2012, followed by fluctuations
and a rise. Still, the degree of agglomeration was strengthened (the box becomes narrower).
Before 2012, there was a period of dividend opening that occurred after the country
joined the WTO. The introduction of foreign investment led to the development of cleaner
production and the creation of jobs, and the positive effect of coupling and coordination
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significantly increased. Later, the “Belt and Road” initiative, proposed in 2013, promoted
foreign investment.

Figure 12. Trends in regression coefficients of impact factors, 2006–2012.

Although the ISUI (Figure 12d) impact coefficient was a positive driver, the intensity of
its effect has gradually decreased since its peak in 2011. This is closely related to the process
of industrial transformation and upgrading in the YRD; as the share of the tertiary industry
breaks through the critical value, its marginal contribution to coupling coordination tends
to level off.

The impact coefficient of GOV (Figure 12e) generally shows a positive driving effect,
with the regression coefficient decreasing slightly and then accelerating. This may be
attributed to the fact that in the early stage, the fiscal bias was towards infrastructure
expansion, such as the construction of development zones, which exacerbated ecological
fragmentation; in the later stage, it shifted towards ecological compensation and pollution
control, such as the promotion of the “river chief system”, and the effectiveness of the
government’s investment was enhanced.

The mean value of the impact coefficient of TECH (Figure 12f) shows a general upward
trend, but the overall dispersion is increasing. This means that the role of science and
technology in the degree of coordination and coupling is gradually increasing. However,
the differences between regions continue to widen. The technology agglomeration effect
continues to intensify in core cities, while insufficient investment in science and technology
in peripheral cities contributes to greater regional disparities.

The results show that the coupling of ESV and urbanization in the YRD is stage-
dependent: among them, the “negative to positive” NDVI of the natural elements provides
the basic ecological security for the coupling. In the economic structure, ECON, OPEN,
and ISUI reflect the transformation of the economic growth mode from scale expansion to
quality improvement, GOV demonstrates the shift of the government’s role from growth-
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led to governance synergy, and TECH indicates that the overall scientific and technological
inputs continue to increase the role of coupling coordination.

3.3.3. Spatial Heterogeneity of Driving Factors

To assess the spatial heterogeneity of the drivers of the degree of coupled coordina-
tion between ESV and urbanization, the mean regression coefficients of the influencing
factors were analyzed using the natural breaks method, with zero as the critical threshold
(Figure 13).

Figure 13. Spatial heterogeneity of regression coefficients of influencing factors, 2006–2020.

The regression coefficients for vegetation coverage (NDVI) exhibited a distinct
southeast-to-inland spatial gradient. Coastal regions displayed higher NDVI values, corre-
lating with more substantial positive impacts on CCD. These areas likely enhance system
synergy through two mechanisms: (1) ecological barrier functions (e.g., coastal wetlands
mitigating urbanization-driven fragmentation) and (2) resource provisioning (e.g., forested
zones supporting biodiversity and carbon sequestration). In contrast, inland regions—
characterized by ecological fragility and limited environmental carrying capacity—showed
weaker or harmful NDVI–CCD relationships, suggesting that vegetation cover alone can-
not offset stressors such as soil erosion or water scarcity, thereby creating a bottleneck for
coordinated development.

From the perspective of socio-economic factors, ECON primarily affects areas of the
YRD that are concentrated in the urban belt of the Wanjiang River, with a positive impact
on the central part of Jiangsu Province and Taizhou and Zhoushan in Zhejiang Province.
This indicates that the influence of ECON on coupling coordination primarily presents a
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“double-edged” sword effect; excessive economic agglomeration may exacerbate pressure
on resources and the environment, while an intensive and efficient economic layout can
effectively promote coupling coordination. The OPEN coefficient presents a gradient
distribution pattern of high in the south and low in the north. The cities with the lowest
impact coefficients are Yancheng and Yangzhou, indicating that OPEN significantly restricts
the factor flow and coordinated development of the northern cities and that they need to
break through the bottleneck of openness through the mechanisms of FTZ linkage and
cross-border cooperation. ISUI has a positive effect on all the cities in the region. The low
values are found in Taizhou, Zhejiang Province, and the central cities of Jiangsu Province,
suggesting that there is a need to optimize and adjust the industrial structure in these
regions as a means of promoting the coupled and coordinated development of various
factors and achieving overall efficiency.

There is a marginal effect of GOV decays, with the positive effect gradually weaken-
ing from southern Anhui to northern Jiangsu and northern Zhejiang. This indicates that
the marginal benefits of policy interventions exhibit spatial attenuation, with southern
Anhui significantly improving coupling coordination through ecological compensation,
cross-provincial collaboration, and other policies. At the same time, northern Jiangsu and
northern Zhejiang are constrained by the lack of policy suitability or weakened implemen-
tation, which prevents them from fully realizing the benefits of policies.

TECH has a positive effect on Suzhou, Hangzhou, and Shanghai as the peak core
spreads to the periphery as well as a negative impact on cities in central Anhui, central
Suzhou, coastal Taizhou, and Zhoushan in Zhejiang. This suggests that core cities drive
neighboring regions through knowledge innovation spillovers. Still, the peripheral cities
play a negative role in the coordination of coupling due to the loss of innovation factors
and the lag in industrial acceptance.

4. Discussion
As a pioneering region in China’s reform and opening-up policies, the YRDUA has

undergone accelerated urbanization while confronting the growing tension between ecolog-
ical conservation and urban expansion. In the current phase of high-quality development
and urban stock regeneration, the YRDUA strives to sustain robust economic growth and
grapples with the pressing challenges of transitioning its urban development paradigm.
Since 2006, rapid economic progress in the region has spurred simultaneous urbanization
across demographic, economic, and spatial dimensions. This process, however, has en-
croached upon extensive areas of land characterized by high ESV, exacerbating ecological
vulnerabilities. In pursuing high-quality development, the traditional development model
of the past has struggled to meet the new requirements of economic growth during the
transition stage.

4.1. Policy Effects

During the study period, many environmental protection plans and policy documents
have been proposed in the YRDUA, such as the guidance proposed by the State Council
in 2008, which for the first time included the indicator of energy consumption per unit
of GDP in the regional development assessment system [66]; the “Yangtze River Delta
Urban Agglomeration Development Plan”, which was put forward in 2016, stated the
importance of “development in protection, protection in development”, making clear the
imperative of ecological co-construction and environmental co-management in ecologi-
cal barrier areas such as the Yangtze River ecological corridor and the coastal ecological
protection belt. The Outline of the Plan for the Integrated Development of the Yangtze
River Delta Region, issued in 2019, calls for the promotion of ecological and environmental
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co-protection and joint management as well as the formation of a green and low-carbon
mode of production and life. It also clarifies the goal of cross-regional ecological network
construction. This series of policy documents provides guidance and guarantees regional
environmental improvement and sustainable development. It also promotes the deep
integration of ecology and urbanization in the YRD. From 2006 to 2020, the number of cities
characterized as basically coordinated or better increased significantly. Meanwhile, the
basically coordinated type of the YRDUA predominated by 2009, and the overall degree of
coordination again increased significantly after 2016, indicating that in each city, the level
of coupled coordination between ESV and urbanization level has improved considerably.
This shift corroborates the environmental Kuznets curve theory [67], indicating that pol-
icy intervention can enhance ecological quality when economic development reaches a
specific stage.

4.2. Spatial Patterns and Mechanisms

The study shows that the coupling of ESV and urbanization in the YRD from 2006
to 2020 shows a significant gradient: the core cities of Shanghai, Hangzhou, and Nanjing
achieved a high degree of coordination through the triple mechanism of “technological
spillover–industrial upgrading–ecological compensation”, while there are still shortcom-
ings in economic and social development in the central Anhui province and the northern
Jiangsu province [68]. This difference stems from two significant inconsistencies: (1) land
resource mismatch: the expansion of built-up areas in core cities has led to an average
annual decrease of 1.2% in high ESV land (wetlands and forests), while the proportion
of inefficient industrial land still reaches 34% [68]; (2) industrial path dependence: there
is a high proportion of manufacturing industries and insufficient ecologicalization of
service industries.

In the YRDUA, the interaction dynamics between ESV and urbanization show promi-
nent spatial clustering features. Cities with high coupling and coordination levels—namely
Hangzhou, Shanghai, Nanjing, Wuxi, and Hefei—are concentrated in the eastern region,
forming a polycentric network centered on five core hubs. Key cities, such as Shang-
hai, Nanjing, and Hangzhou, have pioneered cross-regional resource integration through
hybrid strategies that combine enclave economic models with collaborative ecological
governance. For instance, Shanghai’s Zhangjiang Science City relocated its biomedical pilot
base to Hefei while concurrently advancing the Chaohu Lake wetland restoration initia-
tive [69]. This dual approach spurred industrial redistribution and strengthened ecological
resilience, fostering coordinated development across neighboring cities. The resulting
“technology–industry–ecology” tripartite framework has catalyzed the emergence of a
diamond-shaped growth pole in the eastern YRDUA, with Shanghai, Ningbo, Hangzhou,
and Hefei as pivotal nodes. Notably, the coupling coordination degree within this core
structure markedly outperforms peripheral regions, underscoring the efficacy of integrated
development models in reconciling urbanization with ESV preservation.

4.3. Optimization Strategies

As a frontrunner in China’s dynamic urbanization, the YRDUA exemplifies the com-
plex interplay between ecological preservation and metropolitan expansion. While con-
fronting the dual pressures of sustaining ecosystem integrity and accommodating rapid
urban growth, this economically vibrant area presents unique opportunities for synergistic
optimization. Achieving high-quality, harmonized development requires establishing an
integrated governance framework that reconciles anthropogenic and ecological systems.
Empirical analyses reveal that the coordinated progression of the YRDUA is governed
by tripartite determinants: biophysical constraints, socioeconomic drivers, and institu-
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tional configurations. Grounded in this multidimensional understanding, we propose the
following evidence-based policy interventions:

(1) Coordinate ecological protection and green innovation. Deepen ecological projects
such as returning farmland to forests and wetland restoration to improve environmental
carrying capacity and consolidate the positive effects of NDVI [70]. Build a gradient
network of science and technology innovation to narrow the regional technology gap.
Increase basic scientific research investment in areas with adverse TECH effects, realize
technological transformation by undertaking industrial parks, and then accelerate the
iterative upgrading of industrial structure.

(2) Optimize the economic model and open pattern. Optimize the economic spatial
layout, and promote intensive and efficient development. In the ECON adverse effect area,
strictly control the consumption of land resources, promote the green transformation of
industrial clusters, and foster the synergy between economic agglomeration and ecological
efficiency [71]. Construct an open pattern in the whole region and break through the
bottleneck of opening up in the north. Deepen the linkage between the FTZ and the “Belt
and Road”, strengthen the construction of cross-border cooperation platforms for OPEN
low-value zones, and improve the quality of foreign investment introduction and factor
flow efficiency.

(3) Innovate collaborative governance mechanisms, enhance the adaptability of poli-
cies, improve the precise placement of financial funds in pollution control, strengthen
cross-provincial collaboration, and implement a differentiated assessment system. At the
same time, cross-regional environmental protection regulatory agencies can be established
to unify environmental protection enforcement standards and address the issue of border
pollution [72].

4.4. Methodological Limitations and Future Research Directions

In this paper, we propose an evaluation index system for urbanization level and sys-
tematically examine the multidimensional relationships between ESV and the coupling
coordination of urbanization within the YRDUA. Despite these contributions, several lim-
itations in research depth and methodological frameworks remain, warranting further
refinement in future work. First, the construction of the indicator system was constrained
by data availability and reliance on the existing literature, leading to the exclusion of
city-specific indicators. Advancing toward a more comprehensive and spatially nuanced
evaluation framework will thus be a critical focus for subsequent research. Second, using
nighttime lighting data to characterize urban spatial development introduced inherent spa-
tial resolution biases. Integrating high-resolution remote sensing datasets with field-based
validation could enhance the precision of such spatial analyses. Third, the classification
of land use types lacked granularity, particularly in capturing regionally distinct ecosys-
tems. For instance, wetland areas within the YRD’s dense river network were aggregated
into broader water body categories, obscuring variations in ESVs across specific land
use subtypes. Finer-scale land use categorization is essential for better quantifying the
heterogeneous supply of ecological functions. Finally, the accuracy of ESV assessments
for construction land was limited by the absence of standardized evaluation criteria and
insufficient baseline data. Methodological innovations, including the adoption of localized
valuation parameters and expanded ground-truthing efforts, are needed to improve the
reliability of ESV quantification.

4.5. Comparison with Existing Research

Our findings on the declining ESV in the YRD are consistent with findings in other
major Chinese urban agglomerations, such as Beijing–Tianjin–Hebei [73] and the Middle
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Reaches of the Yangtze River [74], which confirms the universal pressure that rapid ur-
banization imposes on ecosystems. However, the spatial pattern of the ESV–urbanization
coupling reveals distinct regional characteristics. Unlike the “isolated coordination” pattern
found in the Chengdu–Chongqing urban agglomeration [75], the YRD exhibits a more
integrated core-radiation-balanced enhancement pattern. This difference underscores the
advantage of the YRD’s stronger internal economic and transportation-infrastructural con-
nectivity, which supports the spread of coordinated development. Furthermore, the driving
factors in our study display a clear “core–periphery” distinction, especially for technology
(TECH). This differs from the belt-driven pattern dominated by economic growth and
forest land in the Yellow River Basin [76], highlighting that the YRD’s development is more
reliant on cross-regional governance policies and knowledge spillovers from innovation
hubs to balance spatial disparities.

5. Conclusions
This study systematically examined the coupling coordination between ESV and

urbanization in the YRD from 2006 to 2020. The main conclusions are as follows: (1) From
the temporal dimension, there is an obvious trade-off relationship—when the urbanization
level rises, the economic value shows a downward trend. (2) From the spatial dimension,
the coupling coordination degree evolved from moderate incoordination to moderate
coordination, exhibiting a “core–periphery” diffusion pattern centered around major cities
like Shanghai, Suzhou, and Hangzhou. (3) The driving factors, led by NDVI and economic
density, exhibited significant spatiotemporal heterogeneity, as captured by the GTWR
model. These findings have both theoretical and practical implications.

Theoretically, this research advances the methodological framework for studying
human–environment interactions in metropolitan regions by integrating the CCD model
with the GTWR approach, thereby effectively quantifying the evolving spatial and temporal
influences of various drivers. Practically, the findings provide a nuanced, spatially explicit
evidence base for policymakers. The identification of regional development typologies
(ESV guidance, urbanization guidance, balanced development) and the spatiotemporal
heterogeneity of drivers enable targeted and adaptive strategies for ecological redline
adjustment, industrial layout optimization, and cross-jurisdictional governance in the YRD
and similar urban agglomerations worldwide.
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