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Abstract: System-based approaches are critical for addressing the complex and interconnected
nature of urban ecological development and restoration of ecosystem services. This study adopts a
system perspective to investigate the spatiotemporal drivers of key ecosystem services, including
carbon sequestration, water conservation, sediment reduction, pollution mitigation, and stormwater
regulation, within the Yangtze River Delta Eco-Green Integrated Development Demonstration Area
(YRDDA) from 2000 to 2020. We propose a novel framework for defining enhanced-efficiency
ecosystem service management regions (EESMR) to guide targeted restoration. Our analysis revealed
the complex interplay of 11, 9, 6, 6, and 10 driving factors for selected ecosystem services, highlighting
the spatiotemporal heterogeneity of these drivers. By overlaying these key factors, we identified
high-efficiency restoration priority areas for EESMR that ensure high returns on investment and
the efficient restoration of ecosystem functions. This system-oriented approach provided critical
spatial guidance for integrated ecological restoration, green development, and eco-planning. These
findings offer valuable insights for policymakers and planners in the Yangtze River Delta and other
rapidly urbanizing regions, supporting the formulation of effective land-use policies that balance
environmental sustainability and urban growth.

Keywords: system approach; ecosystem services; urban ecological development; driving factors;
Yangtze River Delta

1. Introduction

Ecosystem services (ESs) are defined as the direct and indirect benefits that humans
derive from natural ecosystems, including provision, regulation, cultural, and supporting
services [1,2]. ESs provide essential resources that contribute to human well-being, maintain
ecological balance, and mitigate environmental hazards [3,4]. However, as globalization
and urbanization accelerate, ES are increasingly stressed, particularly in urbanizing areas
where ecological vulnerability and population density converge.

The structure and function of the global ecosystem have been damaged to varying
degrees by the backdrop of population explosion [5], rapid urbanization [6], climate warm-
ing [7,8], and many other factors. ES degradation is becoming a significant barrier to
sustainable socio-economic development [9-11]. Extensive research has shown that ESs are
influenced by a combination of physical processes and human activities [12,13]. Physical
driving factors, such as climate parameters (precipitation and temperature) and forest cover,
play a crucial role in constructing ES supply aspects through energy flows and material
cycles [14]. For instance, climate change can directly alter precipitation and temperature,
leading to a decrease in water and food supply [11,15-17]. Additionally, climate-induced
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changes in biodiversity can affect ecosystem functions [7,18-20]. Furthermore, the pro-
portion of forest cover in the land-use type is a crucial natural feature, as forests with
their complex internal environments and biological activities are the largest source of
ES supply on Earth [21]. On the other hand, human activities, particularly urbanization,
significantly impact ES by altering land-use patterns and reducing natural habitats [22,23].
For instance, the expansion of industrial and urban areas often results in the destruction
of forests [24] and wetlands [25], subsequently impairing natural functions such as matter
cycling, energy flow, and biodiversity maintenance [26]. Furthermore, frequent infrastruc-
ture projects disrupt the continuity of natural landscapes [27,28], undermining ecological
connectivity [29,30] and thereby reducing the spatial and functional efficacy of ecosystem
services [31,32]. These changes indicate that urbanization not only alters land use patterns
but also has profound effects on the supply and functionality of ecosystem services.

Despite the profound impacts of urbanization on ecosystem services (ESs), it is re-
markable that they retain their crucial roles in urban ecosystems. Despite the challenges
posed by human activities, ESs continue to play an indispensable role in regulating micro-
climates [33,34], supplying clean air and water [35,36], and mitigating the impact of natural
disasters [37,38]. With the support of these services, urbanized areas can better adapt to
climate change, enhance residents’ quality of life, and promote sustainable economic and
social development [39]. Therefore, policymakers and researchers should consider ways
to effectively enhance ecosystem services in urban areas to meet the demands mentioned
above. Many researchers have conducted supply and demand assessments of ecosystem
services at specific scales and identified deficit areas, proposed targeted natural space en-
hancement projects [40-42]; in addition, there are many articles on trade-offs and synergies
between different ecosystem services [43—45], providing a scientific basis for the synergistic
enhancement of multiple ecosystem services. Nevertheless, the effective and efficient
assessment and optimization of ES face numerous challenges [46]. Current approaches
to ecological restoration and protection often lack precise methods for evaluating ES and
systematic considerations for prioritization and efficiency [47,48]. Regarding assessment
methods, although the method based on the coefficient of value of ecosystem types does
not require much data, the accuracy of the assessment results is not high and does not
consider ecosystem quality. The biophysical process method based on localized parameters
has a high degree of accuracy in assessment and analysis and can reflect local ecosystem
characteristics; however, it is more demanding in terms of data acquisition. In the field
of ecological restoration, the focus has been on identifying ‘low-value areas’, ‘vulnerable
areas’, etc., based on the current state of assessments, but there has been a lack of consid-
eration for ‘efficiency’. We should recognize that the formation of ‘low-value areas’ and
‘vulnerable areas’ in ecosystem services is the result of a complex interplay of multiple
factors. Not all ‘low-value” and ‘sensitive’ regions can achieve the anticipated ecological
benefits through ecological restoration efforts. These shortcomings hinder the effectiveness
and efficiency of ecological restoration efforts and subsequently affect the quality of ES.

The Yangtze River Delta Eco-Green Integrated Development Demonstration Area
(YRDDA) is a rapidly urbanizing region in the Yangtze River Delta that represents a critical
interface between natural ecosystems and urban infrastructure. This area is characterized
by a complex interplay between diverse ecosystem services. This study aims to address the
complex and interconnected nature of urban ecological development and restore ecosystem
services (ESs) through a system-based approach. Based on the system perspective, we
investigated the spatiotemporal drivers of key ESs, including carbon sequestration, water
conservation, sediment reduction, pollution mitigation, and stormwater regulation, within
the YRDDA from 2000 to 2020. The research objectives include (1) quantifying the physical
and value-based aspects of these ESs, (2) identifying and optimizing the key drivers of
ES provision, and (3) developing and promoting effective and efficient ES assessment and
restoration strategies.
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2. Materials and Methods
2.1. Study Area

To create an eco-friendly integrated development example, the Chinese government
established the Yangtze River Delta Eco-Green Integration Demonstration Area (YRDDA) in
November 2018, covering more than 2400 km? [49]. Located in one of China’s most economi-
cally vibrant regions, the Yangtze River Delta, the YRDDA spans three provinces—Jiangsu,
Zhejiang, and Shanghai—and includes Wujiang District, Qingpu District, and Jiashan County
(Figure 1). The entire Yangtze River Delta region currently faces trade-offs between economic
development and ecological protection. Within the YRDDA, rapid development has posed
serious challenges to the quality of the ecological environment, with issues such as vegetation
degradation, soil compaction, fragmentation of green spaces [50], water pollution [49], soil
contamination, and air pollution [51], severely constraining the economic sustainability of the
region and threatening the health and safety of local residents.
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Figure 1. Location of the Yangtze River Delta Eco-Green Integration Demonstration Area.

At the regional positioning level, the YRDDA focuses on ‘One River, Three Lakes’
(Taipu River, Dianshan Lake, Yuandang Lake, and Fen Lake), aiming to establish three
new pillars: ‘ecological value’, ‘green innovation and development’, and ‘sustainable green
living’. Comprehensive environmental management initiatives are being implemented to
create beautiful and harmonious ecological spaces. However, because the YRDDA consists
of three separate administrative districts belonging to different provincial administrative
units, ecological issues and restoration strategies within the YRDDA have become complex
and multifaceted, rendering systematic traceability and management challenging. Given
the complex and multifaceted nature of ecological issues and restoration strategies within
the YRDDA, there is an urgent need for a systematic assessment of long-term trends in
ecosystem services (ES) in the region. This study aimed to identify the main drivers of ES,
delineate effective and efficient areas for ES enhancement, and provide spatial guidance for
current or future ecological restoration or enhancement projects within the YRDDA.

2.2. Data Collection

In this study, multi-source remote sensing data combined with meteorological mon-
itoring data and socioeconomic development data were used to conduct research on ES



Systems 2024, 12, 375

4 0f 22

assessment and driving force. A detailed description of the data used in the ES assessment
process is presented in Table 1. To reduce the impact of inter-annual fluctuations in rainfall
on the results of ES assessment, increase the comparability of inter-annual assessment re-
sults, and make them more responsive to actual changes in ecosystem quality and quantity,
this study conducted a multi-year ES assessment using the 2020 rainfall conditions within
the YRDDA as comparable rainfall conditions [52,53].

Table 1. Data used for ES assessment.

Data

Year Resolution Data Type Data Source

Ecosystem Classification Data

Daily Heavy Rainfall
Standards

Daily Rainfall
Monitoring Data

Soil Attributes Data (clay, sand,
silt, organic matter content)

Soil Bulk Density
Ecosystem Type CN Values

Ecosystem
Evapotranspiration Data

Net Primary
Productivity Data
Digital Elevation Model

Normalized Difference
Vegetation Index Data

Chinese Academy of Sciences Resource and
2000, 2005, 2010, 30m Raster Environmental Data Center
2015, 2020 (https:/ /www.resdc.cn/), accessed on
1 January 2024
China Meteorological Administration
- - Text GB/T28592—2012, accessed on
1 January 2024
Chinese Academy of Sciences Resource and
Environmental Data Center
(https:/ /www.resdc.cn/), accessed on
1 January 2024
World Soil Database
- 1000 m Raster (https:/ /www.fao.org/home/en/),
accessed on 1 January 2024
World Soil Database
- 1000 m Raster (https:/ /www.fao.org/home/en/),
accessed on 1 January 2024
U.S. Department of Agriculture Natural
Resources Conservation Service
The Earth Science Data Systems
2000, 2005, 2010, (ESDS) Program
2015, 2020 500 m Raster (https:// www.earthdgata.nasa.gov/ ),
accessed on 1 January 2024
Chinese Academy of Sciences Ecological
2000, 2005, 2010, 10 Raster Environment Research Center (based on
2015, 2020 MODIS annual NPP data and
Sentinel-2 imagery)
- 30 m Raster ASTER GDEM V3
Chinese Academy of Sciences Resource and
2000, 2005, 2010, 10 Raster Environmental Data Center
2015, 2020 (https:/ /www.resdc.cn/), accessed on
1 January 2024

2020 - Excel

- - Text

In the process of selecting driving factors, we have comprehensively considered the
‘generation mechanisms’ and ‘disturbance mechanisms” of ESs, which correspond to the
two broad categories of ‘natural factors” and ‘socioeconomic factors’, respectively [54].
‘Natural factors’ such as ecosystem type, vegetation quality, precipitation, and topography
are key elements in ES production [54]. These factors have different impacts and spatial dis-
tribution patterns and interact to create a spatially differentiated ES provisioning capacity.
Meanwhile, ‘socioeconomic factors’ such as population and GDP can disturb ESs within
certain limits [55]. Infrastructure construction in the context of socioeconomic development
has caused varying degrees of damage to ecosystem diversity, authenticity, connectivity,
and other aspects of ecosystems, seriously reducing the capacity of ecosystems to provide
ESs [56]. Therefore, in the research process on the drivers of various ESs, the study thor-
oughly considered the potential driving factors mentioned in the existing literature [57-59],
incorporating eighteen types of potential drivers (Table 2).
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Table 2. Data used for driver analysis.
Code  Potential Driving Forces Data Sources
X1 DEM ASTER GDEM V3 DEM data
X2 NDVI Chinese Academy of Sciences Resource and Environmental Data Center
(https:/ /www.resdc.cn/), accessed on 1 January 2024
X3 NPP State Key Laboratory of Urban and Regional Ecology, Research Center for
Eco-Environment Sciences, Chinese Academy of Sciences
X4 Slope Slope analysis based on ASTER GDEM V3 DEM data
X5 Content of sticky particles World Soil Database (https:/ /www.fao.org/home/en/), accessed on 1 January 2024
X6 Content of powder particles World Soil Database (https:/ /www.fao.org/home/en/), accessed on 1 January 2024
X7 Content of organic matter World Soil Database (https:/ /www.fao.org/home/en/), accessed on 1 January 2024
X8 Content of sand particles World Soil Database (https:/ /www.fao.org/home/en/), accessed on 1 January 2024
X9 GDP/m? Chinese Academy of Sciences Resource and Environmental Data Center
(https:/ /www.resdc.cn/), accessed on 1 January 2024
X10 Precipitation Chinese Academy of Sciences Resource and Environmental Data Center
(https:/ /www.resdc.cn/), accessed on 1 January 2024
X11 Distance from the water system ArcGIS distance analysis based on water body extent in ecosystem classification data
X12 Distance from railways ArcGIS distance analysis based on Golder Electronic Basemap railroad data
X13 Distance from major roads ArcGIS distance analysis based on highway data from Golder Electronic Basemap
X14 Population density Chinese Academy of Sciences Resource and Environmental Data Center
(https:/ /www.resdc.cn/), accessed on 1 January 2024
X15 Average annual air humidity Chinese Academy of Sciences Resource and Environmental Data Center
(https:/ /www.resdc.cn/), accessed on 1 January 2024
X16 Average annual temperature Chinese Academy of Sciences Resource and Environmental Data Center
(https:/ /www.resdc.cn/), accessed on 1 January 2024
X17 Evapotranspiration Chinese Academy of Sciences Resource and Environmental Data Center
(https:/ /www.resdc.cn/), accessed on 1 January 2024
X18 E Chinese Academy of Sciences Resource and Environmental Data Center
cosystem types

(https:/ /www.resdc.cn/), accessed on 1 January 2024

These include ecosystem type, topography, climate, habitat quality, soil properties, and
socioeconomic factors (Table 2): DEM, slope, precipitation, relative air humidity, annual av-
erage temperature, evapotranspiration, NDVI, NPP, clay content, sand content, silt content,
organic matter content, GDP/ m?, distance to water bodies, distance to railways, distance
to major highways, population density, and ecosystem type. Nine factors, including ecosys-
tem type, DEM, NDVI, NPD, slope, sticky particle content, powder particle content, organic
matter content, and sand particle content (Table 2), were classified as habitat factors, which
constitute the fundamental characteristics of the ecosystem and form the critical basis for
the generation of ESs [54]. Two factors, GDP/m? and population density, were catego-
rized as socioeconomic factors [55]. Human activities and economic development were
not only disturbance factors for the spatiotemporal variations of ESs but also the primary
beneficiaries of such services [55]. Four meteorological factors, including precipitation,
average annual air humidity, average annual temperature, and evapotranspiration, were
considered [60]. These meteorological factors often exhibit significant spatial heterogeneity,
which has a substantial impact on the spatial distribution patterns of ESs such as water
supply and flood regulation [4,61]. Furthermore, three factors, namely, distance from the
water system, distance from railways, and distance from major roads, were classified as
transportation factors [62,63]. The large-scale construction of transportation infrastructure
not only causes the degradation of ecological spaces but also leads to the fragmentation and
disruption of ecosystems, which severely affects the supply and scale benefits of ESs [62,63].

2.3. Ecosystem Service Evaluation and Valuation

Five typical ecosystem services were assessed using the following quantitative meth-
ods [64,65], based on local parameters [66]:

Ecosystems conserve water through their structure and processes by intercepting
precipitation, enhancing soil infiltration, retaining soil moisture, replenishing groundwater,
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and regulating river flow, thereby increasing available water resources. The equation for
water conservation (WC) is as follows:

i=n
2 (Pl —R; — ETl)] x 0.001 x Sgrid (1)
=1

ch =

Vwe = Que X (Poc + Pec X DR) (2)

where Q. represents the physical quantity of water conservation service (m?/a); Vi, repre-
sents the monetary value of water conservation service (CNY/a); P; represents precipitation
in grid i (mm/a); R; represents runoff in grid i (mm/a); ET; represents evapotranspiration
in grid 7, including evaporation from water surfaces, soil, snow, and ice and transpiration
from plants (mm/a); i represents grid number,i=1,2,3,...,1n; S grid Tepresents the area of
each grid (mz) ; Poc represents the annual operational cost per unit volume of the reservoir
(CNY/(m3-year)); P, represents the construction cost per unit volume of the reservoir
(CNY/m?); DR represents the annual depreciation rate of the reservoir.

Stormwater runoff regulation (SRR) refers to the role of ecosystems, through vegetation
and water bodies, in regulating stormwater runoff, reducing flood peaks, and mitigating
flood hazards. The formula is as follows:

err - lz (Psi _Rsi>

i=1

% 0.001 X Sgyig (3)

VSFV = Cfm X (Poc + PCC X DR) (4)

where Qg represents the physical quantity of stormwater runoff regulation services
(m?/year); Vs, represents the monetary value of stormwater runoff regulation services
(CNY/year); P;; represents rainfall during storms in grid i (mm/year); Ry; represents
stormwater runoff in grid i (mm/year); i represents grid number, i =1,2,3, ..., n; Sgrid
represents the area of each grid (m?); P, represents the annual operational cost per unit vol-
ume of the reservoir (CNY/ (m3~year)) ; Pee represents the construction cost per unit volume
of the reservoir (CNY/m?); DR represents the annual depreciation rate of the reservoir.

Ecosystems sequester carbon by absorbing carbon dioxide through organic matter
synthesis in organisms and dissolving it in water bodies, thereby reducing its atmospheric
concentration. The formula for carbon sequestration (CDS) is as follows:

Qeds = Qveds + Qweds ()
i=n
Qvieds = L (Mco,/Me x NEP;) | x 0.0001 X Sgig ©6)
NEP; = a x NPP; @)
Qweds = Swet X Vet (8)
Veds = Qeds X Cco, )

where Q.4; represents the physical quantity of carbon sequestration service (t-CO;/a);
V.4s represents the monetary value of carbon sequestration services (CNY /year); Qv 4s
represents the physical quantity of carbon sequestration service by vegetation ecosystems
(t-CO2/a); Qweds represents the physical quantity of carbon sequestration service by wet-
land ecosystems (t-CO, /a); Mco,/ Mc represents the conversion coefficient of C to CO»;
NEP; represents net ecosystem productivity in grid i (t-C/ha/a); « represents conversion
coefficient between NEP and NPP; NPP; represents net primary productivity in grid
i (t-:C/ha/a); Syet represents the area of wetland ecosystems (km?); Viper represents the
fixed carbon dioxide rate of wetland ecosystems (t-CO,/km?/a); i represents grid number,
i=1,2,3,...,1n,S rid Tepresents the area of each grid (m?); Cco, represents the price of CO,
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(CNY/t), adopting the average trading price of carbon dioxide emission rights of major
cities in the Yangtze River Delta region in 2020.

Ecosystems reduce sedimentation by protecting soil through their structure and pro-
cesses, reducing rainwater erosion, and minimizing soil loss and sediment blocking in
river channels. In this study, soil retention was calculated using a modified universal
soil loss equation [67,68], and the sediment accumulation coefficient and soil bulk density
were used to calculate the final amount of reduced sedimentation. Reducing non-point
source pollution refers to the ecosystem’s soil retention function, thereby decreasing the
transport of soil-borne nutrients such as nitrogen and phosphorus into downstream aquatic
environments, including rivers, lakes, and reservoirs. The formulas for the reduction of
sedimentation (RS) and the reduction of non-point source pollution (RNSP) are as follows:

Qrs = A X Qs /p (10)
i=n
Qsr = ¢ Y [Ri X Ki x L x §; x (1= C;)] p x 0.0001 X Sgyig (11)
i=1
i=n
Qrasp = & 3 [Ri X Ki X Ly x §; x (1= C;) x Bjj] p % 0.0001 X Sgyig (12)
i=1
Vis = Qs X C (13)
m
Vrnsp = Z ansp X pj (14)
j=1

where Qs represents the physical quantity of reduced sedimentation service (m?/a); Qs
represents soil retention amount (t/a); Vs represents the monetary value of reduced
sedimentation service (CNY/year); Qusp represents the physical quantity of reduced non-
point source pollution service (t/a); V;,sp represents the monetary value of the reduction of
non-point source pollution (CNY/year); A represents sediment accumulation coefficient,
dimensionless; p represents soil bulk density (t/m3); R; represents the rainfall erosivity
factor in grid 7, indicating the potential for rainfall-induced soil erosion, quantified by
the long-term mean annual rainfall erosivity index (MJ-mm/ (hm?-h-a)); K; represents the
soil erodibility factor in grid i, which reflects the ease of soil particle disintegration and
transport by water, and this factor primarily depends on soil texture, organic matter content,
soil structure, and permeability, typically expressed in terms of soil loss per unit of rainfall
erosivity on a standard plot (thm?-h/(hm?-MJ-mm)); L; is the slope length factor in grid i,
indicating the impact of slope length on soil erosion, dimensionless; S; is the slope steepness
factor in grid i, reflecting the influence of slope gradient on soil erosion, dimensionless; C;
is the vegetation cover factor in grid i, depicting the ecosystem’s impact on soil erosion,
which varies with the type of ecosystem and the extent of vegetation cover, dimensionless;
Bij represents the pure content of soil nutrient j in grid i (%); i represents grid number,
i=1,2,3,...,1n; Sgig represents the area of each grid (m?); j represents the type of pollutant,
j=1,2,3,..., m; p; represents the pricing of category j pollutants (CNY/t); ¢ represents
sediment removal costs (CNY/t).

2.4. Driver Analysis

Drivers are a set of variables that affect the quantity and quality of ecosystem services
at a given time and place. Geodetectors are a set of statistical methods used to detect spatial
heterogeneity and reveal the underlying drivers [69], and they are applicable across a wide
range of fields, from natural to social sciences [70,71]. They can be applied at scales as large
as nations or as small as individual towns. Their core concept is based on the hypothesis
that if an independent variable significantly influences a dependent variable, the spatial
distributions of the independent and dependent variables should exhibit similarity [72].
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The spatial heterogeneity of ESs is not only directly affected by the quality and quan-
tity of local ecological assets, but also by objective natural conditions, such as local cli-
mate, topography, and soil properties [39,73]. Based on the synthesis of previous studies,
e.g., [74-76], this study analyzed 18 drivers (Table 2). Two detectors, a factor detector, and
an interaction detector in the Geodetector were used to reveal the explanatory power of
each driver on the spatial divergence of each type of ES and the change characteristics of
the explanatory power of each type of ES after the interaction of different drivers compared
with the explanatory power of a single driver.

2.5. Identification and Delineation of Enhanced-Efficiency Ecosystem Service Management Region

The planning and implementation of ecological restoration projects aimed at en-
hancing ecosystem services (ESs) requires systematic identification and prioritization of
high-efficiency areas for intervention. Therefore, we introduced the concept of an enhanced-
efficiency ecosystem service management region (EESMR). We define EESMR as a space
where the efficiency of ecosystem service enhancement in ecological restoration work is
higher than that of the surrounding areas. Policymakers working on ecological restoration
within the EESMR can achieve more significant and efficient ecosystem service enhance-
ments with the same financial and human resource investments.

The key principle behind EESMR is that if a factor has a significant driving effect on the
supply and spatial differentiation of a certain type of ES, then adjusting this driver through
human intervention can greatly change the supply and spatial distribution characteristics
of this ES. Similarly, when multiple key factors jointly drive a certain type of ES, adjusting
another driver in the area where the influence of one driver is higher can have a more
pronounced impact on the change in ES than in other areas.

As illustrated in Figure 2, the darker the color of drivers A and B, the higher the ability
of the region to influence the spatial differentiation of the ES. The darker the area when the
two factors are superimposed, the more significant the impact of adjusting the driver in
that area on enhancing ES.

High

Spatial grading of key
driving factor A

-

Spatial grading of key
driving factor B

+

Spatial grading of other TELLL
key driving factor

Efficient workspace for
ES enhancement -
Low

Figure 2. System-based conceptual framework of the Enhanced-Efficiency Ecosystem Service Man-
agement Region (EESMR).
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Therefore, based on a systematic analysis and identification of the key drivers of
each ES and their interactions, this study proposes a methodology to spatially grade and
superimpose the strength of each driver strongly related to the spatial differentiation of
each ES. The resulting spatial distribution map of the high-efficiency priority of the EESMRs
for each ES can then guide the prioritization of ecological restoration efforts, with the areas
of higher value being prioritized to achieve greater enhancement of ES.

3. Results
3.1. Spatiotemporal Heterogeneity of Ecosystem Services
3.1.1. Water Conservation

In 2000, ecosystems retained 2.55 billion cubic meters of precipitation, which held
an economic value of approximately 66,124.78 million yuan, effectively replenishing local
groundwater resources. However, by 2020, groundwater retention had decreased by 15.69%
to 2.15 billion cubic meters, and its economic value had dropped to 55,550.39 million yuan.
From 2000 to 2020, water conservation services showed a decreasing trend, with the largest
decline of 6.15% occurring between 2005 and 2010 (Figure S1). Owing to the efficient
water storage capacity of wetland ecosystems, the western region near Taihu Lake and
the northern area around Dianshan Lake in the demonstration area had a higher intensity
of water conservation service supply. The entire northern region, with its dense network
of water bodies and rivers (Figure S1), is a major area for water resource conservation.
In contrast, the southern region, which has a higher proportion of farmland ecosystems,
exhibits insufficient water conservation capacity, particularly in the southeastern area,
where the intensity of water conservation service supply is relatively low. From 2000 to
2020, influenced by the expansion of artificial surfaces, areas that previously provided
high-intensity services underwent severe degradation (Figure S1). The degraded areas are
primarily located in densely populated regions such as the northeastern part of Qingpu
District, the southern part of Jiashan County, and the northern and southern parts of
Waujiang District.

3.1.2. Stormwater Runoff Regulation

In the year 2000, vegetation and wetlands in the demonstration area mitigated urban
flood risks by reducing stormwater runoff and enhancing infiltration, collectively retaining
about 0.48 billion cubic meters of stormwater, thereby ensuring the safety of agricultural pro-
duction. The estimated economic value of this service was approximately 12,396.37 million
yuan. By 2020, the stormwater retention decreased to 0.40 billion cubic meters, a reduction
of about 16.67%, with an economic value of approximately 10,459.70 million yuan. Over
the past 20 years, stormwater runoff regulation has gradually declined (Figure S2), with
the greatest reduction of 6.13%, similar to the water conservation services that occurred
between 2005 and 2010. Areas with a high supply intensity of stormwater runoff regulation
services were primarily located in the northern and northeastern parts of the demonstration
area, particularly around the Dianshan Lake area, whereas other regions, particularly the
southern area, had lower service supply intensities (Figure S2). Several factors contributed
to the spatial variability of stormwater runoff regulation services within the demonstration
area, mainly influenced by the geographic distribution of heavy rainfall, which was concen-
trated in the northern and northeastern regions. These areas have a dense network of rivers,
and ecosystems possess a greater capacity to mitigate extreme runoff events. Moreover,
the Dianshan Lake area in the northeast has the strongest stormwater retention capacity.
Similar to the water conservation service, from 2000 to 2020, areas that previously had
high intensities of stormwater runoff regulation services experienced a significant decline
(Figure S2), and these declines were also concentrated in the northeastern part of Qingpu
District, the southern part of Jiashan County, and both the northern and southern parts of
Whujiang District. The stormwater runoff regulation service directly safeguards the overall
ecological safety of the city, and the accelerated degradation of this service supply capacity
might increase local residents’ risk of facing urban flooding.
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3.1.3. Carbon Dioxide Sequestration

In the year 2000, ecosystems within the region sequestered approximately 0.69 million
tons of carbon dioxide through photosynthesis by vegetation and absorption by terrestrial
water bodies, attributing an economic value of 16.37 million yuan and contributing to the
reduction of regional heat risks. By 2020, carbon sequestration decreased to 0.52 million tons,
a decline of 24.64%, with an economic value of 12.33 million yuan. Influenced by overall
vegetation degradation and the expansion of artificial surfaces, carbon fixation showed a
downward trend from 2000 to 2020, with the largest decline of 11.31% occurring between
2005 and 2010 (Figure S3). Areas with high intensity of carbon fixation services were
concentrated around Taihu Lake, Dianshan Lake, and the densely river-networked region
between the two lakes (Figure S3). The wetlands within the demonstration area exhibited a
significantly higher carbon sequestration capacity than other ecosystems, benefiting from
both water absorption and biological transformation. Given the widespread distribution
of farmland, particularly in the southern and northeastern parts of the area, the carbon
sequestration capability of ecosystems other than wetlands lacked spatial heterogeneity.
From 2000 to 2020, due to the annual conversion of large areas of farmland into artificial
surfaces, the carbon sequestration services of farmland in the northeastern part of Qingpu
District, the southern part of Jiashan County, and both the northern and southern parts of
Waujiang District continually declined in spatial terms (Figure S3). Although the carbon
sequestration service of wetland ecosystems expanded slightly spatially from 2000 to
2015, it faced a severe decline from 2015 to 2020. The diminishing capacity for carbon
fixation not only impacts local climate regulation but also affects regional ecological stability,
highlighting the critical need to protect and restore these valuable ecosystems.

3.1.4. Reduction of Sedimentation

In 2000, vegetation in the entire demonstration area retained rainwater, thereby pre-
venting approximately 2.66 million cubic meters of sediment from entering river channels
and forming deposits, with an estimated economic value of 70.00 million yuan. By 2020,
the volume of prevented sediment deposition decreased to 2.58 million cubic meters, a
reduction of approximately 3.01%, and the economic value dropped to 67.65 million yuan.
However, over the 20-year period from 2000 to 2020, the trend initially declined, then
increased between 2005 and 2015 with an average growth rate of 1.12%, and significantly
decreased again by approximately 3.50% from 2015 to 2020 (Figure S4). Owing to the
relatively flat terrain and small differences in elevation within the demonstration area,
the overall spatial variability of the sediment deposition reduction service was insignifi-
cant. Areas with a higher service provision capacity are typically located in regions with
some elevation differences, such as roadsides, lake embankments, farmlands, and ridges.
Moreover, from 2000 to 2020, there was no significant spatial variation in the intensity of
the sediment deposition reduction service (Figure 54). This indicates that, although the
overall capacity to prevent sediment deposition has been relatively stable, specific areas
susceptible to erosion and sediment issues might still benefit from targeted conservation
and management strategies to maintain or enhance this vital ecosystem service.

3.1.5. Reduction of Non-Point Source Pollution

In the year 2000, the ecosystems within the demonstration area collectively reduced
19,144.60 tons of total nitrogen and 6148.19 tons of total phosphorus from forming non-point
source pollution, with their total economic values estimated at 183.27 million yuan and
61.48 million yuan, respectively, effectively ensuring the safety of agricultural product pro-
duction. By 2020, the reduction in total nitrogen and total phosphorus fell to 18,501.67 tons
and 5941.71 tons, respectively, a decrease of approximately 3.36%, with total economic
values of 177.12 million yuan and 59.42 million yuan. Similar to the service of reducing
sediment deposition, the service of reducing non-point source pollution displayed an
overall trend of initial decline, followed by an increase from 2005 to 2015 with an average
growth rate of 1.12%, and a significant decrease from 2015 to 2020, approximately 3.50%
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(Figures S5 and S6). Given the relatively flat terrain and minor differences in elevation
within the demonstration area, the spatial variability in the intensity of the service to
reduce non-point source pollution is generally small. Areas with a higher service provision
capacity are typically located in regions with elevation differences, such as roadsides, lake
embankments, farmlands, and ridges. Moreover, from 2000 to 2020, there was no signifi-
cant spatial variation in the intensity of the services to reduce non-point source pollution
(Figures S5 and S6). This suggests that while the overall capacity to mitigate non-point
source pollution has been relatively stable, specific measures and targeted conservation
strategies might still be necessary to maintain or enhance this vital ecosystem service to
safeguard environmental quality and public health.

3.2. Identifying Suitable Cropland Landscape Patches for Priority Conservation

The results showed that the top five factors with high explanatory power for the
spatial differentiation of WC were ecosystem type, DEM, NDVI, population density, and
distance from the water system.

In addition, GDP/m?, average annual temperature, organic matter content, and pre-
cipitation also had strong explanatory power for the spatial variance of water conservation
services. The other factors were less influential (Figure 3 and Table S1). Regarding the
spatial distribution of SRR, the principal factors were ecosystem type, NDVI, population
density, GDP/m?, and precipitation. Factors such as evaporation, proximity to water sys-
tems, DEM, silt content, and organic matter content also played significant roles, whereas
other factors exerted minor effects (Figure 3 and Table S1). For the spatial distribution of the
CDS, the leading factors included ecosystem type, NDVI, population density, GDP/m?, and
NPP. Additional influential factors were DEM, evaporation, air relative humidity, annual
mean temperature, precipitation, and organic matter content, whereas other factors exerted
minor effects (Figure 3 and Table S1).
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pollution, SRR represents stormwater runoff regulation, and WC represents water conservation.
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RS and RNSP were calculated based on the same model; therefore, the geodetector
results were the same. The top five factors with high explanatory power for the spatial
distribution of both services were ecosystem type, Slope, NDVI, DEM, and precipitation, in
addition to organic matter content, which also had high explanatory power for the services.

The results of the interaction detection factors showed that for all five types of ES, the
g-value of the interaction of the influencing factors was higher than that of the single-factor
effect, indicating that the explanatory power of the interaction between any two factors
on the spatial differentiation of services was significantly enhanced compared with that
of the single factor. All factor interactions showed two types of relationship: two-factor
enhancement and nonlinear enhancement. Among all the interactions, the interaction
between ecosystem type and other factors had the strongest influence, reflecting that
changes in land use attributes would greatly affect the fluctuation of spatial differentiation
of ES in the context of most driving forces (Figure 4).
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Figure 4. Interaction detection results for ecosystem service drivers.
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For WC (Figure 4a), DEM, NDVI, and population density generally had strong inter-
action effects with other factors. For SRR and CDS (Figure 4b,c), NDVI, land mean GDP,
and population density generally had strong interaction effects with other factors. For
RS and RNSP (Figure 4d,e), Slope, NDVI, DEM, and precipitation generally had a greater
influence on the interaction with other factors. This phenomenon further illustrates the
strong explanatory power of these factors in explaining the spatial differentiation of the
corresponding ES within the YRDDA.

3.3. Enhanced-Efficiency Ecosystem Service Management Region Identification and Delineation

When identifying EESMRs for WC, the effects of eight key drivers (DEM, NDVI,
organic matter content, GDP/m?, precipitation, distance from the water system, population
density, and average annual temperature) were considered in the spatial overlay analysis.
This analysis revealed that areas with strong interactions between the main drivers of WC
were mainly in Wujiang District within the YRDDA, followed by Jiashan County, with the
lowest interaction in Qingpu District. In particular, a large area in the south and a small
area in the north of Wujiang District had many high-priority plots for ecological restoration
work oriented toward the enhancement of WC, whereas in Jiashan County, the EESMR for
water conservation services was centrally located in the southern urban area, with sporadic
distributions in the scenic area of the town and its surroundings (Figure 5a).
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Figure 5. Interaction detection results for ecosystem service drivers. Enhanced-Efficiency Ecosystem
Service Management Region targeting ecosystem service enhancement. WC represents water con-
servation, SRR represents stormwater runoff regulation, CDS represents carbon sequestration, RS
represents reduction of sedimentation, and RNSP represents reduction of non-point source pollution.

To identify EESMRs for SRR, the effects of nine key drivers (DEM, NDVI, sand content,
organic matter content, GDP/m?, precipitation, distance from the water system, population
density, and evapotranspiration) were combined for spatial overlay analysis. The area with
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stronger interactions among the main drivers was still located in Wujiang District. Jiashan
County and Qingpu Districts are similar in extent. The EESMRs with higher priority in
Wujiang District are distributed from north to south, and the red areas can be prioritized as
areas to be considered in the practice of carrying out special ecological restoration work
oriented toward the enhancement of SRR. Unlike WC, in Qingpu District, there are large
high-priority EESMRs around Dianshan Lake in the west, the Taipu River in the south,
and a large area in the northeast, which can also be used as ecological restoration high-
efficiency priority plots. The high-priority EESMRs within Jiashan County are mainly
located around Fen Lake in the north and in the area around the scenic area of Xitang
Ancient Town (Figure 5b).

When identifying EESMRs for CDS, the effects of 10 key drivers (DEM, NDVI, NPP,
organic matter content, GDP/ m2, precipitation, population density, relative air humidity,
average annual temperature, and evapotranspiration) were considered for spatial overlay
analysis. The interaction of the main drivers was stronger in the southern part of Wujiang
District and more moderate in other regions. In carrying out project work oriented toward
CDS enhancement, the southern part of Wujiang District remains the area with a high
concentration of high-priority parcels, while parcels in other regions are more dispersed.
In Qingpu District, a large number of high-priority EESMRs are located in the southern
and northeastern regions and parts of the northwestern region around Dianshan Lake. In
Jiashan County, the higher-priority EESMRs are concentrated in the southern part of the
administrative district as well as in the northern part of the county in a large area around
the ancient town of Xitang (Figure 5c).

To identify the EESMRs for RS and RNSP enhancement, the effects of five key drivers
(DEM, NDVI, slope, organic matter content, and precipitation) were integrated into the
spatial overlay analysis. The interactions of each key driver were stronger in the entire area
of Jiashan County and Wujiang District within the YRDDA and weaker in Qingpu District.
When carrying out ecological restoration projects oriented toward the enhancement of
sedimentation reduction and surface pollution reduction services in the YRDDA, work
should focus on Jiashan County and Wujiang District. The high-priority EESMRs were
concentrated in the south-central region of Wujiang District and the southern region of
Jiashan County and scattered in the central region of Jiashan County (Figure 5d).

Figure 5 clarifies the spatial prioritization of ecological restoration project practices
under the ES enhancement objective, especially the red area in the figure, which is recom-
mended to be considered first when carrying out the spatial selection of special projects
oriented to the enhancement of various ESs. In addition, the key human-controllable
drivers of each ES are factors that should be prioritized in the ecological restoration process,
such as the quality of vegetation, soil structure, and ecosystem type. Within high-efficiency
workspaces with high priority, comprehensive bare-land re-greening projects can be carried
out to increase the quantity of ecological assets, especially in the YRDDA, where a large
area of farmland slopes and ridge spaces have a high potential for greening space. It is
also possible to carry out low-quality forest renovation projects to improve the quality of
ecological assets; accurately identify high-efficiency workspaces to improve forest quality;
scientifically utilize native tree species to accurately improve forest quality; carry out forest
conservation; repair and renovate degraded forests and low-quality forests; and improve
the quality of forest ecosystems.

4. Discussion
4.1. Urbanization and Ecosystem Service Degradation

As a core driver of economic development in China, the Yangtze River Delta region,
primarily comprising Jiangsu, Zhejiang, and Shanghai, has undergone significant changes
over the past 20 years. The influx of large populations and rapid industrial development
have resulted in drastic transformations in regional ecosystems. Extensive areas of forests,
grasslands, wetlands, and farmland have been converted into hardened spaces for factories,
residences, and plazas. Furthermore, transportation planning has fragmented ecological
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spaces, causing the disintegration of existing green and wetland areas, thereby diminishing
their ecological benefits. Additionally, the quality of forests has declined due to the estab-
lishment of plantations following natural forest logging and human disturbances, such as
invasive plants, air pollution, extreme climate events, and poor maintenance.

Within this context, the overall trend of ecosystem services in the Yangtze River Delta
Eco-Green Integrated Development Demonstration Area has been declining over the past
20 years, particularly in terms of water conservation, carbon sequestration, and stormwater
runoff regulation, which have shown annual declines. The period from 2005 to 2010
experienced the most significant decline, with reductions of 6.15%, 11.31%, and 6.13%,
respectively. Although services related to reducing sediment deposition and non-point
source pollution showed signs of recovery in 2005 and 2015, by 2020, they had decreased to
the lowest levels in nearly two decades.

From 2000 to 2020, regions with a high ecosystem service supply that surround
population centers were in a state of continuous degradation, especially noticeable in water
conservation, stormwater runoff regulation, and carbon sequestration services. However,
due to the relatively flat terrain and minor elevation differences within the demonstration
area, the spatial variability in the intensity of services for reducing sediment deposition
and non-point source pollution is not pronounced.

4.2. An Integrated System Approach to Optimizing Ecosystem Services

Ecological problems result from the integration of natural, social, and economic factors,
and the concept of a system is embedded in the mechanism of problem occurrence. There-
fore, in the process of eco-spatial optimization for the enhancement of ecosystem services,
policymakers can greatly improve efficiency and save resources if they fully consider the
influence of potential drivers from the integrated systems perspective.

In previous similar studies, the authors mostly identified degraded or vulnerable
spaces based on the status of ecological assets or the results of ES assessments and used the
results to guide actual ecological restoration work [38,77]. Although such methods directly
reveal real ecological problems and the degree of urgency, they ignore the actual reasons
behind ecological degradation and the driving factors that affect the spatial differentiation
of ES. Compared with the traditional method of prioritizing ecological restoration zones,
the EESMR delineation method based on the integrated systems perspective in this study
also considers the current situation of ES provision but pays more attention to the driving
mechanism behind ES provision, as well as the specific strategies and efficiency in the
process of ecological restoration practice. This method is a better complement to, rather than
a complete replacement of, the previous ecological restoration zone delineation method
and can answer an important question faced by urban managers: which plots of land can
be restored to obtain more significant ES enhancement benefits in a short period of time?

4.3. Identifying Key Drivers for Enhanced-Efficiency Ecosystem Service Management Region

Understanding the drivers of changes in ecosystem services is essential for designing
interventions that maximize benefits while minimizing adverse effects. The mechanisms
by which various ecosystem services are generated and influenced by the drivers differ sig-
nificantly. Assessing the long-term variation characteristics of these services and analyzing
the key driving factors are fundamental for urban managers to develop scientifically sound
and targeted ecological restoration plans.

There were similarities in the types of key drivers for each of the five ecosystem
services categories. The ecosystem type was the most crucial driver influencing the spatial
differentiation of all five categories of ecosystem services, with g-values exceeding 0.8,
which were significantly higher than those of the other drivers. The NDVI also significantly
affected the spatial differentiation of all five categories of ecosystem services. The popula-
tion density showed high g-values for water conservation, stormwater runoff regulation,
and carbon sequestration. Precipitation was a significant driver of sediment deposition,
non-point source pollution, and stormwater runoff regulation. The DEM also showed high
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g-values for water conservation, sediment deposition reduction, and non-point source pol-
lution services. Additionally, water conservation services were influenced by proximity to
water systems, carbon sequestration by NPP, and both sediment deposition reduction and
non-point source pollution by slope. The interaction detection results revealed that for all
five categories of ecosystem services, the g-values for the interaction effects of drivers were
higher than those for individual effects, indicating that dual-factor interactions enhance the
influence on spatial differentiation.

The delineation of EESMR for various ecosystem services also showed significant
spatial variability. A commonality is that Wujiang District contains large areas of high-
priority EESMRs for all five categories of ecosystem services, making it a focal area for
future ecological restoration efforts. High-priority EESMRs for the enhancement of water
conservation services are concentrated in a large area in the southern part of Wujiang
District and a few areas in the north, in the southern part of the urban area of Jiashan
County, and sporadically in and around the scenic area of the town of Xitang. EESMRs
prioritized for the enhancement of stormwater runoff regulation services are distributed
throughout the entire area of Wujiang District. They are concentrated in the area around
Dianshan Lake in the west, the area around the Taipu River in the south, a large part
of the northeastern part of Qingpu District, the area around Fen Lake in the northern
part of Jiashan County, and the area around the scenic area of the Xitang Ancient Town.
High-priority EESMRs for carbon dioxide sequestration are concentrated in the southern
part of Wujiang District, in the southern and northeastern areas of Qingpu District, and
in parts around Dianshan Lake in the northwestern part of Qingpu District. Large areas
of high-priority EESMRs are also distributed in the southern part of Jiashan County, as
well as in the area around the ancient town of Xitang in the north. EESMRs with high
upgrading priority for sedimentation reduction and surface pollution reduction services
are concentrated in the south-central region of Wujiang District and the southern region
of Jiashan County and are also scattered in the central region of Jiashan County. In the
preliminary planning for ecological restoration, the differences in the spatial distribution
of EESMRs for various types of ecosystem services should be analyzed in depth, and the
corresponding higher-priority areas should be considered in conjunction with the main
objectives of ecological restoration.

4.4. Potential of Enhanced-Efficiency Ecosystem Service Management Region in
Ecological Restoration

Numerous studies have demonstrated that ecosystem services, such as water conser-
vation, stormwater runoff regulation, and carbon sequestration, can mitigate the ecological
challenges faced by the region. In the context of ecological degradation and reduced ecosys-
tem services, launching ecological restoration projects or initiatives to enhance ecosystem
quality is crucial to ensure sustainable regional development. Researching the key drivers
of various ecosystem services and integrating findings to develop actionable spatial strate-
gies for enhancing these services is a critical consideration for urban and regional managers
and researchers.

Numerous typical ecological restoration cases and ecological engineering projects
have been successfully implemented at various spatial scales, contributing to the enhance-
ment of regional ecosystem services. In large-scale regions, especially those with highly
developed socioeconomic status, ecological issues often present diverse and widespread
characteristics. Systemic ecological restoration across the entire region. The designation
of ecological restoration or project areas often lacks foresight into the systemic ecological
restoration process across an entire region. Questions such as “Which plots should be
prioritized?” and ‘Which plots can achieve more significant improvements in ecosystem
services within a short time?’ are difficult to answer, necessitating the formation of a
scientific mechanism to determine priority plots to support the early planning of ecological
restoration. This is the concept of EESMR proposed in this article. Natural, social, and
economic factors influence the spatial differentiation of ecosystem services. Based on the
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study of long-term changes in ecosystem services in the Yangtze River Delta Eco-Green In-
tegrated Development Demonstration Area, key driving factors and their interactions have
been identified using a geographic detector, which has innovatively proposed the method
of delineating EESMRs based on these key driving factors, providing spatial guidance for
future specialized ecological restoration projects in the region.

4.5. Revolutionizing Planning with Systems Science for Sustainable Ecosystem Services

Examining urban planning challenges amidst accelerated global urbanization requires
addressing their intricate implications. Urban ecosystems face unprecedented stress as
spaces expand and economic activities intensify, often at the cost of ecosystem service
preservation, which leads to water pollution, air quality degradation, and biodiversity loss.
These issues impair residents’ quality of life and hinder their sustainable development.

Rapidly developing cities exemplify the consequences of inadequate planning, with
unchecked green space encroachment, wetland destruction, and river pollution exacer-
bating heat islands and flooding [78,79]. This underscores the limitations of traditional
planning, prioritizing land economics over ecosystem significance for city functionality
and long-term development.

Systems science revolutionizes urban planning by treating cities as complex ecosys-
tems and analyzing component interactions to reveal ecosystem service dynamics and
driving factors [12,80]. This holistic approach integrates natural, socioeconomic, and
policy-legal factors, supporting comprehensive scientific planning [39,81].

Our study applied systems science to assess the demonstration area ecosystem services,
identify key drivers, and propose an EESMR. This innovation prioritizes restoration projects
and fosters green development-ecological planning integration [82,83].

To integrate findings into local planning, such as the Yangtze River Delta Demonstra-
tion Zone Plan (2021-2035), we recommend the following: interdepartmental working
groups for strategic planning, leveraging study results to designate EESMR priority areas;
detailed implementation plans with objectives, tasks, funding, and timelines; public partici-
pation through education, outreach, and activities to enhance ecosystem service awareness;
and technological advancements for assessment, monitoring, and project efficiency, driving
sustainable urban development [84,85].

4.6. Limitations and Prospects

Although this article provides specific spatial guidelines for potential green develop-
ment and ecological restoration projects based on the assessment of long-term changes in
ES and key driving factors in the YRDDA, the EESMRs formed represent a zone based on
the degree of interaction among driving factors, without detailed implementation plans for
specific indicators. Future research could start with controllable driving factors, such as
vegetation quality or area, and focus on high-priority plots within EESMRs to develop more
practical ecological restoration implementation plans based on natural backgrounds. When
delineating EESMR, we considered all driving factors that could have both indirect and
direct impacts on ecosystem services. When it comes to further implementing ecological
restoration practices within an EESMR, the analysis of causal factors should be prioritized,
which is the direction of our next research step. Additionally, owing to the limitations of
available data and recognized calculation methods in this study, pollutants that were not
associated with soil transport were not considered in the calculation of services for reducing
non-point source pollution. Based on the EESMRs and detailed plans, it is advisable to
further assess the growth potential of regional ESs, not only to select the optimum among
multiple ecological restoration plans but also to enable urban managers to proactively
formulate urban development plans for sustainable socio-economic development.

5. Conclusions

Amid the continuous decline in ecosystem services (ESs) in rapidly urbanizing regions,
the development of effective strategies for ecological restoration has become a critical re-
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search focus. This study adopts a system-based approach to investigate the spatio-temporal
drivers of key ecosystem services, including carbon sequestration, water conservation,
sediment reduction, pollution mitigation, and stormwater regulation, within the Yangtze
River Delta Eco-Green Integrated Development Demonstration Area (YRDDA) from 2000
to 2020. The analysis revealed significant disparities in the driving factors for different ESs,
with carbon sequestration, water conservation, sediment reduction, pollution mitigation,
and stormwater regulation influenced by 11, 9, 6, 6, and 10 key factors, respectively. The
complex interplay among these factors highlights the spatiotemporal heterogeneity of ES
provision across the region. By overlaying the key driving factors, this study proposes a
novel framework for defining EESMR to guide targeted ecological restoration efforts. The
identified EESMR priority areas in the densely populated southwestern urbanizing zones
are characterized by significant carbon sequestration, water conservation, sediment reduc-
tion, and pollution mitigation potential, whereas priority areas for stormwater regulation
are dispersed across the entire zone. This system-oriented approach provides critical spatial
guidance for integrated ecological restoration, green development, and eco-planning in the
Yangtze River Delta region. The findings offer valuable insights for policymakers and plan-
ners, supporting the formulation of effective land-use policies that balance environmental
sustainability and urban growth. The proposed methodologies and strategies can serve
as a blueprint for addressing ecosystem service challenges in other rapidly urbanizing
regions worldwide.
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