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Abstract: This study investigates the spatial correlation and service flow of supply and demand for
water purification ecosystem services at multiple scales (i.e., the Taihu Lake Basin, sub-basin, and
county) by quantitatively assessing the supply–demand relationship of nitrogen and phosphorus
and introducing the SPANS algorithm to characterize the service flow paths. Through quantitative
analysis, the supply–demand relationship between nitrogen and phosphorus was evaluated, and the
SPANS algorithm was introduced to characterize the service flow paths. The results show that the
water purification ecosystem services in the southwestern region and around Taihu Lake exhibit a
good supply–demand balance, while a significant supply–demand deficit is observed in the northern
and southeastern regions. Service flow analysis indicates that surplus areas are primarily concentrated
in hilly and urbanized central regions, whereas deficit areas are mainly located in non-urban centers.
Based on these findings, ecological compensation suggestions are proposed, including dynamic
adjustment, differentiated compensation, cross-city collaboration, and guidance of social capital
participation, to promote continuous improvement in water quality and sustainable development
within the basin.

Keywords: water purification ecosystem services; spatial coupling; flow dynamics; ecological
compensation; scale

1. Introduction

Ecosystem services (ES), especially freshwater ecosystem services (FESs), are crucial
for sustaining the health and stability of ecosystems and are essential for the sustainable
development of human societies [1,2]. Among the various FES, the water purification
ecosystem service (WPES) stands out because of its significant economic and environmen-
tal value [3–5]. WPESs, facilitated by natural ecosystems through processes involving
vegetation, microorganisms, and aquatic life, filters and removes pollutants such as ni-
trogen and phosphorus from water bodies, thereby contributing to both environmental
quality and public health [6,7].

Rapid industrialization and urbanization, combined with pollution and the overex-
ploitation of natural resources, severely threaten freshwater ecosystems and their capacity
to deliver WPESs [8,9]. These ecosystems are also increasingly vulnerable to the effects of
climate warming and drastic land use changes [10–13]. In response to these challenges, it is
crucial to accurately assess the supply–demand dynamics of WPESs to mitigate ecological
risks and promote sustainable regional development.

In recent decades, research on FES, particularly WPESs, has proliferated, particularly
in Asia and Europe, where studies are concentrated [14]. Advanced methodologies, such
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as multi-criteria decision-making frameworks (e.g., AHP and TOPSIS) [3] and quantitative
spatial models (e.g., SWAT, InVEST, ARIES, and VIC) [15–17], have been adopted to
better quantify and evaluate FES supply–demand relationships [18]. Despite progress
in these areas, many existing models and tools still exhibit limitations, particularly in their
ability to fully capture the complexity of FES flows and the multi-scale spatial correlations
involved [19–21].

A significant challenge in FES research is understanding the spatiotemporal dynamics
that characterize the flow of ecosystem services. Ecosystem services supplied in one region
are frequently consumed in another, highlighting the need for a deeper understanding
of the demand flow across both space and time [22,23]. Innovative methods such as the
SPANS algorithm [24] have been developed to optimize the match between ecosystem
service supply and demand. However, the practical application of these methods in
real-world settings remains limited, highlighting the need for further development and
refinement [25].

Alongside the technical analysis of FES flows, there is increasing acknowledgment
of the necessity of incorporating ecological compensation mechanisms into management
strategies. Ecological compensation, commonly referred to as Payment for Ecosystem
Services (PES), serves as a policy instrument designed to balance the costs and benefits
linked to ecosystem protection by compensating stakeholders for their conservation ef-
forts [26]. PES schemes play a critical role in aligning ecological protection efforts with
economic incentives and facilitating ecosystem stewardship through both government- and
market-driven approaches [27–30]. Broadly speaking, ecological compensation includes not
only financial rewards for those who contribute to ecosystem protection, but also penalties
for those responsible for environmental degradation [31,32]. While Western countries have
developed sophisticated PES systems [33,34], China’s ecological compensation frameworks
are still evolving and face challenges such as inconsistent policies and over-dependence on
governmental interventions [35,36].

This study focuses on the Taihu Basin, seeking to investigate the multi-scale spatial
correlations and service flows of WPESs at different sub-basin and county levels. By
applying advanced quantitative methods and utilizing the SPANS algorithm, this study
evaluates the supply–demand relationship for nitrogen and phosphorus purification and
maps the flow paths of these services. This study aims to address existing gaps in the
current research concerning the supply–demand dynamics of WPESs within the Taihu Basin,
while also proposing more effective mechanisms for ecological compensation. Ultimately,
this research aims to contribute to the optimal allocation of water resources in the basin,
thereby promoting the achievement of ecological civilization and sustainability goals in the
region, aligning with the broader objectives of sustainable development.

2. Materials and Methods
2.1. Study Area

Located in southeastern China on the southern edge of the Yangtze River Delta,
Taihu Basin spans approximately 36,900 square kilometers (Figure 1). Within the basin,
Jiangsu Province accounts for 53% of the area, Zhejiang Province (33.4%), and Shanghai
(13.5%). Situated in the mid-latitude region, Taihu Basin falls within the humid northern
subtropical climate zone, characterized by distinct seasons and ample precipitation. The
average annual temperature of the basin ranges from 15 to 17 ◦C. Owing to variations in
monsoon intensity, there is significant inter-annual variability in precipitation and uneven
distribution throughout the year.

Taihu is the third largest freshwater lake in China and is located in a typical plain
water network region. The lake is centered in the basin’s river network, featuring a dense
system of rivers and channels. The lake itself is shallow, with a length of 68.5 km from north
to south, a width of 34 km from east to west, an average depth of 1.9 m, and 224 connected
river ports, with a total length of 120,000 km.
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As the core area of the Yangtze River Delta, Taihu Basin is one of the most rapidly
urbanizing, densely populated, and economically developed regions in China. As of
2022, the basin’s total population has reached 68.25 million, which constitutes 4.8% of the
national population. Its regional GDP was 11.8173 trillion yuan, equivalent to 9.8% of the
national GDP, while its per capita GDP stood at 173,000 yuan, which is 2.0 times higher
than the national average. In the Taihu Basin, water for both production and daily life
comes primarily from local supplies, with additional resources drawn from the Yangtze
River. The region has abundant water resources because of its numerous river systems
and ample precipitation. In 2022, surface water resources in the Taihu Basin amounted
to 14.16 billion cubic meters, and groundwater resources were 4.20 billion cubic meters,
totaling 15.71 billion cubic meters. Nevertheless, non-point source pollution continues to
pose a significant concern, exacerbated by various factors, including precipitation over
the years. With rapid economic development and population growth, pollutant emissions
increase annually. Point source pollution, managed by advancements in urban wastewater
control technologies, has been relatively well controlled. However, non-point source
pollution remains a concern due to factors such as previous years’ precipitation. Despite
the water resource richness of the basin, rapid economic development and population
growth have led to increased pollutant emissions each year. Advancements in pollution
control technologies, particularly those related to urban sewage systems, have partially
alleviated point source pollution.
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2.2. Multi-Step Ecosystem-Based Approach

The study adopts a multi-step approach (Figure 2):
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Data acquisition and preparation encompass the systematic collection of relevant
geographic information, followed by preprocessing with GIS platforms such as ArcGIS Pro
3.0 and QGIS 3.28.6 to ensure both data integrity and compatibility. The SPANS algorithm
was then implemented using Python 3.10, to quantify ecosystem service flows.

To perform a quantitative assessment, the Annual Water Yield and Nutrient Delivery
Ratio modules of the InVEST model were utilized to evaluate the supply and demand
of WPESs at a spatial resolution of 30 m. GIS-driven analysis involves calculating key
parameters, including demand, supply, supply–demand discrepancy, and their ratios, in
compliance with regional regulations and standards.

Segmented statistical analysis was employed to investigate WPES supply and demand
patterns across different administrative and ecological units, yielding a comprehensive
understanding of the current status. Flow dynamics modeling integrates raster data
within the SPANS algorithm, utilizing GIS methods to simulate WPES flows, and proposes
ecological compensation mechanisms aligned with observed flow patterns.

2.3. Data Collection

In this study, we used various high-resolution geospatial datasets to perform hydrolog-
ical and environmental analyses (Table 1). The data sources ranged from elevation and land
use information to hydrological boundaries and soil properties, ensuring comprehensive
input for evaluating the supply–demand dynamics of WPESs, as well as for understanding
the spatial distribution of these services. Sub-watershed boundaries, essential for both
hydrological analysis and water purification assessments, were derived from hydrologic
analysis based on the China Tertiary Water System dataset, following the methods de-
scribed in a previous study (Yu et al., 2022) [37]. To ensure alignment with hydrological and
geographic conditions, the sub-watershed boundaries were adjusted through the Soil and
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Water Assessment Tool (SWAT) model using DEM and soil data, enhancing the accuracy of
water flow and pollutant transport simulations.

Table 1. Data Collection.

Dataset Source Website Description

Digital Elevation
Model (DEM)

Geospatial Data Cloud
(ASTER GDEMV3,

30 m resolution)

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

Used for hydrological analysis to
generate flow direction and delineate
sub-watershed boundaries, crucial for
identifying water flow paths and
assessing water purification
service distribution.

Precipitation and
Evapotranspiration

Data

National Tibetan
Plateau Data Center

(1 km resolution)

(https://data.tpdc.ac.cn), accessed on
1 January 2024

Essential for estimating water budgets
and flow dynamics, helping to
understand the temporal variation in
water demand and supply within
the sub-watersheds.

Land Use/Cover
(LUCC) Data

National Cryosphere
Desert Data Center
(30 m resolution)

(http://www.ncdc.ac.cn/portal/),
accessed on 1 January 2024

Reclassified to model nutrient load
(nitrogen and phosphorus) and
filtration capacities of different land
types, key for assessing the supply side
of water purification services.

Watershed
Boundaries

National Tibetan
Plateau Data Center

(1:250,000)

(http://www.ncdc.ac.cn/portal/),
accessed on 1 January 2024

Used to delineate sub-watersheds,
serving as analytical units for modeling
nutrient flows and assessing
supply–demand dynamics in water
purification services.

Soil Data

National Tibetan
Plateau Data Center
(China Soil Dataset

v1.1, HWSD)

(http://www.ncdc.ac.cn/portal/),
accessed on 1 January 2024

Provides root depth and available
water content, crucial for estimating
water retention capacity and the
filtration of pollutants in
hydrological modeling.

Biophysical Table / /

Contains parameters for nutrient
loading and retention efficiencies,
essential for quantifying the supply
and demand of water purification
services in the InVEST model.

2.4. Ecosystem Services Assessment
2.4.1. Supply and Demand of Water Purification Ecosystem Service

The InVEST Water Purification Model (NDR: Nutrient Delivery Ratio) operates on
grid data, and is primarily used to simulate the sources of surface nutrients and their
flow processes in surface runoff. The model establishes a supply–demand relationship
based on the principle of mass balance, meaning that the total nutrient output is equal to
the sum of the nutrients retained by vegetation/soil and those transported via surface or
subsurface flow.

The amount of pollutants retained by each land use type, as output by the InVEST
Water Purification Model, is considered the supply of water purification services (WPESs),
denoted as Retention. This represents the capacity of the vegetation and soil within the basin
to retain pollutants, highlighting its practical geographic significance in the demonstration
area. The sum of the Retention and Export amounts on each grid cell output by the InVEST
Water Purification Module was taken as the total pollution load in the demonstration
area. The product of the allowable water pollution concentration in the demonstration
area and the water resource volume (water yield) on each grid cell is considered the
allowable pollutant discharge amount for that grid cell (according to the ‘Environmental
Quality Standards for Surface Water GB3838-2002 [38], the Class III water quality standard
limit is used as the allowable water pollution concentration in the demonstration area).
The difference between the total pollution load and the allowable pollutant discharge

https://www.gscloud.cn
https://data.tpdc.ac.cn
http://www.ncdc.ac.cn/portal/
http://www.ncdc.ac.cn/portal/
http://www.ncdc.ac.cn/portal/
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amount represents the amount of pollutants that need to be retained by the vegetation
and soil in the demonstration area, which is taken as the demand for WPESs, denoted
as Export.

This approach has been validated in other studies that employ the InVEST model to
quantify water purification services [39,40], which adopts a similar supply–demand frame-
work, demonstrating the robustness and global applicability of this method in evaluating
ecosystem services.

The spatial resolution used for the analysis was 30 m × 30 m, and the quantities of
the WPES supply and demand are expressed in tons. The precision of the model outputs
is maintained to five decimal places, meaning the results on each 30 m × 30 m grid cell
are accurate up to 10−5 tons. This level of precision ensures detailed outputs suitable for
fine-scale environmental assessments.

InVEST model outputs have been validated against results from the Event Mean Con-
centration (EMC) method, which is commonly used to estimate pollutant concentrations
in surface runoff from different land uses during storm events [41]. Studies in various
regions have employed EMC methods to verify the accuracy of InVEST model results,
demonstrating a strong correlation between the two approaches [39,42]. Furthermore, a
similar study conducted in the Taihu Basin applied EMC to evaluate non-point source
pollution, suggesting that the InVEST model’s simulations of nitrogen and phosphorus
in this region can serve as a useful reference and demonstrate a reasonable degree of
reliability [43].

2.4.2. Matching Supply and Demand of Water Purification Ecosystem Service

The difference in the supply and demand ratio, R, was calculated using the follow-
ing formula:

R = Retention − Export (1)

where R represents the index of the supply–demand difference for WPESs; Retention
represents the amount of pollutants that can be retained, that is, the supply of WPESs; and
Export represents the amount of pollutants exported, which need to be retained, that is, the
demand for WPESs. R < 0 indicates a supply–demand deficit, meaning the water quality
does not meet the standard; R = 0 indicates a balance between supply and demand; and
R > 0 indicates a surplus in supply and demand, meaning that the water quality meets
the standard.

Based on the ‘supply–demand difference’, the quantitative relationship and spatial
distribution of the supply–demand balance of WPESs in the demonstration area in 2020 are
analyzed at different spatial scales (sub-basins, grids).

If the water quality does not meet the standard, that is, if there is a supply–demand
deficit (R < 0), the degree of non-compliance with water quality standards in the area can
be calculated using the following formula:

Substandard =
Export − Retention

Export
× 100% (2)

where Substandard represents the degree of non-compliance with water quality standards
in the area; Retention represents the amount of pollutants that can be retained, that is, the
supply of WPESs; and Export represents the amount of pollutants exported, which need to
be retained, that is, the demand for WPESs. A higher Substandard value indicates poorer
water quality in the area and a greater need for water quality control.

If the water quality meets the standard, that is, if there is a surplus in supply and
demand (R > 0), the degree of compliance with water quality standards in the area can be
calculated using the following formula:

Standard =
Retention − Export

Retention
× 100% (3)



Land 2024, 13, 1694 7 of 17

where Standard represents the degree of compliance with water quality standards in the
area; Retention represents the amount of pollutants that can be retained, that is, the supply
of WPESs; and Export represents the amount of pollutants exported, which need to be
retained, that is, the demand for WPESs. A higher Standard value indicates better water
quality in the area.

For ease of presentation and distinction, for grid cells with a negative supply–demand
difference, the calculated percentage is multiplied by (−1) to obtain a negative value. This
means that a percentage value closer to 100% indicates better water quality compliance,
whereas a percentage value closer to −100% indicates poorer water quality compliance.

2.4.3. Flow of Water Purification Service

After conducting a quantitative analysis of the supply and demand of WPESs in fresh-
water ecosystems, the spatiotemporal dynamic analysis of ecosystem service flows (ESF)
for these services presents a new challenge. This study utilized the SPANS algorithm [24]
implemented at the grid scale. Because the direction of WPES flow is largely influenced by
hydrological processes, the traditional D8 algorithm from ArcGIS hydrological analysis
was utilized to derive flow directions at each grid cell, which allows for eight possible
flow directions. This ensured that the WPES followed realistic water-flow pathways in the
study area.

The SPANS algorithm, executed in Python using libraries such as Rasterio, accommo-
dates both free and directed flow patterns. The flow simulation occurs in iterative units of
time, with each iteration representing one unit of the WPES flow. During each time unit,
the WPES flows from one grid cell to one of its eight neighboring cells based on the defined
flow directions. In this approach, we assume that the WPES begins to flow simultaneously
across all the grid cells. One unit of time corresponds to the WPES moving from one
cell to an adjacent cell in a defined direction. The number of iterations specifies the total
time span over which the WPES flow is analyzed, and the results are saved in new .tif
grid files.

The main steps in the SPANS implementation are as follows: (1) define the flow
direction offsets: a dictionary specifies the eight flow directions based on the flow direction
data obtained from GIS processing; (2) utilize rasterio to read the supply and demand grid
data and flow direction data; (3) initialize a result matrix to track flow directions and the
supply–demand status of each pixel during each iteration; (4) perform iterative calculations,
adjusting the pixel values according to flow directions at each time step; (5) output the flow
results and save them as new .tif grid files.

This approach ensures that the WPES flow is consistent with the underlying hydrolog-
ical flow of the region and accurately reflects how ecosystem services propagate through
the landscape.

For free flow, during each iteration, the difference between each surplus pixel and its
eight adjacent pixels is calculated. The direction with the largest difference is selected as
the flow direction, and the matrix is updated accordingly, while the remaining directions
remain unchanged.

3. Results
3.1. An Analysis of Supply and Demand at the Basin Scale

In the Taihu Basin, the total output of nitrogen and phosphorus has been decreasing
annually, leading to a reduced demand for WPESs; however, the supply has also gradually
diminished. The reduction rate for nitrogen was relatively slow, while phosphorus levels
fluctuated. In 2020, the nitrogen supply–demand ratio was 110.9%, indicating a stable and
favorable situation. Conversely, the phosphorus supply–demand ratio was 90.7%, below
100%, reflecting a deficit where demand exceeds supply, necessitating attention to water
quality issues (see Figure 3, Tables 2 and 3).
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Taihu Basin in 2020.

Table 2. Supply–demand relationship of water purification ecosystem services (total nitrogen) in the
Taihu Basin.

Year Total Output (t) Allowable Load to Water
Bodies (t) Demand (t) Supply (t) Supply–Demand Indices (%)

1995 90,031 25,888 64,143 75,012 116.9
2005 88,447 26,801 61,647 73,233 118.8
2015 79,741 28,077 51,664 65,895 127.5
2020 63,678 20,183 43,499 48,258 110.9

Table 3. Supply–demand relationship of water purification ecosystem services (total phosphorus) in
the Taihu Basin.

Year Total Output (t) Allowable Load to Water
Bodies (t) Demand (t) Supply (t) Supply–Demand Indices (%)

1995 8949 1294 7655 7453 97.4
2005 8653 1340 7313 7164 98.0
2015 7693 1404 6289 6358 101.1
2020 6116 1009 5107 4634 90.7

To provide a historical context, nitrogen and phosphorus supply–demand data from
1995, 2005, and 2015 were incorporated from previous studies (Liu 2019) [44]. These years
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were selected to illustrate the long-term trends in water purification services in the Taihu
Basin, as they offer consistent and comprehensive data. Ecological and socioeconomic data
related to the basin are published at varying intervals, typically every five or ten years. Data
prior to 2010 were more difficult to obtain in a standardized form, while data from 2010
onwards were published more consistently and regularly. As a result, the period between
2000 and 2010 lacks the necessary consistent data for a thorough analysis. Therefore, the
primary focus is on 2020, which provides a comprehensive dataset for detailed analysis
using the latest high-resolution data.

Spatially, the southwestern hilly areas of the basin and regions near the lake exhibit
low supply and demand. The northern and southeastern parts of the basin display higher
levels of both supply and demand, with particularly pronounced demand. In areas with
high urbanization rates, the nitrogen supply was relatively high, whereas other indicators
were generally low. Consequently, the water quality in areas near the lake, the southwestern
part of the basin, and the urban districts of Shanghai and Suzhou was relatively good.

3.2. An Analysis of Supply and Demand at the County Level

Among the 65 counties, 15 (23.1%) exhibited a deficit in nitrogen WPESs and failed to
meet water quality standards, with Jiaxing County showing the most severe noncompliance
index of 35.8%. Seventeen counties had water quality compliance rates between 25% and
50%, 15 between 50% and 75%, and 18 exceeding 75%.

Regarding phosphorus, 43 counties (66.2%) showed a supply–demand deficit, with
most having an average supply–demand difference of approximately 0.001 tons. Twenty-
two counties had a water quality compliance rate between 0% and 25%, 21 between 25%
and 50%, 17 between 50% and 75%, and 4 exceeding 75% (see Figure 4).
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3.3. Spatial Analysis of Supply and Demand in Sub-Basins
Supply and Demand Relationships in Different Sub-Basins

Among the 528 sub-basins, 197 (37.3%) showed a deficit in nitrogen WPESs, and four
(0.8%) had a negative supply–demand index, with the most severe non-compliance rate
exceeding 15%. The nitrogen water quality compliance rate was between 0% and 25% in
140 sub-basins, between 25% and 50% in 169 sub-basins, between 50% and 75% in 105 sub-
basins, and over 75% in 110 sub-basins. In sub-basins where the nitrogen supply–demand
difference is negative, most deficits are small, but stricter nitrogen water quality standards
necessitate further improvement.

For phosphorus, 378 sub-basins (71.6%) exhibited a supply–demand deficit, and 41
(7.8%) had a negative supply–demand index, with the most severe non-compliance rate
reaching 19.7%. The phosphorus water quality compliance rate was between 0% and
25% in 201 sub-basins, between 25% and 50% in 150 sub-basins, between 50% and 75% in
87 sub-basins, and over 75% in 49 sub-basins. Many sub-basins are near the equilibrium
point under the phosphorus purification service standard of 0.05 g/m3, indicating that,
given the stringent phosphorus water quality standards, most sub-basins maintain a fragile
balance in their WPES (see Figure 5).
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3.4. Water Purification Service Flows and Ecological Compensation Mechanisms

The results derived from nitrogen and phosphorus flows at different unit times (see
Figure 6) indicate that after one unit time of flow, where water purification ecosystem
services (WPESs) flow from one grid cell to one of its eight neighboring cells based on
hydrological flow directions, the deficit pixels for WPESs essentially disappear with no
significant change in spatial distribution. This one-unit time represents the simultaneous
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flow initiation of the WPESs across all grid cells, with each flow iteration corresponding to
movement to adjacent cells. After ten unit times of flow, which allows WPESs to propagate
further across the landscape, the spatial distribution shows a further concentration towards
the original surplus areas, particularly in urban centers.
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services after one (b1) and ten (b2) unit time flows.

Although the phosphorus-deficit areas essentially disappear after one unit time of flow,
the surplus remains fragile. The supply–demand situation approaches the nitrogen level
only after ten unit times of flow, with no surplus concentration, except in the southwestern
part of the Taihu Basin and downtown Shanghai.

Based on the multi-scale results of water purification service supply–demand, the
general flow direction and different spatial units can be identified (see Figure 7). The
Taihu Basin has three main supply areas for WPESs: (1) the southwestern hilly regions
(Anji, Deqing, Lin’an, etc.); (2) central urban areas and some suburbs of Shanghai; and
(3) the lake and areas to the north and east (such as Suzhou and Wuxi urban areas).
Correspondingly, there are three main beneficiary areas: (1) the northwest region (from
Nanjing Gaochun to Zhenjiang, Changzhou, etc.); (2) the southeast region (from Huzhou
to Shanghai Jinshan, Fengxian), forming an east–west axis; and (3) the northeast region
(Zhangjiagang, Changshu, Taicang, etc.).
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Based on the analysis of different spatial units of WPESs in the Taihu Basin, the
primary flow directions of services within the basin can be clarified by matching supply
and beneficiary areas, and the key areas within the existing service connections can be
further identified.

The directions of service flows in the Taihu Basin are as follows: (see Figure 7) (1) from
the southwestern hilly supply area to the northeast, with a single flow direction from
west to east (from Changxing and Nanxun to the central and southern parts of the Taihu
Basin); (2) in the Shanghai urban area, there is a flow westward towards the northwest
(towards Taicang and Changshu) and a southwest flow (from Fengxian to Pinghu and
Jiashan in Jiaxing City) from east to west; (3) Taihu flows northwest (towards Zhenjiang and
Changzhou), southeast (towards Jiaxing), and northeast (towards Zhangjiagang), with the
northwest direction being the only service flow supplying the beneficiary area of Danyang
and Jurong, and the southeast direction mainly supplies the central part of the beneficiary
area, Xiuzhou and Nanhu.

From this perspective, the service connection areas that need to be strengthened in
terms of ecological management are as follows: (1) the Kunshan, Qingpu, and Jiashan
regions, located between the two major supply areas and connected on both sides to the two
major beneficiary areas of Jiashan, Songjiang, Taicang, and Changshu, currently recognized
as a demonstration area for integrated ecological and green development in the Yangtze
River Delta; and (2) the Huzhou Changxing and Wuxing areas, which connect the two
major supply areas of the southwestern hills and the lake. In the short term, they can
supply severely deficient beneficiary areas, such as Nanxun and Tongxiang, and in the long
term, they may alleviate deficits in areas such as Danyang.
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Building on this, an ecological compensation mechanism can be adopted, where
compensation responsibilities are determined based on both the quantity and quality of
water purification services. Compensation was calculated by defining the supply and
demand relationships through the flow of the WPES. Areas characterized by high pollution
loads that depend on upstream WPESs were identified as responsible parties because of
their non-compliance with water quality standards. Conversely, regions that significantly
contribute to pollution reduction services are classified as supply zones.

The total ecological compensation funding available within the watershed was dis-
tributed according to the relative water demand and supply of each county. Counties
exhibiting a higher water demand relative to the total demand of the watershed are ob-
ligated to contribute a greater share of compensation. Conversely, counties that play a
significant role in providing water purification services receive financial support propor-
tional to their capacity for water supply.

This approach ensures that counties dependent on external water purification ecosys-
tem services shoulder a larger portion of compensation costs, while those that substantially
enhance water quality are incentivized through financial support. By dynamically adjusting
these relationships in response to changes in land use and water quality requirements,
ecological compensation mechanisms can effectively promote regional cooperation in
ecological management.

4. Discussion

In the context of applying an ecosystem-based approach to the Taihu Basin, the south-
western regions, characterized by low urbanization levels, minimal pollution sources, and
strong self-purification capacities, demonstrated a surplus of Water Purification Ecosystem
Services (WPESs) for nitrogen and phosphorus, resulting in relatively good water qual-
ity. Conversely, the northern and southeastern areas, marked by moderate urbanization
and industrial concentration, face significant pollution loads and considerable WPES de-
mand, resulting in low water quality compliance rates. Many sub-basins in these regions
report nitrogen and phosphorus compliance levels ranging from 0 to 25%, with only a
handful exceeding 50%; phosphorus deficits are particularly notable. However, in key
urban centers, such as Shanghai and Suzhou, water quality compliance rates remain high
despite significant pollution owing to advanced wastewater treatment technologies and
industrial relocation. This highlights the importance of an ecosystem-based approach that
considers multi-scale analysis, as county-level assessments offer management convenience,
while sub-basin analyses depict the spatial distribution of WPES supply and demand
more precisely.

Considering the marked regional disparities and multi-scale dynamics of WPES sup-
ply and demand flows, it is essential to incorporate dynamic changes and interregional
movements of ecological services into the design of compensation policies. Regional
differences play a pivotal role in shaping compensation policies [45,46], particularly in
addressing imbalances between high supply in the southwest and high demand in ur-
ban and agricultural zones through refined management and differentiated compensa-
tion mechanisms. As land use changes, especially with the decline of agricultural land
and rapid urbanization, the WPES supply–demand relationship requires dynamic ad-
justments [47–49]. Thus, incorporating a multi-scale analysis framework into ecological
compensation, leveraging the dynamic monitoring of supply and demand shifts, ensures
that policies remain timely and responsive to ecological service changes and maintain
their efficacy.

To achieve this goal, it is recommended to establish a dynamic adjustment mecha-
nism that periodically revises compensation standards in response to basin-wide changes
in water quality purification services, thereby ensuring policy flexibility and adaptabil-
ity [37,50]. Implementing differentiated compensation policies for various counties is also
crucial, incentivizing local governments and stakeholders to engage in ecological protec-
tion [51,52]. Underdeveloped non-urban core areas should receive higher compensation,
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whereas areas with high water purification demands should ensure that ecological needs
are met. Economically developed regions such as Shanghai and Suzhou should bear greater
political and economic responsibilities. Furthermore, a cross-regional compensation coop-
eration mechanism should be established to delineate each region’s responsibilities and
rights in ecological protection [53], encompassing aspects such as information sharing
and fund management, harmonizing basin resource allocation, and enhancing overall
policy effectiveness.

This study provides an initial exploration of WPES supply and demand in the Taihu
Basin, and examines their application in ecological compensation through an ecosystem-
based approach. Future research should deepen the understanding of spatial heterogeneity
and temporal dynamics in supply and demand flows, and integrate these insights into
ecological compensation policy formulation. Employing remote sensing data for real-time
monitoring of supply and demand fluctuations, along with analyzing the relationships
between WPESs, urbanization, and land use changes, can reveal the impacts of these
activities on the balance of ecosystem service supply and demand [54–56]. Combining
multivariate self-organizing mapping techniques with spatiotemporal analysis to simulate
the dynamic impacts of urbanization processes will provide comprehensive scientific
support for ecological compensation policies [57–59], ensuring their effectiveness and
sustainability within an ecosystem-based framework.

5. Conclusions

This study employed an ecosystem-based approach and conducted a comprehensive
multiscale analysis of the spatial relationships and service flows of water quality purifica-
tion ecosystem services in the Taihu Basin. This holistic examination not only explored the
application and optimization of ecological compensation mechanisms but also emphasized
the interconnectedness of various scales and components within the system. Through
detailed scrutiny of nitrogen and phosphorus water quality purification service supply and
demand relationships at diverse scales, significant spatial heterogeneity was evident, high-
lighting the necessity to consider both basin- and sub-basin-scale dynamics. Specifically, in
the southwestern part of the basin and areas around the lake, a relative balance between
supply and demand with high water quality compliance rates was observed, whereas
urban non-central regions of the northern and southeastern parts of the basin exhibited
severe supply–demand deficits.

These findings underscore the critical role of ecological compensation mechanisms in
ensuring the sustainability of regional water quality purification services. However, they
also reveal that current ecological compensation policies need further refinement, espe-
cially when considering the complexity introduced by spatial heterogeneity and dynamic
changes in multiscale supply and demand flows. An ecosystem-based approach empha-
sizes the importance of understanding these interdependencies and their implications in
policy formulation.

Future research should deepen the understanding of the intricate relationships be-
tween urbanization processes, land use changes, and water quality purification services
within the framework of an ecosystem-based approach. By integrating these insights into
the formulation of ecological compensation policies, it will be possible to contribute to
achieving ecological environmental protection and sustainable development goals in the
Taihu Basin and Yangtze River Delta region. This systems-oriented perspective fosters a
more comprehensive and integrated approach for managing and protecting water quality
purification ecosystem services.
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