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Abstract: Clarifying the spatiotemporal changes in the supply and demand of water-related ecosystem
services (WESs) can provide comprehensive support information for ecological governance decisions.
However, the spatial mismatch between the supply and demand of WESs is often overlooked,
resulting in a lack of targeted decision-making. At the grid scale, while preserving both natural and
social attributes, this study quantitatively analyzed the spatiotemporal changes in the supply and
demand of WESs in the Southern River Basin from 2000 to 2020. Ecological zoning was performed
based on the temporal changes in WESs supply and demand. The OPGD model was used to
investigate the impacts of socio-economic and natural factors on different WESs supply factors and
further explore the spatial correlation of WESs supply and demand changes in different zones. The
results show that there is significant spatial heterogeneity in the changes in WESs supply and demand.
Economic belts and megacities have experienced remarkable changes, with WESs supply decreasing
and WESs demand increasing. WESs demand changes significantly affect WESs supply changes. The
supply of WESs in all zones is influenced by WESs demand. In the high supply-low demand zone,
WY has the highest explanatory power for WESs demand changes. From the high supply-middle
demand zone to the low supply-middle demand zone and then to the high supply-high demand
zone, the explanatory power of PE for WESs demand changes gradually increases. As WESs demand
starts from the middle level, HAI gradually dominates WESs demand changes. The increase in land
use changes may promote the impact of WESs demand changes on WESs supply changes. This study
contributes to incorporating the supply and demand changes of WESs and their correlations into the
ecological protection and restoration system, providing a new perspective and method for regional
sustainable management.

Keywords: water-related ecosystem services; spatial zoning; supply and demand change; optimal
parameters-based geographical detector; spatial correlation

1. Introduction

Ecosystem services (ESs) refer to the direct or indirect benefits that humans obtain
from ecosystems [1,2], constituting a fundamental source of human well-being [3]. As
humans have predominantly prioritized urban socio-economic development over time,
the capacity of ESs to deliver essential services, which society relies upon, has gradu-
ally diminished [4,5]. The rapid increase in ecological issues like biodiversity loss, soil
erosion, groundwater depletion, and degradation of water quality in these urban areas
poses significant threats to the region’s sustainable development [6,7]. Consequently, the
majority of ESs (nature’s contributions to humans) are experiencing a decline [8]. Over
the past 50 years, approximately 60% of global ESs have degraded, seriously affecting
the long-term sustainability of the ecosystem [9,10]. Should human activities persist in
recklessly disrupting the structure and functionality of natural ESs, projections suggest that
global economic losses from land degradation could escalate to USD 23 trillion by 2050 [11].
In this context, effectively improving ESs on a global scale has emerged as a critical issue
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in the fields of sustainable development and natural resource management over the past
20 years [8]. Moreover, ESs possess both natural and social attributes. Ecosystems’ structure
and functions do not inherently constitute ESs without humans as beneficiaries and con-
sumers [12]. Water-related ecosystem services (WESs) represent a distinct category of ESs
originating from terrestrial ecosystems’ interaction with hydrological processes. They play
a pivotal role in fulfilling human requirements and preserving ecosystem health [13,14].
WESs are encompassed within various categories of ESs. For instance, WESs encompass
providing water resources for human use (supply services), influencing soil conservation
and biodiversity maintenance (supporting services), contributing to water cycling and
purification (regulation services), and offering natural landscapes for ecotourism along
rivers and lakes (cultural services) [15,16]. Therefore, from the perspective of multiple
stakeholders, the demand for WESs should be given adequate attention [17]. Given the
supply and demand of WESs, a strong connection has been established between natural
WESs and socio-economic systems, providing a practical approach to analyzing society’s
relationship with water-related ecosystems [15]. Furthermore, an in-depth exploration of
the spatial correlation between WESs supply and demand, as well as its influencing factors,
can facilitate the integration of WESs into ecosystem management, ultimately minimizing
losses, preserving and restoring damaged water-related ecosystems.

In the field of WESs research, there is a growing emphasis on the significance of
both supply and demand aspects of WESs. Model development, participatory surveys,
and spatial mapping techniques have been the dominant methodologies in this area of
research [18-20]. The scope of these studies encompasses various grids, counties, cities,
regions, and countries [21-24]. From a research perspective, there has been relatively
limited attention paid to the study of the matching between supply and demand in WESs.
Some studies have explored the spatial mismatch patterns of WESs supply and demand
from the perspectives of various stakeholders by identifying WESs supply and demand
clusters. For example, Chen et al. [25] conducted a study that quantified the balance
between supply and demand of WESs in highly urbanized cities in 2016. Liang et al. [26]
evaluated the response of land use and land cover (LULC) to WESs in three different
periods over three years. Liu et al. [27] quantified the supply, demand, and spatial flow
of WESs in 2010. Wu et al. [28] analyzed the impact of megacity urban land expansion on
WESs in four different periods. However, most existing studies rely on the spatial patterns
of a single year to depict the correlation between the supply and demand of WESs, which
can only provide static information. The dynamic variations in the supply and demand of
WESs can reveal the dynamic characteristics of the WESs supply and demand relationship.
Integrating the spatial characteristics of dynamic changes in WESs supply and demand will
facilitate a deeper understanding of the relationships between WESs supply and demand.
The supply and demand of WESs are influenced and constrained by geographical space [29].
Given the spatial instability of natural environments and socio-economic conditions in
different regions, the level of correlation between supply and demand changes in WESs
may vary [30]. The application of global spatial analysis methods may, to some extent,
mask the differences in information presentation across certain regions. Therefore, when
analyzing the dynamic changes in the supply and demand of WESs, the spatial pattern can
be comprehensively considered for zoning. Spatial units within each zone exhibit similar
WESs supply and demand, which facilitates a genuine and comprehensive understanding
of the correlations between WESs supply and demand variations.

The examination of ecological and socioeconomic factors that influence the spatial
distribution of WESs systems is attracting growing interest. Statistical methods such as
regression analysis, correlation analysis, factor analysis, cluster analysis, and multivariate
analysis, have been devised to evaluate the effects of various factors, encompassing so-
cioeconomic and natural elements, on water-related ecosystems and their services [31-34].
These methods aid in identifying crucial drivers, determining the strength of associations
between variables, and offering insights into the intricate interplay among socioeconomic,
natural factors, and WESs [35]. However, these techniques have their limitations. They
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often focus on individual factors, which makes it challenging to capture the intricate re-
lationships among variables. Furthermore, these approaches might struggle to measure
the individual contributions of influential factors or accommodate multivariate covari-
ance, potentially resulting in an incomplete or biased comprehension of the underlying
processes [36]. The Geodetector model (GDM) offers a robust approach to addressing
these challenges by effectively identifying the contribution of single factors. The GDM is
designed to mitigate the limitations of traditional statistical methods, enabling a more com-
prehensive understanding of the complex relationships between natural socio-economic
and WESs supply and demand [37]. However, the traditional GDM primarily utilizes
empirical knowledge for classifying spatial data, which tends to be subjective. Therefore,
we introduce the optimal parameter-based geographical detector (OPGD), which selects
the classification parameter combination with the highest g-value to discretize continuous
variables, thereby enhancing the quantitative investigation of the driving mechanisms
behind WESs supply and demand.

The Southern River Basin, located in a region with complex geographical features
in China, boasts a wide variety of landforms, with mountains and hills as the dominant
types. The Southern River Basin encompasses the Yangtze River Basin (YRB) and the
Pearl River Basin (PRB), two major water systems in China which are closely linked to the
supply and demand of WESs [38]. Since the adoption of the reform and opening-up policy,
with rapid economic development, continuous population agglomeration, and accelerated
urbanization, the WESs in the Southern River Basin have been continuously eroded and
damaged, leading to an increasing inability of the WESs supply capabilities in some cities
to meet rising ecological demands [39]. In order to address these challenges, it is crucial to
conduct an in-depth investigation into the supply and demand relationships and driving
factors of WESs in the Southern River Basin, thereby ensuring the sustainable utilization of
WESs, ecological balance, and economic prosperity. However, even with an appropriate
research object, if the analysis of the supply and demand of WESs is not conducted at
an appropriate spatial scale, the difficulty of decision-making and implementation will
increase. Currently, some ecological regionalization studies are based on administrative
boundaries or natural attributes to divide geographic units. However, when administrative
units are demarcated, the natural attributes of the region are often overlooked; similarly,
when natural attributes are divided, administrative units are seldom taken into account. The
segmentation between natural attributes and administrative boundaries often weakens the
integrity of the characteristics of supply and demand changes in WESs within the research
units. As the smallest research unit, grids possess both natural and social attributes, which
can not only reflect the integrity of natural attributes but also effectively capture socio-
economic characteristics. Therefore, using grids as the unit of analysis can effectively
showcase the characteristics of supply and demand changes in WESs while facilitating
ecological governance.

This study aims to quantitatively evaluate the spatial distribution and driving factors
of WESs supply and demand changes in the Southern River Basin from 2000 to 2020 at a
grid scale. By comprehensively considering the spatial characteristics of WESs supply and
demand dynamic changes, ecological zoning is conducted. The OPGD method is used to
explore the spatial correlation of WESs supply and demand in different zones.

2. Methodology
2.1. Study Site and Data Source

The Southern River Basin is situated in the southern part of China, with a geographical
coordinate range of 78°25’ E to 122°12' E east longitude and 20°09" N to 42°48’ N north
latitude (as shown in Figure 1). The Southern River Basin, encompassing the YRB and PRB,
includes 19 provinces and 130 prefecture-level cities. To fully consider the integrity of social
and natural attributes, this paper will conduct a simultaneous study of these 19 provinces.
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Figure 1. The location and topographic layout of the study site. (a) Geographic positioning of the
study site within China. (b) Distribution of LULC in the study site in 2020. (c) Elevation mapping of
Southern River Basin sub-basin.

The YRB is the largest river in Asia and the third longest globally. Within the YRB,
three national-level city clusters exist: the Chengdu-Chongqing city cluster, the city cluster
situated within the middle stretches of the Yangtze River, and the urban agglomeration of
the Yangtze River Delta. In 2020, the permanent population of the YRB reached 45,697.2 mil-
lion, with a gross domestic product (GDP) of CNY 35,647.48 billion, accounting for 35.2%
of the national total. It is the largest basin in China in terms of drainage area, GDP, and
population [40]. The yearly mean temperature distribution across the YRB reveals higher
temperatures in the east and lower temperatures in the west, higher in the south and
lower in the north, with the middle and lower reaches experiencing higher temperatures
compared to the upper reaches. The region with exceptionally high annual precipitation
exceeding 1600 mm is primarily situated in the middle and lower reaches of the river basin,
whereas the semi-humid zone, with annual precipitation ranging between 400 and 800 mm,
is mainly found in the upper reaches of the river basin.

The PRB comprises four primary tributaries: the Xijiang River, the Beijiang River, the
Dongjiang River, and the Pearl River Delta [41]. Situated within the Pearl River Delta are
numerous metropolitan areas, including Guangzhou to the north, Macau to the southwest,
and Hong Kong to the southeast. In 2020, the PRB had the highest urbanization level, with
a permanent population of 15,767.9 million and a GDP of CNY 122,639.4 billion, accounting
for 12.10% of the national total. Its economic development level ranked second among the
seven major river basins [42].

The Southern River Basin experiences a diminishing supply of ecosystem services
due to ongoing encroachment of construction on cropland and natural ecosystems [14,43].
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Simultaneously, accelerated urbanization intensifies the demand for WESs. This escalating
disparity between supply and demand is posing an increasingly severe challenge.

In this study, various datasets were utilized. Specific information regarding the data
and their respective sources can be found in Table 1.

Table 1. Sources and use of data collected in this paper.

Target Criterion Indicator Layer Year sPatlél Data Resource
Layer Layer Resolution
Digital elevation model (DEM) 2020 http://www.gscloud.cn, accessed
on 21 September 2023
Slope (SLO) 2020 30 m .
Aspect 2020 Extracted from elevation
Nature E\Ii?];x;x/lla)hzed difference vegetation index 2020 https://www.resdc.cn, accessed on
Net primary productivity (NPP) 2020 11 October 2023
Soil types (Soil) 2020 https://www.ncdc.ac.cn/portal,
Soil erosion types (SER) 2020 accessed on 1 October 2023
Distance to water source (DWA) 1 km th:tczs/sé:l\ Xn“é(g Cttlz)sbt;czt(r)rzlgp.org,
Annual mean temperature (TEM)
Annual mean precipitation (PRE)
Suitability . Annual mean evappratlon (E.VA) 2000, 2020 https:/ /www.geodata.cn, accessed
Climate Annual mean relative humidity (RHU) on 11 September 2023
Total annual evapotranspiration (EVA) P
Direct normal irradiation (DNI)
Sunshine hours (SSD)
Percentage of cropland land (CLP)
Percentage of forest land (FLP) 30 https:/ /www.resdc.cn, accessed on
L Percentage of grassland (GLP) m 19 September 2023
and use and P £ wat WLP)
land cover ercentage of water area ( 2000, 2020
The percentage of land area
(LULC) desi . .
esignated for construction use in
Percentage of construction (ConsP) 1km the region represents the
characteristics of LULC
composition.
. Population (POP) 2000, 2020 .
Socio- Nighttime lighting data (NLD) 2000, 2020 https:/ é‘“’w‘Z‘;‘g"ﬂdelf S
economic Gross domestic product (GDP) 2000, 2020 accessed.on eptember
Distance to government (DGO) 2020
L Distance to road (DRO) 2020
Coordination , Distance to highway (DHI) 2020 Lm
Trafflc Distance to train station (DTS) 2020 http://www.openstreetmap.org,
location Distance to hospital (DHO) 2020 accessed on 6 October 2023
Distance to school (DSC) 2020
Distance to bus stops (DBS) 2020

2.2. Quantification of Water-Related Ecosystem Services
2.2.1. Water-Related Ecosystem Services Selection

Basins play a crucial role in providing basic ecosystem services to human society by
drawing clean freshwater from upstream sources to meet essential needs such as drinking
water, agricultural irrigation, and domestic water supply [44]. However, LULC changes
(urbanization, agricultural expansion, and deforestation), climate change (extreme hy-
drological events), pollution emissions (industrialization, agricultural production, and
domestic sewage discharge), and land degradation (over-exploitation, irrational agricul-
tural activities, and deforestation) significantly impact the hydrologic cycle, water quantity,
and water quality in river basins [45]. These changes can have significant impacts on the ESs
provided by river basins, including reduced clean water supply, deteriorating water quality,
increased soil erosion, and declining soil fertility [46]. Water yield (WY), a crucial parameter
in hydrology and water resources management, determines the amount of water avail-
able for various purposes, such as drinking, irrigation, power generation, and ecosystem
maintenance [47]. Soil conservation (SC) is a crucial parameter for maintaining agricultural
productivity, ensuring food security, and preserving the natural environment [48]. Water
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purification (WP), an essential ecosystem service provided by river basins, involves the
removal of pollutants and improvement of water quality through natural processes, thereby
protecting human health and supporting the maintenance of water resources’ quality and
quantity [49]. Therefore, three specific WESs factors have been selected for this paper,
namely WY, SC, and WP.

Using InVEST 3.9.0 software [50], we assessed the WESs by incorporating the LULC,
PRE, EVA, SER, DEM, annual precipitation erosivity, and vegetation available water content.
Table 2 presents the biophysical coefficient parameters.

Table 2. Biophysical coefficients in the InVEST models.

LULC Root_depth Kc LULC_veg Usle_c Usle_p Load_n Load_p Eff n Eff_p Crit_len_n Crit_len_p Proportion_subsurface_n
Cropland 300 1.1 1 0.3 0.2 15.5 1.73 0.25 0.25 30 30 0.4
Forest land 3500 1 1 0.006 1 25 0.15 0.7 0.7 300 300 0.15
Grassland 800 0.7 1 0.02 1 6 0.8 0.48 0.48 150 150 0.15
Water area 1 1.05 0 0 0 0.001 0.001 0.05 0.05 30 30 0.25
Construction 1 0.43 0 0 0 11 1.8 0.05 0.05 30 30 0.3
Other land 1 0.5 0 0 1 11 1.8 0.05 0.05 30 30 0.1

2.2.2. Water Yield

The InVEST model’s annual WY module presents a method for estimating water
balance, which relies on precipitation, evaporation, LULC, plant-available water content,
and root-restricting layer depth.

Y, = (1 - AIETZ') x P, 1)

i

where Y; represents the annual WY (mm) of each grid cell i, AET; is the actual annual
precipitation (mm/yr), and P; denotes the annual precipitation (mm/yr).

The root mean square error between the model value (as in Table 3) and the observed
is minimized at 50.13 when the parameter Z = 0.86.

Table 3. Comparison between observed data and modeled data of annual water yield (mm/yr).

River 2000 2020

Observed data 764.53 641.02

Xiangjiang River Modeled data 813.08 625.07
Error rate/% —6.35 2.49

Observed data 243.33 283.55

Zishui River Modeled data 222.86 278.03
Error rate/% 8.41 1.95

Observed data 2184.81 2803.21

Dongting Lake Basin Modeled data 2016.27 2667.79
Error rate/% 7.71 4.83

The data employed in this research were obtained from the Changjiang and Southwest Rivers Water Resources
Bulletin (http://www.cjw.gov.cn/zwzc/bmgb/, accessed on 22 November 2023).
2.2.3. Soil Conservation

The sediment delivery ratio (SDR) module in the In'VEST model computes the Univer-
sal Soil Loss Equation (USLE) for each image pixel using the USLE.

RKLSy = Ry - Ky - LSy, )
USRLX - Rx'Kx'LSx'Cx‘Px, (3)
SCy = RKLS, — USLE,, @)
SCy = Ry - Ky - LSx(1—Cx - Py), (5)

where USRLy represents the average annual soil erosion; Ry denotes the rainfall coefficient;
K, indicates the soil erosion coefficient; LS, signifies the field topography coefficient;
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C, represents the planting and management coefficient; Py indicates the coefficient of
supporting conservation measures. The accuracy of the calculation results was validated
by comparing them with the measured annual soil erosion in the experimental runoff area
(Table 4).

Table 4. The comparison between the observed and computed values of the annual soil loss amount
in 2015.

Measured Value Calculated Value
Soil Soil Error Rate/%
LuLc Loss/Tons-km—2-yr—1 LuLe Loss/Tons-km—2-yr—1
Economic fruit tree 1223.3 17.8
G i land 1162.6 24.0
reer];:i 51;;‘?[35 an 1972.9 Forest land 1441.5 270
Average 14529 —0.8

The measured data are from the Lianhe runoff monitoring station (located at 111°22’ E, 27°03’ N). The area of
each runoff field is 100 m2.

2.2.4. Water Purification

WP is a crucial ecosystem service that focuses on the relative export of total dissolved
nitrogen as an indicator of pollution. WP pertains to the capacity of ecosystems to alleviate
water pollution by retaining certain non-point source pollutants through the actions of
vegetation and soils. A significant impact of LULC on water quality is the presence of
nutrients in surface water. The nitrogen export (NE) and phosphorus export (PE) per pixel
in landscape x can be computed using Equations (5) and (6), respectively.

NEZ' = lOﬂdN,' X NDRNl', (6)

PEi = lOldel' X NDRpi, (7)

where NE; and PE; are the total amount of nitrogen and phosphorus exported, respectively;
loady; and loadp; are the nutrient loads of N and P, respectively; NDRy; and NDRp; are the
nutrient delivery ratios of N and P, respectively. Due to the unavailability of measured data
on PE and NE, the accuracy of the results was primarily achieved by referring to published
model parameters within a specific region within the study area [51].

2.3. Framework of Correlation Analysis

This research provides a comprehensive analysis of both the natural ecosystem and
the socio-economic system, exploring the spatial relationships of WESs supply and demand
changes from 2000 to 2020 within the study area. It aims to elucidate the evolving charac-
teristics of these patterns. Additionally, it investigates the dynamic correlation between
changes in WESs supply and demand over time, exploring these correlations within distinct
regions. The outlined research ideas and overall design are visually represented in Figure 2.
This framework comprises three core components:

(1) WESs supply calculation. Utilizing the Millennium Ecosystem Assessment (MA)
framework alongside the Common International Classification of Ecosystem Services
(CICES), this study selected vital WESs, specifically, WY, SC, and WP (as depicted in
Table 5). Employing the respective ecological models, a spatial mapping approach
was employed to compute the supply of these WESs from 2000 to 2020.
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Figure 2. A structured framework is established to synchronize and harmonize the supply and
demand of WESs.

Table 5. Basis for selecting WESs indicators.

Indicator Basis for Selecting Indicators

WY plays a crucial role in maintaining human life and well-being by
serving as a foundational cornerstone for various life-sustaining activities.
Soil conservation is crucial for upholding ecological balance, ensuring food
security, and fostering sustainable development.

Resolving water pollution in the YRB is absolutely vital, particularly

WP focusing on tackling pollution in lakes, reservoirs, and water bodies with
high levels of nitrogen and phosphorus.

WY

SC

(2) WESs demand calculation. Estimating WESs demand involves selecting three socio-
economic indicators (HAI, POP, and GDP) to characterize and understand the demand
for these services. Employing these indicators, spatial mapping of WESs demand
within the study area was conducted, spanning the timeframe from 2000 to 2020.

(8) The study conducts spatial correlation analysis to examine the changes in both the sup-
ply and demand of WESs from a zoning perspective. This entails examining the spatial
and temporal variations in the supply and demand of WESs in the study area from
2000 to 2020 by employing hotspot analysis to investigate the aggregation/dispersion
patterns of supply change and demand change in the WESs. Ecological zoning is
carried out based on these changes (categorized as high-medium-low) by overlaying
the hotspot analysis results of supply and demand changes. The OPGD method is
utilized to analyze the factors affecting different WESs and the relationship between
their supply and demand changes in diverse zones. The factor detector is used to
assess the impact of WESs demand changes on society, ecology, and nature, revealing
the trend (positive/negative) of WESs demand changes on different WESs supply
changes. Lastly, ecological management suggestions for balancing WESs supply and
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demand are proposed based on the spatial correlation of changes in WESs supply and
demand across different zones.

2.4. Evaluating the Supply—Demand Relationship of WESs
2.4.1. Quantifying WESs Supply

Based on the natural geographic traits of the YRB and PRB and existing research [52-54],
WY, WP, and SC were chosen as the WESs supply components. The calculation principles
and formulas for these WESs are outlined in Section 2.2. Standardizing these three WESs
using the Min-Max method and applying equal weights, their combined value was derived,
considering the crucial significance of each WESs component.

According to the different dimensions of WESs, we normalized each WESs (WY, SC,
NE, and PE) to a uniform value between 0 and 1 and then summed them to obtain the
WESs for subsequent analyses [55], which were calculated as follows.

4 WESSZ',]' — WESSi,min

WESS - 7
z; WESSi,max — WESSi,min

(8)

where WESs; ; signifies the initial value of ecosystem service i in pixel j, while WESS; min,
and WESs; max represent the minimum and maximum values of WESs, respectively.

2.4.2. Quantifying WESs Demand

Demand for ecosystem services pertains to the quantity of ESs anticipated or consumed
by society [56]. Following the approach outlined in Peng et al. [55], we utilized population,
LULC, and GDP as socio-economic indicators to define and understand the demand for
WESs. LULC signifies the intensity of human water resource consumption. A higher ratio
of construction to cropland indicates greater land development and utilization, thereby
escalating water resource consumption. Population size serves as a reflection of the demand
for WESs; heightened population density correlates with a higher overall demand for WESs.
GDP mirrors the level of economic development in different regions, indirectly indicating
the community’s inclination towards WESs. Elevated regional economic development
aligns with higher expected WESs.

According to Xu et al. [17], the demand for WESs can be computed using the following
equation:

ESD = xj) x Ig(xjp) x 1g(x33), ©)

where ESD is the demand for WESs and x}|, x},, and x7; are the LULC intensity, POP (unit:
person/ km?), and GDP (unit: million/km?), respectively. According to Wu et al. [28], x7}
was the intensity index of human activities (HAI). POP and GDP indicators were integrated
into the calculation of WESs demand without affecting the overall distribution, using
a logarithmic statistical approach that weakens localized sharp fluctuations to facilitate
analysis. x}; was calculated as follows:

AP
xgt =Y, TZA% (10)

where 7 corresponds to the number of LULC types; A; represents the area of the i-th LULC
type; T4 denotes the total area; P; signifies the intensity coefficient of human activities,
reflecting the ecological value of the i-th LULC type, with values of 0.61 for cropland, 0.14
for forest land, 0.09 for grassland, 0.32 for water, 0.95 for construction, and 0.07 for unused
land [57,58].

2.5. Optimal Parameters-Based Geographical Detector

Spatial heterogeneity and its underlying drivers can be identified using a GWR
model [59]. Discretization of continuous variables is crucial for the application of this
model, and the efficiency of discretization can be evaluated using the g statistic [60]. A
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(2) WY 2000

5

higher g value indicates more significant spatial heterogeneity in the changes in WESs sup-
ply [61]. Traditionally, parameter settings are determined manually, which may introduce
subjectivity. Consequently, we utilized the R programming environment to compute the g
values for each continuous factor and apply various classification techniques, including
quantiles, natural breaks, quartiles, and geometric intervals, with the number of intervals
ranging from 3 to 9 classes [62-64]. Subsequently, we aimed to select a parameter combina-
tion (comprising classification method and number of intervals) that maximizes the g-value
for spatial discretization.
B Lio1 Nuop
Noz 7
where h represents the stratification (i.e., classification or partitioning) of variable Y or
factor X, with a range of values from 1 to L; L represents the classification or partitioning of
the various drivers. Nj, and N denote the number of cells in stratified zone & and the entire
zone, respectively. 02 and o? signify the variance of the h-zone and the overall regional
variance of the Y value, respectively.

g=1 (11)

3. Results
3.1. WESs Spatial Pattern of Supply and Demand

By analyzing the spatial and temporal dynamics of the supply of each WESs from 2000
to 2020 (Figure 3), the high WY values are mainly distributed in the southeast and coastal
regions. Higher SC values were found in Sichuan and Hubei provinces, while lower SC
values were found in the western region. The NE and PE showed a pattern of high values
in the central and northeastern regions and low values in the western region. From 2000 to
2020, spatial patterns changed little. From 2000 to 2020, overall WESs values were higher
in the central and coastal mountainous areas, with a widening trend in the low values
(Figure 4). Among them, the results of the Guangdong study in this paper are consistent
with those of Xu et al. [17] in the Guangdong region.

}N\(b) SC 2000 }N\(c) NE 2000 (d) PE 2000

L
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I > 7089 ’ " >830,175 " 1202 I 230
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Figure 3. Spatial distribution of supply of various types of WESs.

The spatial and temporal dynamics of demand for various WESs are characterized by
a significant increase in GDP from 2000 to 2020 (Figure 5). In 2000, the per capita GDP was
only 2 x 108 CNY/km?, whereas in 2020, it had surpassed 3 x 10 CNY/km?. High-value
areas are located mainly in the central and coastal areas. Areas with high population
densities are mainly located in the coastal areas. From 2000 to 2020, there was a general
trend of expansion. Land development intensity was highest in the northern and coastal
regions. Construction increased significantly, by 50% or more. The demand for WESs is
higher in the northern and coastal regions (Figure 6). Demand for WESs has increased
dramatically in high-value areas along the coast.
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Figure 4. Spatial distribution of WESs supply.
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Figure 5. Spatial distribution of demand for various types of WESs.

3.2. WESs Supply Change and Demand Change Zoning

This study examines the spatial evolution of changes in the supply and demand of
WESs from 2000 to 2020 (Figure 7). The results show that the supply of WESs in the
study area decreased significantly in coastal areas, while the supply of WESs in most other
areas coexisted with increases and decreases. The demand for WESs shows a growing
trend in coastal areas and developed cities, with rapid growth. Meanwhile, there was a
slight increase in the demand for WESs in the northern mountainous regions. The spatial
aggregation traits of changes in both the supply and demand of WESs support subsequent
spatial zoning and governance efforts. Regarding the supply of WESs, the northern region
stands out as a crucial cold spot area, whereas the central, northern, and Pearl River Delta
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regions emerge as notable hot spots. The demand for WESs has increased significantly, and
Yunnan, Fujian, and other places are important cold spots.

(a)WESs demand 2000 N (b)WESs demand 2020

<2 i -

[ i2-3.09 i [ ]r12-3.00

-3'19_6'94 400 ~ 800 km-3'19_6'94 400 800 km
| B | Bl

Figure 6. Spatial distribution of WESs demand.
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Figure 7. Mapping the spatial patterns of WESs supply change and demand change.

When overlaying the shifts in supply and demand within the hot and cold areas for
WESs and comparing the variations in supply changes among hot, unimportant, and cold
spot areas, it was observed that the disparities between unimportant and cold spot areas
were not substantial (Table 6). Therefore, these two regions were combined in the zoning.
By comparing the difference in demand change of WESs in hotspot, insignificant, and
coldspot regions, a significant difference between the three regions was found. Therefore,
these three regions are independent and do not need to be merged.

Table 6. Significant differences in WESs supply and demand changes in different zones.

Supply Demand
Hot spot 20,999.19 12,666,110.17
Not significant 1337.70 345,383.50

Cold spot 12,669.91 333,017.28
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Based on the above principles, the spatial changes in both the supply and demand
of WESs were overlaid to derive their spatial pattern. The six types of changes in WESs
supply and demand encompass scenarios like high supply change-low demand change,
low supply change-low demand change, high supply change-middle demand change, low
supply change-middle demand change, high supply change-high demand change, and low
supply change-high demand change (Figure 8a). However, fewer of the regions exhibiting
high supply change-high demand change and low supply change-high demand change
within the studied areas (Table 7). These two types contribute to a relatively scattered zoning
pattern and weaker zoning indicators overall. Following the principle of regional covariance
and similarity in characteristics, the category of low supply change-high demand change
was consolidated into the high supply change-high demand change classification.

Table 7. Factorization test results for coupling coordination.

WY-Factors DTS DBS DRO DSC DHO DGO DHI DNI

q statistic 0.2631 ** 0.3743 ** 0.2421 ** 0.3787 ** 0.3709 ** 0.3701 ** 0.3743 ** 0.6486 **
WY-Factors Aspect DEM SER EVA GDP NDVI NLD NPP

q statistic 0.1478 ** 0.5474 ** 0.5634 ** 0.3628 ** 0.4612 ** 0.4604 ** 0.4327 ** 0.6138 **
WY-Factors POP PRE RHU SLO Soil SSD TEM DWA

q statistic 0.4992 ** 0.8925 ** 0.7331 ** 0.0402 ** 0.5678 ** 0.6940 ** 0.5735 ** 0.0500 **
WY-Factors CLP FLP GLP WLP ConsP HAI

q statistic 0.5148 ** 0.5547 ** 0.6234 ** 0.5713 ** 0.5342 ** 0.5182 **

SC-Factors DTS DBS DRO DSsC DHO DGO DHI DNI

q statistic 0.0325 ** 0.0739 ** 0.0445 ** 0.0747 ** 0.0813 ** 0.0775 ** 0.0739 ** 0.1089 **
SC-Factors Aspect DEM SER EVA GDP NDVI NLD NPP

q statistic 0.0188 ** 0.1169 ** 0.1534 ** 0.0359 ** 0.1097 ** 0.1256 ** 0.1437 ** 0.1338 **
SC-Factors POP PRE RHU SLO Soil SSD TEM DWA

q statistic 0.1348 ** 0.1379 ** 0.1530 ** 0.2296 ** 0.2362 ** 0.0737 ** 0.0510 ** 0.0235 **
SC-Factors CLP FLP GLP WLP ConsP HAI

q statistic 0.2233 ** 0.2284 ** 0.2045 ** 0.1939 ** 0.1953 ** 0.2301 **
NE-Factors DTS DBS DRO DSC DHO DGO DHI DNI

q statistic 0.1590 ** 0.2066 ** 0.2235 ** 0.2603 ** 0.2618 ** 0.2568 ** 0.2066 ** 0.2409 **
NE-Factors Aspect DEM SER EVA GDP NDVI NLD NPP

q statistic 0.0563 ** 0.2647 ** 0.2504 ** 0.1794 ** 0.2507 ** 0.1932 ** 0.2684 ** 0.2511 **
NE-Factors POP PRE RHU SLO Soil SSD TEM DWA

q statistic 0.2805 ** 0.2692 ** 0.2464 ** 0.0321 ** 0.1910 ** 0.2394 ** 0.2481 ** 0.0342 **
NE-Factors CLP FLP GLP WLP ConsP HAI

q statistic 0.3263 ** 0.2696 ** 0.3310 ** 0.2473 ** 0.2463 ** 0.3501 **

PE-Factors DTS DBS DRO DSC DHO DGO DHI DNI

q statistic 0.1626 ** 0.2110 ** 0.2368 ** 0.2691 ** 0.2699 ** 0.2610 ** 0.2110 ** 0.2191 **
PE-Factors Aspect DEM SER EVA GDP NDVI NLD NPP

q statistic 0.0483 ** 0.2736 ** 0.2554 ** 0.1631 ** 0.2622 ** 0.1714 ** 0.2809 ** 0.2370 **
PE-Factors POP PRE RHU SLO Soil SSD TEM DWA

q statistic 0.2930 ** 0.2194 ** 0.2151 ** 0.0552 ** 0.1960 ** 0.2080 ** 0.2233 ** 0.0367 **
PE-Factors CLP FLP GLP WLP ConsP HAI

q statistic 0.3475 ** 0.2942 ** 0.3571 ** 0.2644 ** 0.2799 ** 0.3866 **

Note: ** represent significance.
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Figure 8. Ecological zoning is influenced by changes in supply and demand for WESs.

After regional adjustment, the study area was divided into five WESs supply-demand
change regions (Figure 8b). Areas characterized by high supply change-high demand
change predominantly encompass coastal cities such as Shenzhen, Guangdong, Shanghai,
and others, alongside the central city of Sichuan province, Chengdu. The alterations in
WESs supply and demand within this region are typified by a substantial rise in both
supply and demand for these services. Low supply change-middle demand change areas
are mainly distributed in Henan, Anhui, and Shaanxi provinces. In this region, the changes
in WESs supply exhibit minimal fluctuations, whereas there are moderate increments in
the demand for WESs. Regions exhibiting high supply change and middle demand change
are primarily distributed across Jiangsu, Anhui, Hubei, and Sichuan provinces. Within this
region, the alterations in WESs supply indicate significant changes, while the demand for
WESs experiences a moderate increase. The area characterized by low supply change and
low demand change is concentrated in the western region. This region exhibits minimal
alterations in both the supply and demand of WESs. Areas displaying low supply change
and high demand change are primarily concentrated in the YRB and PRB. Within this
region, alterations in WESs supply indicate minimal changes, while there are significant
increases in the demand for WESs.

3.3. Correlation between WESs Supply Change and Demand Change

Before delving deeper into the spatial correlation of supply and demand changes in
WESs, we first focused on analyzing the impacts of various socio-economic and natural
factors on the supply changes in different types of WESs (Table 7). The natural factor PRE
is the main driver of supply changes in WY. Soil is the primary influencing factor for SC
supply changes, followed by HAIL For WP supply changes, the HAI factor has a more
significant impact on WP supply changes compared to the natural factor, followed by CLP
and GLP.

In studying the spatial correlation of supply and demand changes in WESs, it can
be observed that there are significant differences in the degree to which changes in WESs
supply are influenced by changes in WESs demand across different zones. In all zones,
changes in WESs supply are significantly affected by changes in WESs demand (Table 8).
In the high supply-low demand zone and the low supply-low demand zone, WY has the
highest explanatory power for WESs demand changes (0.275), indicating that PRE has the
greatest impact on WESs demand change. From the high supply-middle demand zone
to the low supply—middle demand zone and then to the high supply-high demand zone,
PE explanatory power for WESs demand changes gradually increases. It can be seen that
as WESs demand starts from middle levels and HAI gradually dominates WESs demand
changes. At the same time, the downward trend in WESs supply significantly affected by
WESs demand change continues to increase across all zones (Figure 9), suggesting that an
increase in WESs demand change will have a negative impact on WESs supply change.
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Table 8. Calculation and analysis of correlation coefficients for changes in supply and demand
of WESs.

High Supply-Low Low Supply-Low  High Supply-Middle = Low Supply-Middle = High Supply-High

WE
Ss Demand Zone Demand Zone Demand Zone Demand Zone Demand Zone
WY 0.275 ** 0.275 ** 0.245 ** 0.225 ** 0.158 **
SC 0.259 ** 0.240 ** 0.224 ** 0.217 ** 0.169 **
NE 0.240 ** 0.240 ** 0.231 ** 0.235 ** 0.252 **
PE 0.226 ** 0.244 ** 0.301 ** 0.323 ** 0.421 **
Note: ** represent significance.
(a) Supply high change -Demand high change (b) Supply low change-Demand middle change (©) Supply high change-Demand low change
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Figure 9. Spatial relationship between change in supply for WESs and change in demand for WESs
in different zones.

4. Discussion
4.1. Influencing Factors of the Correlation between WESs Supply and Demand Changes

The influence of LULC changes on the variations in the supply and demand of WESs
has been extensively acknowledged across diverse studies [65,66]. In the Southern River
Basin, the overall characteristics of LULC changes reveal a significant increase in construc-
tion alone (Figure 10). In the high supply-high demand zone, all types of LULC changes are
transformed into construction areas, with the area of construction increasing from 9208 km?
in 2000 to 29,412 km?. The expansion of construction areas has brought severe human
disturbances to natural ecosystems, posing significant threats that may endanger the living
environments of various organisms within these ecosystems [67]. In the high supply-high
demand zone, the areas of natural ecosystems such as cropland, forest land, grassland, and
water have all decreased, thereby limiting the supply level of WESs. Chen et al. [68] also
reported the same results. In the high supply-high demand zone, the areas of grassland
and unused land are the least, decreasing to 90 km? and 169 km?, respectively. Forest land,
grassland, and water only increase in the low-demand zone of WESs. Cropland increases
in the middle demand zone. Wang et al. [69] have also demonstrated that during periods
of stable economic growth, the area of cropland gradually increases. However, when the
economy experiences rapid growth, the cropland area is damaged, primarily due to the
continuous increase in construction areas. From Table 8 and Figure 9, it can be observed
that the changes in the supply of various WESs in all zones are significantly affected by
changes in WESs demand. When the changes in WESs demand exceed the middle level, the
extent of influence of HAI, FLP, and GLP on WESs demand becomes increasingly larger. At
the same time, the area of construction increases the most in the high supply-high demand
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zone. Therefore, the intensification of LULC changes may amplify the impact of WESs
demand on WESs supply.
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Figure 10. Evolution of LULC within distinct zones from 2000 to 2020.

From the perspective of zoning, changes in WESs demand will significantly affect
the changes in PE supply in each zone. From the high supply-middle demand zone to
the low supply-middle demand zone and then to the high supply-high demand zone,
PE has a significant impact on WESs demand changes. The middle demand and high
demand zones mainly include the core areas of the Yangtze River Delta and the Pearl River
Delta, including megacities such as Shanghai, Wuhan, Guangdong, and Chongging, which
are also key areas for sewage discharge [70]. For example, in 2015, the total amount of
wastewater discharged in the YRB was 34.67 billion tons, of which 15.12 billion tons were
domestic sewage and 19.55 billion tons were industrial wastewater (Yangtze River Basin
Rural Statistics Yearbook, 2015). Among the 82 representative sewage outlets monitored
in Guangdong, 29 exceeded the discharge standards, with the main pollutants being
chemical oxygen demand, total phosphorus, and ammonia nitrogen (Guangdong Rural
Statistics Yearbook, 2020). Therefore, rapid urbanization has led to a large amount of
sewage discharge, worsening water quality and exacerbating the contradiction between
WP supply and demand.

4.2. Policy Implications

Currently, policy is primarily focused on mitigating and adapting to climate change
in the Southern River Basin. Mitigation measures primarily focus on stabilizing and re-
ducing the concentration of greenhouse gases in the atmosphere. This approach aims to
decelerate the pace of climate change by controlling emissions of greenhouse gases and
optimizing the energy structure through adjustments [71]. For example, at the United
Nations Climate Change Conference, India proposed aiming for net-zero emissions by the
year 2070. Additionally, they committed to advancing emissions reductions and enhancing
energy efficiency by accelerating the adoption and production of new energy vehicles.
Adaptation measures primarily focus on alleviating the adverse effects and potential risks
brought about by climate change. These measures involve bolstering the identification
and management of risks associated with natural ecosystems and socio-economic sys-
tems [72]. China has enacted the National Climate Change Adaptation Strategy 2035, with
a focus on enhancing the nation’s capacity to adapt to climate change. This strategy is
aimed at achieving this goal through national water-saving initiatives, the establishment
of a water resources monitoring system, and the reinforcement of water infrastructure
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construction [73]. Scientific research predominantly centers on examining the impact of
climate change, emphasizing the need for implementing adaptation policies in regions
facing imbalances between water supply and demand. This consensus underscores the
urgency of addressing climate change impacts in such areas [74-76].

The study identified that the primary cause behind the escalating imbalance of WESs
in the Southern River Basin is the surge in human activities, surpassing the impact of
climate change. Hence, alongside pursuing climate adaptation policies, it is imperative to
pay heightened attention to the issue of growing imbalances in WESs driven by the rapid
expansion of human activities. The regional surge in population, economic advancement,
and swift urbanization translate into amplified demand for ecosystem services, notably
water resources. Consequently, this heightened demand leads to a decreased supply of
WESs. Simultaneously, the rapid expansion of human activity downstream signifies a
heightened dependence on available supplies. Firstly, it is imperative to decelerate the
rapid growth of human activities. This involves strategies such as controlling population
growth, establishing judicious urban expansion boundaries, coordinating the expansion of
irrigated agriculture, and advocating for economic transformation. Secondly, by enhancing
the urban water structure and enhancing agricultural irrigation efficiency, it is possible to
mitigate the adverse impacts of human activities. These efforts are key to maintaining the
equilibrium of WESs. By managing high population growth rates, harmonizing urban and
rural development, and advocating for economic transformation, we can regulate water
demand within a manageable range. This, in turn, reduces reliance on upstream water
supply. Furthermore, optimizing urban water usage structure and enhancing agricultural
irrigation efficiency can mitigate the adverse effects of escalating human activities in the
future, leading to sustainable development.

4.3. Limitations and Prospects

In comparison to existing research on WESs supply and demand, the most promi-
nent innovation of this study lies in its robust objectivity, dynamism, comparability, non-
subjectivity, suitability, and transferability. Firstly, unlike traditional subjective methods
for selecting WESs elements, this study chooses four categories of WESs elements based
on literature analysis (Section 2.2.1), thereby demonstrating strong objectivity and laying
a solid foundation for the research. Secondly, unlike previous studies on WESs supply
and demand that only considered the relationship for a single year, this research takes
into account the impact of dynamic changes in WESs supply and demand, leading to
more dynamic and scientific experimental results. Thirdly, previous studies have only
considered administrative or natural attributes. In contrast, this research proposes a novel
perspective by treating the Southern River Basin sub-basins as a whole and preserving
both social and natural attributes at the grid scale. This approach enables an evaluation of
the supply and demand relationship of WESs in the Southern River Basin, making it more
comparable. Fourthly, through comparisons between different zones, OPGD overcomes
the influence of human subjectivity and enhances the study of dynamic changes in WESs
supply and demand. Fifthly, the methodological framework employed in this research
exhibits strong suitability, and we demonstrated its applicability to the analysis of WESs
supply and demand changes in other research fields.

This study does come with certain limitations. First, the quantitative assessment
of WESs demand relies on three indicators, GDP, POP, and HAI, suggesting similar re-
quirements for various WESs. This uniformity might hinder accurate characterization
and mapping of WESs supply. To better quantify each WESs supply, diverse methods
should be employed. Additionally, while computing the total supply of the WESs, an
equal-weighted superposition calculation approach was used for the four WESs. This
method might diminish the important differences among the different WESs within the
study area. Identifying the overall changes in the past 20 years within a two-year period
poses a significant challenge. Future research should further examine the supply—-demand
relationships of WESs across multiple temporal scales. Conducting an in-depth analysis of
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the mechanisms influencing changes in WESs supply and demand could provide significant
insights into their impact.

5. Conclusions

The interdependence between the supply and demand of WESs is evident, highlight-
ing their close relationship. Understanding this intrinsic connection proves beneficial
in aligning the natural ecosystem with the socio-economic system, fostering sustainable
regional development. In this study, the supply and demand of WESs in both 2000 and 2020
were mapped for the Southern River Basin, serving as an illustrative example. Ecological
zoning was conducted by considering the evolving traits of WESs supply and demand.
Additionally, the correlation between changes in the supply and demand of WESs across
distinct zones was investigated using the OPGD.

The main conclusion is that: the characteristics of WESs supply and demand changes
exhibit spatial heterogeneity. The growth of WESs demand exceeds the growth of WESs
supply. Based on the changes in WESs supply and demand, the Southern River Basin can
be further divided into five zones: high supply change-low demand change, low supply
change-low demand change, high supply change-middle demand change, low supply
change-middle demand change, and high supply change-high demand change. In all
zones, the changes in the supply of all types of WESs are significantly affected by changes
in WESs demand. In the high supply-low demand zone, WY has the highest explanatory
power for WESs demand changes (0.275). From the high supply-middle demand zone to
the low supply-middle demand zone, and then to the high supply-high demand zone,
the explanatory power of PE for WESs demand changes gradually increases. It can be
seen that as WESs demand starts from the middle level, HAI gradually dominates the
changes in WESs demand. In all zones, an increase in WESs demand changes will have
a negative impact on WESs supply changes. Changes in LULC and intensified LULC
alterations may exacerbate the impact of changes in WESs demands on supply. This study
effectively incorporates the supply and demand changes of WESs and their correlations
into the ecological protection and restoration governance system. Therefore, we have
empirically explored the intrinsic relationship between WESs supply and demand changes.
Based on this, future research can further focus on the key paths and links of multi-regional,
multiscale, long-term WESs supply and demand correlations.
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