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Abstract: The contradiction between ecological resource protection and urban sprawl in urban
agglomeration areas is becoming more and more prominent, facing a serious imbalance between the
supply and demand of ecosystem services. To analyze the impact of urban agglomeration expansion
on regional ecosystem services, based on multi-source data, an assessment model of supply and
demand of ecosystem services for water conservation, carbon sequestration, soil conservation and
crop production was constructed. With the help of value transformation model and spatial analysis
method, this paper explores the risk of ecosystem service supply and demand imbalance faced by
the Yangtze River Delta urban agglomeration in the process of expansion. This study found that the
supply capacity of ecosystem services in the YRDUA has continued to decline at the spatial pixel scale;
ecosystem service value deficits are a common problem in the YRDUA, with cities around Taihu Lake,
such as Shanghai and Suzhou, being the most serious; the value surplus areas are concentrated in the
southern cities, such as Xuancheng and Chizhou, but the balance between the supply of and demand
for ecosystem services in these cities is also facing a challenge as the cities are expanding. This study
analyzed the spatial pattern changes in the Yangtze River Delta region in the context of urban sprawl
from the perspective of ecosystem service supply and demand, which helps to clarify the changing
ecosystem service dynamics of the region and guide the formulation of urban planning policies and
to achieve a balance between ecological supply and demand as well as sustainable development.

Keywords: ecosystem services; supply-demand trade-off; quantitative assessment model; spatial
evolution; Yangtze River Delta urban agglomeration

1. Introduction

Ecosystem services are environmental conditions and utilities that natural ecosystems
and their ecological processes create and maintain for human survival and are an important
source of human well-being. They not only provide food, fresh water, energy, and other
raw materials for production and life but also create and maintain the Earth’s life support
system [1], form the environmental conditions necessary for human survival, and provide
human beings with leisure, recreation, and esthetic enjoyment [2]. In the Millennium
Ecosystem Assessment (MA) of the United Nations Organization, ecosystem services are
defined as all the benefits that human beings derive directly or indirectly from ecosystems,
including both the provision of natural resources and products and other services provided
by ecosystems [3]. Ecosystem services include provisioning services (e.g., food, water re-
sources, etc.), regulating services (e.g., climate regulation, water conservation, etc.), cultural
services (e.g., recreation, esthetics, etc.), and supporting services (e.g., soil conservation,
biodiversity maintenance, etc.).

There is a close interrelationship between these services, and water conservation refers
to the ability of an ecosystem to maintain and regulate water resources through the in-
teraction of vegetation, soil, and water bodies [4]. Good soil conservation can effectively
prevent soil erosion and enhance water conservation capacity. The relationship between

Sustainability 2024, 16, 8269. https:/ /doi.org/10.3390/s5u16188269

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su16188269
https://doi.org/10.3390/su16188269
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su16188269
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16188269?type=check_update&version=1

Sustainability 2024, 16, 8269

2 of 24

water conservation and carbon sequestration is reflected in the healthy growth of vege-
tation. Healthy forests and grasslands not only effectively absorb and store carbon but
also enhance the structure of the soil through the root system, increasing the capacity for
water conservation. The relationship between carbon sequestration and food production is
equally important [5]. Healthy soils store large amounts of organic carbon, the presence of
which contributes to soil fertility and water retention. Soil is the basis for food production,
and good soil conservation practices can prevent soil erosion and degradation, maintain
soil fertility and structure, and thus increase food production. The relationship among
water conservation, soil conservation, carbon sequestration, and food production is a com-
plex ecological network. A good ecological environment promotes water conservation,
maintains soil health, and sequesters more carbon, thereby increasing food production
capacity. Conversely, excessive agricultural development, deforestation, and irrational
water management can lead to soil erosion, soil degradation, and carbon emissions, ul-
timately affecting food security and ecological balance. The relationship among water
conservation, soil conservation, carbon sequestration, and food production is a complex
ecological network [6].

The concept of ecosystem services emphasizes the interaction and dependence between
ecosystems and human society, and the importance of ecosystems for human well-being
and socio-economic development [7]. There is a close interrelationship between ecosystem
services and regional development. Ecosystem services provide an important material
basis and ecological support for regional development. Ecosystem services such as water
conservation, soil fertility, climate regulation, and other ecosystem services provide the
necessary resources and conditions for agricultural production, industrial development,
urban construction, and so on, supporting regional economic development and social
progress. The demand for and impact of regional development on ecosystem services are
also increasing [8]. With rapid economic growth and urbanization, regional development
has created an increasing demand for ecosystem services, while at the same time exerting
certain pressures and impacts on ecosystems. Problems such as over-exploitation, pollution
emissions, and ecological damage have put the ability to supply ecosystem services at risk,
thereby affecting the sustainable development of the region.

Urban agglomerations have a high intensity of human activities and high population
density, and the ecological demand for ecosystems often exceeds the ecological supply
capacity of the region [9]. In the process of urban agglomeration development, ecosystem
health is facing serious challenges due to the combination of two unfavorable factors: inten-
sified ecological demand and encroachment of ecosystem land [10,11]. Therefore, research
on the ecosystem services and ecological effects of urban agglomerations is necessary for
the ecological protection of the region [12]. In the face of the increasingly serious ecological
risks in urban agglomerations, researchers have drawn on a variety of fields, such as ecology
and environment, economic geography, etc., to weigh the synergistic relationship between
economic development and green ecology, and have attempted to assess the ecological
status of urban agglomerations from the perspective of the ecological resources as the core
ecological assets to provide advice for the subsequent formulation of scientifically sound
ecological governance policies [13]. The assessment of ecological assets includes not only
the assessment of ecological quality and ecological resources in urban agglomerations but
also the specific positioning of ecological functional zones to form an orderly unity among
the “production, living, and ecological” spaces of urban agglomerations and to achieve the
rational planning and effective integration of the green and sustainable development of
urban agglomerations [14-16].

To study the risk of imbalance between the supply and demand of regional ecosys-
tem services in the context of urban sprawl, this study carried out the following research:
(1) assess the supply of ecosystem services and value; (2) quantify the demand for regional
ecosystem services and trade-off of the supply and demand of ecosystem services; (3) use
a typical Chinese urban agglomeration, the Yangtze River Delta Urban Agglomeration
(YRDUA), as the study area to carry out a case study, and with the help of spatial analysis
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methods, the spatial mismatch phenomenon of ecosystem services in the region is por-
trayed. This study realized a quantitative assessment at multiple scales of meta-precision,
prefecture, and county, which is of great practical significance for guiding the conservation
and scientific planning of urban agglomerations and alleviating the spatial imbalance of
ecosystem services.

2. Materials and Methods
2.1. Overview of the Study Area and Data Sources

With economic growth, China has gradually formed urban clusters dominated by big
cities, and the city cluster strategy is also an important economic development strategy of
China. Among the clusters, the YRDUA is the highest level of urbanization in China, with
an average urbanization rate of more than 60%. It has a total of 26 cities including Shanghai,
Hangzhou, Suzhou, Nanjing, and other large cities. The YRDUA is one of the most
developed economic regions in China, with an economic volume of more than 2.1 billion
by 2020, accounting for more than 20% of China’s total economic volume. Moreover, the
YRDUA has a large population. According to the seventh census data, the total resident
population of the 26 cities in this region has reached 170 million. With the expansion of
the cities, the sustainable development of ecosystem services in the region has gradually
become an important issue for the government and society. At present, in the Yangtze
River Delta city cluster development planning documents, ecological green protection is
placed in an important position. In 2019, the Yangtze River Delta eco-green Integration
Demonstration Zone was established.

The YRDUA is the largest urban cluster in China with typical representative character-
istics, located in the eastern coastal region of China (Figure 1), covering an area of more
than 210,000 square kilometers, and is situated in the lower reaches of the Yangtze River
Basin, where water resources are abundant. The natural climate is mild, with an average
annual temperature of 14-18 °C. Rainfall is abundant, with an annual precipitation of 1000
to 1400 mm. [15]. With a predominantly plain landscape, it possesses a large amount of
arable land resources, which is suitable for the growth of crops. In addition, due to the
suitable climatic, geographic, and hydrological characteristics, there are diverse biological
populations in the region. Ecological wetland resources also provide a barrier to ecosystem
self-repair, water conservation, and climate regulation in the region.

The data used in this research come from several data resource platforms; Table 1
shows the data sources used for this study, and Figure 2 shows the data processing. After
the meteorological and remote sensing data of the YRDUA region were analyzed by
hydrological analysis, the supply of ecosystem services in the region for each year was
calculated according to the ecosystem service function module of the INVEST model; the
demand for ecosystem services was calculated using the ecosystem service demand model
constructed using the socio-economic statistics of the population, resources, etc.; and the
final ecosystem service value was calculated using a value assessment model. In addition,
the final value of the ecosystem services was derived from the value assessment model,
which provides the basis for the subsequent research on the evolution of the supply and
demand relationship.

Table 1. Description of data sources.

Data Content Data Source Year
China’s Multi-period Remote Sensing Monitoring of
Lucc Land Use (LUCC) dataset 2010, 2015, 2020
administrative divisions Source Environmental Science and Data Center of 2020

Chinese Academy of Sciences (SESDC)
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Table 1. Cont.
Data Content Data Source Year
GDP raster data SESDC 2010, 2015, 2020
. the National Qinghai-Tibetan Plateau Scientific Data
meteorological data for the YRDUA Center (NATPSSDC) 2010, 2015, 2020
population raster data, World Pop public dataset 2010, 2015, 2020
the resource consumption, population, and food the Statistical Yearbook and Water Resources 2010, 2015, 2020
demand data of the cities and provinces Bulletin of each province and city ! ’
S . . . the National Geographic Information Resource
major highways, railroads, and rivers in the YRDUA Inventory Service System (NGIRSS) 2010, 2015, 2020
DEM the ASTER GDEM 30m data of the American 2019

Aviation Administration (NASA)

0 2040 80 120 160
O we km

Land cover types of YRDUA in 2020

Figure 1. The information of the YRDUA.

Land cover types

cropland  (46.08%)
woodland (26.92%)
grassland (3.62%)

water area (9.27%)
construction land (13.93%)
unutilized land (0.18%)
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Figure 2. Processing flowchart of the data.

2.2. Models of Ecosystem Service Supplies
2.2.1. Water Conservation

The calculation of the water conservation (WC) services of ecosystems is mainly based
on rainfall and evapotranspiration data, which are further processed with the help of the
soil flow rate, topography, and other data after completing the calculation of regional water
production [17]. It is generally believed that without human interference, rainfall minus
evapotranspiration is the regional water yield. In this study, the water yield module in the
InVEST model was used to calculate the water yield of the unit raster in the YRDUA.

2.2.2. Carbon Sequestration

It is generally recognized that the carbon sequestration (CS) of an ecosystem consists of
four carbon pools, which are the above-ground carbon pool, the below-ground carbon pool,
the soil carbon pool, and the dead organic matter carbon pool. The calculation formula is
as follows:

CS = Cuhove + Cbelow + Csoil =+ Cdead (1)

In the above equation, CS represents the overall carbon stock in the study area, C,po,
is the above-ground carbon stock, Cpejoy, is the below-ground carbon stock, Cg,;; is the soil
carbon stock, and Cyg,y is the dead organic matter carbon stock.

2.2.3. Soil Conservation

The modified RUSLE erosion equation was used in this study to calculate the physical
soil conservation (SC):

SC = SCpot — SCct
SCpot = RXK X LXS
SChpt =RXKXLxSxC

)

where SC is the soil conservation services of the regional ecosystem, SCy,; is the potential
soil loss, and SC,; is the actual soil loss. R is the rainfall erosion factor, K is the soil erosion
factor, L is the slope length factor, S is the slope gradient factor, C is the vegetation cover
and management factor, and P is the soil and water conservation measure factors.
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2.2.4. Crop Production

Panek E et al. [18] found a linear relationship between the normalized vegetation index
(NDVI) and crop yield. In this study, the quality of crop production (CP) of unit raster was
calculated using the procedure shown below:

cp, =Y Yt o 0, 3)

Wsyum

In the above equation, CP; is the crop production of the study area (t/ km?), Wit is
the normalized vegetation coefficient (NVC) of the unit raster of the area, ws; is the sum
of the NVC of the overall raster of the study area (including the land cover types of arable
land and grassland), and Q; is the food production of the area (t).

2.3. Models of Ecosystem Service Demands
2.3.1. Water Resource Demand

Regional water consumption consists of water for production, living, and ecology, of
which water for production includes water for agricultural and industrial production. The
calculation process is as follows:

WD = WD;,4 + WDagr + WD, (4)

In the formula, WD represents the total water demand; and WD;;,4, WDgr, WD gop,
are the industrial, agricultural, and domestic water use in the study area, respectively.

In this paper, the index of water consumption of CNY 10,000 of GDP was used as a
reference for the calculation, and the raster data of industrial water consumption in the
study area were processed to obtain the following process:

WDjyg = L WDYt
: : 4 ®)
WDlymt — ADlymt % AGiumt

In the above equation, WDj,,; is obtained by summarizing the spatial raster water con-
sumption in each study area, where WD!"! is the unit raster industrial water consumption
in study area i. AD]?‘”” is the water consumption per CNY 10,000 of GDP in the unit raster

in the region, and AG]?’”” is the GDP value in the unit raster in the region.
Similarly, domestic water use data were obtained using per capita water use and
population raster data:
WDgom = L WM?””

6
WMlynit —_ AMlynit % Apiunit (©)

In summarizing WD, from the spatial raster water use in each study area, WM™ is
the unit raster domestic water use in the study area, AD]L-’”” is the water use per CNY 10,000

of GDP in the unit raster, and AG¥" is the GDP value in the unit raster in the region.

In this study, the actual agricultural irrigation water was used as the agricultural water
demand. The agricultural irrigation water use in each municipality was averaged over a
raster of cropland types within the region to obtain agricultural water demand data for the
study area:

WD, = Y WA,
4 WA.: @)
WAt = 21
1 Nl

WDy, is the total agricultural water demand in the study area, and WA; reflects the
amount of water used for the agricultural irrigation of region i. WA!" is the agricultural
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water demand for the unit raster, and Nj is the raster number for cropland types in the
study area.

2.3.2. Carbon Storage Demand

In this paper, based on the regional energy consumption data (including coal and
natural gas) and population data, the per capita carbon emissions are obtained, combined
with the population density raster data [15], to complete the process of calculating the
carbon stock demand:

CD =Y.CD;
CD; = Y EC;xpit
(8)
12
(ELCi -a1 + GAZ; - 062) X —
EC; = 44

POP;

In the above equation, CD represents the total demand for carbon stocks in the study
area, and CD; is the demand for carbon stocks in region i. EC; is the per capita carbon
emissions, and p"! is the population density of the spatial unit grid. ELC; represents
the electricity consumption of the whole society of the region in the year (kw-h~!), and
GAZ; is the natural gas consumption of the region in the year (m3). a; represents the
CO, conversion coefficient per unit of electricity consumption, which takes the value of
1.302 kg/kw-h~1; a, is the CO, conversion coefficient per unit of natural gas, which takes
the value of 2.1622 kg/ m?>; % is the C conversion coefficient of CO,, and POP, is the
population number of the region.

2.3.3. Soil Conservation Demand

Soil conservation needs to reflect the actual situation of regional soil erosion and loss.
Therefore, this study adopted the RUSLE soil erosion equation as the calculation method
and used the actual soil loss T'S; as the soil conservation demand of the study area.

2.3.4. Crop Production Demand

The food supply demand is closely related to the population’s food consumption of the
region, this study is based on the regional per capita food consumption data, combined with
the population density raster data, concerning the studies of Peng et al. [19], to complete
the calculation of the demand for food supply in the study area:

FD = Y. FD;

: ©)
FD; =Y AF; x plynlt

where FD is the total demand for food supply in the study area, FD; is the demand for
food supply in the region i, AF; indicates the per capita consumption of food, and p!™ is
the population density of the regional cell grid.

2.4. Models of Ecosystem Service Values

Based on the functional quantity of ecosystem services, various methods, such as
market value and shadow engineering, are used to complete the process of transforming
the value quantity.

2.4.1. Value of Water Conservation Service

The shadow engineering method was used to complete the assessment of the amount
of value of the water conservation services in the study area using the cost of constructing
a unit of reservoir as a proxy value factor.
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WSV — 3" PW- WS,
i=1 (10)

WS; = Y WS,

In the above formula, WSV is the value of water conservation services, and PW is the
construction cost of the unit capacity. A paper on the Ministry of Water Resources in 1990
announced the cost of each party capacity for CNY 0.67 [20], after the social discount rate
treatment to obtain the cost of the unit capacity in 2020, with the value of the cost being
2.62 CNY/m?. WS,; is the in-kind summary amount of the study area of all unit grids of
water conservation.

2.4.2. Value of Carbon Sequestration Service

Carbon market prices were used to account for the value of carbon sequestration
services in the study area based on the following process:

CSV = Cyopa ¥ Pc x 12/44 (11)

CSV is the total value of carbon sequestration services in the study area, and Pc is
the unit market carbon price. In this study, the carbon tax rate of Swedish carbon was
1200 CNY /ton CO; [18]. Cyyty is the total carbon stock in the study area.

2.4.3. Value of Soil Conservation Service

The value of soil conservation services consists of two parts: the value of sediment
reduction and the value of soil fertility maintenance. These are calculated as follows:

TSV =SDV 4+ LBV

T
SDV = 24% x Y. SCynit ¥ ) (12)

LBV = Y SCyunit x (N x P11 p s PL 4 g P2
4] 2 3

In the above equation, TSV is the value of soil conservation service, SDV is the value

of reducing sediment siltation, and LBV is the value of soil fertility keeping. 7 is the

alternative cost of reservoir dredging, with the value of 6.11 CNY/m?, and 6 is the soil

capacity, with the value of 1.3 t/m>. N, P, and K, respectively, stand for the average content

of nitrogen, phosphorus, and potassium in the soil coefficient, with the values of 0.123%,

0.108%, and 1.83%; r1 is the nitrogen content of diammonium phosphate fertilizers (14%),

19 is the phosphorus content of diammonium phosphate fertilizers (15.01%), and r3 is

the potassium chloride fertilizer potassium rate (50%); p; and p, are the diammonium

phosphate fertilizer and potassium chloride fertilizer market units, with the values of 2702.5
and 3707.5 CNY/t, respectively.

2.4.4. Value of Crop Production

The market value approach is further applied to measure the overall food supply
service value:

FSV =Y FS; x P, (13)

where FSV is the value of the overall food supply service, and P; is the market price of food
in the i region (CNY/t).
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2.5. Index of Supply and Demand for Ecosystem Services

To further measure the supply and demand of ecosystem services in the urban ag-
glomeration region, this study adopted the difference between the supply and demand of
value quantities to form a trade-off index:

ESR; = ESS; — ESD; (14)

ESR; refers to the difference between the supply and demand of ecosystem services in
the region. ESS; is expressed as the supply of ecosystem services, and ESD; is the demand
of ecosystem services in the region.

2.6. Spatial Analysis Methods

To further reflect the supply and demand patterns of ecosystem service values in the
cities and municipalities of the YRDUA, cold-hot-spot spatial statistics (Getis-Ord Gi*)
analysis was used to analyze the value supply, demand, and supply-demand surplus [21].

3. Results
3.1. Changes in Ecosystem Services in the YRDUA
3.1.1. Spatial Pixel Distribution of Ecosystem Services

In this study, with the help of the InVEST model, the parameters of the water yield, car-
bon sequestration, soil conservation, and crop production modules were set, and references
were made to existing studies for comparisons, to ensure the accuracy of the results of the
calculation of ecosystem service provisioning in the YRDUA, and the specific parameter
settings are shown in the attached Tables A1-A3; Figure 3 below presents the results of the
spatial image element distribution of the four types of ecosystem service functions of water
conservation, carbon storage, soil conservation, and crop production in the YRDUA region
ata 1 km image element accuracy for 2010, 2015, and 2020. As can be seen from the figure,
since water conservation reflects the storage capacity of land parcels for precipitation, areas
with a high proportion of vegetation cover, such as forests and grasslands, are significantly
better than other land types in terms of water conservation capacity per image element. The
highest water retention per image dollar was 2.49 x 105 m?/pixel in 2015. The distribution
of the highest value of carbon storage per image dollar did not change significantly at the
three time points, which was 1198.05 t/pixel. Compared with 15,162.5 t/image CNY in
2010, the highest unit image yuan soil retention in 2020 reached 23,466.2 t/pixel. As far
as a unit like the yuan food production potential is concerned, the Yangtze River Delta
urban agglomeration has remained the same during the study period, with the highest
being 51.9752 t/pixel back in 2015.

A horizontal comparison of the spatial pixel distribution of the ecosystem services in
2010, 2015, and 2020 reveals that with economic development, the built-up area of major
cities in the YRDUA, such as Shanghai, Suzhou, and Hangzhou, has continued to expand to
cope with the expansion of demand for urban public construction and population housing.
The increased level of urbanization has raised the proportion of built-up land within the
region, encroaching on the area of ecological land. As natural ecosystems such as forests
and grasslands are the main source of important ecological functions such as water resource
storage, natural carbon sinks, and the prevention of soil erosion, the expansion of urban
areas has led to the concentration of high values of images of water conservation, carbon
storage, and soil retention services within the YRDUA in the southwestern mountainous
areas, and with urban expansion, the ecosystem service provision capacity per image in
the peripheral urban areas has declined. As for food production services in the YRDUA,
the high-value pixels are mainly concentrated in the central and northern plains of the
region, which are important food production areas. Similarly, the spatial distribution of
food production images is also facing the threat of urban expansion, and the cultivated land
around the periphery of important cities in the YRDUA has been encroached upon, which
has weakened the capacity of the neighboring ecosystems for crop production services.
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Figure 3. Spatial pixel distributions of ecosystem services.

3.1.2. Supply of Ecosystem Services

Table A4 shows the results of the water conservation capacity, with Hangzhou City
having the highest water conservation capacity of 1.35 x 10'® m? in 2010. Zhoushan City
had the lowest water conservation capacity, with only 1.94 x 10° m3 in 2010 due to a
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huge difference in its land area compared to the other cities. The cities with higher water
resources are mainly in Anhui Province and Zhejiang Province, while Jiangsu Province
and Shanghai have a larger gap in their ecosystem water resource service capacity since
the area of forests and grasslands is much smaller than that of the other two provinces.
Similarly, in 2020, the areas with a high water conservation capacity were still concentrated
in cities with a high density of forests and mountains in the YRDUA. Compared with 2010,
the volume of water in the YRDUA has declined, mainly due to the expansion of cities in
recent years, which encroached on vegetated land and weakened the ecosystem’s capacity
for water conservation.

The carbon sequestration service supply is shown in Table A5 below. In 2020, the
highest supply of carbon storage services in the YRDUA was still Hangzhou City, which
reached 4.72 x 107 t, followed by Xuancheng City’s 3.32 x 107 t. In making a horizontal
comparison of 2010’s, 2015’s, and 2020’s annual carbon stocks, a side-by-side comparison
reveals that the carbon stock supply capacity of some cities and municipalities shows a
continuous downward trend. Compared with 2010, the largest decrease in the carbon
sequestration capacity by 2020 will be in Shanghai, with a decline of 2.76 x 10° t, followed
by Hangzhou, with a decline of 6.09 x 10° t. The ecosystem services of these cities, which
have seen a significant decline in the supply of carbon storage services, are facing serious
challenges as economic production and urban construction activities intensify.

Table A6 gives the supply of soil conservation services in the cities of the YRDUA. As
the topography and vegetation factors are the key factors determining the protection and
conservation of soil in the region, the cities with a high capacity of annual soil conservation
services are mainly concentrated in the areas of Anhui and Zhejiang, which have moun-
tainous topography and high forest cover. In 2010, Hangzhou City had the highest soil
conservation service supply, reaching 5.37 x 10 t, followed by Anqing City with 4 x 107 t
and Jinhua City with 3.19 x 107 t. By 2020, the supply of soil conservation services in
each city maintained the basic pattern of 2010, still dominated by soil conservation in
mountainous areas, but numerically, the supply of soil conservation services in each city of
the YRDUA had expanded due to the further increase in potential soil erosion.

The quantity of food supply in each city in 2010, 2015, and 2020 was calculated and
is summarized in Table A7. It can be seen that the overall situation of food supply in the
Yangtze River Delta city cluster region in 2015 was lower than that in 2010 and 2020. The
highest food supply in 2020 was in Yancheng City, which reached 3.94 x 10° t, followed
by Chuzhou City’s 3.07 x 10° t. The lowest food supply capacity in the ecosystem is
Zhoushan City, which was only 1.15 x 10% t, and in excluding island cities like Zhoushan,
the lower food supply capacity was in Tongling City and Wuxi City, with each being supply
7.85 x 10° and 8.08 x 10° t of food in 2020.

3.2. Changes in the Ecosystem Service Values in the YRDUA

Based on the ecosystem service value-accounting model constructed in the previous
section, the ecosystem service provision value of each city in the YRDUA in 2020 was
calculated, and the following Table A8 was obtained. The total value of water conservation
services in the YRDUA in 2020 amounted to CNY 1.38 x 10!!, with Hangzhou City at the
highest level with CNY 2.54 x 10!, followed by Xuancheng City with CNY 1.67 x 1017,
and Angqing City and Chizhou City also at a high level. The values of water conservation
services in Anging City and Chizhou City were also at a high level, at CNY 1.62 x 10'° and
1.46 x 10', respectively. In terms of water conservation, there is a huge gap between the
cities in the YRDUA, except Zhoushan City, which provides only CNY 4.87 x 108 of water
conservation service value due to its sparse land area, and the areas with the lowest water
conservation value are mainly concentrated in the cities around Lake Taihu, with Jiaxing
City providing only CNY 5.39 x 10%, followed by Shanghai City with CNY 5.85 x 10%, and
Suzhou City with only CNY 7.05 x 108 of water conservation value. In terms of the value of
carbon sequestration services, the total value provided by the ecosystems of the YDRUA in
2020 was CNY 1.28 x 10!, with Hangzhou City at the highest level with CNY 1.54 x 10'°
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and Xuancheng City at the second-highest level with CNY 1.08 x 10'0. The total value of
soil conservation services of the YRDUA in 2020 was CNY 7.18 x 10'9, with Hangzhou City,
Anqing City, and Xuancheng City having a stock of soil conservation service values of CNY
1.63 x 1019, 1.16 x 109, and 8.77 x 10%, respectively, ranking among the top three, while
the lowest soil conservation value was only CNY 2.68 x 107 in Jiaxing City; the total value
of ecosystem crop production of the YRDUA in 2020 was CNY 9.99 x 10'°, with Yancheng
City reaching the highest value of CNY 1.02 x 10'Y, and Chuzhou City, CNY 7.98 x 10°.

The total value of ecosystem services in the YRDUA was CNY 4.38 x 10! in 2020,
with Hangzhou City having the highest total service value of CNY 6.03 x 10'°, accounting
for 13.750%, and Zhoushan City having the lowest total service value of CNY 1.79 x 10°,
accounting for only 0.409%. The results of the total value level show that there are signifi-
cant differences in ecological resource endowment among the cities in the Yangtze River
Delta urban agglomeration and that areas with a large amount of mountainous Moringa
vegetation cover, such as Hangzhou, Anging, and Xuancheng, are the main sources of
ecosystem services for the entire urban agglomeration, shouldering important ecosystem
service contributions and regulating functions.

3.3. Evolution of Ecosystem Service Value Supply and Demand in the YRDUA
3.3.1. Spatial Evolution of Each Service Function

The supply and demand results of water conservation, carbon sequestration, soil
conservation, and crop production services in the YRDUA in 2010, 2015, and 2020 were
matched and calculated at the grid level to finally obtain the spatial distribution results of
the supply and demand of ecosystem services in the region on the pixel scale, as shown in
Figure 4 below.

In terms of the distribution of physical supply and demand of water conservation,
in 2010, the highest surplus pixel of supply in the YRDUA was 2.64 X 10 m3/km?, and
the spatial surplus pixels of physical water conservation were mainly concentrated in the
mountainous areas of Anhui Province and Zhejiang Province. The deficiency pixels of
water conservation material quantity reached the highest value of 3.67 x 10° m3/km?, and
these pixels are mainly distributed in highly urbanized areas, mainly in Shanghai, Suzhou,
Wuxi, the Hangzhou main urban area, Nanjing, Ningbo, and other cities. Meanwhile,
the demand for water conservation material quantity in the central and northern areas of
Jiangsu Province also showed the characteristics that the demand was much higher than the
supply. By 2020, the spatial pixel distribution of supply and demand for water conservation
has changed significantly compared with 2010. The value of the highest surplus pixel
decreased to 2.42 x 10° m3/km?, and the value of the highest deficiency pixel increased
t0 2.69 x 107 m3/km?. In terms of the supply and demand of carbon reserves, the unit
pixel values with the largest carbon storage deficit in 2010, 2015, and 2020 were 5.52 X 109,
7.51 x 10°, and 1.01 x 10° t /km?, respectively. However, during this period, the carbon
storage supply capacity of pixels did not increase significantly due to the limitation of
vegetation density, and the high surplus pixel value was still 1.33 x 10* t/km?. In terms of
the distribution of soil conservation supply and demand pixels, the high level of surplus
pixels of the supply and demand in the YRDUA are mainly in the mountainous area,
which is because high-density vegetation cover can play an effective role in soil and water
protection, thus alleviating soil and water loss in the region. In other non-mountainous
areas, the demand was slightly higher than the actual supply level of soil conservation
in 2010. By 2020, physical demand will be slightly lower than supply. The supply and
demand of grain supply services are related to the distribution of grain production areas
and population concentration areas in the YRDUA. The high grain supply elements in
this region are mainly distributed along the Yangtze River, while the population is mainly
concentrated in Shanghai, Suzhou, Hangzhou, Nanjing, and other cities. Therefore, from
2010 to 2020, the spatial distribution characteristics of the grain supply and demand pixels
in the Yangtze River Delta urban agglomeration did not show significant changes, and
the high surplus and high-deficit pixels were concentrated in the belt area centered on
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the Yangtze River. The northern regions of Jiangsu and Anhui on the upper side of the
belt region in the map show a high grain supply surplus because they are the main grain-
producing areas in China, while the lower regions of Zhejiang are dominated by the balance
pixels of grain supply and demand due to the high proportion of mountainous areas, and
the surplus pixels of supply and demand are concentrated in the cultivated land part of the
region, while the lack of pixels is the covered urban area.

) WC sapply and demand
NZ o 264.924
i3 0
R
- 367894

Unit: 10 m¥km?

WC sapply and demand

. 242216
0
X S i) - ~2699.263

Unit:10* m?/km®

WC sapply and demand

. 275068
0
- ~2513.911

Unit:104 m¥/km?

0 100 200
) ko

WC supply and demand patterns in 2010

w
; !'\ : €8 supply and demand ‘ €5 supply and demand i

W e - 1331 N % - 1331 Y
) -0 \ v Y -0 i

- ~55.288 . ~75.166

Unit: 104 m3/km? Unit:10¢ m¥/km?

; N 0 100 200
) o )
WC supply and demand patterns in 2020

€8 supply and demand

- 1331
-0
- ~101.037

Unit:1 0 m¥/km?
N

0 100 200
[ = —
CS supply and demand patterns in 2010

CS supply and demand patterns in 2015 CS supply and demand patterns in 2020

€ supply and demand

-‘ 25267
o
- ~7.584

Unit:1 04 m¥/km?

$¢ supply and demand

-‘ 19.201
0
-

Unit:104 m/km?

SC supply and demand

-‘ 16326
0
-

Unit: 104 mi/km?

0
[ — —JN
SC supply and demand patterns in 2015

1 ) P capply and demand Nz
e ‘“7 " . 0.057 |
- 0

. ~2.331

Unit: 104 m¥/km?

SC supply and demand patterns in 2020

CT supply and demand
- 0057

0
. ~2.487

Unit:10* m¥/km®

CP wpply and demand

- 0057

0

-

Unit:104 m¥/km?

2 o 100 200
tan T

CP supply and demand patterns in 2015 CP supply and demand patterns in 2020

CP supply and demand patterns in 2010

Figure 4. Patterns of ecosystem service supply and demand in the YRDUA at the pixel scale.



Sustainability 2024, 16, 8269

14 of 24

3.3.2. Changes in the ESR Index by City

The total demand value of ecosystem services in each city was compared with the
total supply value of the local city to obtain the surplus of the supply and demand of
the ecosystem services value of each city, and the results are shown in Figure 5. In 2010,
the total value of ecosystem services showed a surplus mainly in Anhui Province and
Zhejiang Province, of which Hangzhou had the highest total value surplus, reaching
CNY 32.39 billion, followed by Xuancheng City with CNY 29.76 billion and Jinhua City
with CNY 27.45 billion. In the YRDUA, the total values of ecosystem services of cities in
Jiangsu Province and Shanghai all showed supply and demand deficits of varying degrees,
among which Shanghai had the largest supply and demand deficit. The total value of
the ecosystem service demand of this city is much higher than the total service value
supply of its ecosystem, reaching CNY 64.56 billion, followed by Suzhou. The deficit was
CNY 43.47 billion. By 2020, the supply and demand of the total value of ecosystem services
in the YRDUA changed further, among which Shanghai, Suzhou, Nanjing, Wuxi, Hefei,
and other core cities in the economic development of the region had a total value deficit in
ecosystem services, and the value deficit of Hefei expanded from CNY 6.41 billion in 2010
to CNY 16.87 billion. In Zhejiang Province, in cities such as Hangzhou, Jinhua, and Taizhou,
due to their high proportion of mountain forest cover area and high-quality ecological
resource endowment, the supply of the ecosystem service value could meet the demand.
However, with the population growth of these cities and the rapid economic development
in recent years, the demand for ecosystem service value has also increased significantly. In
increasing the load on the natural ecosystem, the surplus of the total value of ecosystem
services of each city is attenuated. Among them, Jinhua City’s surplus decreased the
most, from CNY 27.45 billion in 2010 to CNY 14.79 billion in 2020; with a decrease of
CNY 12.66 billion, Taizhou City and Hangzhou City also reduced to CNY 9.71 billion and
8.92 billion, respectively.

3.3.3. Characteristics of ESR Spatial Clustering at the County Scale

Figure 6 below analyzes the spatial agglomeration changes in ecosystem service supply
and demand in the Yangtze River Delta urban agglomeration at the county scale. In 2010,
cold spot areas with a surplus of supply and demand were concentrated in the counties
around Shanghai and Suzhou. The performance was significant at the 99% level, covering
the surrounding districts and counties of Nantong (90% significant), Wuxi (90% significant),
Jiaxing (95% significant), and Changzhou (95% significant). The hot spots only included
districts and counties in Xuancheng (90% significant), Hangzhou (95% significant), and
Jinhua (95% significant). In 2015, the hot spots of the ecosystem service value supply
and demand surplus expanded to Anqing, Chizhou, Xuancheng, Hangzhou, and Jinhua,
among which Hangzhou was the concentration center of hot spots with a significant level
of 99%, while the cold spot of supply and demand surplus did not change significantly. The
significant level of cold spot aggregation decreased to 90% in Jiaxing City alone. In 2020,
the cold spot of the surplus supply and demand of ecosystem services was still mainly
centered in Shanghai. Districts and counties in Changzhou City showed a cluster of cold
spots at a 95% significance level and began to gradually form a secondary cold spot cluster
center beside the main cluster center in Shanghai. From 2010 to 2020, the cold and hot
regional connection of the ecosystem service supply and demand surplus in the Yangtze
River Delta urban agglomeration gradually changed from the “Shanghai-Hangzhou” line
to the “Shanghai—Anging” line. Similar to the numerical results of surplus of supply and
demand mentioned above, the number of cities and prefectures in Zhejiang Province in
the surplus hot spots of ecosystem service value gradually decreased, and the hot spot
aggregation area gradually shifted from the original vicinity of Hangzhou in Zhejiang
Province to Anqging and Chizhou in Anhui Province.
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Figure 5. Surplus of supply and demand of total value of ecosystem services of cities in YRDUA.
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Figure 6. ESR spatial agglomeration characteristics of the YRDUA at the county scale.

4. Discussion
4.1. Evaluation of Ecosystem Service Value

In this study, the actual supply of four ecosystem service functions of water con-
servation, carbon storage, soil conservation, and food supply in the YRDUA was calcu-
lated, and a value assessment model was further constructed to complete the assessment
process of ecosystem service value. The total value of ecosystem services in the YR-
DUA was CNY 4.38 x 10! in 2020, in which the water conservation service value reached
CNY 1.38 x 10!, The value of ecosystem services mainly includes two dimensions: eco-
nomic value and social value [22]. The calculation of economic value is mainly performed
to evaluate the tangible resources provided by the ecosystem for human society. Social
value aims to transform the monetary value of service functions that do not have direct
material form, such as landscape esthetics and cultural inheritance.

The economic valuation of ecosystem services primarily encompasses the supply of
resources such as water, food, and raw materials. This aspect is typically assessed through
equivalent market price calculations, employing methods like direct market value, contin-
gent valuation, and cost substitution for natural asset accounting. In contrast, evaluating
the social value of ecosystem services is more complex due to the subjective nature of cul-
tural services, such as leisure and recreation. To address this, the value preference method
is often utilized, integrating questionnaire data to refine monetary estimates. For services
closely linked to ecological processes, such as climate regulation and water conservation,
mainstream valuation approaches include equivalent factor transformation and ecological
material quantity estimation. The equivalent factor method combines established factor
scales with land characteristic data to assess various ecosystem services. Meanwhile, eco-
logical supply quantity calculations rely on comprehensive meteorological, hydrological,
and topographic data, employing market value methods to derive final valuations based
on the quantified service functions.

4.2. Urban Sprawl and Risk of Unbalanced Supply and Demand of Ecosystem Services

The YRDUA is the region with the highest intensity of human activities in China, gath-
ering more than 170 million people. The research proves that during 2010-2020, the major
cities in this region all show a continuously deteriorating demand deficit for ecosystem
service value, Shanghai’s 2020 deficit is CNY 57.57 billion. The spatial analysis results
also show significant spatial mismatch characteristics. This study is consistent with the
studies of others, such as Huang et al. [15]. The expansion of urban agglomerations has an
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increasingly significant impact on the risk of imbalance between the supply and demand of
regional ecosystem services. With the acceleration of urbanization, land use has undergone
profound changes, and ecological space has been occupied in large quantities, resulting in
the decline of the supply capacity of ecological services [23]. While promoting economic
development, urban clusters often neglect the carrying capacity of the ecological environ-
ment, resulting in shortages of key ecological services such as water resources, air quality,
and biodiversity. In urbanization, land development and infrastructure construction lead
to the destruction of natural ecosystems, and the supply capacity of ecological services is
weakened. For example, the loss of wetlands and forests directly affects water conservation
and carbon storage functions, increasing the risk of natural disasters. The dense population
in urban agglomerations and the surge in resource demand have further intensified the
demand pressure for ecological services. Urban residents” demands for clean water, air,
and leisure space continues to rise, resulting in an increasingly prominent contradiction
between supply and demand for ecological services. The imbalance between supply and
demand of ecosystem services not only affects the sustainable development of the region
but also may lead to social and economic problems, such as resource competition, environ-
mental pollution, and ecological security risks. Therefore, it is necessary to optimize the
development mode of urban agglomerations and enhance the supply capacity of ecological
services through scientific planning and policy intervention to achieve a win-win situation
between economic development and ecological protection.

In addition, the results of this study demonstrate that the total provisioning capacity of
ecosystem services in the region declined with urban sprawl, especially carbon sequestra-
tion, which declined by almost 6 million tons in 2020 compared to 2010. Water retention fell
by 7.1 billion m?, and food production decreases by nearly 1.66 million tons. Urbanization
is usually accompanied by the hardening of the land and an increase in impervious surfaces,
which reduces the infiltration of rainwater and groundwater recharge, leading to a reduc-
tion in the capacity of water sources to contain water. It may also lead to the pollution of
water bodies, affecting water quality and further reducing the availability of water sources.
Urban expansion is often accompanied by the destruction of natural vegetation, and the
destruction of natural ecosystems such as forests, wetlands, and grasslands can directly
affect carbon sequestration capacity. Transportation, industrial, and construction activities
in cities increase greenhouse gas emissions, further contributing to climate change. The
construction of building materials and infrastructure required for urban expansion also
consumes large amounts of resources, leading to increased carbon emissions. The process
of urbanization, in which agricultural and natural land is converted to urban land, leads
to soil erosion and degradation. Urbanization is often accompanied by soil compaction
and pollution, which reduces the soil’s ability to retain water and nutrients. The impact of
urbanization on food supply capacity is mainly reflected in the reduction in farmland area
and the transformation of agricultural production. As cities expand, farmland is encroached
upon, leading to a reduction in arable land. This not only affects food production capacity
but may also lead to higher food prices and supply instability. In addition, changes in
lifestyles and shifts in consumption patterns brought about by urbanization may also affect
the sustainability of local agriculture.

4.3. Limitations and Future Study

Taking a typical urban agglomeration—the YRDUA—as the research object, this study
completed a quantitative assessment of the supply and demand of ecosystem services in
this region for many years and weighed the relationship between supply and demand. At
the pixel scale, it was verified that the maximum pixel of ecosystem service supply in this
region decreases with urban expansion, demonstrating the decline of the ecosystem supply
capacity in this region. In addition, on the demand side, with the increase in population
and the intensification of economic intensity, the demand for ecological resources also
shows a significant increase, resulting in the widespread demand deficit of the ecosystem
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service value in this region. At the level of spatial evolution, the regions show obvious
spatial mismatch.

To ensure the accuracy of the results, only four subdivided ecosystem service functions
of water conservation, carbon sequestration, soil conservation, and crop production were
selected in this study, as these ecosystem service functions have relatively rich results in
quantitative research, and the quantitative process is relatively mature. However, ecosys-
tem service functions, such as recreation and recreation, which belong to the category
of ecosystem cultural services, were not involved in this study. On the one hand, these
functions are limited in carrying out multi-city level research; on the other hand, such
service functions involve a variety of subjective factors in the process of service-value
transformation. In addition, although this study applied a large number of multivariate
data to complete the analysis of the supply and demand of ecosystem services in the region,
it only reflected the ecological status of the Yangtze River Delta and was based on the
current development conditions. However, with the awareness of ecological issues, the
government has gradually formulated a series of strict ecological sustainable development
plans for urban agglomerations, which will inevitably affect the development prospects of
the region.

In focusing on the mechanism of the relationship between the supply and demand
of urban agglomerations and ecosystem services, it is meaningful to carry out a more
comprehensive spatial scale study, including cultural services, to promote the sustainable
development of urban agglomerations. At the same time, the use of various means, in-
cluding the multi-scenario forecasting method, based on the historical development of
urban agglomerations and fully considering the current and future urban agglomerations
planning scheme are conducive to predicting the prospects of urban agglomeration develop-
ment and provide government departments effective help in formulating more reasonable
urban planning schemes.

5. Conclusions

This study evaluated ecosystem service values and examined changes in the regional
supply—demand relationship amidst urban cluster sprawl, using the Yangtze River Delta
Urban Agglomeration (YRDUA) as a case study. The findings reveal a decline in ecosystem
service supply and an increasing imbalance between supply and demand due to urban
expansion and population growth. Specifically, from 2010 to 2020, water conservation
services decreased by 7.08 x 10° m3, carbon storage by 5.96 x 10° tons, soil conservation by
1.43 x 10® tons, and food supply by 1.66 x 10° tons. Concurrently, the demand for ecosys-
tem services rose, with the total service value demand increasing from CNY 4.79 x 10!! in
2010 to CNY 5.54 x 10'! in 2020, and the value deficit expanded from CNY 4.47 x 10'° to
CNY 1.16 x 10'!. The spatial analysis indicates a growing imbalance in supply and demand.

The value assessment of ecosystem services and the measurement framework of the
supply and demand relationship proposed in this study helped realize the measurement of
regional ecosystem services from a spatial scale, to provide a reference for the formulation
of relevant policies in regional urban planning and contribute to the scientific development
and ecological sustainable development of urban agglomeration regions. However, the
impact of subdivision factors such as population and economy, or the ecological devel-
opment prospects of the region, were not deeply discussed. These will be the focus of
subsequent research.
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Appendix A

(1) Calculation process and parameter setting of ecosystem service supply
The annual water production process on the unit grid is given in the following equation:

ET,,;
WPunit = (1 - umt) X Punit
unit
Eszit _ 1+ tunitRunit
Pum't 1+ tunitRunit + 1/leit

(A1)
Runit _ Lunli;Efunit
uni
AWC,,,;i
tunit = Z X Pitmt
uni

In the above equation, WP,,,,;; is the calculated water yield of the unit grid (mm), P,,,;;
is the rainfall of the unit grid (mm), and ET,,,;; is the actual evapotranspiration of the unit
grid. t,,;; is the unit grid in the plant and can be used as the stored-water rate; R,;,;; is the
Budyko aridity index for the unit grid, reflecting the proportionality between potential
evapotranspiration and rainfall. L,,;; is the plant evapotranspiration coefficient in the unit
grid; Z is the Zhang coefficient, which is a factor reflecting the seasonal characteristics of
regional rainfall; and AWC,,;; is the plant-available water content (mm) in the unit grid.

Regional water conservation is the amount of water that is finally retained in the local
soil through the processes of interception, absorption, and the storage of precipitation by
different land use covers on the surface. Therefore, in this study, after obtaining the results
of water production, the physical amount of water conservation in the study area was
further calculated using the following process:

WC = WP x min(l, 5&]) x mm(l, %m) y min(1, Iésoog>
(A2)

_ . Aswm
TI= 1g ( Sgildepth X Slopepercent )

In the formula, WC represents the amount of water conservation, WP is the amount
of water production, V,,; is the flow rate coefficient, T is the topographic parameter, K,;;
is the infiltration rate of the soil, and Soil sy, reflects the depth of the soil. Agy is the total
number of fences in the catchment area, and Slopepercent is the percentage of slopes; both
are obtained by Arcgis hydrological analysis.

The process of calculating the four types of carbon pools is as follows:
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S; denotes the area of land use type i, km?; A?" is the corresponding above-ground
carbon stock coefficient; Af’l is the corresponding below-ground carbon stock coefficient;
A% is the corresponding soil carbon stock coefficient; and A% is the corresponding carbon
stock coefficient of dead organic matter.

Table Al shows the settings of the calculation parameters of the water production
module, in which the Zhang coefficient, after several inputs, is compared with the calculated
water production data of various cities and the runoff data in the Water Resources Bulletin
published by the local government that year, and the value of the coefficient was finally
determined to be 27.2.

Table Al. Ecological parameterization of water yield models.

Serial Number

LUCC Types Maximum Root Depth of the Plant  Surface Crop Coefficient =~ Vegetation Class

N Ul = W N

Cropland 1000 1.1 1

Woodland 3500 1.008
Grassland 2000 0.65
Water area -1 1.05
Construction land -1 0.2
Unutilized land -1 0.2

OO O =

Table A2 shows the carbon storage factor coefficients corresponding to each land use
type set in this study. The data refer to the measured carbon density data of various types of
ecosystems and vegetation in China by Xu et al. [24], and the data of dead organic matter in
the table are set with reference to the relevant empirical values in the improved 2006 IPCC
Guidelines for National Greenhouse Gas Inventories published by the IPCC (International
Intergovernmental Panel on Climate Change) in 2019.

Table A2. Carbon factor coefficients for each land type.

Serial
Number

LUCC Types

Above-Ground Underground Soil Carbon Pool Carbon Pool of Dead
Carbon Pool Carbon Pool Organic Matter

1

N Ul = W IN

Cropland
Woodland
Grassland

26.064 15.210 22.849 1
46.294 48.548 34.764 3.511
22.749 11.187 19.667 1

Water area 0 0 0

0
Construction land 0 0 0 0
Unutilized land 6.501 1.475 0 0

This study set the above parameters by referring to the suggested parameters in the
user manual of the INVEST model combined with the research of Zhong et al. [25] and
Zhang et al. [26]. The specific value setting are shown in the attached Table A3.

Table A3. Vegetation management and soil and water conservation measures of factor parameters.

LUCC Types

Cropland

Woodland Grassland Water Area Construction Land Unutilized Land

P

C

1
0.07

1 1 0 0 1
0.03 0.07 0 0 1

(2) Calculation results of four ecosystem service supplies
Tables A4—A7 show the calculation results of each ecosystem service supply.
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Table A4. Water conservation services in the YRDUA. Unit: 108 m3.
Serial Number City 2010 2015 2020
1 Xuancheng 72.434 92.355 74.057
2 Wuhu 11.870 16.214 13.652
3 Chizhou 70.228 77.923 65.004
4 Tongling 8.184 10.586 9.233
5 Hefei 10.181 14.552 14.589
6 Maanshan 4.509 6.746 6.474
7 Chuzhou 8.068 11.791 13.182
8 Anging 61.526 70.227 71.866
9 Zhenjiang 2.037 3.171 3.851
10 Yangzhou 1.463 2.143 3.376
11 Yancheng 4.029 4.294 9.316
12 Wuxi 2.554 4.141 4.364
13 Taizhou 1.561 2.224 3.688
14 Suzhou 1.511 2.558 3.122
15 Nantong 3.429 5.025 7.677
16 Changzhou 2.492 4.062 4.103
17 Nanjing 4.037 6.428 6.616
18 Shanghai 1.492 2.192 2.591
19 Huzhou 17.662 24.370 21.383
20 Jiaxing 1.942 2.848 2.386
21 Ningbo 35.921 30.543 25.592
22 Shaoxing 45.133 41.747 31.739
23 Taizhou2 78.692 67.523 43.850
24 Zhoushan 1.947 2.031 2.155
25 Jinhua 95.855 84.353 56.968
26 Hangzhou 135.481 145.590 112.542
YRDUA Total 684.238 735.637 613.376
Table A5. Carbon sequestration services in the YRDUA. Unit: 10* t.
Serial Number City 2010 2015 2020
1 Xuancheng 3336.752 3308.900 3324.824
2 Wuhu 1025.750 992.519 1006.114
3 Chizhou 2056.765 2054.453 2050.346
4 Tongling 481.184 476.487 473.772
5 Hefei 1616.710 1584.710 1569.757
6 Maanshan 631.005 626.222 623.594
7 Chuzhou 2217.401 2183.593 2188.882
8 Anging 2897.386 2903.617 2898.168
9 Zhenjiang 549.716 543.238 531.199
10 Yangzhou 759.571 754.276 740.858
11 Yancheng 2154.726 2145.636 2163.214
12 Wuxi 516.320 509.779 498.379
13 Taizhou 752.079 735.040 724.546
14 Suzhou 599.584 580.249 579.460
15 Nantong 1327.064 1286.691 1284.901
16 Changzhou 550.333 544.079 528.555
17 Nanjing 875.120 871.344 841.903
18 Shanghai 709.790 677.182 633.060
19 Huzhou 1380.875 1366.871 1347.489
20 Jiaxing 496.578 483.794 456.359
21 Ningbo 2013.144 2022.464 2045.621
22 Shaoxing 2134.251 2115.888 2104.729
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Table A5. Cont.

Serial Number City 2010 2015 2020
23 Taizhou2 2619.666 2612.383 2584.824
24 Zhoushan 245.525 271.520 259.623
25 Jinhua 3018.839 3008.560 2970.038
26 Hangzhou 4785.511 4764.625 4724.582
YRDUA Total 39,751.645 39,424.120 39,154.797

Table A6. Soil conservation services in the YRDUA. Unit: 10% t.

Serial Number City 2010 2015 2020
1 Xuancheng 2723.589 3203.697 4875.357
2 Wuhu 177.880 182.771 322.362
3 Chizhou 2684.438 3178.521 4159.193
4 Tongling 182.136 192.784 324.066
5 Hefei 200.884 180.850 373.588
6 Maanshan 105.307 95.181 208.847
7 Chuzhou 180.958 131.374 317.849
8 Anging 4003.517 3542.539 6453.133
9 Zhenjiang 41.446 35.888 93.126
10 Yangzhou 19.380 15.310 42.488
11 Yancheng 36.106 25.988 70.143
12 Wuxi 80.100 87.219 186.455
13 Taizhou 12.719 10.341 28.487
14 Suzhou 19.343 21.317 51.708
15 Nantong 15.092 13.220 38.914
16 Changzhou 33.126 34.134 74.676
17 Nanjing 90.664 80.790 194.134
18 Shanghai 8.966 9.351 26.266
19 Huzhou 631.999 737.629 1332.038
20 Jiaxing 6.302 6.823 14.893
21 Ningbo 1224.255 972.292 1748.854
22 Shaoxing 1341.550 1172.383 1943.937
23 Taizhou2 3039.294 2794.521 3766.633
24 Zhoushan 70.432 64.661 86.655
25 Jinhua 3192.200 2858.591 4098.407
26 Hangzhou 5379.012 5809.302 9057.452
YRDUA Total 25,500.695 25,457.477 39,889.661

Table A7. Crop production services in the YRDUA. Unit: 104 t.

Serial Number City 2010 2015 2020

1 Xuancheng 133.527 130.846 131.716
2 Wuhu 175.457 168.512 171.464
3 Chizhou 102.586 101.499 100.798
4 Tongling 80.566 79.021 78.858

5 Hefei 303.013 296.756 294.016
6 Maanshan 127.408 125.948 125.389
7 Chuzhou 312.244 305.848 307.185
8 Anging 239.474 238.057 237.264
9 Zhenjiang 105.104 103.893 101.927
10 Yangzhou 131.648 130.770 128.512
11 Yancheng 389.737 387.855 393.984
12 Wuxi 84.615 83.010 80.814

13 Taizhou 139.811 136.476 134.180

14 Suzhou 120.253 115.624 113.611
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Table A7. Cont.

Serial Number City 2010 2015 2020
15 Nantong 271.323 262.794 260.022
16 Changzhou 126.255 124.249 119.842
17 Nanjing 135.351 134.577 128.441
18 Shanghai 168.096 160.551 147.699
19 Huzhou 102.514 99.905 96.536
20 Jiaxing 114.196 110.802 104.392
21 Ningbo 136.665 134.931 118.382
22 Shaoxing 110.575 105.583 103.959
23 Taizhou2 109.894 105.103 102.677
24 Zhoushan 16.511 17.379 11.528
25 Jinhua 141.550 137.926 132.788
26 Hangzhou 133.186 125.203 119.198

YRDUA Total 4011.559 3923.118 3845.182

(3) Results of ecosystem service value

Table A8. Ecosystem service value of the YRDUA in 2020. Unit: 108 CNY.

Serial City Water Carbon Soil Crop Total
Number Conservation Sequestration Conservation Production ES Values
1 Xuancheng 167.368 108.812 87.762 34.246 398.188
2 Wuhu 30.853 32.927 5.803 44.581 114.164
3 Chizhou 146.909 67.102 74.870 26.207 315.088
4 Tongling 20.867 15.505 5.834 20.503 62.709
5 Hefei 32.971 51.374 6.725 76.444 167.514
6 Maanshan 14.631 20.409 3.759 32.601 71.400
7 Chuzhou 29.792 71.636 5.722 79.868 187.018
8 Anging 162.417 94.849 116.163 61.689 435.119
9 Zhenjiang 8.703 17.385 1.676 26.501 54.265
10 Yangzhou 7.630 24.246 0.765 33.413 66.054
11 Yancheng 21.055 70.796 1.263 102.436 195.549
12 Wuxi 9.862 16.311 3.356 21.012 50.541
13 Taizhou 8.334 23.712 0.513 34.887 67.446
14 Suzhou 7.056 18.964 0.931 29.539 56.490
15 Nantong 17.350 42.051 0.700 67.606 127.707
16 Changzhou 9.274 17.298 1.344 31.159 59.075
17 Nanjing 14.953 27.553 3.495 33.395 79.396
18 Shanghai 5.856 20.718 0.473 38.402 65.449
19 Huzhou 48.326 44.100 23.978 25.099 141.504
20 Jiaxing 5.391 14.935 0.268 27.142 47.737
21 Ningbo 57.838 66.948 31.481 30.779 187.046
22 Shaoxing 71.730 68.882 34.993 27.029 202.634
23 Taizhou2 99.102 84.594 67.804 26.696 278.196
24 Zhoushan 4.870 8.497 1.560 2.997 17.923
25 Jinhua 128.748 97.201 73.776 34.525 334.250
26 Hangzhou 254.344 154.623 163.044 30.992 603.002
Total 1386.229 1281.430 718.058 999.748 4385.464
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