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Abstract: Urbanization poses a threat to ecosystems and contributes to the degradation of the
environment. It is of great importance to identify coordinated economic, societal, and environmental
relationships with key ecological functions and services to achieve regional sustainability. Based on a
case study in China, this study seeks to fill this gap by estimating the spatial distribution of ecosystem
service multifunctionality (ESM) and its spatially heterogeneous response to urbanization. First,
the biophysical values of five typical ecosystem services (ESs) (carbon storage, habitat quality, net
primary production, soil conservation, and water yield) were assessed based on several simulation
models. The biophysical values of these ESs were then standardized and summed to obtain the
spatial distribution of ESM. Afterward, the urbanization level was evaluated, and finally, the spatial
interaction between urbanization and ESM was exhibited based on the bivariate Moran’s I and
Getis-Ord Gi* statistic. The results showed that: (1) the ESM showed obvious spatial heterogeneity
in southeastern and northwestern China, with a gradual decline from the coast to the interior;
(2) ESM and urbanization had different spatial distribution patterns and produced significant local
aggregation effects; and (3) harmonious relationships between ESM and urbanization were observed
in southeastern coastal China and the surrounding areas of the North China Plain, which were related
to the capacity of local coastal ecosystems, mangrove forests, and aquatic ecosystems to provide
multiple services and goods simultaneously. Our results suggest that multifunctional ecosystems can
realize a “‘win-win’ situation for ecological conservation and socioeconomic development. The results
of this study can advance our understanding of the ecological effects of urbanization on ecosystems
and provide valuable implications for the coordinated development of humans and nature in the
rapid urbanization process.

Keywords: ecosystem services; ecosystem service multifunctionality; urbanization; spatially
heterogeneous response; sustainable development

1. Introduction

Toward promoting the coordinated development of the global economy, society, and
environment, the 2030 Agenda for Sustainable Development of the United Nations (UN)
proposes 17 universal sustainable development goals (SDGs) and 169 targets [1]. There
is evidence that ecological environments and a sustainable supply of ecosystem services
are essential to the achievement of SDGs [2]. Ecosystem services (ESs) refer to the goods
and services that people derive from ecosystems, which are indispensable for human
survival and well-being [3]. In addition, ecosystems have diverse functions and can
provide multilevel services to humans simultaneously [4]. In this study, the capacity of
an ecosystem to simultaneously provide multiple ecosystem functions and services is
defined as ecosystem service multifunctionality (ESM) [5-7]. ESM research contributes
to identifying changes in ecosystem functions and structure and the associated impacts
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of human disturbance and guides ecological conservation and ecosystem management
decisions [7,8].

During the past decade, urbanization has become one of the most noticeable character-
istics of social development and poses a significant threat to regional ES provision [9,10].
In the process of urbanization, rapid land expansion transforms natural or semi land into
semiartificial ecosystems and urban ecosystems, which seriously modifies the structure
and function of local ecosystems and weakens the ability of the ecosystems to provide
various services to humans [11-13]. As a result, ESM may not necessarily be presented at
the same level [5]. Moreover, notable population growth and rapid economic development
may directly contribute to an increase in the demand for good services and products, such
as food, raw materials, and energy [14-16]. However, the uneven distribution of ESM may
directly affect the capacity of ESs to support human well-being and may aggravate social
crises, such as resource scarcity, land desertification, and poor soil fertility, which in turn
seriously threaten regional ecological security and limit economic development [17-19]. In
this context, a better understanding of the relationship between urbanization and ESM is
fundamental for clarifying the ecological effects of urbanization on ecosystems and offering
strategic guidance for ecosystem decision-making [20,21].

Recently, an increasing amount of attention has been given to understanding how ESs
respond to urbanization [22,23]. To date, urbanization has proven to be a significant factor
in the field of ESs, such as ecosystem service value (ESV) [15,24], ES supply [20,25-28], and
ES supply-demand ratios [29,30]. For example, Arowolo et al. [31] evaluated changes in the
ecosystem service values in response to land use/land cover dynamics in Nigeria. Taking
the Pearl River Delta (PRD) urban agglomeration as the case study area, Zhang et al. [23]
quantified four typical ESs and quantitatively evaluated the impact of urbanization on
ES supply and demand. Pan and Wang [30] used the geographically weighted regression
(GWR) model to explore the spatially heterogeneous response of ES supply, demand, and
supply—-demand ratios to different types of urbanization (i.e., population, economy, and
land) in China. Generally, research on the effects of urbanization on ESs has mainly focused
on the biophysical or economic value of ESs, while, few have treated the multifunctionality
of the ecosystem as a complete whole [32]. Furthermore, previous studies have focused on
the relationship between ESs and urbanization at a small scale [33,34], while little attention
has been paid to a large scale in countries such as China. Regional differences in the
urbanization level have a more remarkable spatial heterogeneity at a large scale.

China has been identified as a representative area for studying human-land interac-
tions [33]. As the largest developing country in the world, China has undergone unprece-
dented large-scale urban expansion after the implementation of the reform and opening-up
policy in 1978, accompanied by substantial landscape change, ecological land shortages,
and ecosystem degradation [30]. One key challenge is that the function of ecosystems and
associated ES supply may be threatened by the combined effect of urban development and
increasing social demands [18]. Thus, considering the adverse effects of rapid urbanization,
more attention should be given to understanding the relationship between urbanization
and ESM [35,36]. Moreover, China has implemented a series of regional development
strategies. Due to the vastness of the territory and high heterogeneity of resource endow-
ments, however, the level of urban development showed significant regional variations
in China [30]. Therefore, it is of strategic and practical importance to clarify the spatially
heterogeneous responses of ESM to urbanization, identify areas with different levels of
urbanization and ESM clustering, and explore possible economic, social, and environmental
coordination relationships in China [37].

The objectives of this study were as follows: (1) map the spatial distribution of ESM
and estimate the spatial response pattern of ESM to urbanization; (2) identify regions where
different levels of urbanization and ESM cluster together and (3) explore the potential
coordinated economic, societal, and environmental relationships.

Therefore, taking China as a case study, this study sought to estimate the spatially
heterogeneous responses of ESM to urbanization and explore possible economic, social
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and environmental coordination relationships. The biophysical values of five critical ESs
(carbon storage, habitat quality, net primary production (NPP), soil conservation, and
water yield) were assessed through several simulation models. Then, the biophysical
values of these ESs were standardized and summed to obtain the spatial distribution of
ESM. Afterward, the urbanization level was evaluated, and finally, the spatial interaction
between the urbanization level and ESM was exhibited based on the bivariate Moran’s I
and Getis-Ord Gi* statistic.

2. Materials and Methods
2.1. Study Area

China is located in eastern Asia along the western coast of the Pacific Ocean and its
geographical coordinates are 3°31’ N~53°33" N, 73°29’ E~135°2" E (Figure 1) [38]. The total
area of the region is approximately 960 x 10* km? [39]. China has a complex topography
with high values in the north and low values in the south and exhibits a ladder-shaped
decline from north to south. The altitude range is between —155 m (Aydin Lake) and
8844 m (Mount Everest), and the slope range is between 0° and 62°, with several typical
geomorphic types, including mountains, plateaus, hills, basins, and plains. In addition,
China presents a wide range of climatic zones and consequently a variety of ecosystems,
including farmland and forest ecosystems in the eastern regions and grassland and desert
ecosystems in the western areas. The main land-use types in the study area are grassland,
which accounts for 29.21% of the total area, followed by forestland (22.01%) and unused
land (20.89%) in 2020 (http:/ /www.stats.gov.cn/) (accessed on 1 December 2021).
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Figure 1. Locations of the study area.

In terms of socioeconomic characteristics, since the 1980s, the economy, population den-
sity, and construction land area have risen substantially as a result of rapid urbanization in
China [30]. From 1978 to 2021, the proportion of the urban population increased from 17.92%
to 63.89%, and the area of urban construction land increased from 6720 km? to 61,300 km?
(obtained from China’s National Bureau of Statistics) (http://www.stats.gov.cn/) (ac-
cessed on 2 December 2021). Such accelerating urban construction and industrial devel-
opment have also led to profound landscape change and serious ecosystem deterioration
in China [39]. In this regard, alleviating ecological pressure and resolving environmental
problems are becoming increasingly urgent in China [40].
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2.2. Data Sources

In this study, several basic category datasets were collected, including digital land-use
datasets, vegetation data, topographic data, soil data, meteorological data, and socioe-
conomic data. (1) Digital land use data (2020, 30 m x 30 m) were obtained from the
Resource and Environment Science and Date Center (http://www.resdc.cn/) (accessed
on 15 July 2021) and divided into six first-level categories (cropland, forestland, grassland,
water-body, construction land, and bare land) based on the National Standard Land-Use
Classification of China using supervised classification [41]. (2) Normalized difference
vegetation index (NDVI) data (2020, 1000 m x 1000 m) were provided by the Resource
and Environment Science and Date Center (http://www.resdc.cn/) (accessed on 16 July
2021). (3) Digital elevation model data (30 m x 30 m) was obtained from the Geospatial
Data Cloud Platform (http://www.gsclooud.cn) (accessed on 20 July 2021). (4) Soil data
(1:1,000,000) were obtained from the Chinese Soil DataSet (v1.1) of the Harmonized World
Soil Database 1.1 (HWSD) which was constructed by the United Nations Food and Agri-
culture Organization (FAO) and the Vienna International Institute for Applied Systems
(ITASA) [42]. (http:/ /www.fao.org/soils-portal/soil-survey/soil-maps-and-databases /)
(accessed on 23 July 2021). (5) Meteorological data (2020, text) were downloaded from
the Chinese National Meteorological Science Data Service Center, such as precipitation,
temperature, solar radiation, and humidity (http://data.cma.cn/) (accessed on 25 July
2021). (6) Socioeconomic datasets (2020, 1000 m x 1000 m) were provided by the Resource
and Environment Science and Data Center (http://www.resdc.cn/) (accessed on 27 July
2021), including population density and gross domestic product. In this study, all datasets
were reprocessed to the China Geodetic Coordinate System 2000 (CGCS2000), which is
suitable for studies in China, and resampled to 1000 m spatial resolution. All the spatial
data were processed and mapped with the help of ArcGIS software (version 10.6).

2.3. ES Quantification

The benefits that people derive from ecosystem functions are defined as ecosystem
services (ESs) [43,44]. Sometimes a single ecosystem service (ES) is the result of more than
one ecosystem function, and in other instances, a single ecosystem function can contribute
to more than one ES [44]. This study selected five typical ESs that are important to the study
area, namely, carbon storage (CS), habitat quality (HQ), net primary production (NPP), soil
conservation (SC), and water yield (WY), based on the following considerations: (1) CSis a
key indicator in ES assessment because of its significant contribution to the regulation of
local climate [23]; (2) China is known as a megadiversity country, rich in species with many
nature reserves; (3) many ecological restoration projects taking place in this region may
result in an increase in ecological land and a change in the spatial distribution of rainfall;
(4) the local environmental problem of soil erosion is very serious due to the complex
geomorphology and the centuries-long agricultural practices on the slopes; and (5) WY is a
vital ES supply to support human well-being. Table 1 provides the evaluation methods and
key input parameters for evaluating the five ESs.
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Table 1. Evaluation methods and indicators for of each ecosystem service.

Ecosy:s tem Method Equation
Services
Ccs =

Carbon storage Carbon storage module 1
& & Cabove + Cbelow + Cs%ilZ + Cdead ( )
Habitat quality Habitat quality module Qyj = Hj <1 — (ﬁ)) 2)

Net primary NPP(x,t) =
production CASA model APAR(x,t) x e(x,t) ®)
Soil conservation RUSLE model A=RXxKxLSx(1-CP) 4)
Water yield Water yield module Y = (1 — %) x P (5)

Note: (1) C¢s = total carbon storage; Cyp,0. = aboveground carbon storage; Cp,o,, = underground carbon storage;
Csoil = soil carbon storage; Cy,,g = dead matter carbon storage. (2) Q,; = habitat quality in LUCCj; H; = habitat
suitability in LUCC]; Dy; = total threat level in LULCJ; k = scaling parameter. (3) NPP(x,t) = the net primary
productivity of pix x during month t; APAR(x, t) = absorbed photosynthetically active radiation; e(x, t) = light
utilization efficiency of pix x during month ¢. (4) A = amount of soil conservation; R = rainfall erosivity factor;
K = soil erodibility factor; LS = slope length and steepness factor; C = cover-management factor; P = support
practice factor. (5) Y = annual water yield; AET = annual evapotranspiration; P = annual total precipitation.

2.3.1. Carbon Storage (CS)

Carbon storage (CS) service denotes the ability of an ecosystem to absorb atmospheric
carbon dioxide [8,23]. In this work, CS was quantified using the carbon storage module
in the integrated valuation of ES and trade-offs (InVEST) model [45]. For each land use
type, the carbon storage module estimates the amount of carbon stored in four major
carbon pools, namely, aboveground biomass, belowground biomass, soil carbon, and dead
organic matter.

2.3.2. Habitat Quality (HQ)

Habitat quality (HQ) service refers to the ability of an ecosystem to provide appropriate
conditions for the persistence of individuals and populations, and it depends on the
proximity of the habitat to human land uses and the intensity of these land uses. The HQ
was calculated by using the habitat quality module in the InVEST model [46]. The habitat
quality module combines information on land use and threats to biodiversity to produce
habitat quality maps and requires the following factors: each threat’s relative impact, the
relative sensitivity of each habitat type to each threat, the distance between habitats and
sources of threats, and the degree to which the land is legally protected [45].

2.3.3. Net Primary Production (NPP)

Net primary production (NPP) is defined as the amount of organic energy generated by
plants per unit area in a given amount of time [47]. NPP was quantified using the Carnegie-
Ames-Stanford approach (CASA) model [48]. In the CASA model, NPP is calculated
based on the absorbed photosynthetically active radiation (APAR) multiplied by the light
energy conversion.

2.3.4. Soil Conservation (SC)

Soil conservation (SC) service refers to the important functions of ecosystems to reduce
the loss of soil fertility. SC can be quantified by using the Revised Universal Soil Loss
Equation (RUSLE) model, which is most widely used to calculate the average annual soil
erosion of an area [49]. In this model, SC is estimated based on the difference between
potential soil erosion and actual soil erosion [47].

2.3.5. Water Yield (WY)

Water yield (WY) is defined as the capacity of an ecosystem to retain water, such as by
intercepting precipitation, enhancing soil infiltration, inhibiting evaporation, mitigating
surface runoff, and increasing precipitation [50]. In this research, WY was predicted using
the water yield module in the InVEST model, which is based on the water balance model
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and determines the annual water yield of different pixels by using the Budyko curve and
the annual total precipitation data [51].

2.4. ESM Quantification

Natural ecosystems typically provide more than one ecosystem service (ES) to support
human wellbeing and existence [52]. The capacity of an ecosystem to simultaneously
provide multiple ecosystem services (ESs) is defined as the ecosystem service multifunc-
tionality (ESM) [5-7]. In this work, ESM was estimated by using the multifunctional sum
approach, which is based on the sum of the standardized values of five ESs [34,53]. First,
to eliminate the different evaluation methods and units among the five ESs, the biophys-
ical values of each service were standardized to a value between 0 and 1 using range
standardization. The range standardization formula was as follows [8,20]:

ESgia = (ESops — ESmin)/ (ESmax — ESpin) 1)

where ESg;; is the standardized value of each ES; ES,,; represents the observed value of
each ES; and ES,,;;,, and ES,;;, denote the minimum and maximum values of each ES,
respectively.

Second, the standardized values of five ESs were summed to obtain the values of
ESM [54]. The formula of the ESM was as follows [7]:

5
ESM =) " w;XESyy; )

where w; and ESg;;; represent the weight and normalized value of each ES, respectively.
Considering that the five services all play an important role in the local ecosystems of
China, the contributions of CS, HQ, NPP, SC, and WY to ESM were treated equally [7,8].
Thus, the weight of each ES was set to 1 and the value of ESM varied between 0 and 5. In
this work, higher ESM values represent a greater capacity of the ecosystems to provide
more ESs [7].

2.5. Urbanization Level Quantification

According to the definitions of urbanization, the urbanization level can be measured
in the following aspects: population agglomeration, economic development, and land ex-
pansion [55]. In this work, three indicators, namly, population density (POP, person/ kmz),
gross domestic product (GDP, Chinese yuan/km?), and the proportion area of construction
land (PCL, %), were selected to measure population urbanization, economic urbanization,
and land urbanization, respectively [24,30]. Three indicators were standardized by using
the range method and then averaged to derive the urbanization level index.

2.6. Spatial Relationship Analysis

To understand the spatial relationships between the ESM and urbanization, this study
took the following three steps. First, Moran’s I coefficient (I) was used to determine the
spatial autocorrelation of ESM and urbanization. It can be calculated as follows [56]:

nYig Uiq Wij(xi — %) (xj — X)
Yy 2;121 Wij(xi - f)Z

1= 3)

where 7 is the total number of regions; x; and x; represent the observed values of regions
i and j, respectively; X is the mean value of x, and W; is the spatial weight. Specifically,
Moran’s I coefficients close to 0, 1, and —1 indicate that the spatial patterns of ESM and
urbanization tend to be random, clustered, and dispersed, respectively.

Second, hot and cold spots analysis (Getis—Ord Gi* method) was performed to test the
spatial heterogeneity of ESM and urbanization. The Getis-Ord Gi* statistic has been widely
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used to identify the locations of statistically significant high-value clusters (hot-spots) and
low-value clusters (cold-spots) [57]. The formula is as follows [8,58]:

Gi(d) =Y Wi(d)X;/ ) X; 4
i=1 j=1
G; —E(G;
z(6p) - S EG) ®
Var (G;)

where 7 is the total number of regions; X; represents the observed value of region j; W;; is the
spatial weight, and Var(G}) and E(G;) represent the variable coefficient and expectation
value, respectively. In this work, statistically significant negative z-scores (cold spots)
denote an aggregation of low values (z-score < —1.96), whereas statistically significant
positive z-scores (hot spot) indicate an aggregation of high values (z-score > 1.96) [54].

Last, the bivariate Moran’s I between the ESM and urbanization and their local indica-
tor of spatial association (LISA) map were calculated by using GeoDa software. The p-value
was determined to identify significant correlations, with p < 0.05 indicating significant
differences [33,59]. The local Moran’s I (I;) is expressed as [56]:

R RTR o
Z?:l (x; — %)

where 7 is the total number of regions; x; and x; represent the observed values of regions
i and j, respectively; X is the mean value of x, and wj; is the spatial weight. Specifically,
according to the level of difference between ESM and urbanization, the local Moran’s I (I;)
was divided into four types regions [56]. The details of each type region are described in
Table 2.

Table 2. Details of the local indicator of spatial association (LISA) map between ecosystem service
multifunctionality (ESM) and urbanization.

Description Type Region

Areas with high values of ESM are surrounded
by high-value areas of urbanization
Areas with low values of ESM are surrounded by
low-value areas of urbanization
Areas with high values of ESM are surrounded
by low-value areas of urbanization
Areas with low values of ESM are surrounded by
high-value areas of urbanization

;> 0,x—x>0 High-High (H-H) cluster

>0 x;—x<0 Low-Low (L-L) cluster
<0, xi—x>0 High-Low (H-L) cluster

<0, x;i—x<0 Low-High (L-H) cluster

Note: I; = local Moran’s I, x; = the observed values of regions i, X = the mean value of x.

3. Results
3.1. Spatial Distribution of Ecosystem Services

As shown in Figure 2, the spatial distribution of the five ESs shows remarkable spatial
heterogeneity between the northwest and southeast regions in China. Higher values of
NPP, SC, and WY are mainly located in the southeast coastal areas, while lower values of
NPP, SC, and WY are mostly distributed in Inner Mongolia, Northwest China, and Tibet. In
addition, we find a gradual decline in WY values from the south to the north and from the
coast to the interior. The regions with good HQ and CS are mainly observed in southeastern
China, and low HQ and CS predominantly occur in Northwest China, the Northeast China
Plain, the North China Plain, and Sichuan Basin.
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Figure 2. Spatial distribution of the carbon storage (a), habitat quality (b), net primary production (c),
soil conservation (d), and water yield (e) services in China.

3.2. Spatial Pattern of ESM

According to Figure 3a, the spatial distribution of ESM varies across space, but is
generally spatially clustered. Overall, there is obvious spatial heterogeneity of ESM in the
southeast and northwest regions, with a gradually decreasing trend from the coast to the
interior. Specifically, regions with low ESM values mainly appear in Inner Mongolia, the
Tibetan Plateau, and Northwest China. In addition, areas with low ESM values are also
observed in the North China Plain and Northeast Plain. Due to better climatic and hydro-
logical conditions, the areas with higher ESM levels are mainly found in the southeastern
coastal region [8].

po® D, i

ESM Urbanization
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Figure 3. Spatial distribution of the ecosystem service multifunctionality (ESM) (a) and urbanization
(b) in 2020.

3.3. Spatial Pattern of Urbanization

In contrast to the spatial distribution of ESM, the spatial distribution of urbanization
displays different characteristics. In general, the low values of urbanization are mainly
distributed in the western part of the study area, while the high values are distributed in
the eastern part (Figure 3b). In northeast China, there are also areas with lower levels of
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urbanization. Areas with higher urbanization levels are mainly concentrated in the eastern
part of the country, especially in urban agglomerations.

3.4. Spatial Relationship between Urbanization and ESM

As shown in Table 3, the Moran’s I for ESM and urbanization in 2020 were 0.80 and
0.75, respectively, implying that there is a significant positive spatial autocorrelation for
both urbanization and ESM in China.

Table 3. Moran’s I statistics of ecosystem service multifunctionality (ESM) and urbanization.

Moran’s I p-Value
ESM 0.80 <0.01
Urbanization 0.75 <0.01

The results of the hot and cold spot analysis are shown in Figure 4a,b, illustrating that
the cold and hot spot areas of urbanization and ESM exhibit significant spatial variations
and strong spatial aggregation effects within the study area. As shown in Figure 4a, cold
spots of ESM are mainly scattered in western Inner Mongolia, the Tibetan Plateau, and
Northwest China, while hot spot areas are mainly centered in southern China. In terms of
urbanization, the hot spots are mainly located in Northwest China and the Tibetan Plateau,
while the cold spots are mainly observed in the North China Plain (Figure 4b).

2. ' ©

et

High-1lizh

o 485 70 1840 Kilometers
[ I S N A |

Figure 4. Spatial pattern of the cold spots and hot spots for ecosystem service multifunctionality
(ESM) (a) and urbanization (b), and the spatial. hots pots and aggregation pattern of the ESM and
urbanization (c) in 2020. “High-High” refers to High ESM-High urbanization; “Low-High” refers to
Low ESM-High urbanization; “Low-Low” refers to Low ESM-Low urbanization; “High-Low” refers
to High ESM-Low urbanization.

Figure 4 and Table 4 show that the spatial relationship between ESM and urbanization
in China includes four types regions: High-High (HH) cluster, Low-High (LH) cluster,
High-Low (HL) cluster, and Low-Low (LL) cluster. According to Table 5 and Figure 4c, the
High-Low cluster is prominent and occurs mainly in southwestern and northern China.
Low-High cluster is observed primarily in the North China Plain. In the southeastern
coastal areas and areas surrounding Low-High clusters, High-High clusters are most
prevalent, indicating that urbanization and ESM had a synergistic relationship in these
areas. Low-Low cluster is primarily found in the Tibetan Plateau and Northwest China.
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Table 4. The mean values of local Moran’s I, ecosystem service multifunctionality (ESM), and
urbanization in four types regions.

Type Region Local Moran’s I ESM Urbanization
High-High 1.14 2.2 4.61
Low-Low 0.28 0.62 0.02
Low-High -0.71 1.15 8.07
High-Low —0.27 2.34 0.05

Table 5. The proportion of the four type regions.

Type Region Number Proportion
High-High 365 0.15
Low-Low 555 0.24
Low-High 513 0.22
High-Low 925 0.39

4. Discussion
4.1. Spatial Relationship between Ecosystem Services and ESM

Figures 2 and 4 show that significant spatial similarity exists in the relationship
between ESs and ESM. In particular, according to Figures 2 and 4, the lowest levels of ESM
and ESs are mainly located in the Northwest China, such as the Tarim Basin, the Turpan
Basin, and the Quasi-Georgia Basin. These regions have low vegetation coverage, with
unused land coverage of more than 86%. These results indicate that unused land, such as
abundant sand, bare land, and bare rock, may have a lower ability to provide multiple ESs.

Lower values of ESM are mostly distributed in the Inner Mongolia, Tibetan Plateau,
and North China Plain, which is consistent with the spatial variation in CS, NPP, SC, and
WY. However, it is worth noting that compared to the North China Plain, the HQ levels
in Inner Mongolia and the Tibetan Plateau are relatively high. This is mainly because the
main land use types in the North China Plain are cropland and construction land, while
the Qinghai-Tibet Plateau and Inner Mongolia Plateau are grasslands [30]. These results
suggest that grasslands may play a role in maintaining HQ levels in China.

The regions with higher ESM and ESs are mainly observed in the southern and south-
eastern parts of China, where forest coverage exceed 60% [8]. The results show that forests
in the southern and southeastern parts of China may possess a higher level of ESM and are
capable of providing multiple ESs to society. Thus, in these areas, management emphasis
should be laid on protecting and recovering the local natural vegetation and coordinating
the relationships between socioeconomic development and ecological management.

Briefly, as shown in Figures 2 and 4, it can be seen that there may be significant differ-
ences in ESM levels across land use types in China. Forests in southern and southeastern
China may have a higher level of ESM and are capable of providing multiple ESs to society.

4.2. The Relationship between Urbanization and ESM
4.2.1. High-High Type Region

According to the LISA map, the ESM in China displays a notable spatially heteroge-
neous response to urbanization and this association may be positive or negative at the
regional level. For example, as shown in Figure 4c, although a significant global negative
association is observed between urbanization and ESM, a positive relationship between
urbanization and ESM still occurs in southeastern coastal China. The possible reason may
lie in the fact that coastal ecosystems present several provisioning services, such as fishing
and fishing-related activities, seaweed farming, fuel, timber, and other products [60]. In
addition, because of the better climatic and hydrological conditions, land cover in these
areas is dominated by natural forest vegetation, especially mangrove forests [2]. Mangrove
forests have great potential not only for the provision of multiple marine products but also
for coastal protection, climate and hydrologic regulation, seawater purification, carbon
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sequestration, habitat provision for marine species, and maintenance of coastal ecological
stability [61,62]. The conservation of mangrove forest cover is essential to maintaining high
levels of ESM in these regions. Hence, ecological projects such as mangrove forest conser-
vation and restoration and coastal shelterbelt restoration should be strongly supported to
maintain the ESs of ecosystems in southeastern coastal China [8].

In this work, the High-High regions are also found in the areas surrounding the
North China Plain, indicating that the local ecosystems are capable of resisting the negative
impacts of urbanization. These findings may be explained by the presence of water bodies,
such as Taihu Lake and the Yangtze River, which are capable of maintaining the ecological
balance of the river basin, such as biodiversity conservation, climate regulation, and waste
treatment [63]. Therefore, the management and enhancement of ESM can be targeted
at the water environments in these areas. It is an important and urgent mission for the
government to search for effective measures to promote a sustainable aquatic ecosystem
and utilize water resources in the surrounding areas of the North China Plain. A series
of environmental conservation projects, such as converting farmland into lakes, replacing
fishing areas with lakes, and protecting lakeside wetlands, should be implemented to
stabilize the ecological structure and function and maintain the aquatic ecosystem carrying
capacity [64].

4.2.2. Low-High Type Region

We also find that Low-High regions are mainly distributed in the North China Plain.
These areas are located in the central and northern parts of the study area with flat terrain
and low altitude, which is good for population agglomeration, economic development, and
rapid urban expansion [65]. However, significant urban sprawl accounts for a considerable
amount of local ecological land, including forests, grasslands, and wetlands, and has led to
a modification of the local landscape and ecosystem structure and function [66]. A direct
consequence is the diminished supply of ESs and reduced level of ESM. These findings
are consistent with numerous studies worldwide indicating that agriculture and urban
expansion negatively affect the provision of ESs [67,68]. In the Low-High region, therefore,
the primary objective should be to prevent overdevelopment while ensuring coordinated
and high-quality development of economic growth and ecological protection, including ESs,
to ensure local sustainable development [63,64]. The application of various strategies, such
as enforcing land policies and ecological policies and adhering strictly to the ecological red
line policy, will contribute to regulating the size and intensity of new land-use transitions
and strengthening the protection of important ecological spaces [34]. It is worth noting
that on the North China Plain, the expansion of construction land is unavoidable with
the ongoing urbanization process. Thus, in response to the increasing ecological risks in
rapidly urbanized areas, policy-makers can optimize urban spatial arrangements, such as
by establishing green infrastructure, protecting existing green space, and enhancing highly
connected ecological networks [69,70].

4.2.3. Low-Low Type Region

Furthermore, we find that the Low-Low regions are mainly distributed in the western
parts of the study area. There are two reasons for this phenomenon. Figure 4c shows that the
Low-Low type is largely clustered in the Tibetan Plateau and Northwest China and these
areas are dominated by bare land and alpine grassland. The low level of ESM may be caused
by the different capacities of land-use types to provide ESs [71]. Furthermore, climate factors
are also an important factor in determining the spatial pattern of the ESM. The local harsh
environmental conditions, such as high altitudes and dry climates, influence not only local
social and economic development but also the types and extent of local vegetation [22,33,72].
Therefore, for northwestern China, ecological policies should continue to support the
conservation of local ecosystems and the extension of local vegetation coverage. Given the
fragile ecological environment and the nation’s strategic positioning, these areas should
actively implement several ecological conservation and restoration programs, such as
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returning farmland to forest and implementing the Three-North Shelter Belt program,
to increase grassland and forest coverage and enhance the quality and stability of local
ecosystems. Furthermore, ecological protection zones need to be established and protected
to maintain the supply of ESs and promote the integration and connection of ecological
land in northwest China.

4.2.4. High-Low Type Region

High-Low regions are mainly located in Southwest China. Urbanization development
in these regions may be influenced by the local natural and topographical environment [73].
For instance, the large hilly and mountainous areas with high altitudes limit various hu-
man production activities and urban sprawl development in the southwest region [74].
Consequently, the rich natural resources and ecological environment of the region have
been protected and maintained, so that the overall ESM remains high in southwest China.
Furthermore, the southwestregion of China is a rich source of biological and forest resources
and contains several significant species resources and ecologically sensitive zones, such as
in Northwest Yunnan and areas south of Hengduan Mountain. Therefore, it is important to
improve the quantity and quality of local natural resources in these districts. Ecological
policies, including the shelter-belt program for the upper and middle reaches of the Yangtze
River, should further strengthen the protection of local ecosystems and avoid overdevel-
opment and utilization in the future. In addition, changes in the proportion of different
species are associated with changes in the perpendicular band spectrum of the regional
vegetation [24]. Thus, ESs provided by ecosystems differ on a vertical scale. It is, therefore,
necessary to increase attention to the vertical structure of local vegetation, improve soil
nutrient conditions, and promote the restoration of ecosystems in the southwestern region.

4.3. Implications for Sustainability Management

A major focus of current research is the coordinated development of the global econ-
omy, society, and environment [2]. Urbanization is an inevitable characteristic of socioe-
conomic development, and balancing its relationship with ecological conservation is the
key to achieving sustainability. Spatially explicit approaches are becoming increasingly
important in regional sustainable development due to their ability to intuitively reflect
spatial details and provide place-based information [71]. In China, the southeastern coastal
area and the North China Plain are extremely important economic development areas. A
major finding of this study is that local coastal ecosystems, mangrove forests, and aquatic
ecosystems contribute to a harmonious relationship between ESM and urbanization because
they provide multiple provisioning services (such as fishing and fishing-related activities,
seaweed farming, fuel, timber, and other products) and regulating services (such as biodi-
versity conservation, climate and hydrologic regulation, waste treatment) simultaneously
to humans. This provides good evidence that, in the context of rapid urbanization, multi-
functional ecosystems may contribute to a “win—win’ situation for ecological conservation
and socioeconomic development.

We suggest that to ensure the health level of the ecosystem, the continuous provi-
sioning of a wide range of ESs, and the sustainable development of different regions,
government policy-makers should conduct regional land use management and conserva-
tion based on the following aspects. First, land use management should focus on land use
types that have a higher potential in terms of ES supply and economic value. Nevertheless,
we strongly oppose the blind pursuit of maximizing a specific provisioning service while
ignoring its trade-off effect on other services. Therefore, the synergies and trade-offs among
ESs and the supply thresholds of the ecosystems should also be considered to achieve
long-term ecological sustainability with less ES degradation [20,65].

Under the pressure of rapid urbanization, it is of great importance to clarify the eco-
logical effects of urbanization on ecosystems and identify coordinated economic, societal,
and environmental relationships with key ecological functions and services to achieve
regional sustainability. Despite the importance of ESM in ecosystem management and
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landscape-scale policy-making [7,8], studies have focused on quantifying the relation-
ship between urbanization and ESs, and little attention has been devoted to the study of
ESM [5,8]. According to our study, a methodology of estimating the spatial distribution
of ESM and its spatially heterogeneous response to urbanization can help us to identify
the harmonious relationship between the economy and the environment, which can be
transferred to other areas. In the process of rapid urbanization, this work can contribute
to clarifying the ecological impacts of urbanization on ecosystems and provide strategic
guidance for local decision-making regarding the coordinated development of humans and
nature.

4.4. Limitations

The following limitations applied within the context of this study could be further
explored in future studies. First, only five typical ESESs indicators were selected and quan-
tified in this study, and other vital ESs, such as food supply [20], air pollution removal [22],
and local recreation [23], were not investigated due to a lack of available data and feasible
quantification methods. Thus, in future research, we will consider more service types to
more accurately calculate ESM. Second, this paper only discussed the spatial heterogeneity
of ESM from natural and socioeconomic perspectives; however, other environmental factors
may also affect ecosystems, for example, global climate change and soil properties [39].

5. Conclusions

Based on the spatial distribution of ESM and its spatially heterogeneous response to ur-
banization, coordinated economic, societal, and environmental relationships are identified
in this study. The results show that ESM in China presents significant spatial heterogeneity,
with low levels of ESM mainly concentrated in Inner Mongolia, the Tibetan Plateau, and
Northwest China and higher levels of ESM observed in the North China Plain, Northeast
China Plain, and southeastern coastal areas. ESM and urbanization exhibit different spatial
distribution patterns and produce a significant local aggregation effect as observed in the
following four types: High-Low type, Low-High type, High-High type, and Low-Low type.
Coordinated economic, societal, and environmental relationships are mainly distributed in
the southeastern coastal area and the North China Plain, which is related to the capacity of
local coastal ecosystems, mangrove forests, and aquatic ecosystems to provide multiple
services and goods simultaneously. This provides good evidence that, in the context of
rapid urbanization, multifunctional ecosystems may contribute to a “win-win’ situation
for ecological conservation and socioeconomic development. It is hoped that this study
can offer a relevant theoretical basis and reference for decision-making to achieve regional
sustainable development.
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