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Abstract: Coastal areas are among the most densely populated areas globally and are crucial compo-
nents of terrestrial and marine ecosystems. Investigating the interplay between population distribu-
tion and the ecosystem service value (ESV) in coastal regions, along with their spatial and temporal
dynamics, is crucial for safeguarding coastal ecological security, fostering regional sustainable devel-
opment, and facilitating a harmonious coexistence between humans and nature. This study focuses
on China’s coastal areas, utilizing land use and population data from 2000 to 2020 at the county-level
scale. Several methods, such as geographic concentration, spatial autocorrelation, and the spatial
mismatch index, are employed to reveal the relationships and spatial and temporal characteristics
between population and the ESV. The main findings are as follows: (1) The population in China’s
coastal areas increased from 580.6632 million to 700.7265 million, with a rising population density.
The population distribution core is concentrated in the Beijing-Tianjin—-Hebei Urban Agglomeration,
the Yangtze River Delta Urban Agglomeration, and the Pearl River Delta Urban Agglomeration,
with secondary cores forming near provincial capitals. (2) The ecological geographic concentration
in China’s coastal areas is lower than that of the population, displaying a distribution pattern of
“low-high-low” from north to south. The ESV in these areas has increased by CNY 121.66 billion,
with a significant decline in the per capita ESV. Low values of ecological geographic concentrations
are concentrated in the northern part of the research area, particularly across the North China Plain.
(3) The correlation between the ESV and population in China’s coastal areas is negative, with rela-
tively good overall coordination. Increased human activities and urbanization in the Yangtze River
Delta and Pearl River Delta have led to the degradation of ecological functions.

Keywords: population density; ecosystem service value; coordination; spatiotemporal evolution;
China’s coastal areas

1. Introduction

In 2015, the United Nations introduced the Sustainable Development Goals (SDGs)
to address social, economic, and environmental development issues comprehensively.
Ecosystem services are closely related to environmental development. Ecosystem services
refer to the natural environmental conditions and functions that are formed and maintained
through the interactions between ecosystems and human survival processes. These services
include provisioning services (such as food, freshwater, and fuel), regulating services
(such as climate regulation, water purification, and pollination), cultural services (such
as recreation, cultural heritage, and esthetic value), and supporting services (such as
soil formation and habitat provision) [1]. Ecosystem services are essential for human
survival and serve as fundamental guarantees for achieving ecological security [2]. From
an ecological economics perspective, the direct use value of ecosystem services is often
emphasized during human development and utilization, whereas the derived external
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ecological benefits are neglected [3]. This has led to a decline in the capacity of ecosystem
service provision, resulting in various issues, such as fragmented ecological patterns and
loss of biodiversity. Costanza et al. (1997) scientifically explained the principles and methods
for estimating the ecosystem service value (ESV) [4]. Since then, the ESV has been widely
researched globally and has become a prominent and cutting-edge issue in global or
regional organizations and the scientific community [5]. Scholars have explored the impact
of land use changes on the ESV at various scales, such as the regional, watershed, and
national levels [6-8]. Ecosystems are also influenced by human activities [9]. Human
activities have a significant impact on changes in ecosystem service values [10], with over
60% of global ecosystems undergoing or having already undergone degradation [11] and
with 1/3 to 1/2 of the land surface being altered by human activities [12].

Economic activities are generally attracted to the ocean as a common pattern of social
development [13]. Coastal ecosystems play irreplaceable roles in material production,
climate regulation, water source protection, pollutant removal, and biodiversity mainte-
nance, making them among the most valuable natural ecosystems on Earth. However, over
half of the global population, production, and consumption activities are concentrated
in coastal areas that cover less than 10% of the Earth’s surface [14], with over 40% of the
oceans being strongly affected by various anthropogenic factors. Even polar regions are
impacted by human activities [15]. This has led to a series of ecological and environmental
issues, prominently including the destruction of the structure and components of natural
ecosystems and the weakening or loss of ecosystem services. Therefore, the role, pattern,
and mechanism of human-environment interactions in coastal areas have become key
focuses of relevant research [16].

Human activities are significant drivers of changes in ecosystem services [17,18]. With
the increase in human activities, such as agricultural production and urban construction, the
types of land use have undergone rapid changes [19]. Irrational land use disrupts ecosystem
services by affecting energy flow and material cycling in ecosystems [20]. Numerous
results have been obtained in studies related to the impact of anthropogenic intensity
on ESVs [21-23], such as ecosystem service management and trade-offs [24,25], human
activity intensity [26,27], and ecological policy benefits [28,29]. Research methods for
calculating the ESV mainly include equivalent factor methods [30,31] and functional value
methods [32], with analyses of correlation [33-35], spatial regression models, etc., to explore
the relationships between them. Li et al. (2019) used remote sensing images from two
periods and ecological assessment methods to investigate the impact of human activities
on the ESV [23]. Gao et al. (2021) focused on an ESV spatial and temporal analysis and
ecological compensation in the Taihu Basin, with a focus on population as an ecological
compensation subject [36]. However, as a direct indicator of human activity intensity,
population has either been overlooked or used only as a single evaluation metric in existing
studies, failing to reveal the coordination and spatial and temporal characteristics between
ecosystem services and population.

Therefore, this study selects China’s coastal areas as the research area, focusing on the
interaction between population and the ESV. It analyses the spatial and temporal changes
in population and the ESV in 2000, 2010, and 2020, explores the spatial differentiation
characteristics, patterns, and driving factors, and reveals the correlation and coordination
between population and the ESV. Research on the spatial and temporal evolution of popu-
lation and the ESV in China’s coastal areas can provide valuable references and important
case studies for the sustainable development of coastal areas worldwide.

2. Materials and Methods
2.1. Research Area

The research area is coastal areas along China’s mainland coastline, with a total length
of approximately 15,780 km, encompassing 11 provinces, including Beijing, Liaoning,
Hebei, Tianjin, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, and Guangxi
(excluding Hong Kong, Macao, and Taiwan), and 1068 county-level units (Figure 1). The
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coastal areas of China house the country’s most significant urban agglomerations (the
Beijing-Tianjin—-Hebei Urban Agglomeration, the Yangtze River Delta Urban Agglomera-
tion, and the Guangdong-Hong Kong-Macao Greater Bay Area). These areas represent the
most economically developed, densely populated, and highly frequented areas, accounting
for 12.59% of China’s total land area. According to the Seventh Population Census of China,
the population in these regions totals approximately 646 million, or 46.81% of the country’s
total population. Urbanization, population agglomeration, port construction, mariculture,
and other human activities have altered the coastline morphology and tidal patterns of
China’s coastal areas, disrupting the original ecological balance and exerting profound
impacts on ecosystem services in the area.
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Figure 1. Overview of China’s coastal areas.

2.2. Research Methods
2.2.1. ESV Evaluation

On the basis of the revised ecosystem service equivalency table by Xie et al. (2015) [1],
this study also refers to the unit area ecosystem service values from Xie et al. (2008) [37]
and Xu et al. (2012) [38]. The standard equivalent factor is determined via the average net
profit per unit area of three main crops (rice, wheat, and corn) from 2000 to 2015, which is
2181.78 CNY/hm? [39]. Finally, the unit area ecosystem service value table for different
land use types is obtained (Table 1), with the service value coefficient for construction land
set to 0. The ESV calculation formula is as follows:

n
ESV =) (A x VG) 1)
i=1
where ESV is the ecosystem service value of the research area; A; is the area of the ith land

type in the research area; VC; is the ecosystem service value coefficient for the ith land type;
and 7 is the number of land types.
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Table 1. Coefficients of the value of ecosystem services of various types of land (CNY /ha/yr).

Primary Type Secondary Type Farmland Forest Grassland Water Area  Unused Land
Provisi Food Production 2421.78 545.45 501.81 1745.42 21.82
Sro‘“_sm Raw Material Production 545.45 1265.43 741.81 501.81 43.64
ervices Water Resource Supply —2858.13 654.53 414.54 18,086.96 21.82
Gas Regulation 1941.78 4167.20 2639.95 1679.97 152.72
Climate Regulation 1025.44 12,457.96 6959.88 4996.28 109.09
Regulatory Environmental
Services i L. 305.45 3643.57 2290.87 12,108.88 458.17
Purification
Hydrological Regulation 3272.67 8159.86 5105.37 223,065.19 261.81
Soil Conservation 1134.53 5061.73 3207.22 2029.06 174.54
Support Services Nutrient Cycling 349.08 392.72 240.00 152.72 21.82
Maintenance
Biodiversity 370.90 4625.37 2923.59 5563.54 152.72
Cultural Services Esthetic Landscape 174.54 2029.06 1287.25 4123.56 65.45

2.2.2. Geographical Concentration

This study uses geographical concentration to analyze the spatial characteristics of
population and ecosystem service values [40]. The calculation formulas are as follows:

_ POP,/POP

Rpop, = —S5./5 2)
_ ESV/ESV

Rgsy, = —5./5 3)

where Rppp; and Rpgy; represent the geographical concentrations of the population and
ecosystem services in unit 7, respectively. The magnitude reflects the degree of spatial
concentration, with higher values indicating greater concentrations. POP, ESV;, and S;
represent the total population, total ecosystem service value, and total area of the research
area, respectively.

2.2.3. Kernel Density Estimation

Kernel density estimation is a nonparametric method for studying data distribution
characteristics by using the data themselves as the subject of analysis without any assump-
tions about the data distribution. This avoids errors that might arise from unreasonable
assumptions. Compared with histogrames, it is more intuitive and conceptually simple [41].

The formula is as follows: .
1 d;
= k(== 4
6= 2 (%) @

where f(s) is the density at location S, # is the number of samples that fall within the search
radius, dj; is the distance from point i to s, k is the kernel function for d;; and r, and r is the
bandwidth, which is the search radius. The density distribution is highest at each central
point and decreases outwards, becoming zero after a certain range. We used the default
settings in the ArcGIS kernel density estimation tool.

2.2.4. Trend Surface Analysis

Trend surface analysis fits a global polynomial to spatial sample points, converting
two-dimensional spatial data into a three-dimensional smooth curve to visualize the spatial
trends of geographical features. This study uses trend surfaces to represent spatial variation
trends in population and ecosystem service values in coastal areas. The formula is as
follows [42]:

zi(xi,yi) = Zi(xi, yi) + & ®)
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where (x;, y;) are geographical coordinates, z;(x;, y;) is the real surface, 2;(x;, y;) is the fitted
surface, and ¢; represents residuals, i.e., the deviation between actual and fitted values. We
use the two-dimensional minimum curvature spline technique to interpolate raster surfaces
from points, with a default weight of 0.1.

2.2.5. Exploratory Spatial Data Analysis

This study uses exploratory spatial data analysis to identify anomalies in population
and ESV spatial data and reveal the spatial interaction mechanisms [43] between the
two. This includes global spatial autocorrelation and local spatial autocorrelation [44].
Univariate spatial autocorrelation is used to study the spatial clustering characteristics
of population geographical concentration and eco-geographic concentration, whereas
bivariate spatial autocorrelation is used to study the spatial association features of the
two [45]. The calculation formula is as follows:

i Xy wij(xi — %) (v, — 7)

I =
2y Z]r'lzl Wij

(6)

where I is the bivariate global Moran index, which represents the overall spatial distribution
correlation between the independent variable of unit i and the dependent variable of unit
j; x; and y; represent the observations of different geographical entities for units i and j,
respectively; 7 is the number of units; wj; is the spatial adjacency weight matrix for units i
and j; and s’ is the sample variance.

The formula for calculating the bivariate local spatial autocorrelation is as follows:

Xi—X) & —
I = (1572)21017(]/]‘ -7) ()
j=1
where [; represents the local spatial association between the independent variable and the
dependent variable at unit i. The results can categorize each unit into four types, namely

H-H (high-high), L-L (low-low), H-L (high-low), and L-H (low-high).

2.2.6. Spatial Mismatch Index

Owing to the spatial distribution differences between population and ecosystem
service values (ESVs) within the research area, the spatial mismatch index is used to reflect
the distribution disparity between the two. The calculation formula is as follows:

SMI; = ﬁ Kléi’g > POP — POPZ} x 100 8)
where SMI; represents the spatial mismatch intensity of population and the ESV at unit . If
SMI; is positive, it indicates that the ESV level at that unit exceeds the population, meaning
that there is a surplus of the ESV; if it is negative, the opposite result is true. The smaller
the absolute value is, the lower the spatial mismatch index and the higher the degree of
coordination (Table 2).

Table 2. Population and ESV coordination typology.

Standard Type Category Coordination Type
SMI; < —1 Negative high mismatch area Population significantly ahead of ESV level ESV level lags behind
. . opulation demand,
—1<SMI; < -02 Negative moderate mismatch area Population slightly ahead of ESV level P Ifmcoordinated
—02<SMI; <0 Negative low mismatch area . . .
0< SMI; < 0.2 Positive low mismatch area Population roughly matches ESV level Coordinated city
02<SMI; <1 Positive moderate mismatch area Population slightly behind ESV level ESV level ahead of population
SMI; > 1 Positive moderate and high area Population significantly behind ESV level demand, uncoordinated




Sustainability 2024, 16, 10212

6 of 17

2.3. Data Sources

The land use data in this study (for 2000, 2010, and 2020) come from the Resource and
Environmental Science Data Platform (https:/ /www.resdc.cn, accessed on 18 September
2024), with a spatial resolution of 30 m x 30 m. The population data in this study come
from the fifth, sixth, and seventh national population censuses of China, with population
counts for each county and district representing the local resident population. Population
censuses are conducted every ten years in China, making these data the most accurate and
authoritative. Administrative division data are sourced from the National Geomatics Center
of China (http://ngcc.sbsm.gov.cn/, accessed on 18 September 2024), with administrative
division adjustments based on the data for the relevant municipal cities for each year.

3. Results and Analysis
3.1. Spatial and Temporal Changes in Population
3.1.1. Spatial and Temporal Changes in Population Density

The total population in China’s coastal areas was 580.6632 million in 2000, 647.6572 million
in 2010, and 700.7265 million in 2020. Over the 20-year period, the population increased
by 120.0633 million, with an average annual growth rate of approximately 20.68%. The
population density increased from 1190.06 person/km? in 2000 to 1450.19 person/km? in
2010 and to 1673.25 person/km? in 2020. The density trend is increasing, although it is
unevenly distributed across different regions. The most notable increases in population
density occurred in the Beijing-Tianjin-Hebei Urban Agglomeration, the Yangtze River
Delta Urban Agglomeration, and the Pearl River Delta Urban Agglomeration. The data
were divided into 10 quantiles and rounded where possible [46]. High-population-density
areas are concentrated in provincial capitals and their surroundings, such as the Nanjing—
Shanghai region (Yangtze River Delta), the Shanghai-Hangzhou-Ningbo region (Hangzhou
Bay), and the Guangzhou-Dongguan—Shenzhen region (Pearl River Delta), forming high-
density cores that are either point-like or block-like (Figure 2). These regions are the most
economically developed in China, with high urbanization rates, high per capita income,
and numerous employment opportunities. A significant migration of the population from
inland areas to coastal areas has occurred in search of non-agricultural work and increased
income. This movement also includes periodic returns to inland areas, leading to large-scale
population flow phenomena, such as the “spring festival travel rush”.

¢. 2020 d. Population density changes
from 2000 to 2020

Legend Population density
(personperkm?) 159 300 500 700 900 2000 to 2020 720 500 5000

200 400 600 800 1000 Population density 2195 0 1000 38,046
B | changes from |

Figure 2. Spatial distribution of population density in 2000, 2010, and 2020.

Compared with 2000, the number of high-population-density districts in coastal
areas increased significantly by 2010. Populations from the central and western regions
began migrating to the eastern coastal areas in search of better job opportunities. The
attraction of the Yangtze River Delta Urban Agglomeration increased, with moderate-
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density-population areas around Hangzhou and Shanghai transitioning to higher-density
categories (e.g., Tongxiang and Pinghu became higher-density areas, whereas Yuyao and
Cixi transitioned to high-density categories). Additionally, districts near Fuzhou (e.g.,
Minhou) shifted from a low to moderate population density. Areas with rapid population
growth are primarily those near urban centres. By 2020, the trend in high population density
became even more pronounced around provincial capitals, with districts surrounding
provincial capitals generally shifting to higher-density categories. The high-density core
area from Shanghai southeast to Shenzhen has progressively covered the entire coastal
district, indicating a trend in comprehensive coverage across the coastal areas.

3.1.2. Spatial and Temporal Changes in Population Geographic Concentration

On the basis of population geographic concentration values at the district and county
scales, the levels are classified into five levels from low to high, at low, relatively low,
moderate, high, and very high. The population geographic concentration in China’s
coastal areas shows significant spatial variation (Figure 3a—c). Specifically, areas with
relatively high population geographic concentrations are located mainly in the North
China Plain, the Yangtze River Delta, the Pearl River Delta, and around provincial capital
cities, such as Nanning and Shenyang. In contrast, the inland districts and counties
in Guangxi, Guangdong, Fujian, Zhejiang, Hebei, and Liaoning have relatively lower
population geographic concentrations. Several factors, such as mountainous terrain, shorter
rivers, and relatively slow economic development, are important reasons for the lower
population concentration in the inland areas of Zhejiang, Fujian, Guangdong, and Guangxi.
Additionally, the population concentration in northern coastal areas is generally higher
than that in southern coastal areas, with especially high concentration levels in the North
China Plain (southern Hebei, Shandong, and northern Jiangsu).

d. Population changes from
2000 to 2020

A.Shenzhen
& . B.Nanjing
C.Shenyang
" D.Nanning
E.Wenzhou
F.Liuzhou, .,
o G

v

. . Population _
Lesend Population geographic 0.5 2.5 >5.0 5,322,210 10,000 50,000 150,000 4,020,850
& P seograp | .

concentration BN changes from
0 1050 2000 to 2020 0 20,000 100,000 200,000

Figure 3. Spatial distribution of population geographic concentration in 2000, 2010, and 2020.

From 2000 to 2020, population changes and geographic concentrations in China’s
coastal areas exhibited considerable spatial variation (Figure 3d). In the districts and
counties of the Yangtze River Delta and the Pearl River Delta, the population has been
increasing. However, in most districts and counties of the North China Plain, where the
population geographic concentration is high, the population has been decreasing. The
districts and counties in the Pearl River Delta have relatively low population geographic
concentrations. Major urban centres experiencing population growth include Beijing,
Shanghai, Guangzhou, Shenzhen, and Nanjing, with increases also observed in the districts
of Shenyang, Nanning, Fuzhou, Wenzhou, and Liuzhou. These findings suggest that the
three major urban agglomerations in China (Beijing-Tianjin-Hebei, the Yangtze River Delta,
and the Pearl River Delta) are likely to attract even larger populations in the future.
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3.1.3. Population Spatial Structure and Trends

Through trend surface analysis, the spatial distribution patterns of the population can
be observed more intuitively. The results of the trend surface fitting (Figure 4) indicate
that the population density along China’s coastal areas shows a spatial orientation pattern
of “high-low-high-low-high” from north to south, with significant peaks in three areas
(Beijing, Shanghai, and Guangzhou). These locations are regions with relatively high
population densities. To gain a deeper understanding of the spatial changes in population
along China’s coastal areas, we created a county-level population density kernel map
(Figure 5). This study reveals that the population distribution in China’s coastal areas has
a distinct hierarchical structure characterized by a high-density distribution in the three
major city clusters and localized concentrations around provincial capitals, whereas the
inland areas present a scattered distribution pattern, which forms a high-density population
distribution pattern centred on Beijing, Shanghai, and Guangzhou.

Figure 4. Trend analysis of population density in 2000, 2010, and 2020. Black represents the trend
surface data distributed according to geographic space, green represents the distribution projected
according to longitude, and blue represents the distribution projected according to latitude.

2020 A
V7

o

Population nuclear
density analysis 1 2 3 4 5 L

Legend

Figure 5. Kernel density analysis of population in 2000, 2010, and 2020.

3.2. Spatial and Temporal Changes in Ecosystem Service Value (ESV)
3.2.1. Spatial and Temporal Changes in per Capita Ecosystem Service Value

The ESV in China’s coastal areas was CNY 4.197454 trillion in 2000, CNY 4.252453 tril-
lion in 2010, and CNY 4.319114 trillion in 2020. Over the 20-year period, it increased by
CNY 121.66 billion, with an annual growth rate of approximately 2.9%, which is lower
than the annual population growth rate of 20.68%. Forests and water bodies constitute the
majority of the ESV in China’s coastal areas, accounting for approximately 52% and 31%,
respectively. This is followed by croplands and grasslands, which make up approximately
10% and 6%, respectively (Table 3). Among these, the ESV of water bodies increased
by CNY 200.022 billion, whereas the ESVs of grasslands, croplands, forests, and unused
lands decreased by CNY 33.226 billion, CNY 25.705 billion, CNY 19.206 billion, and CNY
0.223 billion, respectively. Hydrological regulation, climate regulation, and air purification
are the main components of the ESV, with regulating services occupying a major position.
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Several functions, such as food production and nutrient cycling, need to be reinforced in
the future (Table 4).

Table 3. Value of ecosystem services for various types of land in 2000, 2010, and 2020.

Unit: 108 CNY  Farmland Forest Grassland  Water Unused Land Total

2000 4314.18 22,388.65 2886.61 12,376.23 8.86 41,974.54

2010 4121.37 22,489.60 2548.09 13,357.81 7.65 42,524.53

2020 4057.13 22,196.59 2554.35 14,376.45 6.63 43,191.14
ESV change —257.05 —192.06 —332.26 2000.22 —2.23 1216.6

Table 4. An evaluation of the values of the different types of ecosystem services in 2000, 2010, and 2020.

Ecosystem Classification 2000 2010 2020
Primary Secondary (108 CNY) (108 CNY) (10® CNY)
Food 1621.18 1568.47 1553.43
Supply services Materials 1034.12 1017.20 1006.55
Water —216.81 —92.38 —8.38
Air quality regulation 3500.70 3439.30 3403.30
Regulating Climate regulation 7985.29 7920.03 7847.71
services Purifying environment 2849.61 2864.90 2883.05
Regulation of water flows 16,509.49 17,189.03 17,939.37
Soil conservation 3643.48 3596.04 3561.34
Suppqrtlng Maertam n}ltnent 411.25 401.87 397.22
services circulation
Biodiversity 3165.29 3150.10 3137.11
Cultural service Esthetic landscape 1470.94 1469.98 1470.45

The per capita ESV in China’s coastal areas has been declining, with figures of CNY
7228.72 (2000), CNY 6565.83 (2010), and CNY 6212.33 (2020). As shown in Figure 6a—c,
there is significant regional differentiation in the per capita ESV; areas with lower per capita
ESVs are concentrated in the North China Plain, coastal areas, and provincial capitals,
whereas other areas have higher per capita ESVs. The main reasons for this regional
differentiation are as follows: (1) The North China Plain, which is the primary agricultural
area in China, has a high ratio of arable and construction land, resulting in a lower ESV.
Coupled with a high population density, this leads to a lower per capita ESV in these
areas. (2) In contrast, the region south of the Yangtze River, with more precipitation, higher
temperatures, and denser river and lake networks, supports better vegetation growth,
leading to higher per capita ESVs in these areas. (3) In northern Hebei Province and most
of Liaoning Province, which are mountainous, population outflow and ecological forest
construction have resulted in higher per capita ESVs in these counties. Further analysis
of the annual growth rate of the per capita ESV from 2000 to 2020 (Figure 6d) reveals that
areas with relatively high per capita ESV growth rates are located primarily in eastern
and western Liaoning, with some scattered areas in Jiangsu, Fujian, and Guangxi. Areas
with higher per capita ESV decline rates are concentrated in Beijing, Shenyang, Nanning,
and Guangzhou. Population outflow is a key factor in the increase in the per capita ESV,
particularly in economically lagging regions, such as Northeast China, northern Jiangsu,
and northern Guangxi.



Sustainability 2024, 16, 10212

10 of 17

Per capita ESV 5000 30,000 >50,000 Annual average

Unit: CNY change rate (%)
(U ) 0 15,000 50,000 from 2000 to 2020 -8.76  -1.25 1.25 7.84

Legend

Figure 6. Spatial distribution of per capita ecosystem service values in 2000, 2010, and 2020.

3.2.2. Spatial and Temporal Changes in Eco-Geographic Concentration

The eco-geographic concentration in China’s coastal areas displays a north-south
high and central low distribution pattern (Figure 7a—c). High eco-geographic concentra-
tions are observed in regions south of the Yangtze River, Changbai Mountain and Yan
Mountain areas, along the Grand Canal’s Lake regions, and near the Yellow River estu-
ary. Conversely, the North China Plain, Shandong Peninsula, and several cities, such as
Shanghai and Yancheng, have relatively low eco-geographic concentrations. Among the
different provinces within the Yangtze River Basin, Guangxi has lower eco-geographic
concentrations than Guangdong, Fujian, and Zhejiang, primarily because of its extensive
karst topography and abundant precipitation but limited surface water storage, resulting in
more shrubland and grassland. The North China Plain (including Beijing, Tianjin, northern
Jiangsu, western Shandong, and southern Hebei) is a major agricultural and urban area
with frequent human activities, resulting in lower eco-geographic concentrations.

¢.2020 d. Geographic concentration of
ESV from 2000 to 2020 48

TG

. 05 15 80  Changes of geographic 010 0 2.00
Legend Geographic con- | concentration of ESV | |
centration of ESV 1 2 from 2000 to 2020 -3.69 -0.04 1.00 4.11

Figure 7. Spatial distribution of eco-geographic concentrations in 2000, 2010, and 2020.

An analysis of the changes in eco-geographic concentration (Figure 7d) from 2000
to 2020 shows that 446 county units along China’s coast experienced a decline in eco-
geographic concentration, with notable decreases in several regions, such as Guangzhou—
Shenzhen, Shanghai-Nanjing, and Shenyang-Panjin. Conversely, 638 county units showed
an increase in eco-geographic concentration, primarily in Guangxi, Guangdong, Liaoning,
northern Jiangsu, and coastal Shandong.
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3.2.3. Evolution of the Spatial Structure of Ecosystem Service Value

Unlike the curve fit for the permanent population, the per capita ESV trend surface
exhibits a spatial distribution pattern of “low in the east, high in the west, low in the
north, and high in the south” (Figure 8), indicating more pronounced spatial orientation
characteristics. This study employs kernel density estimation to further reveal the regional
differentiation pattern of the per capita ESV in China’s coastal areas (Figure 9).

Figure 8. Trend analysis of per capita ecosystem service values in 2000, 2010, and 2020. Black
represents the trend surface data distributed according to geographic space, green represents the
distribution projected according to longitude, and blue represents the distribution projected according
to latitude.

A Fushun
B.Yanqing
C.Dinghai
D.Shanxian
E.Lingyun

Per capita ESV 0 500 km
nuclear density analysis
1 3 5 —

Legend

Figure 9. Kernel density analysis of per capita ESVs in 2000, 2010, and 2020.

The analysis indicates that from 2000 to 2020, the per capita ESV in China’s coastal
areas was high in the north and south and low in the middle, similar to the pattern of
the eco-geographic concentration distribution. Specifically, high values of the per capita
ESV are mainly concentrated in southern Fujian and Zhejiang, with secondary high values
in Guangxi, northern Guangdong, northern Hebei, and eastern Liaoning; low values are
primarily found across the North China Plain (southern Hebei, Shandong, and northern
Jiangsu) and coastal areas. By comparing the regional distribution characteristics of popu-
lation density and ESV density, we observe a spatial mismatch between the two. To explore
the reasons behind this phenomenon, a follow-up analysis of the coordination between the
two was conducted.

3.3. Coordination Between Population and Ecosystem Service Value
3.3.1. Spatial Correlation Characteristics

The Spearman correlation coefficients for the geographical concentration of the ESV
and population in 2000, 2010, and 2020 were —0.125, —0.159, and —0.151, respectively,
indicating a negative correlation between the two. The bivariate global Moran indices
were —0.103, —0.125, and —0.119, suggesting a negative spatial association between eco-
geographic concentration and population geographic concentration.
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In terms of the spatial distribution of aggregation types, relatively few high (eco-
geographic concentration)-high (population geographic concentration) counties, such as
Qingyuan, Gaochun, Kaihua, and Wuyishan, are distributed as isolated points (Figure 10).
These counties have a relatively high proportion of forest or water areas, such as national
forest parks (Wuyishan), lakes and reservoirs (Wuyishan, Gaochun), and Hunan Forest Park
(Qingyuan), providing significant ecosystem service value. Moreover, these counties have
a high level of urbanization and a relatively high population density. The highest number
of counties falls into the high-ESV and low-population category, totaling 139 in 2020. This
type is distributed in a band-like pattern and is found mainly in Guangxi, Guangdong,
Fujian, Zhejiang, and parts of Liaoning and Hebei. Fewer low-ESV and high-population
counties are located in areas farther from the coast, such as Caoxian, Pukou, and Xilin. The
number of low-ESV and low-population counties increased from 66 in 2000 to 86 in 2020,
mainly around Nanning, Liuzhou, Zhangjiakou, Dongying, and Fuxin. These areas were
once more urbanized with higher populations but have experienced population decline
over time.

N a.2000 b.2010 ¢.2020
A A A
0 500 km
L 1
Legend A.Qingyuan E.Nanning
Not Significant B.Gagchun F.Liuzhoy
B High-High Cluster & Kaihoa G .Zhangjiakou
. . D.Wuyishan H.Dongying
High-Low Cluster : I Fuxin
I Low-High Cluster J.Caoxian
Il [ow-Low Cluster K.Pukou

L.Xilin

Figure 10. Local spatial autocorrelation of bivariate population geographic concentration and ecologi-
cal geographic concentration in 2000, 2010, and 2020.

3.3.2. Coordination Between Population and Total ESV

On the basis of bivariate spatial autocorrelation analysis, the spatial mismatch index
was further used to analyze the types, intensities, and evolution characteristics of errors
between population and the ESV within coastal counties to reveal the degree of coordination
between them. As shown in Figure 11, the spatial mismatch types in China’s coastal areas
exhibit an overall “north-south positive, central negative” distribution trend.

N a.2000 b.2010 ¢.2020
A E
0 500 km
L A. Taishan 1. Haidian
Legend : B. Huangyan 2. Chaoyang
Il Negative high mismatch e C. Tengzhou pire 3. Youxi
Negative moderate mismatch D. Huaiyin g 4. Longchuan
. . E. Linan > 5. Zijin
Negative low mismatch .
> K F. Puning 6. Baoan
Positive low mismatch " G. Taixing 7. Baiyun
Positive moderate mismatch H. Dongguan 8. Fengkai

I Positive high mismatch 1. Changxing

e

Figure 11. Spatial and temporal patterns of spatial dislocation of population and ecosystem service
values in 2000, 2010, and 2020.
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Overall, positive mismatch types are the predominant category in China’s coastal
areas, with significant spatial differentiation between positive and negative mismatch types
(Figure 11). Specifically, positive mismatch counties are located mainly in the northern
part of the research area (northern Beijing, northern Hebei, and Liaoning) and southern
part (Guangxi, Guangdong, Fujian, and Zhejiang). The negative mismatch counties are
concentrated across the North China Plain (southern Hebei, Tianjin, Shandong, and north-
ern Jiangsu), the Yangtze River mid-lower reaches plain (southern Jiangsu, Shanghai, and
northern Zhejiang), and urban areas. We found that negatively mismatched counties tend
to have a high proportion of arable land or urbanized areas where the ecological supply is
less than the ecological demand.

The number of mismatched counties has been increasing, rising from 85 in 2000 to 100
in 2010 and 103 in 2020. Specifically, in 2000, there were 20 negatively mismatched counties
and 65 positively mismatched counties. By 2010, the number of negatively mismatched
counties had increased to 24, whereas the number of positively mismatched counties had
increased to 76. In 2020, there were 28 negatively and 75 positively mismatched counties in
coastal areas, accounting for 10% of the total number in the research area.

3.3.3. Coordination Characteristics of the Population with Provisioning, Regulating, and
Supporting Services

With changes in population numbers, the values of various types of ecosystem services,
such as food production, gas regulation, and biodiversity conservation, also vary. To
further elucidate the relationships between the ESV and population, a coordination analysis
between supply services (SUVs), regulating services (RSVs), and supporting services (SPVs)
with the population in 2020 was conducted. In China’s coastal areas, the coordination of
supply services, regulating services, and population is similar to that of the ESV; areas with
high population density generally have poorer supply and regulating services (Figure 12).

A

0 500 km
L 1
Legend

Il Negative high mismatch
Negative moderate mismatch
Negative low mismatch
Positive low mismatch

I Positive moderate mismatch

Il Positive high mismatch

Figure 12. Coordination of coastal area populations with supply services (a), regulating services (b),
and supporting services (c).

Compared with the SUVs and RSVs, the SPVs show some differences in terms of
coordination (Figure 12c), with a greater number of districts exhibiting mismatches. The
number of districts with SPV mismatches reached 498, accounting for 45.94% of the total
research area. Among these, 285 districts were categorized as negative mismatches and
203 were categorized as positive mismatches. The numbers of mismatched districts for
the SUVs and RSVs were 430 and 416, respectively. Notably, regardless of the type of
service, the proportion of negatively mismatched districts is relatively high; districts where
ecosystem services lag significantly behind population demands (negative high-mismatch
areas) are distributed in regions with relatively high population densities (e.g., Beijing,
Tianjin, Shanghai, Guangzhou, and Shenzhen). Additionally, in the southeastern hilly areas
of China’s coastal areas (such as inland Fujian), SPVs exceed SUVs and RSVs. This region
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is characterized by a landscape of hills with predominant forested or grassland areas and
relatively few cultivated lands.

4. Discussion

Ecosystems provide humans with essential services that contribute directly to the
well-being of the population, such as supply, regulation, and support. The rapid expansion
of built-up land due to urbanization in China’s coastal areas has led to environmental
degradation, which in turn affects the well-being of the population by intensifying conflicts
between humans and nature (sea) and threatening ecological security. Between 2000 and
2020, the ESV in China’s coastal areas gradually increased, indicating some improvements
in ecosystem services that benefit the well-being of the population. However, owing to the
increasing population and expansion of built-up land, the per capita ESV has decreased.
With the continuous extrapolation of urban boundaries and the increasing intensity of
construction, development, and utilization, natural surfaces such as forests, grasslands,
and farmlands have been eroded, resulting in a serious loss of ecological functions, loss
of biodiversity, and habitat fragmentation [47]. In coastal areas, hydrological regulation
is crucial for the ESV and thus for the well-being of the population; the development of
freshwater and nearshore aquaculture has significantly altered the proportion of water
areas [6,48], making hydrological regulation a critical factor for the ESV and, by extension,
for the well-being of the population.

Human aggregation has a major impact on the ESV [49]. Therefore, balancing the
increase in human aggregation and the ESV is a key issue for sustainable development
in coastal areas. In areas with high populations and high ESVs, ecological development
areas should be established on the basis of ecological protection to maximize their potential
ecological value. In areas with low populations and low ESVs, the main reason for low
ecological service capacity is a shortage of natural resources [50]. Therefore, ecological pro-
tection plans should be developed to invigorate local ecosystem development. For areas with
balanced development, maintaining the current development trend and balancing population
and ecology are crucial. For mismatched areas, human activities should be controlled, with a
focus on ecological development to promote regional environmental improvement.

Compared with traditional methods, correlation analysis allows for a deeper under-
standing of the aggregation patterns between human activities and ecosystem services,
providing a clearer understanding of the distributions of population and the ESV in coastal
areas. The bivariate local Moran index more precisely reflects the correlation between
ecosystem services and population at the local level [50]. This precision is crucial for
developing targeted interventions that can improve the well-being of the population by
optimizing the relationship between human activities and the ecosystem services upon
which they depend.

An in-depth exploration of the complex interactions of ecosystem services in the
spatial and temporal dimensions is not only useful for building sustainable development
in coastal areas and coastal zones around the globe but also crucial for enhancing the
well-being of the population. This approach is essential for enhancing human resource
development and improving the equalization of public services, which directly contribute
to the well-being of the population [19,45]. This study provides a scientific reference for a
comprehensive examination of spatial conflicts and coordination between population and
ecological elements, ecosystem protection, and integrated management in China’s coastal
areas, all of which are key to ensuring the well-being of the population.

However, there are areas that need further development and improvement. First,
the accuracy of the ESV is directly affected by the accuracy of land use type classifica-
tion. Although the current assessment references existing studies, the rough estimation
of equivalence factors leads to a need for improved result accuracy, which is important
for accurately assessing the services that contribute to the well-being of the population.
Second, the ecological service value provided by ecological areas within urban construction
land is uniformly assigned a value of zero, which partially overlooks its actual contribution
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to the well-being of the population. Third, ESV statistics based on administrative divisions
may lose some detail and differ from the actual value of the ecological system. Future
research should focus on addressing errors in ESV calculations and exploring coordination
models between population and ecology at different scales. Additionally, the coordinated
relationships between ESVs and other variables, such as land use changes and climate
change, warrant further investigation to more comprehensively understand the dynamic
interactions between populations and ecological services. Finally, the unique cultural
environment and ecosystem services in coastal areas are more susceptible to the impact of
water pollution. Therefore, the link between water pollution and ecosystem services will
help further deepen the discussion on the factors affecting ecosystem sustainability [51].
We suggest that future research should combine factors such as land and water bodies to
more comprehensively explore the relationship between the ESV and population distribu-
tion in coastal areas, ensuring that the well-being of the population is at the forefront of
ecosystem management and policy-making. By doing so, we can work towards a future
where the well-being of the population is supported by sustainable ecosystem services in
coastal regions.

5. Conclusions

This study explores the spatial and temporal evolution characteristics of population
and ecosystem service values in China’s coastal areas in 2000, 2010, and 2020 via several
methods, such as geographic concentration, spatial autocorrelation, and spatial mismatch
indices. These analyses are conducted with the well-being of the population in mind, as
understanding how population dynamics and ecosystem services evolve over time and
space is crucial for developing strategies that enhance the well-being of the population.
The results indicate the following:

(1) Over the past two decades, the population in coastal areas has increased from
58.06632 million to 70.07265 million, with increasing population density. Generally,
the population is concentrated in coastal areas, with fewer people living in districts
farther from the ocean. The main population centres are the Beijing—Tianjin-Hebei
Urban Agglomeration, the Yangtze River Delta Urban Agglomeration, and the Pearl
River Delta Urban Agglomeration, with secondary cores around provincial capitals.

(2) The geographic concentration of ecosystem services is lower than that of the popu-
lation, indicating a “low-high—low” distribution pattern from north to south. The
ecosystem service value (ESV) increased from CNY 41,974.54 billion in 2000 to CNY
20,203,431.14 billion in 2020, but the per capita ESV decreased from 7228.72 yuan/person
in 2000 to 6212.33 yuan/person in 2020, showing a clear downwards trend. The low
ESV geographic concentration values are concentrated in the northern part of the
research area.

(3) There is a negative correlation between the ecosystem service value and population
in coastal areas, indicating a significant spatial mismatch between the two, although
overall coordination is relatively good. Mismatched counties are more widespread in
the North China Plain and are also found in eastern Liaoning, northern Guangxi, and
northern Guangdong. Increased human activities and urbanization in the Yangtze
River Delta and Pearl River Delta have led to the degradation of ecological functions.
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