
fevo-10-804969 May 6, 2022 Time: 15:8 # 1

ORIGINAL RESEARCH
published: 06 May 2022

doi: 10.3389/fevo.2022.804969

Edited by:
Emily J. Flies,

University of Tasmania, Australia

Reviewed by:
Ling Yao,

Institute of Geographic Sciences and
Natural Resources Research (CAS),

China
Ian Douglas,

The University of Manchester,
United Kingdom

*Correspondence:
Chensong Lin

linchensong@bjfu.edu.cn

Specialty section:
This article was submitted to

Frontiers in Ecology and Evolution |
Urban Ecology,

a section of the journal
Frontiers in Ecology and Evolution

Received: 29 October 2021
Accepted: 07 March 2022

Published: 06 May 2022

Citation:
Shao M, Wu L, Li F and Lin C

(2022) Spatiotemporal Dynamics
of Ecosystem Services and the Driving

Factors in Urban Agglomerations:
Evidence From 12 National Urban

Agglomerations in China.
Front. Ecol. Evol. 10:804969.

doi: 10.3389/fevo.2022.804969

Spatiotemporal Dynamics of
Ecosystem Services and the Driving
Factors in Urban Agglomerations:
Evidence From 12 National Urban
Agglomerations in China
Ming Shao1, Longfeng Wu2, Fangzheng Li1,3 and Chensong Lin1,3*

1 School of Landscape Architecture, Beijing Forestry University, Beijing, China, 2 College of Urban and Environmental
Sciences, Peking University, Beijing, China, 3 Beijing Laboratory of Urban and Rural Ecological Environment, Beijing Municipal
Education Commission, Beijing, China

The natural environment provides multiple ecosystem services for urban development
and human quality of life. Given that current cities interact with each other and
form urban agglomerations, understanding the spatiotemporal changes in ecosystem
services and the driving forces is crucial for sustainable urban development. Using 12
national-level urban agglomerations as a case study, this paper quantifies the spatial
patterns of multiple ecosystem service values from 2000 to 2015 and assesses how
natural and socioeconomic factors contribute to such changes by using ordinary least
squares (OLS) and geographically weighted regression (GWR). The results show the
following: (1) spatial discrepancies of ecosystem services exist both in and between
urban agglomerations, and ecosystem service values are reduced in more than 70% of
urban agglomerations at a rate ranging from 0.02 to 4.27%; (2) elevation, precipitation,
and fraction of woodland have positive impacts on ecosystem service values in urban
agglomerations; while gross domestic product (GDP), population, and proportion of
built-up area have negative effects; (3) both natural and social driving factors impact the
ecosystem services of different urban agglomeration in different ways, according to the
differences in their driving degrees. We categorized 12 urban agglomerations in China
into six typical types: natural-factor dominated, socioeconomic-factor dominated, policy
dominated, balanced, natural-factor inclined, and socioeconomic-factor inclined. Our
results can be used to inform decision makers and urban planners to propose explicit
location strategies to balance natural protection and socioeconomic development and
ultimately promote sustainable urbanization across the nation.

Keywords: urban agglomeration, ecosystem service, driving factor, spatiotemporal dynamics, urban ecology

INTRODUCTION

With the continuous growth of urbanization, the marginal benefits brought by the individual
spatial expansion of cities will be greatly reduced (Han et al., 2019). Clustered urban agglomeration
development has been adopted as a major form for all countries to enhance urban competitiveness
(Fang, 2015; Shi et al., 2020). Scholars from Great Britain, France, the Soviet Union, Germany,
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and China formed various concepts of urban agglomeration
based on the situations of their home countries. Examples
include “Metropolitan Regions” (Fawcett, 1932), “Megalopolis”
(Gottmann, 1957), “Ecumenopolis” (Doxiadis, 1970), and “City-
region” (Ng and Tang, 2013), which feature different research
perspectives with respect to demographic, economic, society,
function, industry, and the natural environment. Until the end
of the 20th century, the United Nations (UN) officially used
“urban agglomeration” to describe the phenomenon of urban
development (Fang and Yu, 2017). Currently, most scholars refer
to an “urban agglomeration” as a metropolitan area led by one or
two cores of megacities that exert impacts on several peripheral
cities and towns economically, socially, and ecologically via
multiple infrastructures with regards to transportation, energy,
communication, logistics, and natural ecosystems, ultimately
creating a clustered regional complex (Song, 2010; Fang and Yu,
2017; Liu et al., 2018; Sun and Zhao, 2018; Chen et al., 2019;
Wang J. et al., 2019; He, 2020). In 2006, China’s 11th 5-Year
Plan proposed that urban agglomeration would be one of the
key national strategies for the country’s long-term urbanization
(NPC, 2006). The subsequent 13th Five-Year Plan (2015–2020)
further specified the strategic layout of nineteen major urban
agglomerations to be established in the future (NPC, 2016). The
urban agglomeration model has become an important national
development strategy for China to enhance the international
competitiveness of cities.

Although an urban agglomeration is advantageous in terms
of optimizing urban-rural resources and regional industrial
structures (Cao, 2015; Wang and Cui, 2017; Tian, 2019), their
rapid expansion of built-up areas can easily lead to many
problems such as ecosystem degradation, habitat disturbance and
environmental pollution in surrounding natural systems (Ma
et al., 2021). Through assessing the environmental vulnerability
of the Yangtze River Urban Agglomeration during 2005 and
2017, Peng et al. (2019) identified that the driving factors
of the ecological environment vulnerability of the Yangtze
River city group included natural, socioeconomic and policy
factors. Based on longitudinal studies on China’s 342 cities
during 2001 and 2016, Fan et al. (2019) found that China’s
urban agglomeration development was strongly associated with
peripheral air pollution and that this association was gradually
growing. Liu’s research on the Changchun urban agglomeration
revealed that highly clustered urbanization exerted ecological and
environmental pressure due to increasing industrial investment
and urban sprawl (Liu et al., 2017).

In 2005, the UN published The Millennium Ecosystem
Assessment (Dooley, 2005; Carpenter et al., 2006) with the World
Health Organization and United Nations Environment Program,
in which the term “ecosystem service” was proposed to define
the overall benefits humans obtain from the natural environment
and ecosystem and subsequently established a mechanism to
comparatively study the linkage between human wellbeing
and the natural system. Scholars evaluate the interrelationship
between urban agglomerations and natural ecosystems by
adopting the concept of “ecosystem services.” For example, Haase
explored the spatiotemporal dynamics of ecosystem services in
the Leipzig-Halle Region, Germany, and identified how external

factors impact each individual ecosystem service, based on which
an adaptive integrated multiscale framework is proposed for
regional development (Haase et al., 2012). Sun et al. (2018)
analyzed how ecosystem services respond to urban sprawl in the
Atlanta Metropolitan area from 1985 to 2010 and simulated the
development trend of ecosystem services in 2030. Chen W. et al.
(2020) explored how natural and social driving factors affect the
ecosystem services in the Yangtze River Urban Agglomeration
in China during 1995 and 2015. The present empirical evidence
relying on the concept of ecosystem services not only generates
academic knowledge about how urban agglomerations and
natural ecosystems interact with each other and the underlying
mechanism but also informs decision makers and urban planners
with supportive references for spatially sensitive policy and
planning interventions.

A burgeoning number of studies have evaluated ecosystem
services in China’s urban agglomerations. Zhang et al. (2015)
quantitively assessed how the value of ecosystem services changed
in urban agglomerations along the coast of the Bohai Rim
during 2000 and 2010. Li Z. et al. (2019) investigated the
spatiotemporal patterns and cold/hot spots of ecosystem services
in the Yangtze River Delta Urban Agglomeration in 2000.
Gao et al. (2019) calculated the ecosystem service benefits
and losses in the Yangtze River Delta urban agglomeration.
These quantified evaluations of the ecosystem services of
different urban agglomerations provide reference information
and theoretical support for crafting urban agglomeration-
related strategies and policies. In addition to monitoring the
spatiotemporal dynamics of different ecosystem service values,
emerging literature has begun to analyze the potential driving
factors of ecosystem services. Liu et al. (2020) investigated
how landscape patterns affected urban agglomerations in the
Yangtze River and proposed that cross-regional collaborative
governance among different regions is necessary to improve the
development of ecosystem services in the entire region. Peng
et al. (2019) explored the linkages between human activities and
ecosystem services in Yangtze River Urban Agglomeration and
revealed the heterogeneous effects of natural and social factors on
different cities within the agglomeration at different time periods.
Chen et al. (2019) assessed the interaction between ecosystem
services and driving factors with respect to socioeconomic and
policy making and provided recommendations for adaptive land-
use models.

However, most research that has explored the driving
factors of ecosystem services has focused on individual urban
agglomerations (Cao, 2015; Zhang et al., 2015; Chen et al.,
2019; Li T. et al., 2019; Li Z. et al., 2019; Peng et al.,
2019; Liu et al., 2020). Due to the varying research time
periods, methods, and objectives, it is difficult to compare
the changing characteristics of ecosystems and driving factors
in different urban agglomerations. In the practical realm,
spatially explicit information of different urban agglomerations
is needed to better inform policy makers to promote location-
sensitive development strategies and planning. Therefore, this
study comparatively examines 12 recently established urban
agglomerations in China using consistent quantification methods
to understand how natural and social driving factors affect
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the ecosystem services among different urban agglomerations
and to provide reference information for location-sensitive
policies and planning.

The objectives of this study are (1) to evaluate the ecosystem
services of 12 major urban agglomerations in 2000, 2005,
2010, and 2015 using a quantitative approach and analyze the
spatiotemporal dynamics, (2) to understand how natural and
social driving factors influence the ecosystems of the 12 major
urban agglomerations and the spatial characteristics, and (3) to
provide location-sensitive policy and planning recommendations
based on the analytical results.

MATERIALS AND METHODS

Study Area
The State Council of China’s 13th Five-Year Plan (2015–2020)
proposed nineteen urban agglomerations to be established
in the future. Before June 2020, the development guidelines
of 12 urban agglomerations were approved by the State
Council and National Development and Reform Commission

with specific planning borders and development objectives
and were thus included in this study (NDRC, 2016). The
12 urban agglomerations are the middle reaches of the
Yangtze River Urban Agglomeration (MRTR), Beijing-Tianjin-
Hebei Urban Agglomeration (BTH), Harbin-Changchun
Urban Agglomeration (HC), Chengdu-Chongqing urban
agglomeration (CC), Yangtze River Delta urban agglomeration
(YRD), Central Plain Urban Agglomerations (CP), Beibu
Gulf urban agglomeration (BG), Guanzhong Plain Urban
Agglomeration (GP), Hohhot-Baotou-Ordos-Yulin Urban
Agglomeration (HBOY), Lanzhou-Xining Urban Agglomeration
(LX), Guangdong-Hong Kong-Macau Greater Bay Area (GHM),
and Yunnan Central Urban Agglomeration (YC). Detailed
information on the selected urban agglomerations is in Figure 1
and Table 1.

Data Collection
The study utilizes multiple data, including the administrative
borders of each urban agglomeration, land-use maps,
economic data of agricultural production, and driving factor
data. Following previous studies (Gao and Wang, 2019;

FIGURE 1 | Location distribution map of China’s existing urban agglomerations. MRTR, middle reaches of the Yangtze River Urban Agglomeration; BTH,
Beijing-Tianjin-Hebei Urban Agglomeration; HC, Harbin-Changchun Urban Agglomeration; CC, Chengdu-Chongqing urban agglomeration; YRD, Yangtze River Delta
urban agglomeration; CP, Central Plain Urban Agglomeration; BG, Beibu Gulf urban agglomeration; GP, Guanzhong Plain Urban Agglomeration; HBOY,
Hohhot-Baotou-Ordos-Yulin Urban Agglomeration; LX, Lanzhou-Xining Urban Agglomeration; GHM, Guangdong-Hong Kong-Macau Greater Bay Area; YC, Yunnan
Central Urban Agglomeration.
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TABLE 1 | Overview of China’s existing urban agglomerations.

Name Area (10,000
km2)

Population
(10,000)

Approval year Proportion of
woodland(%)

Proportion of
built-up
area(%)

Proportion of
farmland(%)

Proportion of
waterbody(%)

Climate
zone

Main vegetation types Location in
China

MRTR 32.61 12,677 2015 47.11–47.43 2.78–4.12 38.36–39.56 7.20–7.57 Subtropical
monsoon

Subtropical evergreen
broad-leaved forest

Middle east

BTH 22.56 11,270 2015 20.25–20.27 8.12–9.39 50.18–51.15 3.16–3.26 Temperate
monsoon

Temperate grassland,
Warm temperate deciduous

broad-leaved forest

North-east

HC 26.36 4,625 2016 35.71–35.88 3.46–3.69 46.51–46.77 3.74–3.83 Temperate
monsoon

Cold temperate coniferous
forests, Temperate mixed

coniferous and
broad-leaved forest

North-east

CC 18.50 10,015 2016 26.51–26.69 1.60–2.94 61.79–63.29 1.80–1.90 Subtropical
monsoon

Subtropical evergreen
broad-leaved forest

Central to west

YRD 21.17 15,401 2016 29.25–29.52 7.28–10.99 47.76–51.38 8.45–8.67 Subtropical
monsoon

Subtropical evergreen
broad-leaved forest

East

CP 28.66 16,353 2016 13.90–13.92 10.42–11.52 65.44–66.71 2.34–2.56 Temperate
monsoon

and
subtropical
monsoon

Temperate mixed
coniferous and

broad-leaved forest,
Subtropical evergreen
broad-leaved forest

Middle

BG 11.66 4,211 2017 55.97–56.24 3.74–4.37 31.38–31.96 3.93–3.99 Subtropical
monsoon

and tropical
monsoon

Subtropical evergreen
broad-leaved forest,
Tropical rain forests,

Monsoon forest

South

GP 10.71 4,038 2018 21.32–21.45 4.02–5.01 44.90–46.28 1.36–1.42 Temperate
monsoon

Warm temperate deciduous
broad-leaved forest,

Subtropical evergreen
broad-leaved forest

Central to west

HBOY 17.50 1,151 2018 4.14–4.76 1.49–2.56 18.23–18.71 2.12–2.15 Temperate
continental

and
temperate
monsoon

Temperate desert,
Temperate grassland,

Warm temperate deciduous
broad-leaved forest

North-west

LX 9.75 1,526 2018 9.04–9.09 1.38–1.84 18.52–18.97 4.41–4.50 Plateau
mountain

and
temperate
monsoon

Alpine vegetation of
Qinghai-Tibet Plateau,

Temperate desert,
Temperate grassland,

Warm temperate deciduous
broad-leaved forest

West

GHM 5.60 6,957 2019 54.21–55.63 7.79–13.17 22.70–26.15 7.63–8.21 Subtropical
monsoon

Subtropical evergreen
broad-leaved forest

South

YC 11.46 2,127 2020 49.28–49.35 1.17–1.61 20.37–20.72 1.19–1.21 Subtropical
monsoon

and tropical
monsoon

Subtropical evergreen
broad-leaved forest,
Tropical rain forests,

Monsoon forest

South-west
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TABLE 2 | Summary of data sources.

Name of data Data description Data source

Administrative border Obtained from official documents with detailed border. National Development and Reform
Commission of the PRC
(https://www.ndrc.gov.cn/)

Land use Land use map in 2000, 2005, 2010, and 2015.
The Institute of Geographic Sciences and Natural Resources of the Chinese Academy of Sciences
interprets Landsat satellite remote sensing data according to the national land classification
standard. The classification system is shown in Table 3. The data accuracy is 1,000 m.

Data Center for Resources and
Environmental Sciences, Chinese
Academy of Sciences (www.resdc.cn)

Crop production Crop production, area, and market value for each city in 2000, 2005, 2010, and 2015. China Statistic Yearbook and
Compendium of Chinese agricultural
product data

Elevation (m) Elevation in the urban agglomeration. The data accuracy is 30 m. Geospatial data cloud platform
(http://www.gscloud.cn/)

Coverage of vegetation
(%)

Annual average NDVI value in 2000, 2005, 2010, and 2015.
The data set is based on continuous time series SPOT/VEGETATION NDVI satellite remote sensing
data, and the annual VEGETATION index data set is generated by the maximum value synthesis
method since 1998. This data set can effectively reflect the distribution and change of vegetation
cover in different regions of China at spatial and temporal scales. The data accuracy is 1,000 m.

Data Center for Resources and
Environmental Sciences, Chinese
Academy of Sciences (www.resdc.cn)

Precipitation (mm) Annual average precipitation in 2000, 2005, 2010, and 2015.
The data set is based on the daily observation data of more than 2,400 meteorological stations in
China and generated through sorting, calculation and spatial interpolation. The data accuracy is
1,000 m.

Humidity (◦C) Annual group humidity in 2000, 2005, 2010, and 2015.
The data set is based on the daily observation data of more than 2,400 meteorological stations in
China and generated through sorting, calculation and spatial interpolation. The data accuracy is
1,000 m.

GDP per unit area
(CNY/km2)

Average GDP per unit area in 2000, 2005, 2010, and 2015.
The data set is from the Chinese Academy of Sciences at the national county GDP statistics. It
considers factors such as the land use type most closely related to human economic activity, night
lighting levels, and density of residential areas. The data set uses the multi-factor weight distribution
method with the administrative region as the basic statistical unit. GDP data distribution is allocated
on the grid unit published data sets. The data accuracy is 1,000 m.

Population density
(person/km2)

Average population density within urban agglomeration border in 2000, 2005, 2010, and 2015.
The data set is the Chinese Academy of Sciences at the national county population statistics. The
data set comprehensively considers factors such as the land use type most closely related to
population, night lighting levels, the density of residential areas. The data set uses the multi-factor
weight distribution method to the administrative region of the basic statistical unit. Population data
distribution to is allocated to online space lattice published data sets. The data accuracy is 1,000 m.

Proportion of woodland
(%)

The proportion of woodland within urban agglomeration border in 2000, 2005, 2010, and 2015.
From the land use data classification calculation. The data accuracy is 1,000 m.

Proportion of built-up
area (%)

The proportion of built-up area within urban agglomeration border in 2000, 2005, 2010, and 2015. Tsinghua University Earth System
Science Database (Gong et al., 2019)

Sun et al., 2019; Chen J. et al., 2020; Dai et al., 2020; Luo et al.,
2020), driving factors are in two categories—natural and social
factors—the former includes elevation, vegetation coverage,
precipitation, and temperature, and the latter refers to GDP
per unit, population density, and urban built area ratio within
the entire administrative border. Detailed data sources and
descriptions are provided in Table 2.

Data Collection
Assessment of Ecosystem Service Values
Constanza estimated the current economic value of 17 ecosystem
services worldwide based on published studies and a few original
calculations in 1997 (Costanza et al., 1997), which established a

first approximation of the relative magnitude of global ecosystem
services and made the potential values of different ecosystems
more apparent for further studies. Later, Xie et al. adjusted the
methods based on China’s socioeconomic and natural ecosystem
conditions and widely adopted them in many studies and
practices (Xie et al., 2003; Jie et al., 2014; Zhang et al., 2015; Kang
et al., 2018; Zhou et al., 2018; Hu et al., 2019).

Following Xie’s approach, this study defines one ecosystem
service value equal to 1/7 of the average market value per unit
area yield of grain in China (Yu et al., 2005). This measurement
is based on an ecological assets value table and adjusted price
value by biomass, which was established via consultation of
professional ecologists and adjusted through experiments. The
approach can be used to evaluate the entire regional ecosystem
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TABLE 3 | The coefficient of ecosystem service value per unit area in China’s urban agglomerations [CNY/(Ha * year)].

Ecosystem services Provisioning service Regulating service Supporting service Cultural
service

Food
production

Raw material
production

Air
purification

Climate
adjustment

Hydrological
regulation

Waste
treatment

Soil
conservation

Biodiversity
preservation

Aesthetic
value

Farmland 1359.84 530.34 979.08 1319.04 1047.07 1890.17 1998.96 1387.03 231.17

Woodland 448.75 4052.32 5874.50 5534.54 5561.73 2338.92 5466.55 6132.87 2828.46

Grassland 584.73 489.54 2039.76 2121.35 2066.95 1794.99 3046.04 2542.90 1183.06

Waterbody 720.71 475.94 693.52 2801.26 25524.15 20193.58 557.53 4664.24 6037.68

Unused land 27.20 54.39 81.59 176.78 95.19 353.56 231.17 543.93 326.36

Farmland refers to the land for planting crops, including ripe cultivated land, newly reclaimed land, recreational land, rotation and rest land, grass field rotation crop land;
Land for fruit, crop, agriculture and forestry; Beaches and sea flats cultivated for more than 3 years. Woodland refers to the forest land for trees, shrubs, bamboo and
coastal mangrove forests. Grassland refers to all kinds of grassland with grass coverage of more than 5%, including shrub grassland with grazing as the main part and
sparsely forested grassland with canopy density of less than 10%. Waterbody refers to natural land area and land for water conservancy facilities. Unused land refers to
sandy land, gobi, salt-alkali land, marsh, bare land and rock, alpine desert, tundra and other unused or difficult to use land.

TABLE 4 | Trends of different ecosystem services in 12 urban agglomerations in China during 2000–2015 (Unit: 100 million CNY).

Year Land MRTR BTH HC CC YRD CP BG GP HBOY LX GHM YC

2000 Farmland 1323.04 1223.87 1635.22 1299.58 1205.81 2053.76 397.30 540.82 354.94 212.03 154.49 260.92

Woodland 5646.54 1726.82 4490.44 1937.32 2466.01 1525.45 2476.45 886.83 279.72 359.67 1169.91 2209.89

Grassland 116.40 574.53 270.30 204.36 115.97 296.93 78.63 463.91 1546.81 965.54 19.12 511.12

Waterbody 1381.99 448.21 773.88 212.02 1138.09 413.55 280.59 91.45 234.40 282.69 278.43 86.27

Unused land 3.90 3.95 31.61 0.24 0.07 0.44 0.24 0.29 61.11 15.22 0.04 0.31

Total 8471.88 3977.39 7201.45 3653.52 4925.96 4290.13 3233.21 1983.31 2476.98 1835.15 1622.00 3068.51

2005 Farmland 1309.62 1212.87 1643.33 1289.41 1167.63 2037.60 394.30 533.78 349.14 209.77 140.32 259.66

Woodland 5637.10 1726.36 4474.80 1949.90 2457.79 1523.58 2483.98 889.70 312.45 360.40 1156.07 2209.62

Grassland 115.10 571.91 274.36 203.56 115.47 295.91 77.25 467.62 1525.52 966.54 17.96 511.71

Waterbody 1438.79 437.79 755.13 212.51 1164.67 444.32 283.68 93.74 231.01 283.68 269.37 85.90

Unused land 3.33 3.84 30.85 0.24 0.07 0.37 0.22 0.28 62.70 15.25 0.04 0.31

Total 8503.94 3952.78 7178.48 3655.61 4905.63 4301.79 3239.43 1985.12 2480.82 1835.64 1583.76 3067.20

2010 Farmland 1302.90 1207.69 1641.59 1283.27 1143.01 2029.33 392.93 531.76 348.52 209.57 135.96 258.30

Woodland 5637.52 1725.86 4472.54 1950.74 2452.74 1525.91 2488.00 892.26 314.02 361.81 1150.56 2212.10

Grassland 112.13 570.61 275.67 202.65 115.53 295.85 76.05 467.99 1529.07 965.81 17.54 510.93

Waterbody 1442.37 436.00 763.33 216.70 1167.51 448.45 284.54 92.44 231.38 284.54 263.63 86.77

Unused land 3.57 3.77 30.63 0.36 0.07 0.36 0.22 0.27 62.21 15.25 0.04 0.31

Total 8498.49 3943.93 7183.77 3653.73 4878.87 4299.91 3241.72 1984.72 2485.19 1836.98 1567.73 3068.41

2015 Farmland 1282.80 1200.66 1644.19 1268.62 1120.73 2014.72 389.97 524.73 345.82 206.98 134.11 256.50

Woodland 5607.43 1724.52 4469.10 1945.50 2443.03 1524.77 2476.91 891.38 321.47 361.28 1140.20 2209.24

Grassland 112.56 570.23 273.25 201.97 116.31 295.42 76.97 467.67 1522.77 962.82 19.74 509.26

Waterbody 1452.30 434.27 758.77 223.98 1161.78 451.85 283.61 95.03 233.72 288.49 258.70 87.45

Unused land 3.38 3.74 29.75 0.36 0.11 0.37 0.22 0.31 59.96 15.27 0.04 0.34

Total 8458.47 3933.43 7175.06 3640.43 4841.95 4287.13 3227.68 1979.12 2483.75 1834.84 1552.79 3062.79

in a consistent manner. The ecosystem service value is calculated
by the following equations:

ESV =
a,b∑

x,y × 1

(
Sx × Cxy × M

)
(1)

M =
(
Sdg × Mdg + Sxm × Mxm + Sym × Mym

)
/7 (2)

In Equation (1), ESV is the total ecosystem service value,
Sx refers to the area of xth ecosystem area, Cxy is the xth
ecosystem’syth service value equivalent coefficient, a is the

number of ecosystems, b is the number of ecosystem services,
M is one unit standard ecosystem service value equivalent factor,
Sdg , Sxm, andSym refer to area ratios of Chinese rice, wheat, and
corn, respectively, and Mdg , Mxm and Mym are the market values
of the three crops.

The reasons why our study covers the periods of 2000,
2005, 2010, and 2015 are as follows. In the 1990s, due to
the introduction of land-use reform and integration of the
private sector in the land market, China’s urbanization grew at a
significant rate. This led to a surge in the built-up area, industrial
scale, and volume of revenues of Chinese cities, which was usually
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FIGURE 2 | The trend of different ecosystem services in 12 urban agglomerations in China during 2000–2015.

at the cost of cities’ natural resources (Gaubatz, 1999). Even
though rapid urbanization brings economic development, the
country’s government realized that the negative impacts on the
natural resources and structures of cities were irreversible. Many
national-level guidelines were proposed in the early twenty-
first century to promote healthy urban development. In the
10th Five-Year Plan proposed in 2000, the central government
promoted the coordinating development of large, middle, and
small cities as a prototype of urban agglomeration. The 2005
11th Year Plan established integrated urban-rural development,
demanding large cities to lead the development of small cities.
The 2010 plan stressed the development of urban agglomerations
and proposed a “three vertical and two horizontal” pattern of
urbanization at the national scale. That being said, during 2000
and 2015, the top-down national policy promoted the stable
development of urban agglomerations. Therefore, the study of
the state of urban agglomerations in this period can exclude
the influence of extreme policies under special circumstances to
better reflect the spontaneous evolution characteristics of various
urban agglomerations.

In addition, this study calculated the value equivalent factor
of ecosystem services in 2000, 2005, 2010, and 2015 based on the
China Statistical Yearbook and Compilation of Cost-Benefit Data
of Agricultural Products in China, weighting the inflation and
market fluctuation in each different year (NBS, 2020), and it used
the average values in the 4 years for the standard value equivalent
factor of ecosystem service: the value equivalent factor of one
standard unit of ecosystem service is 1359.84 CNY per ha. The
coefficient of ecosystem service value per unit in China’s urban
agglomeration is calculated according to Xie et al.’s research (Xie
et al., 2003, 2008).

Ordinary Least Squares Model
We used ordinary least squares (OLS) regression to identify the
factors that significantly impact ecosystem services within urban

agglomerations, and factor screening was conducted based on
significance and adjusted R2. The calculation formula is as follows
(Li and Zhao, 2019; Ketema et al., 2020; Zhong et al., 2020):

yi = β

n∑
k × 1

βkxik + εi (3)

In Equation 3, yi is the ecosystem service value at i, β is the
interception, βk is the coefficient of the kth driving factor, xik is
the value of the kth driving factor at i, and εi is the error term.

Geographically Weighted Regression
The OLS model is an aspatial regression model. It cannot
effectively capture spatial variations in how driving factors impact
ecosystem service values when there is of the potential of spatial
autocorrelation (Li et al., 2017; Lyu et al., 2019; Huang et al., 2020;
Shao et al., 2020).

Therefore, in this study, OLS was performed first to
gain the overall associations between driving factors and
ecosystem services, followed by spatial regression models, such as
geographically weighted regression (GWR), to further explain the
local variances (Fotheringham et al., 2002). GWR considers that
the spatial variances can be easily visualized to identify the spatial
patterns of the relationships, thereby better informing planners
and decision makers (Tooke et al., 2010).

yi = β0 (Ui, Vi)+

n∑
k

βk (Ui, Vi) xk (Ui, Vi)+ εi (4)

βk (Ui, Vi) =
(

XTW (Ui, Vi) X
)−1

XTW (Ui, Vi) y (5)

Wij = exp
(
−d2

ij/h2
)

(6)

In Equation 4, β0 (Ui, Vi) is the intercept at (Ui, Vi), βk (Ui, Vi)
is the coefficient of the kth driving factor at (Ui, Vi), xk (Ui, Vi)
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FIGURE 3 | Evolution of ecosystem service value per unit area of cities, counties, and districts in China’s existing urban agglomerations from 2000 to 2015 (10,000
CNY/km2).
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FIGURE 4 | Changes in ecosystem service value per unit area in 12 urban agglomerations during 2000–2015 (10,000 CNY/km2).

is the value of the kth driving factor at (Ui, Vi), and εi is the
residual. In Equation 5,XT is the matrix transpose operation of
driving factors, and W (Ui, Vi) is the distance weight matrix. In
Equation 6, h is the bandwidth of AIC, and dij is the distance
between i and j.

The OLS and GWR were performed in the
ArcGIS 10.6 platform.

RESULTS AND DISCUSSION

Ecosystem Service Values in Different
Urban Agglomerations
Based on Tables 3,4 the values of ecosystem services in the
12 urban agglomerations (at the county-level administration) in
2000, 2005, 2010, and 2015 can be found in Figure 2.

With regard to the total value of ecosystem services, urban
agglomerations with larger areas tend to have higher ecosystem
service values. In most cases, the total value is highest in the
MRTR, and the lowest value is in the GHM (see Figure 2).

With regard to the ratio of ecosystem services’ values,
cropland, woodland, and grassland are the three dominant
components of ecosystem services values, and their ratios vary
in different urban agglomerations. The MRTR, HC, CC, YRD,
BG, GHM, and YC urban agglomerations have woodland as
the primary provider of their ecosystem services. The ratios of
ecosystem services from woodland ranged from 49.60 to 76.95%.
Ecosystem services in BTH and GP are also mainly provided
by woodland ecosystems, and the ratios ranged from 43.36
to 44.99%. Cropland and grassland ecosystem services occupy
approximately 14.34–30.77% of the total ecosystem services in
these areas. Cropland ecosystems are the major providers of
ecosystem services in the CP urban agglomeration, with ratios
ranging from 46.96 to 47.87%. In HBOY and LX, the ecosystem
service values were largely derived from grassland, with ratios
ranging between 52.47 and 62.45%.

The total values of ecosystem services significantly decreased
in all 12 urban agglomerations between 2000 and 2015. In
addition to a small increase observed in HBOY, the total values
of ecosystem services in the remaining urban agglomerations
declined by values ranging from 0.02 to 4.27%.

A few urban agglomerations increased in ecosystem service
value based on certain land-use types, while the majority of
ecosystem service values from different land uses were reduced
in most urban agglomerations. BTH experienced reductions
in all types of ecosystem service values, among which the
reduction rates ranged from 0.13 to 5.40%. The MRTR and CP
urban agglomerations had increased ecosystem services related
to waterbodies and decreased ecosystem services derived from
other land-use types, with reduction rates ranging from 0.05
to 15.88%. HBOY raised the ecosystem service of forestland,
and GHM had their ecosystem service of grassland increased,
as the rest of the ecosystem services from other land uses were
reduced with rates ranging from 0.29 to 13.19%. HC increased the
ecosystem services from farmland and grassland, BG increased
the ecosystem services derived from waterbodies and forestland,
YC increased the ecosystem services from waterbodies and
unused land, and the ecosystem services from the other land-
use types in these areas declined by 0.03 to 6.30%. Ecosystem
services derived from farmland and grassland in CC and LX and
farmland and forestland in YRD decreased by 0.28 to 7.06%. In
GP, the major reduction came from ecosystem services derived
from farmland, with a reduction ratio of 2.89%.

Considering the widely ranging areas of different county units,
we calculated the ecosystem service values per unit area to
compare the different urban agglomerations (see Figures 3, 4).

Ecosystem service values per unit area ranged significantly,
from the lowest 140.49 in HBOY (2005) to the highest
294.90 in GHM (2000).

Heterogeneous spatial patterns of ecosystem service values per
unit area were identified across the 12 urban agglomerations. In
the MRTR, BG, GHM, and YC, the values of ecosystem services
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were low in the central core and gradually increased with distance
from the core area. The BTH, HC, YRD, and CP agglomerations
also had a core city with low ecosystem service values intruding
peripheral forestland and grassland where the values were high.
The CC, GP, HBOY, and LX presented lower ecosystem service
values in general, with only a few exceptions at the outskirts of
cities within the urban agglomerations.

Apart from the heterogeneity of spatial patterns of ecosystem
services values within individual urban agglomerations,
the difference in ecosystem services in different urban
agglomerations prevailed. Most urban agglomerations in
the northeastern coastal area of China showed higher values than
others. Interestingly, our results indicated that more developed
urban agglomerations tended to have higher ecosystem service
values. This result provides empirical evidence that urban
development and the integrity of ecosystem services are not
mutually exclusive.

As cities continue to expand their footprints, more than
70% of areas within each urban agglomeration reduced their
ecosystem service values from 2000 to 2015, and the reduction
ratio was continually increasing. Taking GHM as an example, the
results in Figure 4 show that GHM has a significant decreasing
trend of ecosystem services (294.90–282.31, -4.27%). According
to the development status of GHM in Table 1, changes in
built-up area, changes in forest area and special location seem
to be related to the trend of decreasing ecosystem services.
At the same time, according to the results of Figure 3, this
decrease does not only occur around the core areas of urban
agglomeration. So we assume that natural and social conditions
might contribute to the heterogeneity of ecosystem services
within urban agglomerations. The following contents try to
identify such impacts.

Driving Factors on Ecosystem Services
in Different Urban Agglomerations
Identifying Driving Factors
Although all 12 urban agglomerations experienced declines
in ecosystem services to some extent, it is unknown what
driving factors were responsible and how they affected such
declines. Following previous studies (Liu et al., 2018; Gao
and Wang, 2019; Lyu et al., 2019; Sun et al., 2019; Chen J.
et al., 2020; Dai et al., 2020; Luo et al., 2020), we aim to
adopt eight typical driving factors (see Table 5) related to the
natural environment and social conditions that might potentially
impact the decline in the ecosystem services of the case study
urban agglomerations.

Table 6 presents the results of OLS and GWR. The OLS, as an
aspatial model, returns only a global coefficient that cannot reflect
spatial variances compared with GWR. The adjusted R2 in OLS
ranged from 0.0197 to 0.5285, while the values of GWR ranged
from 0.3275 to 0.7478. The adjusted R2 in each GWR model
was higher than that in OLS. The AIC value in GWR was lower
than that in OLS by more than 3%, suggesting that the GWR can
provide better explanatory power for the driving factors.

Measuring the Strength of Driving Factors
The normalized difference vegetation index (NDVI) and
temperature factors had lower explanatory power (adjusted

R2 < 0.5), indicating that their impacts on ecosystem service
values were minimal; thus, they were excluded from our mapping
visualization. To identify the strength of the six factors’ impacts
on ecosystem service values, their regression coefficients were
visualized into ten categories.

Figure 5 shows that elevation has positive impacts on
ecosystem services except in the northeastern parts of HC,
HBOY, and southern parts of YC. The impact gradually
decreases from the central city to the periphery in each urban
agglomeration. Coastal urban agglomerations such as the YRD,
GHM, and BG tend to be more influenced by elevation than are
hinterland agglomerations.

The main reason for the different impacts of elevation on
urban agglomeration is subject to the topography of China, where
it is higher in the northwest than in the southwest. The HC,
HBOY, and YC are affected by the Inner Mongolian Plateau, Loess
Plateau, and Yunnan-Guizhou Plateau, respectively. The higher
elevations often bring about negative impacts on ecosystem
environments. For example, the HBOY has a low-west, high-east
topography. As elevation rises, the climate type transitions from
continental climate and monsoon climate of medium latitudes
to plateau mountain climate, which has low temperature, less
precipitation, and intense solar radiation, thus limiting the
ecosystem (Wu et al., 2021). In the area where the monsoon
climate is dominant, low elevation coastal regions, such as the
YRD, GHM, and BG, a higher elevation often means there
are more vegetated hilly areas than agricultural lands—the
former present higher biodiversity and have more potential for
ecosystem services (Bai et al., 2020). An example case is the YRD,
where the flat plain area is largely built up, and the ecological
protection area is constrained to shallow mountain areas that are
hard to develop (Song et al., 2019).

Figure 6 maps how the GDP impacts the ecosystem service
values in 12 urban agglomerations. As seen, in most areas (except
HBOY and northwestern HC), the higher GDP leads to lower
ecosystem service values. The strength of the impact gradually
increases from the central city to the periphery in each urban
agglomeration. The HBOY, LX, and parts of HC tend to be more
influenced by GDP.

The industrial structure of an urban agglomeration might be
attributable to the heterogeneous impacts of GDP. The YRD,
BTH, and MRTR were established earlier than the others, and
their GDP is gradually derived from the less-polluted tier-three
industry with high technology and service industry rather than
from tier two, i.e., the manufacturing industry. The former is
known to be less threatening to the environment. For example,
the structure of GDP in BTH relies more on high-tech and service
industries than on manufacturing industries; the former demands
less land space and poses less stress on the environment (Li et al.,
2015). In contrast, in hinterland China, urban agglomerations
such as LX were transferred from tier one industry to tier
two industry. Their GDP relies more on manufacturing and
mining industries and subsequently increases the burdens on
ecosystems through excessive mining activity and heavy pollution
(An et al., 2008; Ma et al., 2019). In addition, pollution-
generating, tier two industries are often located at the outskirt of
an urban agglomeration, and thus, the ecosystem service values in
peripheral areas are more reduced than those in the central city.
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TABLE 5 | Statistical analysis table of driving factors.

Driving factors Year Average Standard deviation Maximum Minimum

Environmental factors Average elevation (m) —— 418.807559 595.697676 3461.855319 0.063944

Coverage of vegetation (100%) 2000 0.662530 0.123087 0.836652 0.160600

2005 0.698413 0.132794 0.887718 0.178284

2010 0.714130 0.126745 0.889560 0.202600

2015 0.700660 0.140898 0.891590 0.188677

Precipitation (mm) 2000 992.085215 466.664943 2615.776297 158.226902

2005 994.355593 449.619113 2251.895570 142.636587

2010 1063.461032 565.288225 2766.267724 207.604931

2015 1039.357594 548.195150 2487.480941 174.768644

Humidity (◦C) 2000 14.536538 4.861548 25.171434 -0.016768

2005 14.599246 4.856380 25.423499 0.686400

2010 14.671047 4.977356 25.977852 1.141891

2015 14.805899 4.532835 26.827715 0.936345

Socioeconomic factors GDP per unit area (CNY/km2) 2000 1282.900441 3152.772766 43175.223048 0.000000

2005 1984.744113 3444.982596 27792.154927 5.613884

2010 2657.348676 3695.846950 20641.479981 13.046842

2015 11938.836772 49082.815867 787543.612903 0.000000

Population density (People/km2) 2000 953.655553 3147.580472 57777.350000 3.737918

2005 1014.365732 2890.883727 42620.750000 3.000341

2010 1034.919829 2877.015091 42308.450000 2.853306

2015 1135.088516 2960.406495 29682.600000 3.711563

Proportion of built-up area (100%) 2000 0.044777 0.123918 1.000000 0.000000

2005 0.053745 0.138622 1.000000 0.000000

2010 0.065113 0.154756 1.000000 0.000000

2015 0.083257 0.175653 1.000000 0.000000

Proportion of woodland (100%) 2000 0.213612 0.251788 0.944339 0.000000

2005 0.210868 0.251628 0.944339 0.000000

2010 0.208662 0.251742 0.943922 0.000000

2015 0.207522 0.251927 0.941836 0.000000

TABLE 6 | Comparison between the geographically weighted regression (GWR) and ordinary least squares (OLS).

Driving factors Models Adjusted R2 AIC

2000 2005 2010 2015 2000 2005 2010 2015

Elevation OLS 0.0190 0.0215 0.0215 0.0250 16576.2373 16582.9623 16582.9623 16582.3412

GWR 0.6894 0.6853 0.6853 0.6829 15006.8139 15035.7046 15035.7046 15050.9673

GDP OLS 0.0508 0.0889 0.1048 0.0581 16529.3141 16481.4360 16456.3492 16533.2002

GWR 0.6920 0.6981 0.7074 0.6519 15006.0974 14988.5342 14946.2138 15192.1352

Population density OLS 0.0657 0.0841 0.0865 0.0996 16506.8432 16488.9659 16485.2619 16469.0271

GWR 0.6744 0.6794 0.6824 0.6820 15083.4499 15072.7489 15059.4871 15066.0071

NDVI OLS 0.0430 0.0521 0.0795 0.1242 16540.9650 16537.8108 16496.0905 16429.6354

GWR 0.4464 0.4548 0.5213 0.5528 15771.2807 15760.3548 15579.3839 15487.7625

Precipitation OLS 0.2421 0.2715 0.3132 0.2170 16209.0328 16163.2251 16079.4056 16270.2705

GWR 0.5451 0.5284 0.5360 0.4478 15507.9856 15569.9828 15543.3392 15787.8257

Humidity OLS 0.0403 0.0418 0.0442 0.0233 16545.0013 16553.1767 16549.6820 16584.7197

GWR 0.3439 0.3458 0.3379 0.4078 16008.2757 16014.9083 16031.6696 15880.5046

Proportion of built-up area OLS 0.0709 0.0817 0.0749 0.0775 16498.8402 16492.6724 16503.1159 16503.5412

GWR 0.6708 0.6732 0.6729 0.6691 15096.9217 15097.0282 15098.6614 15120.2418

Proportion of woodland OLS 0.5172 0.5199 0.5215 0.5365 15567.3241 15569.8400 15564.9215 15524.1213

GWR 0.7490 0.7482 0.7513 0.7526 14721.4687 14736.6022 14718.8424 14716.0549
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FIGURE 5 | Spatial distributions of the DEM coefficients of GWR models in typical urban agglomerations in China.

In Figure 7, the population factor negatively impacts the
ecosystem service values in the 12 urban agglomerations except
in HBOY. The strength of the impact gradually declines from
the central city to the periphery in each urban agglomeration.
Regarding the spatial heterogeneity across the country, the GHM,
HC, and BG are more negatively impacted by population than
the others, while the HBOY is positively impacted more than the
other agglomerations.

Higher population density is related to a higher level of human
activity, such as agricultural production, industrial construction,
and recreational activities, which negatively impacts ecosystem
services. An example case is the GHM. It has multiple high-
density clusters, such as Guangzhou, Shenzhen, Hong Kong, and
Macau, where the environmental pollution caused by household
garbage and the service industry has a very serious impact on
the ecosystem service values of the peripheral areas of the core-
level cities (Bi et al., 2020). Within each urban agglomeration,
a higher population density also yields negative impacts on the
ecosystem service values. For example, the high-density urban

core and low-density mountainous areas in the periphery have
distinct differences in ecosystem services in the BTH (Xie et al.,
2017), where the former has a low ecosystem services value, and
the latter has higher values.

As shown in Figure 8, precipitation can positively affect
ecosystem services except in the YC, BTH, HBOY, and GHM. The
strength of the impact gradually increases from the central city to
the periphery in each urban agglomeration. Across the nation,
northern and southwestern agglomerations (e.g., HC and CC
are statistically significant) showed a positive association, while
the central agglomerations (e.g., YC is statistically significant)
showed a negative sign.

The nationwide heterogeneous impacts of precipitation on
ecosystem services are because the central urban agglomerations
are located in warm temperate deciduous broad-leaved forest
or subtropical evergreen broad-leaved forest zones with higher
biodiversity, and the basin terrain contains more water, which
subsequently contributes to higher ecosystem service values.
However, subject to precipitation intensity and geographical
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FIGURE 6 | Spatial distributions of the GDP coefficients of GWR models in typical urban agglomerations in China.

conditions, other urban agglomerations with higher annual
precipitation might cause flooding issues (Lan et al., 2004). For
example, the YC often suffers from concentrated precipitation
in a short period of time and leads to frequent flood disasters,
which further increase the chances of ecological disasters such as
landslides that damage overall ecosystem service values.

In Figure 9, the ratio of constructed land use can negatively
impact ecosystem services with a few exceptions in the
western areas of HBOY. The strength of the impact gradually
increases from the central city to the periphery in each urban
agglomeration. There is little regional disparity regarding the
impacts of construction land use across the country.

The discrepancy in the impacts of built-up areas on
ecosystem services across different urban agglomerations is
related to the varying levels of built-up area expansion into
nearby natural environments, thus causing different levels
of disturbances and pressures. Except for Beijing, Tianjing,
and Shanghai in the BTH, MRTR, and YRD, most cities
in the urban agglomerations in China are at an infant
stage of development, and their urban development footprints

are expanding. Such expansion is prevalent at the outskirts
of cities and thereby intrudes and disturbs existing green-
blue spaces such as farmland, grassland, woodland, and
waterbodies around the core cities within individual urban
agglomerations (Wang Z. et al., 2019). At the national scale,
the difference in built-up areas’ effects on ecosystem services
is due to the governments’ urban planning and industrial
guidance. Most decision makers prioritize areas for urban
and industrial development over spatial connectivity between
the natural environment and urban development, which leads
to an encroachment on ecological space, the destruction of
ecological structure at the urban fringe, and reductions in
biological habitats.

In Figure 10, the ratio of forestland yields a positive impact
on ecosystem service values in all 12 urban agglomerations. The
strength of the impact gradually declines from the central city to
the periphery in each urban agglomeration. From Northwest to
Southeast China, the impacts of the forestland use ratio gradually
increased. The BTH, CP, and YRD in south-coastal and eastern
China show higher impacts of the forestland use ratio.
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FIGURE 7 | Spatial distributions of the population coefficients of GWR models in typical urban agglomerations in China.

Forest ecosystems often have the highest biodiversity with the
most complete community structure, and they are considered
one of the most complete ecosystems. From the northwest to
the east, the forest structures in China gradually change from
temperate grassland to subtropical evergreen broad-leaved forest,
their forest biodiversity and community structure complexity
are increasing, and subsequent outputs of ecosystem services
are raised. Within each urban agglomeration, forestland in
mountainous areas is a major provider of ecosystem services
(Fujii et al., 2017). For example, by regulating the micro climate
and conserving water and soil, Xishan Mountain in western BTH
improved ecosystem quality in the northwestern part of the urban
agglomeration (Wu et al., 2015).

Policy Recommendations
Elevation, precipitation, and fraction of woodland have positive
impacts on ecosystem service values on urban agglomerations,
while GDP, population, and proportion of built-up area
negatively affect ecosystem service values. The impacts of
elevation and fraction of woodland are gradually increasing, as

the effects of GDP, population, and proportion of built-up area
are declining and transitioned to positive in the most recent year.
The effects of precipitation vary in each year.

As seen in Table 7, the six types of urban agglomeration
are based on how the ecosystem services are impacted
by environmental and socioeconomic factors: natural-
factor dominated, socioeconomic-factor dominated,
policy dominated, balanced, natural-factor inclined, and
socioeconomic-factor inclined.

Urban agglomerations with ecosystem services largely driven
by natural factors often present fully developed urban patterns.
They consist of large cities with stabilized industrial structures
and fully developed urban structures. These cities’ industrial
structures tend not to be significantly restructured during urban
development, where minor adjustments are more common in
urban agglomeration planning. In other words, socioeconomic
factors do not play a major role in affecting ecosystem services.
Instead, the changes in natural factors such as precipitation
and temperature associated with geographical conditions impact
ecosystem services more. Taking YRD as an example, its internal
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FIGURE 8 | Spatial distributions of the Rain coefficients of the GWR models in typical urban agglomerations in China.

industrial structure and population scale tend to be stable with
the core city Shanghai, including Nanjing, Hangzhou, Hefei
and other first-tier cities. Its special topography located in the
middle and lower reaches of the Yangtze River flood plain
has a stronger influence on the development of its urban
agglomeration. Therefore, YRD should both make full use of the
plain area space within the border and consider strengthening
the existing urban space and industrial transformation that could
pose less burden on natural conditions.

Urban agglomerations driven largely by socioeconomic
factors are still transitioning period to fully developed ones. These
cases are mostly led by heavy industries (e.g., manufacturing
and energy), while their natural conditions are minimally
changed. Urban expansion to accommodate multiple industries
is a core cause of ecosystem changes. For example, HBOY’s
natural environment is homogenous, but the social, industrial
and economic development of each city and county within
the urban agglomeration are highly differentiated. This is

because HBOY is located in northwest China, where the
core cities, including Hohhot, Baotou, Ordos, and Yulin,
heavily rely on secondary industries. Therefore, in the medium
and long-term construction process, HBOY should reasonably
plan the urban space and industrial development intensity
on the basis of taking the best use of existing economic
and industrial models while ensuring less damage to the
current ecosystem.

Those urban agglomerations impacted by both natural and
socioeconomic factors are increasing and are major focuses
of urban agglomeration construction in China to balance the
development across different regions in China (e.g., GHM, CC,
HC, and GP). These urban agglomerations have well-developed
core cities with respect to urban structure and industrial patterns,
and the latter also have strong locational characteristics such as
major functions (e.g., Hong Kong in the GHM is a financial
center, Chengdu in the HC is a logistic hub, Harbin in the
HC is a manufacturing base, and Xi’an in the GP is a leading
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FIGURE 9 | Spatial distributions of the city-area coefficients of the GWR models in typical urban agglomerations in China.

tourism area). Meanwhile, the natural conditions vary widely
within these urban agglomerations, which affect the ecosystem
services within each. Development in these areas should
balance the major goals of economic development and curb
potential ecological crises. Ecosystem compensation mechanisms
should be established by carefully utilizing internal ecological
resources, adjusting industrial structures, and controlling urban
expansion and economic development at a reasonable pace.
Taking CC as an example, the GNP of its core cities,
Chengdu and Chongqing, far exceeds that of the non-core
cities within the urban agglomeration. Meanwhile, Chengdu,
and Chongqing are located in mountainous areas that call
for different development from those urban agglomerations in
the plains. CC is recommended to consider developing third-
tier industry in the inner core cities to promote the efficient
economic development of current land use. Those non-core
cities should stress expanding urban land use carefully and
more efficiently to reach a harmonious development of the
city and nature.

Despite being dominated by natural factors, some urban
agglomerations also appear to be impacted by one or two

socioeconomic drivers. These cases are often led by relatively
developed core cities, but peripheral cities are less developed
with regard to industrial structure and development modes.
Decision makers should highlight the advantages of natural
conditions such as geographical bases and climatic characteristics
to protect existing natural resources and consider reasonable
development of non-core cities with proper industrial structure
and population planning (e.g., MRTR, BTH, CP). Taking BTH
as an example, the urban agglomeration is surrounded by the
Xishan mountains and Bohai Bay; meanwhile, the congregation
effect of the core cities of Beijing and Tianjin is significant.
However, the peripheral 13 cities in Hebei province are uneven
regarding the economic development levels (Li et al., 2021).
Thus, the subsequent development should first highlight the role
of the core cities of Beijing and Tianjin in terms of natural
environment protection. The strong economic power of the core
cities can provide complementary revenues for neutralizing the
environmental damage due to less developed peripheral cities
in Hebei province.

Some urban agglomerations are impacted mostly by
socioeconomic drivers and one or two natural factors at the
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FIGURE 10 | Spatial distributions of the forest-area coefficients of the GWR models in typical urban agglomerations in China.

same time (e.g., BG). Their core cities are developing in a
single mode, making them highly impacted by socioeconomic
factors. In addition, geographical conditions, such as widely
varying elevations and climate features, foster higher
biodiversity and subsequently affect the internal ecosystem
service values. These urban agglomerations should address
the industrial characteristics and structures of core and
node cities by coordinating the ecosystem and land-use
resources and mitigating the negative impacts of industrial
development. For instance, the BG urban agglomeration
is underdeveloped, and the core city of Nanning is still
in the process of urban expansion. However, the BG is
located among complicated geographical conditions where
the wide range of elevations and rich biodiversity are
strongly sensitive to urban expansion. Therefore, the priority
of the Beibu Gulf urban agglomeration is to arrive at a
rational urban plan to highlight the preservation of the
ecosystem and carefully select regional locations for intensive
economic development.

Some urban agglomerations were in the early stage of
development with less intensive construction activities when

the policy was proposed. This type of urban agglomeration
is more policy-oriented, in which the differentiation degree
between core city and node city is not obvious. The characteristics
of socioeconomic and industrial development structure are
unclear, and the urban land use agglomeration degree is not
strong due to the influence of national macro-strategic layout
on the ecological service function of urban agglomeration. In
YC, for example, Lanzhou and Xining cities have a similar
development stage. In addition, due to the limited traffic
condition, the cities are less connected, showing less identifiable
urban agglomeration structures. Therefore, YC should first
consider how to strengthen connections between cities, in which
the government should take the lead while considering how
to strengthen control of the natural environment and living
environment simultaneously.

CONCLUSION

With the growing level of urbanization, urban agglomerations
are becoming a major form of urban development and should
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TABLE 7 | Summary of driving factors on ecosystem services in each urban agglomeration.

NAME Environmental factors Socioeconomic factors

Elevation Precipitation Proportion of
woodland

GDP per unit
area

Population
density

Proportion of
built-up area

MRTR ++(+) ++(−) ++(+) −(−) −(+) −(−)

BTH ++(+) ++(+) +++(+) −(−) −(+) −(−)

HC +++(+) +++(+) ++(+) −(−) −(−) −(−)

CC ++(+) +++(−) ++(+) −(−) −(+) −(−)

YRD +++(+) +++(−) +++(+) −(−) −(+) −(+)

CP ++(+) +(+) +++(−) −(−) −(−) −(−)

BG +++(+) +(+) +(+) −(−) −(−) −(−)

GP +(+) ++(−) ++(+) −(−) −(−) −(−)

HBOY +(−) +(−) +(+) +++(−) +++(−) +(−)

LX +(+) +++(−) +(+) −(−) −(−) −(−)

GHM +++(+) +(−) +++(+) −(−) −(−) −(−)

YC −(+) −(+) +(+) −(−) −(+) −(−)

The icon outside of the bracket refers to the strength of driving factors, +++ refers to a high positive impact, ++ refers to a moderate positive impact, and + refers to a
weak positive impact; − refers to a high negative impact, − refers to a moderate negative impact, and—refers to a weak negative impact. The icons in the bracket refer
to the trend of impact level during the study period. (+) indicates a growing strength, and (−) indicates a declining strength.

be considered in national-level spatial planning. Understanding
the spatiotemporal dynamics of ecosystem services and the
driving factors is necessary to provide decision makers with
reference information for promoting explicit location strategies
and guidelines for urban development. Using multiple data
sources, this study quantified the values of ecosystem services
in 12 typical urban agglomerations in China from 2000 to
2015. Furthermore, the potential driving factors are identified
through GWR and OLS.

(1) The ecosystem service values were heterogeneous among
individual urban agglomerations due to the internal
variances in natural conditions and urbanization patterns.
Spatial discrepancies also existed across different urban
agglomerations in China because of the different locations
and contexts. Most southern coastal urban agglomerations
had higher ecosystem service values than those in the
hinterland. From 2000 to 2015, the overall ecosystem
service values declined in more than 70% of urban
agglomerations, with reduction rates ranging from 0.02 to
4.27%. Such reductions were more common in the central
areas of urban agglomerations.

(2) Elevation, precipitation, and fraction of woodland had
positive impacts on ecosystem service values in urban
agglomerations, while GDP, population, and proportion of
built-up area had negative effects. The impacts of elevation
and fraction of woodland were gradually increasing, while
the effects of GDP, population, and proportion of built-up
area were declining and transitioned to positive in the most
recent year. The effects of precipitation varied each year.

(3) The driving factors impacted the ecosystem services of
different urban agglomerations in different ways. Although
the MRTR, BTH, and CP were impacted mostly by natural
factors, one or two socioeconomic factors influenced the
ecosystem service values. The ecosystem service values in
the HBOY and BG were largely driven by socioeconomic

factors, but the latter was also driven by elevation. The
GHM, CC, HC, and GP had ecosystem services affected by
both socioeconomic and natural factors. In the LX and YC,
the development of ecosystem services was largely affected
by policies, with minor impacts from socioeconomic and
natural factors.
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