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Abstract: Unprecedented urbanization has occurred globally, which has converted substantial natural
landscapes into impervious surfaces and further impacted ecosystem services and functioning. In this
study, we quantified the spatiotemporal patterns of urbanization and investigated the impacts of
urbanization on the ecosystem service value (ESV) in the Guangdong-Hong Kong-Macao Greater Bay
Area (GBA) of China from 1980 to 2018. The results show that the GBA has experienced extensive
urbanization, with the urban area increasing from 2607.4 to 8243.5 km2 from 1980 to 2018. Zhongshan,
Zhuhai, Dongguan, Shenzhen, and Foshan exhibited the top five highest urban expansion rates.
Throughout the study period, edge expansion was the most dominant growth mode, with a decreasing
trend, while infilling increased in the GBA. The total ESV loss induced by urban expansion in the GBA
reached 40.5 billion yuan over the past four decades. The ESV loss due to the water body decrease
caused by urbanization was the largest. Our study suggests that decision-makers should control
new urban areas and protect water bodies, wetlands, and forests with high ESVs to promote the
sustainable development of urban agglomerations.
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1. Introduction

Dramatic urban expansion has occurred worldwide over the last centuries. The global population
in urban areas has increased from 30% to 54% from 1950 to 2014 and is expected to rise to approximately
70% by 2050 [1–3]. Simultaneously, urban areas have expanded at a speed twice that of the urban
population in recent years and are expected to have tripled by approximately 2050 [4]. Accounting for
less than 3% of the global terrestrial surface, this unprecedented urbanization has contributed to 60% of
residential water use, 78% of carbon emissions, and 76% of the wood used for industrial purposes [5].
Unprecedented urbanization has converted substantial natural landscapes into impervious surfaces
and further impacted ecosystem services (ESs) and functioning [6]. Nevertheless, urbanization will
continue to occur in the future, especially in developing countries [5].

Over the past few decades, individual cities have expanded at an unprecedented speed, and urban
agglomerations have gradually emerged. Increasing numbers of researchers have studied the spatial
and temporal patterns of urban expansion [1,7–15]. Dietzel et al. revealed that urbanization is an
alternative process of diffusion and coalescence by examining a set of spatial metric values [15]. Liu et al.
proposed a new landscape index, the landscape expansion index, which has proven to be better than
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other landscape metrics in quantitatively studying the changes in urbanization patterns [9]. In their
research on the quantification of the urbanization patterns in the central Yangtze River Delta region of
China, Li et al. found that urban expansion is not a simple two-phase diffusion-coalescence model
but a spiraling process of multiple growth modes, namely, edge expansion, infilling, and leapfrog
expansion, which appear simultaneously with alternating relative dominance levels [10]. Subsequently,
urban growth modes in addition to the expansion rate have been adopted to study the spatiotemporal
evolution of urbanization and urban agglomeration [1,14,16]. As modern cities are complex systems
and organized at various levels exhibiting their own unique spatiotemporal patterns [17], researchers
have studied urban expansion from various aspects, including in different cities [14,16], in inner and
outer zones [13], and at different administrative levels [10], which has indicated that highly different
findings are attained when studying urbanization from multiple aspects.

ESs refer to the benefits that ecosystems directly or indirectly provide to humans [18].
The assessment of ESs is very important for decision-makers to obtain knowledge on these services’
changes and driving factors. In 1997, Costanza et al. estimated the global value of ESs in 1995 using
valuation methods and found that the ecosystem service value (ESV) was notably higher than the
global gross domestic product (GDP) at that time [18]. In 2005, the Millennium Ecosystem Assessment
revealed that global ESs are deteriorating and called for decision-makers to consider ES values in
global economic analysis [19]. Subsequently, an increasing number of researchers and decision-makers
has investigated ESs [20–24]. Bateman et al. estimated the comparable economic values of several ESs
in the UK by combining spatially explicit models and valuation methods [20]. Based on Costanza’s
method, many researchers have evaluated the ESV at the country or regional scale [23–25]. Estoque and
Murayama calculated the total ESV loss due to urbanization in Baguio based on all land use/land cover
categories by matching them to the proxy biomes in Costanza et al. [18,25]. Xie et al. compiled a table
of correction coefficients adapted to China, which can be applied to assess ESs with specific land use
areas, and they also updated the table of Chinese correction coefficients in 2014 [23,24]. The methods
of Xie et al. have been widely applied by Chinese researchers, but it is not appropriate to use them
at a regional scale [26,27]. Later, Xu et al. proposed using the total grain yield to revise the above
correction coefficients to make them more effective and appropriate in regional areas [28]. In addition,
in evaluating the ESV based on land use and land cover (LULC), previous studies have computed only
the ESV of the primary classes, thereby ignoring the differences in ESs among the various subclasses
belonging to a primary class, which probably led to errors in the results [25–28]. To obtain a better
understanding of ESV changes, we calculated the ESV of the primary classes by summing the ESVs of
all of the subclasses in the present study. For instance, to compute the farmland ESV, we first calculated
the ESVs of both dry farmlands and paddy fields and then summed these values.

China, as one of the most populous countries in the world, has witnessed a dramatic urbanization
with urban population increasing from 19.4% in 1980 to 52.6% in 2012, since the implementation of
the reform and opening-up policy in 1978 [11,29]. The three urban agglomerations of the Yangtze
River Delta, the Pearl River Delta, and the Jing-Jin-Ji region are the highest urbanization areas in terms
of economic growth and population increase [1,12,16,30,31]. Urban expansion has notably driven
land use change and impaired the structure and functions of ecosystems, which has further imposed
negative impacts on their capacity to deliver a range of services [32]. Presently, many researchers have
paid more attention to the spatial and temporal patterns of these urban agglomerations [10,16,31],
but fewer studies have simultaneously examined their consequences on ESs. It is important to analyze
the ESV changes in response to human activities to promote the sustainable development of the
ecological environment.

The Guangdong-Hong Kong-Macao Greater Bay Area (GBA), known as the Pearl River Delta
urban agglomeration, is one of the four greater bay areas and the largest morphologically contiguous
megalopolis globally and is undergoing remarkable urbanization [1,33]. The GBA is one of most
developed areas in China and plays an important strategic role in the overall national development
situation, but there are few studies on the influences of urbanization on its ESs. Therefore, this study
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aimed to study the evolution of urbanization and investigate its effects on multiple ESs in the GBA
based on long time series datasets. The main objectives of our study were to (1) quantify the speed and
spatiotemporal pattern of urbanization in the GBA and its 11 cities from 1980 to 2018 and (2) assess
the impacts of urbanization on ES change in terms of overall, regional, and urban growth types,
LULC types, and ecosystem functions over four time periods. The results could provide references for
decision-makers to establish more scientific and reasonable urban planning strategies in the GBA to
ensure sustainable urban and environmental development.

2. Materials and Methods

2.1. Study Area

The GBA is located in southern China (Figure 1a) and consists of 11 cities, namely, Guangzhou,
Dongguan, Huizhou, Shenzhen, Foshan, Zhongshan, Zhuhai, Jiangmen, Zhaoqing, Hong Kong,
and Macao (Figure 1b), with a total population of 42.8 million inhabitants (Figure 1c). It covers
55,000 km2 with varied typical geomorphic types, such as hills, monadnocks, platforms, and plains.
The climate is a subtropical climate with an average annual temperature of 22.3 ◦C and an average
annual rainfall of 1832 mm. As one of the earliest testbeds for the reform and opening-up policy,
the GBA is one of the most economically developed and densely populated areas in China. In 2017,
the population in GBA accounted for 5% of the overall population, and its GDP contributed to
approximately 11% of China’s total GDP [31]. The GBA is expected to become a vibrant world-class
city cluster, as well as provide important support for the construction of the Belt and Road and a
demonstration area for the in-depth cooperation between the mainland and Hong Kong and Macao.
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Jiangmen; ZS: Zhongshan; ZH: Zhuhai; MC: Macao; DG: Dongguan; HZ: Huizhou; SZ: Shenzhen; 
and HK: Hong Kong. Population data were obtained from the Guangdong Provincial Statistical 
Yearbook and Census, Statistics Department of Hong Kong, and Statistics and Census Service of 
Macao. 

2.2. Data Sources 

The land use datasets pertaining to the GBA were extracted for 1980, 1990, 2000, 2010, and 2018 
from the Land Use and Land Cover of China (CNLUCC) database [34]. The CNLUCC has long been 
supported by a series of major scientific and technological projects, for instance, the Important 

Figure 1. Basic information for the study area. (a) the location of the GBA in China, (b) the administrative
and topographical map of the GBA, and (c) the total population change in the GBA from 1980 to 2017.
PRE: the Pearl River Estuary; ZQ: Zhaoqing; GZ: Guangzhou; FS: Foshan; JM: Jiangmen; ZS: Zhongshan;
ZH: Zhuhai; MC: Macao; DG: Dongguan; HZ: Huizhou; SZ: Shenzhen; and HK: Hong Kong. Population
data were obtained from the Guangdong Provincial Statistical Yearbook and Census, Statistics Department
of Hong Kong, and Statistics and Census Service of Macao.

2.2. Data Sources

The land use datasets pertaining to the GBA were extracted for 1980, 1990, 2000, 2010, and 2018
from the Land Use and Land Cover of China (CNLUCC) database [34]. The CNLUCC has long
been supported by a series of major scientific and technological projects, for instance, the Important
Directions of Knowledge Innovation Project of the Chinese Academy of Sciences and the National
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Science and Technology Support Plan. Presently, the CNLUCC contains a multitemporal land use
status database covering all of China, namely, the LUCC datasets of 1980, 1990, 1995, 2000, 2005, 2010,
2015, and 2018. In the process of developing the CNLUCC database, a series of multi-source and
cloud-free Landsat images, including Thematic Mapper (TM), Enhanced Thematic Mapper (ETM),
and Operational Land Imager (OLI) images, were collected to extract the distribution of China’s
LUCC. The database was produced by integrating the object-oriented classification method and visual
interpretation. As the most accurate remote sensing monitoring data product in China, the CNLUCC
is very important for the investigation and research of national land resources, hydrology, and ecology.

The LULC datasets in the GBA include 7 primary classes and 22 subclasses, but this classification
is slightly different from the table of Xie et al. used for ESV computation [23]. Hence, the classification
was revised, as indicated in Table 1, to conveniently calculate the ESV changes based on the LULC
changes due to urbanization. In this study, urban areas are not just cities but refer to all urban and rural
residential areas and other construction land. In addition, because coastal reclamation has occurred in
the study area, large seawater areas have been reclaimed, and we temporarily regarded the sea as a
water body when calculating the ESV.

Table 1. Classification systems of ecosystems based on the CNLUCC.

Ecosystems CNLUCC

Primary Classes Subclasses Subclasses Codes

Farmland Dry farmland Dry farmland 12
Paddy field Paddy field 11

Forestland Broad-leaved forest Forest 21
Shrubs Shrubs 22
Shrubs Sparse woods 23
Shrubs Other forestland 24

Grassland Grassland High-coverage grassland 31
Brush grass Medium-coverage grassland 32

Meadow Low-coverage grassland 33
Wetlands Wetland Tidal flat 45

Wetland Beach 46
Wetland Marshland 64

Unused land Desert Sand 61
Bare land Bare land 65
Bare land Bare rock 66

Water body River system Rivers and canals 41
River system Lake 42
River system Reservoir pond 43
River system Sea 99

Urban areas Urban residential area 51
Rural residential area 52

Other construction land 53

2.3. Urban Expansion Analysis

To quantify the rate of urban expansion, the annual increase (AI, km2/year) and annual expansion
rate (AER, %) were calculated in the GBA and 11 cities between 4 adjacent periods from 1980 to 2018.
AI was applied to assess the urban expansion in a specific city by measuring the annual changes in the
urban area [1,16], while AER was effective to compare urban expansion across various cities without
considering the size effect of cities [12,14].

AI =
A2 −A1

T
(1)

AER =

[
A2

A1

1/T
− 1
]
× 100% (2)
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where A1 and A2 are the urban areas at the start and end times, respectively, and T is the time span
in years.

Urban growth is divided into the following three types: edge expansion, infilling, and leapfrog
expansion [35]. The landscape expansion type (LEI) was adopted to identify the urban growth type [9]
as follows:

EI =
Lcom

Pnew
(3)

where Lcom is the length of the interface between pre-existing and new urban patches and Pnew is the
perimeter of the new urban patch. The urban expansion type is identified as edge expansion when
0 < E ≤ 0.5, as infilling when E > 0.5, and as leapfrog expansion when E = 0.

2.4. Assessment of the Ecosystem Service Value

Based on the research of Costanza et al. [22] and Xie et al. [23], the ESV was estimated as follows:

ESV =
∑

(Ai ×Vi) (4)

where Ai and Vi are the area and ESV, respectively, per unit area of land ecosystem i.
Xie et al. established an equivalent table of value coefficients for the different ESs in China [23],

where the equivalent coefficient value of farmland is 1, which is an important reference for the other
land use types and the basic reference for regional correction. To ensure that the value coefficients
were appropriate to calculate the ESV at a regional scale, we revised them for this paper via correction
coefficients based on the main grain yield in the GBA [28] as follows:

βt =
yt

Yt
(5)

where βt is the correction coefficient at time t and yt and Yt are the grain yields of Guangdong Province
and China, respectively, at time t. Because it was difficult to obtain the grain yield in the GBA for the
early study periods, we adopted the grain yield of Guangdong Province to replace that of the GBA.
In this study, β1980, β1990, β2000, β2010, and β2018 are set to 1.34, 1.24, 1.38, 1.05, and 0.99, respectively.
Correspondingly, the equivalent values per unit area for the different ESs in the GBA in the five periods
are shown in Tables S1–S5 (Supplementary Materials).

The equivalent economic value of the ESV per unit area (Ea) in Guangdong Province was
calculated [36,37] as follows:

Ea =
1
7
×

P×Y
Ag

(6)

where Y and Ag are the total yield and area, respectively, of the main grains in Guangdong Province in
2018 and P is the average price of the main grains in 2018 (3.77 yuan/kg), acquired from the website of
the Grain Net of South China (http://www.grainmarket.com.cn/).

Finally, the ESV per unit area in the different land ecosystems was determined in Guangdong
Province at different times. In this study, we calculated the ESV of the primary classes by summing the
ESVs of all of its subclasses. For instance, to compute the farmland ESV, we first calculated the ESVs of
both dry farmlands and paddy fields and then summed these values.

3. Results

3.1. Urban Expansion in the GBA

Figure 2 shows the overall spatial patterns of urban expansion, and Table 2 lists the areas and
the magnitude of expansion in the GBA and 11 cities during the different periods. From 1980 to 2018,
the GBA and all cities experienced extensive urbanization, and AI and AER varied among the cities
and periods. The overall urban area of the GBA has increased from 2607.4 to 8243.5 km2 at an AI
of 148.3 km2/year over the past 38 years. In 1980, only Guangzhou, the capital city of Guangdong

http://www.grainmarket.com.cn/


Remote Sens. 2020, 12, 3269 6 of 18

Province, covered an urban area of more than 500 km2, and Jiangmen attained the second largest urban
area with 425.7 km2, followed by Huizhou with 333.0 km2 and Foshan with 313.7 km2. The urban
areas of Dongguan and Shenzhen, two developed cities in the GBA, were only 242.3 and 204.3 km2,
respectively, in 1980. Hong Kong and Macao, the most developed areas in the GBA, had the smallest
urban areas because their administrative areas are relatively smaller than those of the other cities.
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The spatial distribution of urban expansion revealed obvious changes over the past four decades.
There was no obvious characteristic of the distribution of cities with urban areas larger than 300 km2 in
1980 (i.e., Guangzhou, Jiangmen, Huizhou, and Foshan). However, by 2018, cities exceeding 900 km2

were mainly distributed on both sides of the Pearl River Estuary (i.e., Guangzhou, Dongguan, Foshan,
Shenzhen) (Figure 2).

From 1980 to 2018, the AI of Guangzhou, Dongguan, Foshan, Shenzhen, Huizhou, and Zhongshan
exceeded 10 km2/year. The highest AI of the GBA, i.e., that of Guangzhou, Jiangmen, Huizhou, Foshan,
Dongguan, Shenzhen, and Zhongshan, occurred from 2000 to 2010, whereas it occurred from 2010 to
2018 in Zhaoqing. The AER of the 11 cities ranged from 0.3% to 4.9%, 0.8% to 10.8%, 1.1% to 8.7%,
and 0.2% to 3.3% in 1980–1990, 1990–2000, 2000–2010, and 2010–2018, respectively. Over the past four
decades, the highest AER values occurred in 1990–2000 and 2000–2010. From 1980 to 2018, Zhongshan
attained the highest AER (4.8%), followed by Zhuhai (4.5%), Dongguan (4.4%), and Shenzhen (4.2%).
By 2018, Guangzhou was still the largest city with an urban area of 1471.9 km2, followed by Dongguan
with 1244.4 km2, Foshan with 1183.6 km2, and Shenzhen with 992.1 km2.

Figure 3 and Figure S1 (Supplementary Materials) display the changes in the relative dominance of
the three growth modes, including edge expansion, infilling, and leapfrog expansion. Edge expansion
refers to a newly grown patch spreading unidirectionally in more or less parallel strips from an
edge [35]. Infilling is defined as a newly grown patch that fills up the gap between old patches or
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within an old patch [9]. Leapfrog means the newly grown patch is isolated from the old [9]. In the
GBA, edge expansion is the most dominant growth mode throughout the period of study, although its
influence decreases from 79.4% to 50.7%, which mostly occurs due to the increase in infilling from 6.4%
to 32.6%. A similar trend is observed in the 11 cities except Zhuhai and Macao, while there are few
notable fluctuations. For example, the dominance of edge expansion and infilling in Dongguan exhibits
very large fluctuations, whereas in Jiangmen and Huizhou a smooth trend is observed throughout the
study periods. Leapfrog expansion was the most dominant growth mode in Zhuhai and Macao during
the first period (with a dominance of 47.4% and 96.1%, respectively), while edge expansion became the
most dominant growth pattern during the last study period (with a dominance of 77.1% and 99.7%,
respectively). Lastly, leapfrog expansion increased in Jiangmen (from 19.6% to 25.3%) and Zhaoqing
(from 0% to 25.4%) during the study periods.
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Table 2. Area, annual increase (AI), and annual expansion rate (AER) of the urban areas in the GBA and 11 cities from 1980 to 2018. T1, T2, T3, T4, and T5 represent the
periods of 1980–1990, 1990–2000, 2000–2010, 2010–2018, and 1980–2018, respectively.

Areas
Area (km2) AI (km2/year) AEI (%)

1980 1990 2000 2010 2018 T1 T2 T3 T4 T5 T1 T2 T3 T4 T5

GBA 2607.4 3085.7 4576.5 7373.7 8243.5 47.8 149.1 279.7 108.7 148.3 1.7 4.0 4.9 1.4 3.1
Guangzhou 532.7 618.9 841.4 1358.0 1471.9 8.6 22.3 51.7 14.2 24.7 1.5 3.1 4.9 1.0 2.7

Jiangmen 425.7 462.7 526.5 684.4 800.8 3.7 6.4 15.8 14.6 9.9 0.8 1.3 2.7 2.0 1.7
Huizhou 333.0 380.0 411.1 704.8 842.7 4.7 3.1 29.4 17.2 13.4 1.3 0.8 5.5 2.3 2.5
Foshan 313.7 345.5 555.4 1076.4 1183.6 3.2 21.0 52.1 13.4 22.9 1.0 4.9 6.8 1.2 3.6

Dongguan 242.3 318.5 694.3 1179.9 1244.4 7.6 37.6 48.6 8.1 26.4 2.8 8.1 5.4 0.7 4.4
Zhaoqing 240.0 247.5 285.3 389.6 507.1 0.7 3.8 10.4 14.7 7.0 0.3 1.4 3.2 3.3 2.0
Shenzhen 204.3 330.3 596.0 909.1 992.1 12.6 26.6 31.3 10.4 20.7 4.9 6.1 4.3 1.1 4.2

Hong Kong 145.3 175.6 211.2 235.7 239.2 3.0 3.6 2.5 0.4 2.5 1.9 1.9 1.1 0.2 1.3
Zhongshan 87.8 117.8 214.2 491.6 525.0 3.0 9.6 27.7 4.2 11.5 3.0 6.2 8.7 0.8 4.8

Zhuhai 77.0 80.3 224.9 325.9 417.3 0.3 14.5 10.1 11.4 9.0 0.4 10.8 3.8 3.1 4.5
Macao 5.7 8.7 16.2 18.4 19.5 0.3 0.7 0.2 0.1 0.4 4.4 6.4 1.3 0.7 3.3
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3.2. Ecosystem Service Value Changes

3.2.1. Changes in the Total ESV in the GBA

Figure 4 shows the ESV changes caused by urbanization in the GBA over the four study periods.
The total ESV loss due to urbanization in the GBA has reached 40.5 billion yuan over the past 38 years.
Among the four study periods, the largest ESV loss occurred from 2000 to 2010 (30.3 billion yuan),
followed by 1990–2000 (14.8 billion yuan) and 2010–2018 (9.7 billion yuan) (Figure 4a). A similar
tendency was observed for the ESV loss of the different LULC types (Figure 4b) and ESs (Figure 4c)
over the study periods. Although the water body area encroached by urban sprawl was not the
largest (Table S6, Supplementary Materials), the ESV loss due to the water body decrease caused by
urbanization was the largest (ranging from 30.5% to 39.0%), followed by the forest (ranging from
7.3% to 9.2%) and farmland (ranging from 2.6% to 10.0%) ESV losses over the different study periods
(Figure 4b). The ESV loss of the other LULC types was relatively smaller over the study periods.
In terms of the ecosystem service functions, the value of the hydrological regulation loss induced by
urban expansion was the largest among all ESs over the four periods, ranging from 65.5% to 69.9%
(Figure 4c), followed by climate regulation (ranging from 6.6% to 9.2%).
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3.2.2. Changes in the ESV at the Regional Scale

Figure 5 shows the changes in the total ESV of the 11 cities over the various study periods.
From 1980 to 2018, the total ESV loss of Foshan as a result of urbanization was the largest at 8.8 billion
yuan, followed by Zhongshan at 5.8 billion yuan, Shenzhen at 5.3 billion yuan, and Zhuhai at 4.9 billion
yuan. The ESV loss caused by urban expansion differs among the 11 cities over the study periods.
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The largest ESV losses of Hong Kong and Macao occur from 1990 to 2000, whereas those of Zhuhai
and Zhaoqing occur from 2010 to 2018, and those of the other seven cities occur from 2000 to 2010.
The minimum ESV loss of Hong Kong occurs over the last study period, whereas that of the other
10 cities occurs over the first study period. The trend of the ESV changes is roughly consistent with
that of urban expansion (Table 2).

Remote Sens. 2020, 12, x FOR PEER REVIEW 2 of 18 

 

Figure 5 shows the changes in the total ESV of the 11 cities over the various study periods. From 
1980 to 2018, the total ESV loss of Foshan as a result of urbanization was the largest at 8.8 billion yuan, 
followed by Zhongshan at 5.8 billion yuan, Shenzhen at 5.3 billion yuan, and Zhuhai at 4.9 billion 
yuan. The ESV loss caused by urban expansion differs among the 11 cities over the study periods. 
The largest ESV losses of Hong Kong and Macao occur from 1990 to 2000, whereas those of Zhuhai 
and Zhaoqing occur from 2010 to 2018, and those of the other seven cities occur from 2000 to 2010. 
The minimum ESV loss of Hong Kong occurs over the last study period, whereas that of the other 10 
cities occurs over the first study period. The trend of the ESV changes is roughly consistent with that 
of urban expansion (Table 2). 

 

 
Figure 5. ESV changes in the 11 cities over the five time periods. Periods 1, 2, 3, 4, and 5 represent the 
periods of 1980–1990, 1990–2000, 2000–2010, 2010–2018, and 1980–2018, respectively. 

3.2.3. Changes in the ESV in Response to the Different Growth Modes 

The changes in the ESV due to the three growth modes are shown in Figure 6. The ESV loss 
resulting from edge expansion, infilling, and leapfrog expansion exhibits a similar trend of increasing 
from the first period to the third period and then of declining. Among the three growth modes, edge 
expansion was the dominant pattern resulting in ESV losses and directly caused a loss of 2.7 billion 
yuan from 1980 to 1990, 9.8 billion yuan from 1990 to 2000, 17.1 billion yuan from 2000 to 2010, and 
5.5 billion yuan from 2010 to 2018. In addition, it is observed that the ESV loss due to the infilling 
expansion pattern is smaller than that of the leapfrog expansion pattern over the first two periods, 
although the area of infilling is larger than that of leapfrog expansion over the first periods (Table 
S6). 

 

Figure 5. ESV changes in the 11 cities over the five time periods. Periods 1, 2, 3, 4, and 5 represent the
periods of 1980–1990, 1990–2000, 2000–2010, 2010–2018, and 1980–2018, respectively.

3.2.3. Changes in the ESV in Response to the Different Growth Modes

The changes in the ESV due to the three growth modes are shown in Figure 6. The ESV loss
resulting from edge expansion, infilling, and leapfrog expansion exhibits a similar trend of increasing
from the first period to the third period and then of declining. Among the three growth modes,
edge expansion was the dominant pattern resulting in ESV losses and directly caused a loss of
2.7 billion yuan from 1980 to 1990, 9.8 billion yuan from 1990 to 2000, 17.1 billion yuan from 2000 to 2010,
and 5.5 billion yuan from 2010 to 2018. In addition, it is observed that the ESV loss due to the infilling
expansion pattern is smaller than that of the leapfrog expansion pattern over the first two periods,
although the area of infilling is larger than that of leapfrog expansion over the first periods (Table S6).
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Figure 6. ESV changes caused by the different growth modes of urban expansion in the GBA over the
four time periods.

4. Discussion

4.1. Spatial and Temporal Expansion of the Urban Areas

Our study reveals that the urbanized areas in the GBA dramatically increased over the past
four decades from 1980 to 2018 in both the agglomeration and regional extents. The AI of the
urbanized areas differed among the four time periods and the 11 hierarchical cities (Table 2). Over the
first ten years (1980–1990), the urbanization in the GBA was the slowest, at an AI of 47.8 km2/year,
because its social and economic development was in the primary and exploratory stage, although the
reform and opening-up policy had been proposed in 1978 and special economic zones (Shenzhen
and Zhuhai are two of the first special economic zones in the GBA) had been established in 1979.
Urbanization and industrialization in the GBA began to develop after the first decade (1990–2000)
at an AI of 149.1 km2/year. In 1992, Deng Xiaoping’s tour in the south, including visits to Shenzhen
and Zhuhai, caused another upsurge in reform and opening up. In 1994, the Pearl River Delta
Economic Zone was established by the government of Guangdong Province, which aimed to promote
regional development depending on its geographical advantages due to its proximity to Hong Kong
and Macao. Based on the development over the first two decades, the urban expansion in the GBA
followed an explosive trend at an AI of 279.7 km2/year over the subsequent decade (2000–2010),
especially after China joined the World Trade Organization in 2000, as a large number of foreign
enterprises settled in the GBA [38]. Correspondingly, rapid urbanization and industrialization have
caused serious environmental problems in the GBA, including heavy metal pollution of soil and
water [39,40], wetland loss [41], urban heat island effects [42,43], and terrestrial carbon sources and
sinks [44]. Therefore, central and local governments have implemented a series of policies and
taken measures to protect wetlands [45], farmlands [46], and other ecosystems, and called for the
construction of ecological cities and promulgated the National Plan on New Urbanization and the
Opinions on Accelerating the Construction of Ecological Civilization to improve urbanization quality
and protect natural ecosystems [47]. Thereafter, the rate of urbanization exhibited a decreasing trend
at an AI of 108.7 km2/year over the last eight years (2010–2018). A similar urbanization trend to
that in the GBA can be found in other urban agglomerations in China, including the Jing-Jin-Ji and
Yangtze River Delta megalopolitan regions and other large cities [10,12,14,16,48]. Among the 11 cities,
rapid urban expansion in Guangzhou, Dongguan, Foshan, Shenzhen, Zhongshan, and Zhuhai started
in 1990, whereas that in Huizhou, Jiangmen, and Zhaoqing began in 2000, which may be related
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to the geographic location. Huizhou, Jiangmen, and Zhaoqing are not very close to the provincial
capital, Guangzhou, as well as to Hong Kong, Macao, and the Pearl River Estuary, which probably
limited their urbanization and industrialization process. Because of the limited administrative area
and development degree, the urban expansion in Hong Kong and Macao revealed smooth and slightly
changing trends. Disregarding the city size, the AER of Zhongshan, Zhuhai, Shenzhen, Foshan, Macao,
and Guangzhou was relatively higher than that of the other cities. If the Pearl River Estuary is regarded
as the axis, it seems that the degree of urban expansion tends to decrease from the inside to the outside.

Several studies have shown that urbanization is characterized as a spiraling process that includes
the three growth modes of edge expansion, infilling, and leapfrog expansion [10,13,16]. As noted by
Li et al. [10], edge expansion tends to maintain its importance, while leapfrog expansion and infilling
are likely to alternate in terms of their relative dominance throughout much of the urbanization
process. The study of Bosch et al. [13] suggested that infilling is becoming increasingly important at the
expense of edge expansion, while the importance of leapfrog growth does not necessarily decrease with
increasing agglomeration, with infilling remaining dominant; moreover, leapfrog growth is practically
nonexistent in the inner zone of urban agglomeration. The results of this study exhibit various
combinations of the urban growth types. The patterns of urbanization in the GBA, Shenzhen, Huizhou,
and Zhongshan are primarily consistent with the results of Bosch et al. [13], whereas those in Dongguan,
Zhaoqing, and Hong Kong coincide with the mode of Li et al. [10]. In addition, an increase in leapfrog
growth is observed, while infilling does not exhibit any discernible trend in Jiangmen. In Guangzhou
and Foshan, both infilling and leapfrog growth showed an increasing trend, but leapfrog expansion
attained a lower growth rate. The influence of the three growth modes changes dramatically when
inspecting the results in Zhuhai and Macao, which are mostly dominated by leapfrog expansion over
the first period and edge expansion over the last period, and infilling is either practically nonsignificant
or completely nonexistent. Overall, the results of this study suggest that the urbanization growth
mode assembly changes over space and time.

4.2. Ecosystem Service Changes Caused by Urbanization

Urban expansion has not only converted various LULC types into construction land but has
also impacted ecosystem functions and services [32]. Many studies have evaluated the ESV changes
caused by urbanization [25,27,32,49,50], but previous researchers have paid more attention to the
calculation of static values rather than to the relative change characteristics and trends of the ESV.
This study collected grain yield data pertaining to the five study periods for year-to-year assessment
to dynamically analyze the changes in ESs. Additionally, previous studies have only calculated the
ESV of the primary classes of the LULC types (e.g., farmlands and forests), which could also affect the
accuracy of the final ESV because the ESs of the different subclasses of land use types belonging to the
same primary classes greatly differ [51]. Therefore, the farmland ESV is the sum of the ESVs of dry
farmlands and paddy fields during each study period because the farmland class includes both dry
farmlands and paddy fields in this study. Undeniably, there are various subjective factors impacting
the evaluation of the ESV. Although different evaluation methods and perspectives are employed to
assess the ESV, the change trend of the ESV remains similar in a specific region [28].

In this study, we found that the rapid and extensive changes in land use types caused by urban
sprawl resulted in a major change in the ESs. Generally, the change trend of the ESV is consistent with
the change in the land use if the evaluation of the ESV is based on the land use changes caused by
urbanization. The results of this study are primarily consistent with this rule. In the GBA, the ESV
loss because of urban expansion was the largest from 2000 to 2010 (30.3 billion yuan) because the
decrease in the area of the other land use types as a result of urban sprawl was the highest (2797.3 km2)
during this period. In addition, the decrease in ESV caused by edge expansion was the highest
(Figure 6) because edge expansion was the dominant growth type of urban expansion throughout
the study period (Figure 3). However, over the five study periods, the ESV loss due to water body
encroachment by urban expansion was the largest, followed by the forests and farmlands in the GBA
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(Figure 4b). In contrast, the decrease in the farmland area was the largest because of urbanization,
followed by forests and water bodies over the past four decades (Table S6). This clearly proves that
a large area loss of a certain land use type does not necessarily result in a large ESV loss under the
effects of urbanization. If we adopt water bodies as a reference, that is, both the area and ESV losses of
water bodies are 1 during each study period, then the farmland area losses are 10.6, 5.3, 3.0, and 2.1,
the forest area losses are 1.9, 1.8, 1.3, and 1.3, while the farmland ESV losses are 0.3, 0.2, 0.1, and 0.1,
respectively, and the forest ESV losses are 0.3, 0.3, 0.2, and 0.2, respectively, from 1980 to 2018. It is not
difficult to deduce that the water body ESV is far higher than that of farmlands and forests. Moreover,
the order of the equivalent value per unit area of the different land use types is water bodies, wetlands,
forestlands, grasslands, farmlands, and unused land (Tables S1–S5). As water bodies supply resistance
and resilience to other ecosystems, wild species diversity, and biogeochemical cycling, and contribute
to biological and genetic diversity [52], Chinese ecologists believe that the water regulation capacity
of water bodies is far greater than that of other ecosystems and other ESs [24], which leads to the
equivalent value per unit area of water bodies being far greater than other ecosystems. Therefore,
even if the area of water bodies decrease is not the largest, the ESV loss due to water bodies decrease is
apparently the largest, which highlights the importance of water bodies. In terms of the changes in the
different ESs, hydrological regulation suffered the greatest changes due to urbanization (Figure 4c),
which is not only because water bodies and wetlands possess a high hydrological regulation capacity
but also because rain and runoff cannot penetrate the ground rapidly enough to participate in the
natural water cycle as urban sprawl converts other land use types into impermeable surfaces [53].

4.3. Suggestions for Urban Planning

ESs are what humans directly or indirectly benefit from various kinds of ecosystems through
ecological processes [18,22]. Extensive urbanization has driven the dramatic reduction and degradation
of ESs, has caused serious environmental problems, and has imposed major impacts on human
well-being [44,51,54]. These damages and influences are unpredictable, even unrecoverable.
For example, wetlands loss caused by urbanization has directly led to the degradation and loss
of natural habitat, which further results in species extinction and affects biodiversity [41,45]. However,
most humans, driven by economic goals, continue to damage the environment rather than protect
ecosystems [55]. Hence, to stabilize or reduce the continued consumption of ESs and promote
sustainable urban development, it is vital for governments to establish more reasonable and scientific
urban planning regulations. Based on the results of this study, we propose several urban planning
regulations for urban agglomerations. First, as policies play an important role in the process of
urbanization, governments must control the area of new urban patches, which could greatly inhibit the
ESV loss. Second, because water bodies, wetlands, and forests have higher ESVs, we should protect
these land cover types in urban planning. We should also build artificial lake, wetland, and forest
parks within cities to improve the total ESV. Third, green infrastructure should also be planned and
built, especially between roads and within cities, to improve the regional ESs [32,50].

5. Conclusions

In this study, the urbanization rates and spatiotemporal patterns in the GBA and its 11 cities were
quantified and compared over the past four decades based on a series of long-term LULC databases.
We also evaluated the ESV changes induced by urbanization from various perspectives in the whole
GBA, at the regional scale, and for the various LULC types, ESs, and urbanization growth modes over
each study period. From 1980 to 2018, the GBA experienced extensive urbanization, with the urban
area increasing from 2607.4 to 8243.5 km2, and high AI and AER values were observed in 1990–2000
and 2000–2010. The AERs of Zhongshan, Zhuhai, Dongguan, Shenzhen, Foshan, and Macao were
higher than those of the GBA and the other cities throughout the entire study period. It seems that the
degree of urban expansion tends to decrease from the inside to the outside, with the Pearl River Estuary
as the axis. In terms of the urbanization growth type, leapfrog and edge expansion were the dominant
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growth modes during the first and last periods, respectively, in Zhuhai and Macao; edge expansion
was the most dominant growth mode with a decreasing trend, while infilling or leapfrog expansion
increased throughout the study period in the GBA and the other nine cities. Extensive urbanization
invaded substantial natural landscapes and further impacted ESs and functioning. The total ESV loss
induced by urbanization in the GBA was 40.5 billion yuan from 1980 to 2018, and the biggest ESV
loss was observed from 2000 to 2010, followed by 1990–2000. Throughout the study periods, the ESV
loss of water bodies disappearing as a result of urban expansion was dominant, and hydrological
regulation changed the most due to urbanization. We hope that this study provides references for
decision-makers to establish more scientific and reasonable urban planning regulations in the GBA to
ensure sustainable urban and environmental development.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/19/3269/s1,
Figure S1: Spatial and temporal distribution of three growth modes in the GBA, Table S1: Equivalent value per
unit area of the different ESs in the GBA in 1980, Table S2: Equivalent value per unit area of the different ESs in the
GBA in 1990, Table S3: Equivalent value per unit area of the different ESs in the GBA in 2000,Table S4: Equivalent
value per unit area of the different ESs in the GBA in 2010, Table S5: Equivalent value per unit area of the different
ESs in the GBA in 2018, Table S6: Conversion of other land use and land cover types to urban areas in the GBA
over the study periods (km2).
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