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Abstract: Contemporary urbanization in the Pearl River Delta (PRD) Urban Agglomeration is the
epitome of China’s urbanization process as the PRD is the first fastest growing metropolitan region of
China. Here, we mapped and quantified the spatiotemporal dynamics of urban expansion for seven
major cities in the PRD between 1980 and 2015, using remotely sensed data integrated with landscape
metrics, urban growth form, and rank clocks. Results showed that rapid land urbanization occurred
in all the seven cities since the execution of reform and opening up, with the annual increase rate
ranging from 8.1% to 11.3% among cities, suggesting a relatively equal level of urbanization within
the PRD. Socioeconomic drivers underlying urban expansion in Guangzhou, Shenzhen, and Zhuhai
can be characterized as “top—down” mechanisms led by the municipal government, while those in
Foshan, Jiangmen, Dongguan, and Zhongshan are “bottom-up” ones from low-level administrative
organizations. The trajectory of urban expansion in Shenzhen conformed to the diffusion—coalescence
urban growth hypothesis in terms of temporal evolution of landscape metrics and urban growth
types. This is related to the fact that Shenzhen, the first special economic zone established by the
Chinese government, was the first mover of urbanization in China and functioned under the umbrella
of a robust socialist market economy relative to a highly centralized planned economy for other cities.
The changes of Shenzhen in rank order in terms of both urban population and urbanization area
were the largest, exemplifying its evolution from a small fishing village to a metropolis. Furthermore,
we found that moving up in the rank order in terms of land use efficiency of wealth creation over
time for all cities was accompanied with rank clocking up of population per area (crowd). How
to balance trade-offs between the benefits and costs of urbanization is the challenge faced by the
urban agglomeration.

Keywords: multicity comparison; landscape metrics; rank clocks; urban agglomeration; urbanization;
urban growth types; urban patch structure

1. Introduction

Over the past several decades, we have witnessed the accelerating urbanization
process, with more than half of the world’s population now living in cities [1]. This
unprecedented urbanization has the features of dramatic urban population growth and
land transformation from other types to urban land [2]. From 1970 to 2000, the area of urban
land expanded by 58,000 km?, increasing twice as much as the rate of urban population
growth [3]. It is predicted that in the future the increase in urban land around the world
will mainly be in developing countries such as China and India [4]. Land urbanization
has various impacts on the natural environment and human beings [2]. Metropolitan
regions, especially in developing countries [5], are facing the great challenge of managing
trade—offs between fast urbanization and exacerbated environmental problems such as
urban heat island [6,7], atmospheric pollution [8], and biodiversity loss [9]. In China,
astonishing land urbanization has happened over the past four decades [10]. As one of
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the most important growth engines of China, the Pearl River Delta has undergone rapid
urbanization in parallel with its economic prosperity since the execution of the “reform
and opening up” policy, attracting much attention from the scientific community [11,12].

Longitudinal dynamics and horizontal patterns of urban expansion are both indispens-
able aspects in studies about the land urbanization process of urban agglomeration [13].
Over past few decades, the increasing availability of satellite remote sensing data has
enabled quantitative analysis spatially and temporally across large geographic areas on
the patterns of urban land dynamics [14]. Therefore, impervious surface areas and areal
extent have been emerging efficient and alternative measures to understand the charac-
teristics of urbanization [15,16]. As an indispensable component of urbanization, urban
land growth has been recognized as a reference for developing urban structure planning
and management strategies [17,18]. Gong et al. [19] used a Dyna—CLUE model to explore
the urban growth mode of Guangzhou during 1990-2020 and found it has a large scale
and continuing encroachment on agricultural land and forest. Chen et al. [20] found
the favorable driving effects of industrial structure and government policies in urban
sustainable development in 1990-2008 through comparing Shenzhen and Dongguan. Tak-
ing Guangzhou and Phoenix as the case cities of developing and developed countries,
Tian and Wu [21] made a comparative analysis of their rapid urban development and
highlighted the influence of physical conditions and land use policies on urbanization
patterns. Haas and Ban [22] compared the magnitude and speed of urban expansion in
the Beijing-Tianjin—Hebei region, Yangtze River Delta, and Pearl River Delta from 1990 to
2010. Most of these previous studies discussed urban expansion of one or two major cities
within the Pearl River Delta (PRD) Urban Agglomeration, with much less intraregion or
intracity quantitative analysis. In particular, a long—term and spatially explicit comparative
study in the PRD with emphasis on the quantitative properties of the urban expansion
form, city spatial-temporal evolution theory, and especially the urban land structure is
still lacking. A sophisticated understanding of cities could provide further insight into the
urbanization process and support development planning and management strategies to
achieve sustainable development in metropolitan regions [23,24].

Here, through multisource remote sensing data with patch analysis and landscape
metrics analysis, we explored the dynamics in the dimension of time and space of the
physical land urbanization in seven major cities of the PRD from 1980 to 2015. Specifically,
the aims of this study are to (1) dynamically delineate the spatial and temporal changes
of urban land; (2) quantify and compare the similarities and differences of magnitudes,
rates, typologies, and forms of urban expansion in seven cities; (3) track urban growth
trajectory by testing the diffusion—coalescence urban growth hypothesis and rank clocks.
Such comparative studies and portfolios from various biophysical, political and economic
contexts are the fundamental basis for the development of general urbanization theories to
support a sustainable urban future.

2. Materials and Methods
2.1. Study Area

Located in the south—central part of Guangdong, China, the Pearl River Delta is
densely covered with rivers, and is the gate of the Pearl River to the South China Sea.
In the concept of urban agglomeration, the PRD covers Guangzhou, Shenzhen, Foshan,
Dongguan, Huizhou, Zhongshan, Zhuhai, Jiangmen, and Zhaoqing (Urban Agglomeration
in the Pearl River Delta Yearbook 2016). Its total area is about 54.8 thousand km?, with a
total resident population of about 71.9 million and total GDP accounting for 9.1% of China
in 2016. Now, the PRD is confronted with industrial restructuring [25] and environmental
problems [11,26]. At the same time, to build the Greater Pearl River Delta Urban Agglomer-
ation is also urgent [27]. Across the PRD, the basic information for Guangzhou, Shenzhen,
Foshan, Dongguan, Zhongshan, Zhuhai, and Jiangmen (Figure 1) has been listed in Table 1.
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Figure 1. The location and administrative divisions of the study area: (A) Guangdong province in China, (B) the seven
cities in the Pearl River Delta Urban Agglomeration, and (C) the topography (from NASA Digital Elevation Model data) of

seven cities and the main rivers across them.

Table 1. The basic conditions of the seven major cities in the Pearl River Delta Urban Agglomeration (data acquired from
Urban Agglomeration in the Pearl River Delta Yearbook 2016).

Dongguan Foshan Jiangmen Guangzhou Shenzhen Zhongshan Zhuhai

Latitude (N) 22°39'-23°09' 22°23/-23°16 21°27'-22°51" 22°26'-23°56/ 22°24'-22°52' 22°11'-22°47' 21°48'-22°27'
Longitude (E) 113°31'-114°15' 112°17'-113°14 111°59'-113°15' 112°57'-114°03' 113°46'-114°37 113°09'-113°46 113°03'-114°19’

Area (km?) 2465 3875 9505 7434 1997 1783 1711
Population in
2016 (Million) 8.3 7.4 45 13.5 11.4 3.2 1.6

GDP in 2016
(Billion RMB) 627.5 800.3 224.0 1810.0 1750.3 301.0 202.5

2.2. Remote Sensing Data and Data Processing

The original terrestrial imagery data were acquired from NASA (https://earthexplorer.
usgs.gov /). We chose the satellite images of the Multispectral Scanner (MSS, bands 14,
resolution 60 m), Landsat Thematic Mapper (TM, bands 1-5 and 7, resolution 30 m),
Enhanced Thematic Mapper (ETM+, bands 1-5 and 7, resolution 30 m), and Operational
Land Imager (OLI, bands 1-6, resolution 30 m) with little cloud, which represented seven
time points including 1980, 1990, 1995, 2000, 2005, 2010, and 2015. The detailed information
of these images used in the study was listed in Table 2. We used ERDAS Imagine 2015
and ArcGIS 10.3 software to process downloaded images. Then the Maximum Likelihood
Classification (MLC) method was applied to map land cover into five types—namely,
urban land, arable land, vegetation, bare land, and water body. The definition of urban
land was the same criteria as our previous work, in which urban land was regarded as
all impervious surfaces and built environments created by humans, such as roads and
buildings [10]. Furthermore, all land cover types except urban land were merged as the
main concern was the dynamics of urban land. The accuracy analysis of the classified
products was based on the Kappa coefficient, using the high-resolution image from Google
Earth as a reference. Since there were no high-resolution images in some of the study areas
before 2014 in Google Earth, we supposed that the transformation process to urban land
was irreversible, and carried out the validation of classification results through the images
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in 2015. In this method, we calculated the Kappa coefficients of (1) the classification results
of 2015, and (2) the classification results before 2015 where land cover remained unchanged
from 1980 to 2015. As a result (Table 3), all the Kappa coefficients were larger than 0.80,
which was adequate for the assessment of land cover classification [28].

Table 2. Information of used remoting sensing data (original data acquired from NASA).

Path/Row Date Path/Row Date
Cities (WRS2) (WRS2)
MSS 1980 TM(ETM+) 1990 1995 2000 2005 2010 2015
(OLI/TRIS)

Dongguan 131/44 1979/10/19 122/44 1990/12/24 1994/10/24 2000/09/14 2005/07/18 2009/11/02 2015/10/18

131/44 1979/10/19 122/44 1990/12/24 1994/10/24  2000/09/14  2005/07/18 2009/11/02 2015/10/18

Foshan 132/44 1979/10/20 123/44 1990/09/02  1994/09/29  2000/10/31  2005/09/12 2009/11/25 2015/04/16
131/43 1975/11/18 122/43 1991/02/02 1995/12/30 2000/11/01 2005/11/23 2010/10/28

Guangzhou 131/44 1975/11/18 122/44 1990/10/13  1995/12/30  2000/11/01 2005/11/23 2010/10/28
131/44  1979/10/19  122/44  1990/12/24 1994/10/24 2000/09/14 2005/07/18 2009/11/02 2015/10/18
Jiangmen 131/45 1978/11/02  122/45 1990/12/24  1994/10/24  2000/09/14 2005/07/18 2009/11/02 2014/11/16

132/44 1979/10/20 123/44 1990/09/02  1994/09/29  2000/10/31 2005/09/12 2009/11/25 2015/04/16
132/45 1980/10/14 123/45 1990/09/02  1993/10/22  2000/10/31  2005/09/11 2009/11/25 2015/04/16
130/44 1977/10/19 121/44 1991/10/09  1995/12/23  1999/11/24 2004/10/12  2009/10/18

Shenzhen 131/44 1975/11/18 122/44 1990/10/13  1995/12/30 1999/11/15 2005/11/23  2010/10/28

131/45 1978/11/02

131/44 1978/10/19 122/44 1991/10/09  1995/12/30 2000/09/04 2005/07/18 2009/11/02 2015/10/18
131/45 1978/11/02 122/45 1990/12/24  1994/10/24 2000/09/14 2005/07/18 2009/11/02  2014/11/16
131/44 1979/10/19 121/45 1989/07/15 1992/10/11 2000/01/03  2005/03/05 2010/01/14 2015/08/08
Zhuhai 131/45 1978/11/02 122/44 1990/12/24  1994/10/24 2000/09/14 2005/07/18 2009/11/02  2015/10/18
122/45 1990/12/24  1994/10/24 2000/09/14 2005/07/18 2009/11/02 2014/11/16

Zhongshan

Table 3. Summary of accuracy assessment for classification results using the Kappa coefficient.

Dongguan Foshan Guangzhou Jiangmen Shenzhen Zhongshan Zhuhai
Prior 2015 0.88 0.84 0.80 0.80 0.82 0.92 0.88
2015 0.90 0.84 0.88 0.84 0.90 0.90 0.92

2.3. Landscape Metric

Landscape metrics can reflect the features of urban land patches and is helpful to
identify the dynamics of urban evolution process [29]. A patch is defined as a relatively
homogeneous area that differs from its surroundings [30]. Therefore, as shown in Table 4,
six metrics were selected including the Percentage of Landscape (PLAND), Largest Patch
Index (LPI), Landscape Shape Index (LSI), Number of Patches (NP), Patch Density (PD),
and Mean Patch Size (MPS). Fragstat 4.2 was used to perform the calculation of metrics.

Table 4. Landscape metrics used in this study, adopted from McGarigal [31].

Acronym Full Name of Metric (Units) Description
Area Metric PLAND Percentage of Landscape (%) g:tec Eeé;c;é\tage of the landscape comprised by the corresponding
LPI Largest Patch Index (%) The percentage of the landscape comprised by the largest patch
. The total length of patch perimeter divided by that of a landscape
Shape Metric LSt Landscape Shape Index with a standard shape (square) of the same size
Quantity Metric NP Number of Patches The number of patches
PD Patch Density (N/100 ha) The number of patches divided by total landscape area
MPS Mean Patch Size (ha) The average area of patch size

2.4. The Average Annual Growth of Urban Land

To describe the scale of land urbanization, two indicators were calculated—namely,
annual growth and annual increase rate. The annual growth directly indicates the absolute
magnitude of urban land expansion, and the latter excludes influence from the city’s overall
size, reflecting the speed of urban expansion [32]. The two indicators were computed
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through the following formula, representing the average growth of urban land over a

period of time:

AG = uend ;ustart (1)

AIR = 100% X ( d uf”"—l) )

start

AG (km? per year) is annual growth and AIR (%) is the annual increase rate. Uyt
and U, represent the initial area and the final area of urban land in a certain period, and
d refers to the length of time period.

2.5. Patch Size Grading Analyses

With the urbanization process, urban land patches in different sizes always continue
appearing and extending over time. Size grading could provide evidence and inference
for a comprehensive understanding of regional urban expansion. The dynamics of patch
number at a given size, especially the smallest and largest size classes, could reveal the
similarities and differences in the evolution of urban land structures. In our study, we
divided patches into 13 categories, including 0-0.05 km?, 0.05-0.25 km?, 0.25-0.5 km?,
0.5-1 km?, 1-2 km?, 2-5 km?, 5-10 km?, 10-20 km?, 20-50 km?, 50-100 km?, 100-200 km?,
200-500 km?, and >500 km?. The frequency of patches in all classes were calculated for
comparison.

2.6. Urban Growth Type

To understand urban land expansion in detail, urban patches were divided into
three growth types following our previous work—namely, infilling, edge—expansion, and
leapfrogging [10]. These three types were defined through numerical calculations:

GT1 = Leom (3)
new
In the formula, Py represents the perimeter of the new urban patch and L., refers
to the length of the shared border between existing patches and the new patch. The
calculated GT1 is the indicator of urban growth type, valued from 0 to 1. When GTI =0,
the new developed patch is defined as a leapfrogging patch; when 0 < GTI < 0.5, an
edge—expansion patch; an infilling patch when 0.5 < GTI < 1.

2.7. The Evolution of Urban Rank Size

Four characteristics were chosen for illuminating the dynamics of urban rank distri-
bution, including population, area of urban land, population per unit urban land area,
and GDP per unit urban land area. The former two indicators are commonly used to
describe the urbanization level in many studies [16,33]. Combining them, we could get the
third metric population per unit area, which contains information on population density.
Furthermore, GDP per unit of urban land area was used to present land use efficiency of
wealth creation [34,35]. We ranked these four indicators to explore the differences among
cities and intraurban agglomeration dynamics.

3. Results
3.1. Magnitude and Rates of Urban Expansion

All of these seven cities in the PRD underwent rapid urban land expansion from
1980 to 2015, as shown in Figure 2 and Table 5. Over the past 35 years, the total urban
land areas in the PRD expanded by 26.2 times (5898.3 km?) as large as those in 1980. The
average annual increase rates in urban land areas in Dongguan, Foshan, Guangzhou,
Jiangmen, Shenzhen, Zhongshan, and Zhuhai were 8.2%, 11.3%, 8.1%, 9.8%, 11.0%, 9.8%,
and 9.0%, respectively.
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Figure 2. The spatial distribution of urban extent of seven cities from 1980 to 2015: (A) Dongguan, (B) Shenzhen,

(C) Zhongshan, (D) Foshan, (E) Zhuhai, (F) Guangzhou, (G) Jiangmen. Dark grey represents the location of existing

urban land at the initial study period and the distribution of newly urbanized areas are displayed in colors with 5-year

intervals.
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Table 5. Annual Growth (AG) in urban area (km?) and Annual Increase Rate (AIR) (%) of seven cities among six neighboring

periods from 1980 to 2015.

City 1980-1990 1990-1995 1995-2000 2000-2005 2005-2010 2010-2015
AG (km?) Dongguan 4.7 28.3 29.6 29.1 30.7 59.8
Foshan 7.7 13.0 12.7 12.1 36.9 102.0
Guangzhou 15.1 25.8 34.2 45.6 83.6 65.3
Jiangmen 7.3 30.2 16.5 371 39.6 33.5
Shenzhen 12.5 31.0 24.2 344 34.0 16.2
Zhongshan 1.0 11.3 11.0 16.1 439 23.4
Zhuhai 2.1 39 14 10.0 3.9 20.7
Region 66.4 113.1 145.7 195.5 189.6 4434
AIR (%) Dongguan 5.83 19.21 10.23 6.37 5.20 7.42
Foshan 15.28 10.43 6.75 4.68 10.63 15.55
Guangzhou 9.79 7.39 7.14 6.79 8.64 4.81
Jiangmen 12.50 20.35 6.12 9.35 6.94 4.45
Shenzhen 19.38 13.32 6.88 7.24 5.25 2.04
Zhongshan 4.69 25.58 11.55 10.07 16.35 5.30
Zhuhai 10.96 9.48 2.54 12.96 3.38 12.75
Region 11.2 15.1 7.3 8.2 8.1 7.5

The magnitude and rates of urban growth varied across cities and time periods
(Table 5). In the metropolitan region of the PRD, the annual growth showed an upward
trend and reached a maximum of 443.4 km? in 2010-2015. The annual urban increase rate
of the metropolitan region was the highest (15.1%) in the early stage of urbanization and
gradually decreased to about 8% afterward. Among these seven cities, Guangzhou and
Shenzhen demonstrated their highest Annual Increase Rate (AIR) in 1980-1990, pioneering
the rapid urbanization process in the PRD. Notably, the annual growth of Guangzhou
stayed at a high level continuously over 35 years. Since 1990, other cities with high Annual
Growth (AG) and AIR such as Dongguan, Zhongshan, and Jiangmen entered their stage of
rapid urban growth at different time periods. While in Zhuhai, the annual growth of urban
land was much less during most of the study period compared to other cities.

3.2. Spatiotemporal Pattern of Urban Expansion

Diverse spatiotemporal expansion patterns of every single city in six periods can be
seen in Figure 2. Specifically, the extensions of urban land in Guangzhou, Foshan, and
Jiangmen had single expansion cores at the early urbanization stage. The initial core of
Guangzhou was located in the southwest of the city. Over time, urban land in Guangzhou
extended to different directions along rivers and roads from the initial largest urban core.
While in Foshan and Jiangmen, subcores emerged in different parts of the city and became
gradually larger than the initial core. In Zhongshan and Zhuhai, two urban land expansion
cores were separated by vast farmland or watercourse. Additionally, the land between
two cores in the north (e.g., Xiaolan Town) and the middle of Zhongshan considerably
transformed into a type of construction area after 2000. The urban land expansion in
Shenzhen and Dongguan occurred simultaneously in many parts of the city. For Shenzhen,
the expansion mainly happened in the southern region near Hong Kong in 1980-1990.
Later on, with the extension of the special economic zone, the urban land increase took
place progressively in the rest of available areas for construction. As for Dongguan, urban
land expansion has developed since 1995 in a rather dispersed pattern.

The rapid urbanization process profoundly influenced the landscape structure. Figure 3
illustrates the temporal variation of landscape metrics for seven cities from 1980 to 2015.
The PLAND and LPI of all the cities had monotonous increase trajectories, and substantial
increases were observed in Shenzhen, Dongguan, and Zhongshan due primarily to their
small initial urban land areas and high urban land extension rates. In terms of the metrics
of LSI, NP, and PD, the trajectory curve of Shenzhen was single-hump shaped while that
of Guangzhou demonstrated a double-hump shaped pattern. In other cities, a simply
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increasing pattern of these three metrics was found. In addition, MPS evolved as a function

of both PLAND and PD.
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Figure 3. The temporal dynamics of landscape metrics for urban land in seven cities from 1980 to 2015: (A) Percentage of
Landscape (PLAND) (%), (B) Largest Patch Index (LPI) (%), (C) Landscape Shape Index (LSI), (D) Number of Patches (NP),
(E) Patch Density (PD) (N/100 ha), and (F) Mean Patch Size (MPS) (ha).

To further depict the features of urban expansion, we compared the variation of the
compositions of three urban growth types for each city over six periods (Figure 4). During
1980-1990, most cities were located on the right side of the growth triangle, indicating that
the proportion of infilling type was the smallest. Meanwhile, leapfrogging occupied the
dominant position, with its weight exceeding 50% in all cities and even approaching 100%
in Shenzhen, reflecting a dispersed urban expansion in the early stage of urbanization.
From 1990 to 2005, the infilling and leapfrogging showed direction—opposite fluctuations
in all cities. When the ratio of infilling rose, the contribution of leapfrogging declined, and
vice versa. After 2005, the proportion of edge—expansion and leapfrogging was higher than
that of the infilling type of urban expansion in most cities, except Shenzhen and Dongguan.
In Guangzhou, the proportion of leapfrogging experienced two ups and downs during the
entire study period. These results suggest a diverged urban development trajectory among
different cities during the late stage of urbanization.
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Figure 4. The temporal evolution of proportional composition of three urban growth types (edge—expansion, infilling, and
leapfrogging), calculated from their number of patches in seven cities during 1980-2015.

Figure 5 displays the frequency distribution of the patch number according to the
patch size classes for each city. In Shenzhen, the number of patches smaller than 0.05 km?
increased from 1980 to 1995 and then remained stable, while that in all other six cities
increased constantly during the past 35 years. On the other hand, the distribution dynamics
of the largest urban patch, generally characterizing the evolution of urban core or center of
the city, were more complicated. Guangzhou, Foshan, and Jiangmen had the single largest
patch for the whole period in 1980-2015. Taking Guangzhou as an instance, the largest
patch (100-200 km?) was two classes higher than the second-largest patch (20-50 km?)
in 2000. As for Zhongshan, there were two patches distinctly distributed in the top two
largest classes during the study period, especially in 2005 and 2010, which can also be seen
in Figure 2C.
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Figure 5. The frequency distribution of patch number in different grades of urban land patch size in seven cities from 1980
to 2015: (A) Dongguan, (B) Foshan, (C) Guangzhou, (D) Jiangmen, (E) Shenzhen, (F) Zhongshan, (G) Zhuhai. Dynamics of
patch number at a given size, especially the smallest and largest size categories, could reveal temporal evolution of the
urban land structure (e.g., diffusion—coalescence and urban core).

3.3. Rank Size and Rank Clocks

The dynamics of the urban rank clocks over time are illustrated in Figure 6. Regarding
the population rank (Figure 6A), Guangzhou has been the top rank since 1980 (at the center
of the clock). Shenzhen ranked last in 1980 as a small fishing village but since 2000 it has
been increasing and now ranks in the top two. In terms of the urban land area (Figure 6B),
Guangzhou was ranked first for the entire period except for 1980 when Dongguan was the
top rank. Shenzhen started as the bottom rank in 1980, upgraded to the second in rank and
then declined to the fifth in 2015. As for population per urban land area, Guangzhou, as the
most urbanized city, fell out from the top rank in 1980 to the third-sixth over time. On the
contrary, as rapidly developed cities with small administrative areas, Foshan was located
at the center of the clock most of the time, and the rankings of Shenzhen and Dongguan
rose constantly until they were ranked first and the second in 2015, respectively. The metric
of GDP per unit area was sorted as shown in Figure 6D. Guangzhou, as the capital of
Guangdong province, was stable in terms of land use efficiency of wealth creation, ranking



Urban Sci. 2021, 5, 11 11 of 18

from first to third over time. While the change of rank for Shenzhen was volatile, rising
from the sixth in 1990 to the first in 2005 and held the top rank since.

1995

1995 2010 1995

© (D)
—@— Dongguan —&— Foshan —&— Guangzhou —®— Jiangmen
—&— Shenzhen —&— Zhongshan —®— Zhuhai

Figure 6. The temporal evolution of rankings for seven cities from 1980 to 2015, in terms of four indicators: (A) population,
(B) urban land area, (C) population per unit urban land area, (D) regional GDP per unit urban land area.

4. Discussion
4.1. Characteristics of Urban Land Expansion in the Pear] River Delta

The Pearl River Delta has undergone continual large-scale urban land expansion over
the past 35 years. Overall, the PRD has experienced a relatively equal level of urbanization,
as indicated by the average annual increase rates ranging from 8.1% to 11.3% among cities,
but with distinct temporal profiles.

Guangzhou and Shenzhen were two powerful engines, especially at the beginning
of “reform and opening up” policy implementation, with high annual growth of urban
land (Table 5). In Guangzhou, the industry and service industry foundation, as well as the
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strong policy support, might facilitate the rapid and continual urban land expansion [36,37].
Differently, Shenzhen benefited from sufficient investment and the loose development envi-
ronment under the umbrella of the socialist market economy, which intensively stimulated
its rapid land urbanization [38]. Limited by administrative boundaries [39], the proportion
of infilling patches began to rise, particularly from 1995, suggesting that urban expansion
in Shenzhen gradually slowed down and focused on the adjustment of land use intensity
and structure. On the contrary, with adequate unexploited land resources, Guangzhou
continued its circus-like expansion (Figure 2) in accordance with its urban master planning
during the study time [40], characterized by high annual growth and another round rise of
leapfrogging (Figure 4).

Other cities in the PRD also acted as the impetus for urban land expansion. The
administrative division adjustment has shown a clear imprint on the urbanization process
and high annual growth occurred after restructuring of the administrative division, such
as the adjustment of Foshan in 2002 and Jiangmen in 1992. Urban growth in the PRD was
also closely associated with foreign investments and policies [41]. For example, Dongguan
is known as the world’s factory due to its manufacturing and export-oriented economy;,
and its annual increase rate exceeded that of Guangzhou and Shenzhen in 1990-2000, in
line with its high-speed economic development stage.

The establishment of the Guangdong-Hong Kong-Macao Greater Bay Area (GBA)
was first announced in March 2015. This large urban agglomeration contains 11 cities, seven
of which were included in our studies. The findings on the characteristics of urban growth
in the PRD could be informative for the construction of this world’s largest metropolitan
regions to achieve prosperous and sustainable development in this special and large urban
agglomeration [42,43].

4.2. The Applicability of Diffusion—Coalescence Theory

Previous research has found that the spatial-temporal evolution of the city could be
described as the process of diffusion and coalescence [44]. In terms of dynamic coevolution
of multiple landscape and urban growth metrics [45], we found distinct evolution patterns
of the seven studied cities in the PRD.

Seen from the trajectories of landscape metrics and urban growth types during 1980-
2015, only Shenzhen presented a typical diffusion—coalescence process. Metric PLAND
and MPS continuously increased in Shenzhen all the time. The trajectory curve of PD was
hump-shaped and reached its maximum value in 1995 when the transition of diffusion
and coalescence in Shenzhen occurred. In terms of urban growth type, the proportion
of three types changed from almost all being leapfrogging to 2:1:2 (infilling: leapfrog-
ging: edge—expansion), a typical characteristic of the coalescence process [10]. Therefore,
the urban development trajectory in Shenzhen was consistent with Dietzel’s diffusion—
coalescence theory.

Compared with the typical diffusion—coalescence evolution of Shenzhen, the land
urbanization distinctly showed different characteristics in other cities. In Guangzhou,
the proportion of leapfrogging experienced a large fluctuation, which might be related
to the government-leading urban development pattern in Guangzhou. For example, the
weight of leapfrogging increased in 2000-2005, probably because of the administrative
division adjustment of Panyu and Huadu in 2000, which might stimulate land urbanization
in the outer suburban area in Guangzhou. Consequently, Guangzhou evidenced two
rounds of diffusion—coalescence processes (i.e., 1980-2000 and 2000-2015). Similarly, in
Foshan and Jiangmen, the ratio of leapfrogging increased gradually after 2000 and 1995,
respectively, due to adjustments of administrative division in 2002 (i.e., Foshan) and 1992
(i.e., Jiangmen). In Dongguan, after the general diffusion—coalescence process during
1980-2010, there was an abrupt increase in leapfrogging in 2010-2015, signifying that
Dongguan entered a new diffusion process; Zhongshan was still undergoing a diffusion
process, with a substantial number of leapfrogging patches appearing around the existing
northwest, central, and southern urban areas during 2010-2015 (Figure 2C). Unlike the
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six cities mentioned above, Zhuhai changed frequently in the proportion of urban growth
types, which might be attributed to the frequent change of the city center position [46]. The
complexities of Zhuhai’s urban development were unable to be captured by the diffusion-
coalescence theory.

4.3. Mechanism of Land Urbanization in the Pearl River Delta

The mechanisms of urbanization in different cities of the PRD demonstrated diverse
characteristics. In the study area (Figure 2), the urban extension patterns in Guangzhou,
Foshan, and Jiangmen were of small difference—as was that in Shenzhen and Dongguan,
Zhongshan, and Zhuhai. Specifically, the urban expansion patterns in Guangzhou, Fos-
han, and Jiangmen were single—nucleated in the early stages of urbanization, when the
initial urban core was dominated in urban expansion and became multinucleated after-
ward with subcores emerging, as shown in Figures 2 and 5. Shenzhen and Dongguan
witnessed dispersed urban construction and experienced multinucleated expansion af-
ter 1990; Zhongshan and Zhuhai generally went through a dual-nucleated expanding
pattern, in which there were two large urban expansion cores of similar size for most of
the study period. Both physical and socioeconomic factors contributed to the distinctive
urban expansion patterns in the seven studied cities. Previous studies have found that
the urban area might increase with the decline of distance to rivers and roads and the
impacts of rivers on urbanization might be stronger than roads in Guangzhou [21]. Our
results (Figure 2) also found the facilitating effect of rivers, evidenced by the concentrated
distribution of a newly urbanized area in northern Guangzhou, southeastern Foshan, and
northwestern Zhongshan.

The socioeconomic driving mechanisms underlying land urbanization among the
cities were different. We summarized the development of Guangzhou, Shenzhen, and
Zhuhai as “top—-down” patterns led by the municipal government, while Foshan, Jiangmen,
Dongguan, and Zhongshan were summarized as “bottom-up” development models.

The urban planning and land system dominated by the municipal government might
be the main forces for urban land expansion in the “top—down” development model.
During 1980-2015, the land urbanization of Zhuhai was far behind other cities such as
Shenzhen, as can be seen by its low rank in rank clocks (Figure 6B) and small value in
growth rates (Table 5). To achieve the conception of a garden—style coastal city, Zhuhai
repeatedly changed its position based on environmental protection [46]. Prior awareness
of environmental-friendly development was likely to limit its growth of industry. To solve
the predicament, Zhuhai is planning to increase land supply for high—efficiency industries
in the future (Figure 7). Urban expansion in Guangzhou benefited from urban master
planning [47]. Along with the urban master planning, rapid infrastructure construction
and efficient administrative division adjustment deployed in Guangzhou. Rapid trans-
portation line extension and urban expansion made Guangzhou form a clear multipoint
and multidirection expansion skeleton along rivers and roads from a single-nucleated
pattern (Figure 2F). Moreover, the land system established by the government determined
its land use pattern (e.g., landscape structure and urban growth type) of urbanization.
Starting with the first land use payment system in 1987, Shenzhen realized large-scale
and multinucleated construction land spread from 1980 to 2005, taking advantage of the
low—cost land acquisition and the high—priced land sell with public service [48]. Thereafter,
during 2005-2015, the urban growth rate of Shenzhen slowed down, and about 40% of
newly developed patches were infilling type. The municipal government realized the past
unsustainable land use pattern and took efforts to optimize its land use system and manage-
ment activities through various policy measures, in which land renewal and distribution
rationalization played important roles (Figure 7).
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The 13th Five—Year Land Use Plan of Guangzhou (2016-2020)

Construction Land Resources Integration, Unification
and Optimization
Dongguan Land Consolidation Planning Text (2016-2020)
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« Potential Increase of Rural Residential
Construction Land
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Foshan Land Consolidation Planning Text (2016—
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Shenzhen Land Use Master Plan (2006-2020)
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¢ Incremental Land Development
Steady Progress of New Countryside Construction
The 13th Five—Year New Urbanization Plan of
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Annual Responsibility White Paper (2018) . (2016-2020)

Priority for Infrastructurc Land
Development
Zhongshan Land Consolidation Planning Text

Figure 7. Momentous policies in cities of the Pearl River Delta (PRD) (collected from official documents published by the
local governments for land management and social development). The land use plan of each city has something uniform,
such as optimizing the structure and efficiency of land use; there are also certain differences, such as strict prohibition
of development activities in ecological protection zones (i.e., Jiangmen) and priority for infrastructure land development

(i.e., Zhongshan).

In the “bottom—up” pattern, the power driving land urbanization came from low-level
administrative organizations, including villages, townships, and counties. Within the
context of reform and opening up, power decentralization took place in most cities [49,50],
in which the ownership and use system of land and labor were under the control of the local
government in villages or towns [51]. In Foshan and Jiangmen, power decentralization
resulted in the development of county—level regions, making urban expansion transform
from a single—nucleated to multinucleated pattern (Figure 2D,G). As for Dongguan, the
whole city was composed of townships without county—level administrative units, and
as such power decentralization and dispersed rural urbanization were more prominent
in this city. For example, by 2002, village industry was the dominant component of the
industry in Dongguan [51], which might have stimulated the urban expansion in the rural
area with scattered distribution rather than in the urban center.

4.4. Distinct Features of the Urbanization Process in the Pearl River Delta Urban Agglomeration

To further explore the distinct features of the PRD, we compared it with the other two
major urban agglomerations of China—namely, the Beijing-Tianjin—-Hebei (BTH) Urban
Agglomeration and the Yangtze River Delta (YRD) Urban Agglomeration.

Cities in the PRD had relatively smaller differences in terms of administrative level.
In the BTH, the existence of Beijing and Tianjin, two municipalities, made the regional ad-
ministrative hierarchy complicated. As the capital of China, Beijing enjoys policy priority
compared with other cities including Tianjin [52]. The significant difference in admin-
istrative hierarchy led to polarization in the BTH, resulting in a “polarization period”,
in which the polarizing effect of Beijing and Tianjin exceeded their promotion effect on
Hebei province [53]. Further, the excessive gap in development level [54] resulted in the
well-known “poverty belt around Beijing-Tianjin” [55]. On the contrary, in the PRD the
total annual growth and increase rate was not always dominated by one or two particular
cities, as Table 5 shows. Additionally, the rank orders of the cities in terms of GDP per unit
area rose and fell (Figure 6C), suggesting that the development advantage of cities was
constantly changing over time. A more balanced development path was formed in the
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PRD, in which no city could be superior to other cities in the administrative level similar
to Beijing.

Cities in the PRD were all within the jurisdiction of Guangdong province, meaning
that developing planning and management strategies could be formulated from a regional
perspective with small obstacles. For instance, Guangzhou and Foshan have been devel-
oping an integrated Guangzhou-Foshan metropolitan area since 2002 [56]. Nevertheless,
it was rather difficult to achieve in the YRD, mainly because the cities in the YRD were
distributed in four provincial-level administrative regions, including Shanghai, Jiangsu,
Zhejiang, and Anhui. Therefore, it was quite a challenge to coordinate the relationship and
profit among different cities and provinces [57]. In Guangdong province, with the impact
of “top—down” growing over time, the development planning of cities was complementary
to each other, in line with the national conditions of China’s process of urban develop-
ment and integration [58]. A regional development strategy guided the development of
individual cities in the PRD. As was illustrated in Figure 7, Jiangmen was instructed to
preserve ecological land and Dongguan planned to improve the level of land use and
infrastructure, undertaking the industrial radiation roles of Shenzhen and Guangzhou
(Outline Development Plan for the Guangdong-Hong Kong-Macao Greater Bay Area,
2019). Moreover, these cities all need to ensure the high efficiency of new construction land
and optimize the structure of old construction land, including Guangzhou, Foshan, and
Jiangmen, which had relatively more stocks of land than others (Figure 7).

In addition, admittedly, the development of urban agglomeration is always insepara-
ble from the leading city, such as Beijing for the BTH and Shanghai for the YRD. In the PRD,
Shenzhen acts as one of the leading cities, developing rapidly under the robust socialist
market economy. There is no doubt that Hong Kong was the key to the development of
Shenzhen in the early stages, providing a variety of supports for its development such
as capital, management, and producer service [59]. As time went on, Shenzhen began to
act similar to Hong Kong, driving the development of nearby cities such as Dongguan.
However, the land resource scarcity forced Shenzhen to use stock land and transfer some
production industry to other cities in order to improve its land use efficiency and realize
sustainable development. This can be seen from the fact that urban land expansion in
Shenzhen has been becoming increasingly compact over time.

5. Conclusions

The massive urban growth in the Pearl River Delta is a microcosm of China’s rapid ur-
banization process. In our study, we explored the magnitudes, rates, form, and mechanism
of land urbanization across seven major cities of the PRD, and provided valuable compara-
tive studies and portfolios for a comprehensive understanding of China’s urbanization.

Rapid land urbanization has occurred in the whole study area over the past 35 years.
The average annual increase rate was ranked in the order of Shenzhen, Guangzhou, Foshan,
Zhongshan, Jiangmen, Zhuhai, and Dongguan. Guangzhou and Shenzhen were the two
most powerful engines for rapid urbanization of the PRD, and other cities also acted as
the continuous impetus. Shenzhen’s growth trajectory was in line with Dietzel’s diffusion-
coalescence theory, while those of the other six cities differed because of their respective
characteristics. Different cities had diverse internal mechanisms of urban expansion—
namely, “top—-down” and “bottom—up” patterns. From a regional perspective, the PRD
walked on a more balanced development path compared to other urban agglomerations,
making it the earliest rapidly growing region and the earliest trier of the region integration
process in China. The relationship of Shenzhen and Hong Kong is the key for rapid
development of the PRD, and now Shenzhen is playing the role Hong Kong played 35 years
ago to other cities nearby.

This study could contribute to the understanding of sustainable and integrated de-
velopment of urban agglomerations in China and provide instructive insights for the
sustainable development of the Guangdong-Hong Kong-Macao Greater Bay Area.
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