
sustainability

Article

Spatiotemporal Patterns and Driving Forces of Urban
Expansion in Coastal Areas: A Study on Urban
Agglomeration in the Pearl River Delta, China

Yichen Yan 1, Hongrun Ju 1,*, Shengrui Zhang 2,* and Wei Jiang 3

1 School of Tourism and Geography Science, Qingdao University, Qingdao 266071, China; yyc525geo@126.com
2 Management College, Ocean University of China, Qingdao 266100, China
3 China Institute of Water Resources and Hydropower Research, Beijing 100038, China; jiangwei@iwhr.com
* Correspondence: juhr@qdu.edu.cn (H.J.); zhangshengrui@ouc.edu.cn (S.Z.)

Received: 24 November 2019; Accepted: 20 December 2019; Published: 25 December 2019 ����������
�������

Abstract: Since the beginning of the 21st century, the spatial pattern of urban expansion and the
mechanism of urbanization in coastal areas have undergone significant changes. This study aims to
reveal the spatiotemporal patterns of urban land expansion and analyze the dynamic driving forces of
urban agglomeration in the Pearl River Delta of China from 2000 to 2015. The urban-land-expansion
intensity index, expansion difference index, and fractal dimension were used to study how the urban
land in this area was developed, and the geographical detector was applied to explore the relative
importance, expansion intensity, and interactions of physical and socioeconomic factors. The results
revealed that the urban-land-expansion intensity of the Pearl-River-Delta urban agglomerations
exhibit a downward trend, while cities exhibited a trend of developing more coordinately from 2000
to 2015. Physical factors determined the direction and scale of urban development, and the urban
land expansion in the Pearl-River-Delta urban agglomeration is mainly distributed in plain areas
that have an elevation below 120 m and a slope less than 5◦. Socioeconomic factors have a greater
influence on the expansion of urban land, and their effects have changed over time. Population
growth and economic development has played a significant role in the expansion of urban land before
2005. Subsequently, the factor of GDP and distance to the core cities of Guangzhou and Shenzhen
controlled the expansion to the greatest extent. The impacts of various factors tended to become
balanced during 2010–2015. The majority of the factors enhanced each other via their interactions,
and the distance to the rivers always exhibited a greater enhancement when there was interaction
with other factors. The spatial and temporal analysis of the urban expansion and the mechanism
of the Pearl River Delta urban agglomeration could provide useful information for coastal urban
planning. This study also offers new knowledge regarding the interactions between different drivers
of urban land expansion.

Keywords: urban land expansion; spatial pattern; driving forces; Pearl River Delta;
urban agglomeration

1. Introduction

Coastal areas are commonly defined as the interface or transition areas between land and sea,
and they comprise diverse functions and forms with no strict spatial boundaries [1]. Coastal areas
are usually characterized by flat terrain, a moderate climate, booming economy, rich resources, and
convenient accessibility to marine trade and transport. The combination of these features drives
coastal migration and stimulates urban expansion [2]. The majority of the world’s metropolises and
urban agglomerations are situated in coastal areas [3], and many of these are in large deltas. The
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rates of urban expansion in coastal areas were significantly higher than that in the hinterland from
1970 to 2000 [4]. Unprecedented urbanization has resulted in profound changes in landscape [5],
biodiversity [6], biogeochemical cycles [7], and energy flow [8] at multiple spatiotemporal scales.
In China, urbanization in the coastal areas also grew and expanded faster than that in the western
non-coastal areas [4]. The growth rate of the coastal urban land is three times higher than the national
rate and has been driven by continued economic growth and specific policies that encourage coastal
city development [9]. At the same time, rapid urbanization, increasing land utilization, and pollution
have also put increasingly high pressure on coastal ecosystems and natural resources [10]. Therefore,
understanding the spatiotemporal patterns of the rapidly expanding coastal cities in China is important
for formulating sustainable land-use and urban-planning policies.

At present, geographic information systems (GIS) combined with remote sensing (RS) and
landscape indexes have been widely applied for determining the spatiotemporal dynamics of urban
growth patterns [11]. RS offers consistent and frequent data from study areas with positional spatial
detail [12], which can be analyzed, displayed, and described using GIS [13]. Moreover, the development
of the landscape ecology can be of immense help in quantitatively describing the urban expansion
patterns, and the relationship between urbanized area structure and the urbanization process using
landscape metrics [14]. With the rapid development of GIS, the valuable multispectral RS data set,
and various indexes in landscape ecology, the specific spatial and temporal characteristics and driving
forces of urban expansion can be better understood. The combination of these three methods is effective
for updating the spatial data and obtaining accurate and timely geospatial information for illustrating
the change patterns of urban land expansion [15].

The Pearl River Delta is one of three “National Optimized Development Zones” in China; however,
the inclusion of Hong Kong and Macao in the Greater Pearl River Delta makes it the most globally
integrated of the three. Since the start of the 21st century, the spatial structure and urbanization dynamic
mechanism of the Pearl River Delta urban agglomeration (PRDUA) have undergone tremendous
changes. The functions of cities have become diversified, and a multi-center urban system was formed
with large urban and rural population immigration [16]. As China’s urbanization and industrialization
process continues to accelerate, the new impetus comes mainly from the development of the urban
economy, strengthening of international and national connectivity, and growth of private capital.
At the same time, as a new regional unit of the country’s participation in global competition and the
international division of labor [17], the urban agglomeration will determine the new pattern of the
global political economy in the 21st century. However, there is a lack of studies comprising the use of
spatially consistent data sets with a high temporal frequency of urban conditions after the year 2000 in
the Pearl River Delta. Accordingly, it is necessary to form a clearer understanding of the urban land
expansion in the PRDUA.

In coastal urban ecosystems, the interactions among geographical, ecological, economic and
social factors exist widely at different spatio-temporal scales [18]. The functions of one factor can
be influenced by the conditions of other factors in the same urban system. It has been proven that
interactions between factors can improve the accuracy of the spatial prediction of urban growth [19].
The cities in an urban agglomeration usually have frequent interactions with each other in the form of
economic, social, and ecological activities. Understanding the interactions among the aforementioned
factors is vital to help simulate and predict urban growth patterns more precisely, and with greater
detail [20]. However, the interactions between factors are rarely studied owing to the intricate functions
of the urban system. The interactions of factors that influence the development of coastal urban
agglomerations require further research.

This study is aimed at exploring the spatiotemporal patterns and driving forces of coastal urban
expansion based on land-use data derived from RS images. The urban agglomeration of the Pearl
River Delta is taken as an example area of this study. A geographical detector is used to identify the
interactions of various driving forces and their changes. In this study, we first introduce the study area
and the corresponding data. The details of the method used to describe the spatiotemporal pattern
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and the approach used with respect to geographical detector are presented later. We then present the
results obtained in terms of the change pattern and the driving forces, especially the interactions, of the
urban-land expansion in the PRDUA over the period of 2000–2015. Finally, we discuss the mechanism
by which the policies act as factors affecting the urban-land use as implicated by the results.

2. Study Area and Data

2.1. Study Area

The PRDUA is one of the world’s largest and fastest growing urban regions. This massive
urban agglomeration is located in Guangdong in the South China region, and consists of 15 highly
interconnected cities, namely, Guangzhou, Shenzhen, Foshan, Dongguan, Zhaoqing, Shaoguan,
Qingyuan, Yunfu, Huizhou, Shanwei, Heyuan, Zhuhai, Zhongshan, Jiangmen, and Yangjiang (Figure 1).
Among these cities, Guangzhou is the capital of the Guangdong province and is the cultural and
political center of the Pearl River Delta. Shenzhen, as a special economic zone in China, is one of
the fastest-growing cities in the world. Owing to its obvious geographical advantages, the PRDUA
has always been the gateway to China. The flat lands of the delta are crisscrossed by a network of
tributaries and distributaries of the Pearl River. This area has a humid subtropical climate characterized
by hot and humid summers and cold-to-mild winters. Around the year 2000, with the handover of
Hong Kong and Macau, and with China being a member of the World Trade Organization, the PRDUA
increasingly attracted the nation’s capital, technology, and talents. In the 21st century, the PRDUA
ushered in new opportunities for economic integration and industrial restructuring. According to the
statistical data obtained from the government, the permanent population of the area has increased by
21.04% from 43.92 million in 2000 to 53.16 million in 2015, and the gross domestic product (GDP) has
increased dramatically from 845.41 billion RMB in 2000 to 6823.09 billion RMB in 2015 [21,22]. The
market of the PRDUA is international and active because of its proximity to Hong Kong. Its significant
economic development has attracted numerous global investors. Furthermore, the industrial cities in
the Pearl River Delta have been called the Factory of the World owing to the presence of industrial parks
populated with factories built using foreign investments. Rapid urbanization and industrialization in
the PRDUA has made it the most populated area with a high proportion of immigration. However,
rapid economic and population growth have also resulted in problems, such as environmental pollution,
water shortages, cropland loss, and high costs of living and housing. It is necessary to study the
dynamic spatial pattern and mechanism of urban expansion in the PRDUA to obtain useful information
for effective urban planning.
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The data used in this study include the following: (i) land use raster data of the PRDUA in 2000, 
2005, 2010, and 2015 having a spatial resolution of 100 m (Figure 2). The data are obtained from 
National Land Use/Cover Database of China. The land use types were visually interpreted from 
medium-resolution satellite images (Landsat MSS/TM/ETM, the China-Brazil Earth Resources 
Satellite and HJ-1A) and field surveys were conducted to verify the classification results [23]. The 
land use types are divided into six types of first-class: cropland, woodland, grassland, water bodies, 
built-up land, and unused land; and the built-up land contains three second-level types of urban 
land, rural settlement, and industry-traffic land. Urban land referred to land used for urban 
settlement, with a largely continuous area covered by urban construction and city facilities. (ii) The 
socioeconomic data of the PRDUA includes the population, GDP, secondary industry GDP, tertiary 
industry GDP, and total investment in fixed assets [21,22,24,25]. (iii) The vector data of the main 
roads, rivers, and coastlines are derived from the National Fundamental Geographical Information 
System of China. The elevation and slope data are derived from the 90 m elevation data of the Shuttle 
Radar Topography Mission. 

Figure 1. Location and administrative divisions of the Pearl River Delta urban agglomeration:
(a) Location of the study area; (b) Administrative divisions of the study area; and (c) Topography of the
study area.

2.2. Data Source

The data used in this study include the following: (i) land use raster data of the PRDUA in 2000,
2005, 2010, and 2015 having a spatial resolution of 100 m (Figure 2). The data are obtained from
National Land Use/Cover Database of China. The land use types were visually interpreted from
medium-resolution satellite images (Landsat MSS/TM/ETM, the China-Brazil Earth Resources Satellite
and HJ-1A) and field surveys were conducted to verify the classification results [23]. The land use
types are divided into six types of first-class: cropland, woodland, grassland, water bodies, built-up
land, and unused land; and the built-up land contains three second-level types of urban land, rural
settlement, and industry-traffic land. Urban land referred to land used for urban settlement, with a
largely continuous area covered by urban construction and city facilities. (ii) The socioeconomic data
of the PRDUA includes the population, GDP, secondary industry GDP, tertiary industry GDP, and total
investment in fixed assets [21,22,24,25]. (iii) The vector data of the main roads, rivers, and coastlines
are derived from the National Fundamental Geographical Information System of China. The elevation
and slope data are derived from the 90 m elevation data of the Shuttle Radar Topography Mission.
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Figure 2. Spatial distribution of the urban land in the Pearl River Delta urban agglomeration from 2000
to 2015.

3. Methods

3.1. Spatial Pattern Indicators

3.1.1. Urban-Land Expansion Intensity Index

The urban-land expansion intensity index refers to the rate of expansion of the area of urban land
within a certain period. After standardization, the speeds of urban-land expansion during different
periods and in different spatial units are comparable. This index is defined as follows:

UEIi =
UAi

t+m
−UAi

t

UAit ×m
(1)

where UEIi represents the urban land expansion intensity, UAi
t+m and UAi

t represent the urban
land area in the spatial unit i of t and t + m years, respectively, and m is the number of years in the
study period.

3.1.2. Urban-Land Expansion Difference Index

The urban-land expansion difference index represents the ratio of the urban expansion rate of the
cities in the urban agglomeration to the urban expansion rate of the entire urban agglomeration over a
certain period, and it makes the urban-land expansion speed of different cities comparable. The index
can also indicate the coordinate development among the cities. This index is defined as follows:

UEDIi =

∣∣∣UAi
t+m
−UAi

t
∣∣∣×UAt∣∣∣UAt+m −UAt
∣∣∣×UAit

(2)
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where UEDIi represents the urban land expansion difference, and UAt+m and UAt represent the urban
land area of the PRDUA during different time periods. Here, UAi

t+m, UAi
t and m are the same as those

in Equation (1).

3.1.3. Fractal Dimension

The fractal dimension is the measurement of the form of urban land. Fractal dimension changes
can reflect the spatial concentration and diffusion of the urban land [26]. The more complex the shape
and structure of the urban land, the greater the fractal dimension. This index is defined as follows:

Dit =
2 ln(0.25Pit)

ln(Ait)
(3)

where Dit, Pit and Ait represent the fractal dimension, perimeter of the urban patch, and area of the
urban patch, respectively, of the ith city in year t. The fractal dimension has a value range of 1–2. The
complexity of the urban form is positively correlated with the value of the fractal dimension. When the
value of the fractal dimension is greater than 1.5, the form of the urban land is complicated. In contrast,
and the urban form is relatively simple [27].

3.2. Driving Force Analysis—Geographical Detector

A geographical detector comprises a set of statistical methods that are used to identify the spatial
differentiation and reveal the driving mechanism behind geographical phenomena [28]. This method
includes four detectors, namely: factor, risk, ecological, and interaction detectors. In this study, mainly
the factor, risk, and interaction detectors are used to analyze the relative influence of the various factors
in the urban expansion of the PRDUA, how each factor influences the expansion, and the interactions
between the different factors.

(1) Factor Detector

The factor detector can quantitatively represent the relative importance of each possible factor.
The power determinant (p) is defined as the difference of one and the ratio of the accumulated variance
of the urban land growth area in the sub-regions of a factor to that over the entire study area [29]:

p = 1−

N∑
i=1

niσi
2

nσ2 (4)

where N is the number of strata of the potential factor, and ni and n are the number of grid elements of
the strata i and the whole region, respectively. σi

2 and σ2 are the variances of the urban-land area in
the strata i and the whole region, respectively. The value range of p is [0, 1], and the greater the value
of p, the greater the influence of the factor is.

(2) Risk Detector

In the case of the risk detector, the t-test is used to perform a comparison to determine whether
the difference between the sub-regions divided by the potential factor is significant. In this study, the
average expanded urban area of the grid cells in a sub-region Di is calculated as follows [20]:

Ud =
1

nDi

nDi∑
1

yDi (5)

where yDi denotes the urban expanded area of a grid in a strata Di, and nDi denotes the number of
grids in the strata. Using the Ud values, a comparison of the effects of different levels of a factor can be
conveniently performed. The greater the value of Ud, the more rapid the urban-land expansion is.
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(3) Interaction Detector

The interaction detector identifies how two different factors interact to exert an impact on the
spatial expansion of the urban agglomeration. The interaction detector quantifies the interaction of the
two possible influence factors as follows:

Nonlinear-weaken: p(M∩N) < Min(p(M), p(N))
Uni-enhance/weaken: Min(p(M), p(N)) < p(M∩N) < Max(p(M), p(N))
Bi-enhance: Max(p(M), p(N)) < p(M∩N) < (p(M) + p(N))
Independent: p(M∩N) = p(M) + p(N)
Nonlinear-enhance: p(M∩N) > (p(M) + p(N))

(6)

where the symbol “∩” denotes the interaction between factors M and N. In the Esri ArcGIS platform,
the overlay of two influence factor (such as M and N) layers can be realized. When layer O is formed,
the p values of M, N, and O are respectively input into the above formula to determine whether the
two factors have interactions, and if the interactions are enhanced or weakened.

3.3. Driving Factors Selection

The factors affecting the expansion of urban land are diverse and the mechanism of land use
change is complex. Based on a review of the extant research, the driving forces for urban-land expansion
comprise three categories, namely physical, socioeconomic, and policy factors [20]. These factors
interact and drive the expansion of urban land in urban agglomerations. The physical factors determine
the background conditions for regional urban-land expansion [30,31]. The mountains and hills are
sparsely distributed in the northern, eastern, and western parts of the PRDUA, which may restrict the
expansion of the urban land (Figure 1c). As a coastal urban agglomeration, the sea could serve as a
natural transportation hub to the outside areas, which could influence urban development. The Pearl
River Delta is formed by three major rivers, including the Xi Jiang (West River), Bei Jiang (North River),
and Dong Jiang (East River). Therefore, the terrain, distance to the sea, and river distribution may
determine the potential, intensity, direction, and scale of the urban-land expansion. Socioeconomic
factors are also vital factors affecting urbanization [32–34]. The rapidly growing population, increasing
GDP, and investment in infrastructure all directly stimulate urban expansion. At the same time, as
an effective means for the government to regulate urban development, policy factors have played an
important role in urban planning. However, it is often difficult to quantify policy factors. In this study,
the impact of the policy factors is revealed using physical and socioeconomic factors as geographic
proxies. The so-called geographic proxies refer to factors that can be spatially represented in the real
world owing to the determining factors behind the geographical phenomena [35]. The policy factors
always interact with physical and socioeconomic factors, and thus the impact of the policy factors is
reflected in the spatial pattern of land-use change and changes in the physical and socioeconomic
factors. For example, the formulation of a policy may result in population gathering and economic
growth, which would stimulate the expansion of urban land. Therefore, the effects of the policy are
reflected by socioeconomic indicators such as population growth and GDP change. Based on the
above considerations, in this study, 10 physical and socioeconomic factors are selected as the driving
factors for urban-land expansion in the PRDUA (Table 1). Furthermore, these factors are introduced as
geographical proxy factors for the policy factors in later analysis.
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Table 1. Driving factors of urban land expansion in the Pearl River Delta urban agglomeration.

Category Variable Abbreviation Unit

Physical factors

Elevation ELE m
slope SLP °

Distance to rivers D_RV km
Distance to coastline D_CL km

Socioeconomic factors

Permanent population P_POP thousand persons
Gross domestic product GDP billion RMB

Proportion of secondary and tertiary
industries in GDP ST_GDP %

Total investment in fixed assets T_FAI billion RMB
Distance to main roads D_RD km

Distance to Guangzhou and Shenzhen D_GS km

4. Results

4.1. Spatial Pattern of Urban Land Expansion

The urban land expansion intensity indexes for the three time periods, 2000–2005, 2005–2010,
and 2010–2015, and the entire time period are presented in Table 2. The results indicate that although
the area of the urban land in the PRDUA continued to expand, its expansion intensity demonstrated
a downward trend. The intensity of the urban-land expansion peaked in 2000–2005, and those of
the majority of the cities were consistent with that of the whole area. The decreasing trend of the
intensity of urban-land expansion may have been influenced by the “National Principal Function
Zoning Plan” in 2010, which emphasized the optimization of construction-land expansion mode based
on different function divisions. In 2005–2010 and 2010–2015, the difference in the intensity of expansion
among the cities significantly reduced, thereby reflecting the coordinate development within the urban
agglomerations. This change may demonstrate that the spatial structure of the PRDUA changed from
two single-center structures in Guangzhou and Shenzhen to a multi-centered structure (Figure 2).

Table 2. Urban-land expansion intensity in Pearl River Delta urban agglomeration.

City 2000–2005 2005–2010 2010–2015 2000–2015

Guangzhou 0.141 0.036 0.019 0.080
Shenzhen 0.040 0.026 0.015 0.030

Foshan 0.057 0.015 0.001 0.026
Dongguan 0.037 0.015 0.011 0.023

Zhuhai 0.187 0.046 0.014 0.103
Zhongshan 0.031 0.048 0.028 0.042
Zhaoqing 0.023 0.022 0.045 0.034

Yunfu 0.086 0.075 0.023 0.079
Yangjiang 0.039 0.010 0.021 0.026
Shaoguan 0.065 0.018 0.016 0.037
Shanwei 0.068 0.022 0.075 0.069

Qingyuan 0.155 0.011 0.038 0.081
Huizhou 1.304 0.044 0.008 0.571
Heyuan 0.415 0.025 0.026 0.193

Jiangmen 0.087 0.027 0.142 0.119
PRDUA 0.153 0.032 0.016 0.081

Figure 3 shows the spatial pattern of the urban-land expansion difference of each city, and the
five categories were defined as slow development, relatively slow development, medium-speed
development, relatively rapid development, and rapid development according to Jenk’s natural breaks.
The speed of urban-land expansion varied between cities over different time periods. From 2000 to
2005, the cities of Dongguan, Zhongshan, Guangzhou, Foshan, and Qingyuan were developing rapidly
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(Figure 3a). From 2005 to 2010, Guangzhou, Foshan, and Dongguan had a high expansion speed,
which stimulated Huizhou and Jiangmen to become the new rapid-expansion zones (Figure 3b). From
2010 to 2015, the expansion speed of the southwestern part of the PRDUA was significantly higher
than that of the central and eastern regions (Figure 3c). This phenomenon may have been influenced
by the construction of Hong Kong-Zhuhai-Macao Bridge at the end of 2009, which strengthened the
effect of Zhuhai causing an improvement in the development of the west of the Pearl River Estuary
during this period. Overall, the expansion of urban land in the PRDUA was mainly concentrated in
the central and southern regions, and the index showed a decreasing tendency as the distance to the
Pearl River Estuary increased (Figure 3d).
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During 2000–2015, the fractal dimensions of Shenzhen, Dongguan, and Foshan were significantly
greater than those of other cities, which indicated that the urban form was more complicated in these
cities. The maximum fractal dimension of all the cities during this period did not exceed 1.3, thus
revealing that the urban form within the PRDUA was relatively simple and regular. During the
study period, the fractal dimension of Guangzhou, Shenzhen, Zhaoqing, Shaoguan, Qingyuan, and
Heyuan increased continuously, thus demonstrating that the shape of the cities became increasingly
complicated, which was due to the increase in human interference activities. In contrast, the fractal
dimension of the other cities first increased and then decreased, which may indicate that the urban
development experienced a process of disorderly development followed by planned development
during this period. From 2000 to 2015, the fractal dimensions of Shenzhen and Zhongshan changed
the most, while the fractal dimension of Zhuhai changed the least. This phenomenon indicated that
the shape of the Shenzhen and Zhongshan cities changed drastically in those 15 years, while the urban
form of Zhuhai remained relatively stable (Table 3).
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Table 3. Fractal dimension index of cities in the Pearl River Delta urban agglomeration.

City 2000 2005 2010 2015 Changes

Guangzhou 1.1687 1.2002 1.2057 1.2070 0.0383
Shenzhen 1.1926 1.2282 1.2328 1.2464 0.0538

Foshan 1.2005 1.2068 1.1837 1.1862 −0.0143
Dongguan 1.2131 1.2444 1.2392 1.2417 0.0286

Zhuhai 1.1643 1.1672 1.1701 1.1660 0.0017
Zhongshan 1.1518 1.2209 1.2098 1.2056 0.0538
Zhaoqing 1.1436 1.1485 1.1525 1.1595 0.0159

Yunfu 1.1491 1.1561 1.1539 1.1762 0.0271
Yangjiang 1.1879 1.2042 1.2062 1.2060 0.0181
Shaoguan 1.1204 1.1366 1.1471 1.1480 0.0276
Shanwei 1.1029 1.1330 1.1392 1.1387 0.0358

Qingyuan 1.1118 1.1404 1.1421 1.1433 0.0315
Huizhou 1.1369 1.1890 1.1757 1.1830 0.0461
Heyuan 1.1766 1.2118 1.2133 1.2159 0.0393

Jiangmen 1.1878 1.1980 1.2058 1.2042 0.0164

4.2. Results of Driving-Forces Analysis

4.2.1. Factor and Risk Detector

The factor detector is a measure of the relative importance of various factors to the expansion of
the urban land. Between 2000 and 2005, socioeconomic factors had a significant effect on urban-land
expansion. The increase in population had the greatest influence, followed by those of fixed asset
investments and GDP. Between 2005 and 2010, the GDP still played as an important factor influencing
the urban-land expansion. The distance to Guangzhou and Shenzhen became the second important
driving force, thus indicating that the two cities played a significant role in the urban agglomeration
during this period. However, the influence of distance to Guangzhou and Shenzhen decreased
significantly between 2010 and 2015. In contrast, physical factors such as elevation, slope, and distance
to the rivers had a relatively low effect on the urban-land expansion over the whole period. The distance
to the coastline was the most influential physical factor during the first period and its influence decreased
after 2005. Overall, the socioeconomic indicators, such as the influence of population, investment in
fixed assets, GDP, and the distance to the core cities of the urban agglomeration had a higher impact at
first, but the impact of the socioeconomic and physical factors gradually became even in 2010–2015
(Table 4).

Table 4. The p values of the driving factors from 2000 to 2015 (Acronyms are defined in Table 1).

Driving Factor 2000–2005 2005–2010 2010–2015

P_POP 44.83% 10.58% 2.39%
T_FAI 32.55% 8.51% 2.63%
GDP 29.94% 27.42% 5.40%
D_GS 22.14% 25.18% 6.93%
D_CL 9.04% 3.57% 3.31%

ST_GDP 6.16% 19.52% 5.67%
ELE 5.21% 15.28% 5.26%
SLP 4.83% 16.95% 4.75%

D_RV 3.96% 7.47% 3.95%
D_RD 2.96% 4.98% 2.25%

The risk detector presented a comparison of the mean values of the urban-land expansion in
different sub-regions to determine where the urban-land expansion was severe. The expanded area
of the urban land was basically positive in relation to the population growth during 2000–2015
(Figure 4a–c). The urban-land expansion rate was significantly greater than the population growth
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rate. During the study period, the area of the urban land increased by 121.6%, and the population
increased by 21.0%. The growth rate of the urban-land area was 5.79 times that of the population, thus
further demonstrating the uncoordinated development between the urban land and population in
coastal areas [4,36].
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Similarly, the greater the increase in GDP and total investment in fixed assets, the more intensive
the urban-land expansion was (Figure 4d–i). During the study period, the GDP growth in the fourth
sub-region was the most dramatic. The urban statistics showed that Dongguan and Foshan were both
in this sub-region in three periods, and they were the two cities with the highest urbanization rate.

During the two initial periods, urban-land expansion was dynamic where the increase of the
proportion of secondary and tertiary industries in GDP was small. This may have been because land
resources were more important for the initial development of the secondary and tertiary industries.
The demand for land in the stage during which the secondary and tertiary industries increased at a
high speed was reduced because the emphasis was focused more on the quality development. During
2010–2015, the proportion of secondary and tertiary industries in GDP increased at a slower rate than in
the former two periods. The urban area expanded the most where the increased value of the secondary
and tertiary industries in GDP was 0.07%–0.53%, thus indicating that the optimization of the industrial
structure promoted the expansion of urban land (Figure 4j–l).
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The factors of regional slope and elevation had similar effects on urbanization. In areas with
elevations below 120 m and a slope less than 5◦, the average expanded area of each grid reached a
maximum value. This is because urban expansion tended to occur at the least cost in areas where the
terrain was low and flat. Furthermore, the population also tended to gather in flat and low coastal
areas, which may have interactively enhanced the urban-land expansion (Figure 5a,b).
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The distance to the two major cities of Shenzhen and Guangzhou had an apparent effect on the
urban-land expansion. As the distance increased, the expansion intensity of the urban land decreased
significantly during the first two periods. This non-linear negative correlation was mitigated in
2010–2015. This phenomenon reflected the core driving effects of the major cities on urbanization
in the urban agglomeration during the initial expansion of the city. However, this effect tended to
decrease when the urban agglomeration developed into a new stage with greater emphasis on quality
and structure (Figure 5c).

Similarly, the impact of roads, rivers, and the coastline also showed a negative relationship with
the urban-land expansion. The closer to the main roads, rivers, and coastline, the more intense the
urban-land expansion was. The urban-land expansion was severe in regions within 10 km from main
roads, 20 km from rivers, and 50 km from the coastline in the PRDUA (Figure 5d–f). This was because
the construction of roads could improve the accessibility of the local areas, and rivers could serve as
tourist attractions and provide convenient water and land connections. The distance to the coastline has
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a close relationship with the terrain and port transportation, and thus it showed a negative relationship
with the urban land expansion.

4.2.2. Interaction Detector

There are 55 pairs of interactions between 10 influencing factors. These interactions were
analyzed using three categories: pairs of socioeconomic factors, pairs of physical factors, and pairs of
socioeconomic and physical factors. The results showed that if any two factors were superimposed,
the explanatory power of urban land expansion was enhanced in the PRDUA.

We found that, between 2000 and 2005, the average interaction between pairs of socioeconomic
factors was the strongest, whereas that between pairs of physical factors was the weakest (Table 5).
For example, the top four interactions between pairs of socioeconomic factors included the population
interacting with the following factors: distance to Guangzhou and Shenzhen (0.5201), total investment
in fixed assets (0.5022), GDP (0.4988), and the proportion of secondary and tertiary industries in GDP
(0.4983). At the same time, the greatest interaction between pairs of socioeconomic and physical
factors was the pair of the population and the distance to coastline interacting (0.4970). In addition,
the interaction between the distance to the coastline and the distance to rivers was the strongest in
comparison the other pairs of physical factors in the periods.

Table 5. Interactions between the driving factors in 2000–2005 (Acronyms are defined in Table 1).

Factors P_POP GDP ST_GDP T_FAI D_GS D_RD ELE SLP D_RV D_CL

P_POP 0.4483
GDP 0.4988 0.2994

ST_GDP 0.4983 0.4910 * 0.0616
T_FAI 0.5022 0.3332 0.5076 * 0.3255
D_GS 0.5201 0.3348 0.2869 * 0.3424 0.2214
D_RD 0.4551 0.3054 0.0952 * 0.3401 0.2338 0.0296
ELE 0.4660 0.3169 0.1091 0.3489 0.2351 0.0823 0.0521
SLP 0.4707 0.3229 0.0990 0.3733 0.2489 0.0754 0.0672 0.0483

D_RV 0.4646 0.3144 0.1219 * 0.3830 * 0.2540 0.0699 0.0968 * 0.0974 * 0.0396
D_CL 0.4970 0.4508 0.1243 0.4023 0.2842 0.1689 * 0.1139 0.1230 0.2308 * 0.0904

The symbol “*” denotes the nonlinear enhancement of two factors. The average interaction of each category:
pairs of socioeconomic factors: 0.3830, pairs of physical factors: 0.0960, and pairs of socioeconomic and physical
factors: 0.2785.

In 2005–2010, the interactions of the pairs of socioeconomic factors and pairs of physical factors
still occupied the strongest and weakest positions, respectively, but the average interaction between
the pairs of physical factors was significantly enhanced as compared to that of the previous period
(Table 6). The top three interactions between pairs of socioeconomic factors comprised that of the
distance to Guangzhou and Shenzhen with the population (0.4042), proportion of secondary and
tertiary industries in GDP (0.3468), and GDP (0.3326). In addition, three of the four greatest interactions
between the socioeconomic factors and physical factors were observed between the distance to rivers
and the following factors: GDP (0.3684), distance to Guangzhou and Shenzhen (0.3602), and secondary
and tertiary industries in GDP (0.3549).
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Table 6. Interactions between the driving factors in 2005–2010 (Acronyms are defined in Table 1).

Factors P_POP GDP ST_GDP T_FAI D_GS D_RD ELE SLP D_RV D_CL

P_POP 0.1058
GDP 0.3150 0.2742

ST_GDP 0.3270 * 0.3104 0.1952
T_FAI 0.1469 0.2965 0.3244 * 0.0851
D_GS 0.4042 * 0.3326 0.3468 0.2645 0.2518
D_RD 0.1475 0.2873 0.2262 0.1273 0.2755 0.0498
ELE 0.2163 0.3438 0.2535 0.2156 0.3086 0.1829 0.1528
SLP 0.2321 0.3699 0.2880 0.2327 0.3522 0.1929 0.2020 0.1695

D_RV 0.1841 * 0.3684 * 0.3549 * 0.2068 * 0.3602 * 0.1267 * 0.2138 0.2369 0.0747
D_CL 0.1216 0.2912 0.2123 0.1531 * 0.2777 0.1065 * 0.1703 0.1962 0.1984 * 0.0358

The symbol “*” denotes the nonlinear enhancement of two factors. The average interaction of each category:
pairs of socioeconomic factors: 0.2755, pairs of physical factors: 0.1650, and pairs of socioeconomic and physical
factors: 0.2480.

In 2010–2015, the average interaction between socioeconomic factors and physical factors was
stronger than that between the other two types of interactions (Table 7). The strongest three interactions
between pairs of socioeconomic and physical factors were observed between the distance to Guangzhou
and Shenzhen and the distance to rivers (0.1125), GDP and the distance to rivers (0.1066), and the
distance to Guangzhou and Shenzhen and the slope (0.0996). The strongest interaction between the
pairs of socioeconomic factors was between the distance to Guangzhou and Shenzhen and the total
investment in fixed assets (0.1095).

Table 7. Interactions between the driving factors in 2010–2015 (Acronyms are defined in Table 1).

Factor P_POP GDP ST_GDP T_FAI D_GS D_RD ELE SLP D_RV D_CL

P_POP 0.0239
GDP 0.0887 * 0.0540

ST_GDP 0.0753 0.1004 0.0567
T_FAI 0.0415 0.0854 * 0.0680 0.0263
D_GS 0.1078 * 0.0838 0.0988 0.1095 * 0.0693
D_RD 0.0438 0.0710 0.0746 0.0495 0.0859 0.0225
ELE 0.0686 0.0815 0.0870 0.0746 0.0922 0.0722 0.0526
SLP 0.0770 * 0.0839 0.0946 0.0675 0.0996 0.0645 0.0688 0.0475

D_RV 0.0776 * 0.1066 * 0.0993 * 0.0797 * 0.1125 * 0.0639 * 0.0894 0.0894 * 0.0395
D_CL 0.0702 * 0.0777 0.0833 0.0669 * 0.0954 0.0760 * 0.0615 0.0676 0.0967 * 0.0331

The symbol “*” denotes the nonlinear enhancement of two factors. The average interaction of each category:
pairs of socioeconomic factors: 0.0789, pairs of physical factors: 0.0646, and pairs of socioeconomic and physical
factors: 0.1085.

The nonlinear enhancement, as the strongest type of enhancement, should be further analyzed.
During 2000–2005, nonlinear enhancement was observed in the interactions related to the factors of the
proportion of secondary and tertiary industries in GDP, distance to rivers, and distance to coastline,
thus demonstrating that the interactions between these factors significantly promoted the expansion of
urban land. From 2005 to 2015, the distance to river and the majority of the socioeconomic factors
interacted nonlinearly, which indicated that the existence of rivers could act as a catalyst for urban
expansion. It also showed that the number of pairs demonstrating nonlinear enhancement increased
significantly during the study period, which indicated closer and more complicated interactions within
the urban agglomeration (Tables 5–7).

5. Discussion: Implications of Political Effects

Policies and urban planning play a vital role in the expansion of urban land in the PRDUA, and
their impact is reflected in the spatial pattern of urban land and changes in the driving factors. Based
on the above results, several policies and major events were found to exert a significant impact on the
expansion of urban land in the PRDUA.

The relatively high impact of the distance to Guangzhou and Shenzhen before 2010 proved that
the spatial distribution of urban-land expansion was highly consistent with the distance to the core
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cities. This indicated that Guangzhou and Shenzhen are the economic cores of the area that stimulate
regional development. However, the influence of the distance to Guangzhou and Shenzhen decreased
during 2010–2015. This phenomenon indicated the effects of policy have promoted the spatial pattern
of the PRDUA from the dual-center pattern to a relative integrated pattern. During the study period,
the local government promoted three regional plans to manage and guide the urban development of
the Pearl River Delta: Pearl River Delta Urban Cluster Coordinated Development Plan (2004–2020),
The Outline of the Plan for the Reform and Development of the Pearl River Delta (2008–2020), and The
Pearl River Delta Urban–Rural Integration Planning (2009–2020). In these three plans, the core ideas
were to form a multi-center pattern of the region aimed at balancing the development of the eastern,
western, and central areas, and forming a structure of large, middle, and small cites in the urban
agglomeration. In these plans, the “Guangzhou-Foshan-Zhaoqing” was proposed to be considered
as the central metropolitan area, “Shenzhen-Dongguan-Huizhou” as the eastern metropolitan area,
and “Zhuhai-Zhongshan-Jiangmen” as the western metropolitan area. Guangzhou, Shenzhen, and
Zhuhai were considered as the core cities of each metropolitan area. However, according to the
urban–land expansion process observed in this study, the eastern, western, and central metropolitan
areas in the PRDUA still developed in an unbalanced manner (Figure 6). In the central metropolitan
area, Guangzhou and Foshan were relatively integrated, but Zhaoqing was lagging. In the eastern
metropolitan area, Shenzhen and Dongguan were more developed with the development in Huizhou
being marginal. In comparison, the western metropolitan area was least developed, and Zhuhai was
less developed as compared with Guangzhou and Shenzhen. Overall, the decreasing influence of the
distance to the Guangzhou and Shenzhen reflected the effect of the policies aimed at coordinating the
development of the region, although the effects of the policies tended to exhibit a lag of approximately
5–10 years. In terms of urban-land development, more time may be required to realize multi-center
integrated development in the PRDUA.
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The environmental protection policy also played an important role in the development of urban
land in the PRDUA. The topographic factors were influential, and the expansion intensity was relatively
low in higher and steeper districts in the north of the PRDUA (Table 4 and Figure 5). According
to the division of “Guangdong Principal Functional Zoning Plan (2012–2020),” Shaoguan, Heyuan,
and Qingyuan in the northern mountainous areas of the Pearl River Delta were the key ecological
functional areas. The continuous mountainous forests acted as an ecological shelter and are important
for maintaining a stable regional climate and environment. Therefore, the government restricted
large-scale and high-intensity urbanization in these areas.
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The total investment in fixed assets was also an influential socioeconomic factor during the study
period (Table 4 and Figure 4). As the financial support for the urban construction, the fixed asset
investment was largely determined by the government in China [20]. In 2004, Guangzhou was elected
as the host city of the 2010 Asian Games, and Foshan, Dongguan, and Shanwei were the co-host cities.
According to statistics, the total investment in fixed assets was mainly concentrated in Guangzhou,
Foshan and Dongguan during this period [22,24,25]. It was found that the urban-land expansion in
these cities was rapid between 2005 and 2010. The preparation and construction of the relevant venues
attracted a large amount of investment, promoted infrastructure construction in these cities, boosted
their economic growth, and accelerated the expansion of urban land.

6. Conclusions

Based the land use data derived from RS imagery in 2000, 2005, 2010, and 2015, the spatial and
temporal patterns of urban land expansion in the coastal urban agglomeration of the Pearl River Delta
were analyzed in this study. The geographical detector was used to analyze the driving mechanism of
the urban-land expansion. New knowledge related to the urban-land expansion intensity, expansion
difference, and fractal dimension of the PRDUA was obtained. Moreover, the interactions between
a complex set of factors of urban-land expansion were analyzed quantitatively, and the influence of
policy factors was discussed based on the physical and socioeconomic factors.

The results indicated that the area of the urban land in the PRDUA showed a continuous increase,
but the speed and intensity of urban expansion slowed down as compared that in the initial period.
The cities with faster development were mainly concentrated in the south-central part of the PRDUA.
The difference in urban-land expansion gradually diminished. Moreover, the fractal dimension of the
different cities was consistent, thus demonstrating the coordinated development of the cities within
the urban agglomeration. The spatial structure of the PRDUA has gradually changed from having a
dual core to a multi-center feature.

The driving force analysis showed that the terrain conditions such as elevation and slope affect
the potential, intensity, direction, and scale of urban-land expansion. However, in the short-term study,
the influence of geographical factors on the urban spatial expansion did not change significantly. The
social and economic factors are the core driving forces of the expansion of urban land in the PRDUA.
Between 2000 and 2005, factors such as population growth and economic development played the
largest role in the expansion of the urban land in the PRDUA. Before 2010, the distance to the core
cities had a relatively high explanatory power for the expansion of urban land. However, the influence
of the core cities on urban-land expansion decreased in the last period. In addition, the interactions
between the distance to rivers and other factors always demonstrated a non-linear enhancement in the
urban-land expansion. During 2000–2010, the average interaction between pairs of socioeconomic
factors was the strongest, whereas that between pairs of physical factors was the weakest. However, the
average interaction between socioeconomic factors and physical factors was stronger than that between
the other two types of interaction during 2010–2015. Moreover, the number of pairs demonstrating
nonlinear enhancement increased significantly during the study period, which indicated closer and
more complicated interactions within the urban agglomeration. Policies such as the regional urban
plans, environmental protection policies, and major events exhibited a considerable impact on the
expansion of the PRDUA’s urban land, but the effects of the macro and long-term plans usually took
5–10 years to become effective, and even more time to realize the final prospects.

Based on these findings, we opine that the next challenge is to continuously propose specific
alternative strategies and future plans for optimizing the spatial pattern of urban expansion in coastal
areas. The influence of individual factors and their interactions may be applied to forecast the future
urban development in the study area and elsewhere in coastal urban areas.
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