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Abstract: China has been through a period of remarkable urban sprawl since the reform and
opening-up policy in 1978, with the highest urbanization occurring in the coastal zones. Sustainable
urban development requires a better understanding of the spatiotemporal characteristics of
urbanization. This study systematically explored urban sprawl in Chinese coastal cities with a
visual interpretation method from 1979 to 2013. The results show that urban built-up areas kept
increasing at a faster pace during the study period (i.e., increased about 9-fold in 34 years), especially
in the first decade of the 21st century. Spatially, urban sprawl intensity generally peaked in the urban
fringe. Urban built-up areas expanded mostly at a cost to cultivated land and non-urban built-up
land, and became more irregular and less compact through the study period. Land-use policies,
economic development levels, port developments and locations are all closely related with urban
sprawl in these port cities. The results also suggest that improving the utilization efficiency of urban
land and coordinating the development of city and port are necessary and important for sustainable
development in coastal cities.

Keywords: urban sprawl; land use change; spatiotemporal characteristics; visual interpretation; port
cities; China

1. Introduction

Urban land sprawl and population migration from rural to urban areas have resulted in rapid
global urbanization over the last several decades [1]. The urban population is expected to rise to more
than 60% in developing countries and 80% in developed regions by 2050 [2]. Urbanization has led to
unprecedented wealth and economic growth, and to social advances in many parts of the world [3,4].
On the other hand, drastic urbanization has generated many challenges and problems. For example, it
can affect the urban environment and climate at local or global scales, bring about traffic jams, decrease
employment opportunities, and jeopardize biodiversity [5–7]. As a developing country and the most
populous country, China experienced a dramatic increase (+230%) in urban area from the 1990s to
2010 [8,9]. It is imperative to monitor urbanization because a long record of urban land use change is
of significant value for future urban planning and management [10].

Generally speaking, urban expansion has two forms: urban sprawl and the compact city. Urban
sprawl, often found in North America, is defined as urban expansion that creates new low-density
suburbs, is unordered, and has detached housing and commercial strips. Differing from urban sprawl,

Sustainability 2016, 8, 1138; doi:10.3390/su8111138 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/journal/sustainability


Sustainability 2016, 8, 1138 2 of 23

the compact city appears more in European countries, characterized by high density, being ordered,
short distances, and a better quality of city life. A compact city is generally regarded as the most
sustainable urban expansion form [11–14]. In recent years, urban sprawl has been developed to the
new forms of “Smart Growth Movement” and “New Urbanism Movement,” which are similar to the
compact city.

In China, urban sprawl generally refers to urban expansion with low-density areas linking
together urban built-up areas, including industrial parks and university towns [15]. As the most
populated emerging country, China has been through remarkable urban sprawl since the reform and
opening-up policy in the late 1970s. The three largest urban agglomerations, the Jing-Jin-Ji region, the
Yangtze River Delta and the Pearl River Delta, all distribute in the coastal zone and underwent faster
urbanization processes in the past decades.

Landscape metrics and socioeconomic indicators are two kinds of indices used to account for
urban form changes in general. Landscape metrics were developed by landscape ecologists and
could be used as spatial metrics outside the field of landscape ecology, such as in urban studies [16].
The statistical package FRAGSTATS [17] was widely applied to urban sprawl and urban form changes
with corresponding metrics at patch, class, and landscape levels [14,18–20]. Socioeconomic indicators,
such as the population density and the gross domestic product (GDP), were also used for measuring
urban form changes and urban development levels in many studies [13,21,22]. These indices and
indicators have been fully taken into account in our study.

Relative to the well-documented demographic urbanization, physical urbanization needs to
be paid more attention. In particular, the studies on physical urbanization at regional scales are
limited [13,18,23]. For example, Kuang et al. (2014) analyzed the megacity expansions in China and
the USA in terms of patterns, rates, and driving forces based on time-series impervious surface area
data [10]. Huang et al. (2007) made a global comparative analysis of urban forms to explore the
differences in urban forms between developed and developing countries [18]. Some other studies
focused on certain Chinese coastal cities [7,24–28] or individual coastal regions [29–31]. For instance,
Li et al. (2010) [32] analyzed the overall spatiotemporal characteristics of urban expansion in Shanghai,
and explored the urbanization of its major satellite cities and their interactions by employing a
combination of remotely sensed data, urbanization metrics and GIS-based buffer gradient analysis.
Tian et al. (2011) [33] explored the urban growth, size distribution, and spatiotemporal dynamic
pattern of Yangtze River Delta Region of China. The spatiotemporal characteristics of urban sprawl in
the coastal zone as a whole are important for understanding the urbanization situation and landscape
changes in coastal China, but have not been explored systematically [34].

Remote sensing and Geographic Information System (GIS) techniques have been used widely
in studies on urban sprawl [35–37]. Remote sensing has recently become an effective and popular
means in such studies because of its macroscopic, objective, and repeatable characteristics. Based on
multiple remote sensing products with high quality and fine resolution, we take advantage of a visual
interpretation method (see Section 2.2 for more details) and are able to show urban sprawl on the map
dynamically. In addition, we integrate GIS techniques and statistical methods to further explore the
features of urban sprawl.

This study aims to fill the gap of previous studies with a focus on quantitatively describing the
characteristics of spatiotemporal urban sprawl in coastal China and further evaluating its impact on
associated land use changes and the features of urban forms using landscape metrics. Specifically,
Section 2 introduces the study area, data sources, and methodology. Section 3 presents the results
and their implications on the characteristics of urban sprawl, urban dynamic changes within buffer
zones, the impact on other land use changes, and urban form patterns. Section 4 discusses the effects
of land use policies, socioeconomic factors, and port locations on urban sprawl. Section 5 summarizes
the characteristics of urban sprawl in specific Chinese coastal cities and makes conclusions based on
the findings.



Sustainability 2016, 8, 1138 3 of 23

2. Methodology

2.1. Study Area and Data Sources

The Chinese coastal zone can be divided into three regions: the north coastal zone, the central
coastal zone, and the south coastal zone [38]. Each zone constitutes the administrative regions with
similar environmental conditions, opening-up, and national economy invigoration policies. Our study
domain contains thirteen major coastal cities that are well distributed along the coast of China: Dalian,
Tangshan, Tianjin, Qingdao, Shanghai, Ningbo, Fuzhou, Xiamen, Guangzhou, Shenzhen, Zhuhai,
Fangchenggang, and Haikou (Figure 1).
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The spatiotemporal process of urban sprawl can be observed in high-resolution remote sensing
images. Considering availability, spatial resolution, and data quality, Landsat Multi Spectral Scanner
(MSS) images, Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+),
China-Brazil Earth Resources Satellite (CBERS) Charge-coupled Device (CCD), Huanjing-1 (HJ-1)
CCD, and Operational Land Imager (OLI) of Landsat Data Continuity Mission (LDCM) data in 1979,
1987, 1996, 2000, 2002, 2004, 2006, 2008, 2010, 2011, 2012, and 2013, across almost 40 years, are the most
suitable data (Table 1). Landsat TM/ETM+, LDCM OLI, and HJ-1 CCD data have a spatial resolution
of 30 m, which accounted for approximately 85% of images used. Landsat MSS images and CBERS
CCD images have a spatial resolution of 60 m and 19.5 m, respectively, which are resampled to 30 m
for filling gaps where no Landsat TM/ETM+, LDCM OLI, and HJ-1 CCD data are available. Remote
sensing data are generally acquired during cloud-free days at the beginning or end of the growing
season [39].

Table 1. Remote sensing data used for interpretation on urban sprawl.

City MSS TM and ETM+ CBERS HJ-1 OLI

Dalian 1978 1990, 1995, 2000, 2002, 2006, 2010 2004, 2008 2011, 2012 2013
Tangshan 1979 1987, 1996, 2000, 2002, 2004, 2006, 2008, 2010 — 2011, 2012 2013

Tianjin 1979 1987, 1996, 2000, 2001, 2004, 2006, 2010 2008 2011, 2012 2013
Qingdao 1979 1989, 1996, 2000, 2002, 2006, 2008, 2010 2004 2011, 2012 2013
Shanghai 1979 1987, 1998, 2001, 2004, 2010 2006, 2008 2011, 2012 2013
Ningbo 1979 1987, 1994, 2000, 2002, 2006, 2010 2004, 2008 2011, 2012, 2013 —
Fuzhou 1973 1986, 1996, 2000, 2001, 2004, 2006, 2010 2008 2011, 2012 2013
Xiamen 1973 1988, 1996, 2000, 2002, 2004, 2006, 2010 2008 2011, 2012 2013

Guangzhou 1979 1990, 1996, 2000, 2004 2006, 2008 2010, 2011, 2012, 2013 —
Shenzhen 1979 1989, 1995, 2000, 2002, 2004, 2006 2008 2010, 2011, 2012 2013

Zhuhai 1978 1987, 1996, 2000, 2002, 2004, 2006, 2010 2008 2011, 2012, 2013 —
Fangchenggang 1979 1988, 1996, 2000, 2002, 2004, 2006, 2009 — 2010, 2011, 2012 2013

Haikou 1973 1989, 1995, 2000, 2001, 2004, 2007, 2010 2006 2011 2013

In order to quantitatively identify the relationship of urban sprawl and economic development,
we use GDP and population data from the China City Statistical Yearbook [40,41] and statistical data
of port cargo throughput [42] as indirect indicators of the economic development levels in these
port cities.

2.2. Image Processing and Dynamic Change of Urban Built-Up Area

2.2.1. Image Processing

At a scale of 1:100,000, remote sensing images covering the port cities were geometrically
corrected using MGE Intergraph. All images were composited using standard false-color synthesis.
We prohibited image processing methods such as radiometric correction, atmospheric correction, color
balance, and enhancement for better visual interpretation. Geometric correction of the images using
ground control points was manually performed. The accuracy of geometric correction was set so that
the relative position error of the same feature points does not exceed two pixels [39]. Figure 2 depicts
the procedures of the image processing, identification of urban built-up area and dynamic change, and
quality control.

2.2.2. Definition of Urban Built-Up Area

In the context of urban sprawl, an urban built-up area generally refers to the total urban area,
although different studies might define the term slightly differently according to their specific research
purposes [43]. In this study, focusing on the coastal area in China, we adopt the definition of urban
built-up area described in “Standards for Basic Terminology of Urban Planning” (GB/T 50280-98),
which considers a spatial unit in an urban administrative district to be a part of the urban built-up
area if most of its area has already been developed, and furnished with municipal utilities and public
facilities [44].
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Figure 2. Flow chart of identifying urban built-up area and its dynamic changes.

2.2.3. Identification of Urban Built-Up Area and Its Dynamic Changes

Visual interpretation methods can identify important characteristics of urban sprawl accurately in
spite of being more time-consuming than automatic methods [45]. Readers are referred to Zhang et al.
(2014) [39] for more details in terms of the advantages of visual interpretation over automatic methods.
Visual interpretation methods allow us to explicitly quantify urban built-up area and the associated
effects on surrounding land-use types in the process of urban sprawl.

It is necessary to set up a series of interpretation symbols for each land-use type in order to
reduce the error caused by the interpretation of technicians. Interpretation symbols are built based
on interpretation elements of land-use types in remote sensing image such as size, shape, color, hue,
texture, and shadow. We follow Zhang et al. (2014) [39] for the set-up of interpretation symbols.

The steps of extracting urban built-up area and its dynamic changes are as follows: (1) according
to interpretation symbols to interpret and establish the initial monitoring status of urban built-up area
in 1979; (2) based on the National Land Use Remote Sensing Classification Method of the Chinese
Academy of Sciences (see Appendix A) and the dynamic coding method [39], completion of quantifying
the urban built-up area sprawl from 1979 to 1987, that is, how much of other land-use types converted
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into the urban land; (3) starting from the urban built-up area of 1987, repeat step 2 to obtain the urban
built-up area sprawl from 1987 to 1996; (4) repeat the above steps on the following years (1996–2000,
2000–2002, . . . ) until urban built-up area sprawl from 2012 to 2013 is obtained. Thus three vector
layers were obtained for each of the 11 periods, corresponding to the status of urban built-up area at
the beginning (i) and the end (ii) of the period, and the dynamic changes over that period (iii).

2.2.4. Quality Control

In a visual interpretation method, the classification accuracy depends on the professional
background and interpretation ability of the researchers. Repeated interpretation by different
professionals was applied for the sake of quality control and accuracy assessment in the study.

The outlines of quality control are as follows: (1) Consistent application of nomenclature: correct
codes, sufficient details, and correct application of the generalization rules; (2) accurate delineation of
changes: thematic accuracy of cultivated and built-up land should reach 90%, and accuracy for other
land types should reach 80%, the location accuracy of all land types should be controlled within two
pixels (60 m); (3) mapping accuracy: the short side length of the minimum strip polygon of urban
dynamic changes should be more than four pixels; (4) topological consistency of data layers: no invalid
codes, all polygons are closed, with only a single code per polygon, and no neighbor polygons with
the same code. See Zhang et al. (2014) [39] for more details.

2.3. Expansion Intensity Index

The expansion intensity index has been widely used to reflect the intensity variations of urban
expansion. It refers to the ratio of extended urban built-up area to the initial urban land area during a
certain period [46]. The expansion intensity index can be calculated as follows:

βi,t − t + n = (ULAi,t + n −ULAi,t)/n/TLAi × 100% (1)

where βi,t − t + n is the expansion intensity index of the spatial unit i during time period n, ULAi,t + n
is the urban land area in year t + n, ULAi,t is the urban land area in year t, and TLAi is the urban land
area of the spatial unit i at the initial time. In this study, we use an expansion intensity index to quantify
urban sprawl intensity in different decades and compare the intensity across the coastal cities over the
same time period. Jiao (2015) recently proposed an inverse S-shaped function to quantify urban land
intensity, and characterized urban form and urban sprawl with the parameters in the function [47].
We use an urban expansion intensity index instead of urban land intensity in this study since the
expansion intensity index provides direct-viewing intensity of urban sprawl. More importantly, the
parameters in the inverse S-shaped function are ill-posed when interpreting urban sprawl in cities that
are linear or multinucleated (i.e., not monocentric) [47], while our study focuses on coastal cities where
urban expansion is usually not in a monocentric form due to terrain constraints.

2.4. Spatial Metrics

Urban sprawl directly increases the urban built-up area, and occupies other surrounding land
at the same time [20]. Spatial metrics are often used to quantify the characteristics of urban sprawl.
In general, spatial metrics are defined as measurements derived from the digital analysis of categorical
maps exhibiting spatial heterogeneity at a specific scale and resolution [16].

Many spatial metrics have been developed and used previously [48], which have been classified
into three general categories (density, diversity, and spatial structure pattern) [49]. Our purpose here is
to quantify the overall urban shape and characteristics of urban sprawl in terms of landscape. Thus,
we select the urban compactness index (BCI), the area weighted mean shape index (AWMSI), and the
Shannon’s Diversity Index (SHDI) in this study and calculate these indices with the software program
Fragstats [17]. These indices are relatively easy to calculate and have been used in our early studies.
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The compactness of the urban outer contour is an important indicator for reflecting urban
morphology [50]. There are many ways to calculate urban spatial compactness, and the formula
proposed by Boyce and Clark [51] is used widely [52,53]. Specifically, it is calculated as follows:

BCI = 2
√

πA/P (2)

where BCI is the urban compactness ratio, A is the urban built-up area, and P is the perimeter of urban
built-up area. The value of BCI is between 0 and 1. Larger BCI indicates that the city is more compact.
The compactness of a circle is 1.

AWMSI [14] is calculated as follows:

AWMSI = ∑i=N
i=1 Pi/4

√
Si

N
× Si

∑i=N
i=1 Si

(3)

where Si and Pi are the area and the perimeter of patch i, and N is the total number of patches. AWMSI
is equal to or larger than 1, with AWMSI = 1 when all patches are squares. AWMSI describes the shape
irregularity of the urban built-up area and the complexity of urban form in each period. Larger AWMSI
indicates a higher irregularity of the urban area. Urban sprawl extending further from the city fringe
generally increases AWMSI, while urban sprawl embedding between the patches decreases AWMSI.

SHDI [54] is calculated as follows:

SHDI = −
i=M

∑
i=1

[Piln (Pi)] (4)

where Pi is the ratio of the lost area of each type of landscape patch to the total lost area of landscape
and M is the number of landscape types lost to urban sprawl. SHDI is equal to or larger than 0, with
SHDI = 0 when there is only one type of landscape patch. SHDI accounts for the abundance and
evenness of each element. In our case, it indicates the diversity of landscape types that are lost to
urban sprawl in a certain period. A larger SHDI implies more landscape types are occupied by urban
built-up area and there is an equalization trend among these landscape types. The classification of
landscape types is introduced later in Section 3.3.

These spatial metrics, combined with the expansion intensity index, are able to describe the density
and diversity features of urban sprawl in port cities. The spatial structure pattern of urban sprawl
is not the emphasis of this study, but could be an interesting topic in future research. A Multi-order
Landscape Expansion Index (MLEI) has recently been developed and is useful for the recognition of
spatial structure of urban expansion [55].

3. Results

3.1. General Trends of Urban Sprawl in Port Cities

Urban sprawl can be displayed dynamically in space and time in Google Earth (Figure 3, schematic
diagram only), with different colors representing the urban built-up area across the time period. There
was an increasing urban trend in all 13 coastal cities from 1979 to 2013. The total urban area in these
cities was only 703 km2 in 1979 and increased to 6922 km2 in 2013: an expansion of almost 9 times in
less than 40 years, with an average annual growth rate of 183 km2. In 2013, Shanghai was the largest
port city with an urban area of 2075 km2, and Shenzhen was the second largest port city with an urban
area of 1054 km2. The urban areas of the other port cities were all below 1000 km2.

Figure 4 shows the overall growth in built-up area in all 13 coastal cities and the growth of that in
each coastal zone. The total urban built-up area increased gradually from 1979 to 2002 (~105 km2/year),
then accelerated between 2002 and 2010 (~396 km2/year). Urban sprawl slowed down since 2010,
but remained at a relatively high level (~210 km2/year). That is, the urbanization process was fastest
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during the first decade of the 21st century in these coastal cities. Urban sprawl displayed different
patterns when considering the three coastal zones separately. The urban area growth was accelerated
in the south coastal zone earlier than the central and north coastal zones. This is possibly due to a
policy giving priority to the development of the southeast coastal cities. Benefitting from the following
comprehensive urbanization strategy, the urban area growth in the central and north coastal zones
accelerated several years later than in the south coastal zone.Sustainability 2016, 8, 1138 8 of 23 
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Different characteristics of urban sprawl are manifested in the three coastal zones shown in
Figure 5. The annual mean expansion area (city average) in the central coastal zone was distinctly
larger than those in the north coastal zone and the south coastal zone across all 11 periods, especially
after 2000, with the exception of 2010–2011. The annual mean expansions were compatible in the north
and south coastal zones, although their magnitudes were very different in some particular periods
(e.g., 1987–1996 and 2008–2010). Generally speaking, there was an increasing trend of the annual
mean expansion area in the central coastal zone until 2010, and then it started dropping. There was
an extraordinary expansion in 2011–2012 in the central coastal zone, because Shanghai Pudong
International Airport was included in urban built-up area and the surrounding rural settlements were
occupied. On the other hand, the annual mean expansion peaked in the middle of the study period in
both the north and south coastal zones.
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Figure 5. Annual mean expansion of urban built-up area in three coastal zones.

Urban sprawl occurred at different paces among the coastal cities from 1979 to 2013 (Table 2).
The annual mean expansion area indicates the speed of urban sprawl. Shanghai was the fastest-growing
city with an urban area expansion of 38.40 km2/year. Relative expansion was calculated as the
expansion area (from 1979 to 2013) divided by the initial urban built-up area (in 1979). The relative
expansion was most dramatic in Shenzhen with urban built-up area increasing by about 85 times.

Table 2. Annual mean expansion area and relative expansion of urban sprawl in individual port cities
from 1979 to 2013.

Port City Annual Mean Expansion Area (km2/year) Relative Expansion

Dalian 7.58 6.08
Tangshan 2.62 1.97

Tianjin 13.67 3.61
Qingdao 10.81 9.76
Shanghai 38.40 13.20
Ningbo 6.27 11.83
Fuzhou 4.70 4.72
Xiamen 9.30 25.56

Guangzhou 17.33 4.27
Shenzhen 25.78 85.48

Zhuhai 2.89 55.24
Fangchenggang 1.52 21.39

Haikou 2.92 27.89
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3.2. Analysis of Urban Dynamic Changes within Buffer Zones

Urban sprawl usually occurs from a town center outward to the suburbs according to a concentric
structure. The ring theory has been widely used in studies on land use change, especially those related
with urban sprawl [33,56]. Based on the ring theory and urban size, we take the center of each port
city in 1979 as the center of a circle and create 10 buffer zones with equal radius (5 km) for each city
with a total distance of 50 km from the center (Figure 6). These buffer zones are able to cover most of
the urban built-up areas in the 13 port cities of China from 1979 to 2013.
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The directional patterns of urban sprawl from 1979 to 2013 are different among the port cities.
Urban sprawl occurred in all directions and followed the ring theory in Tianjin, Shanghai, Ningbo,
and Fuzhou. Urban built-up area extended to the north and the south in Tangshan, Qingdao, and
Fangchenggang, while the rest of the cities mainly displayed one-directional expansion. Specifically,
the urban area was mostly expanded to the north in Dalian, Xiamen, and Shenzhen, to the south in
Haikou, to the east in Guangzhou, and to the west in Zhuhai. The directions of urban sprawl were
mostly affected by terrain, economic growth, and changes in land use policies and regulations [8,10].
For example, urban sprawl in Shenzhen was limited to the north as to the south of the city is ocean.



Sustainability 2016, 8, 1138 11 of 23

Figure 7 shows the relationship between the urban expansion intensity index and the distance from
the center of each city in three decades of the study period (i.e., 1979–1990, 1991–2000, and 2001–2013).
It allows us to identify the period and location that urban sprawl occurred most. Temporally, the most
intense urban sprawl happened in the first decade of the 21st century in almost every city (represented
by the red lines in Figure 7), especially in the cities of the north and central coastal zones. In some
cities of the south coastal zone (e.g., Guangzhou, Shenzhen, and Zhuhai), urban sprawl displayed a
similarly higher magnitude in the second and third decades in the study period. This is again related
to the fact that the cities of the south coastal zone generally began their rapid development stage
earlier due to the policy support. Spatially, urban sprawl generally happened most in the urban fringe.
That is, the expansion intensity index was small around the urban center (the first buffer zone from city
centroid), peaked in the urban fringe that varied in different time periods, and decreased as one moves
further away from the center. Some cities (e.g., Qingdao, Ningbo, Haikou, etc.) displayed peaks of
expansion intensity index in the first buffer zone from the city center (mainly in the first two decades),
because urbanization was relatively low at the early stages and 5 km was too coarse for showing
the peaks in the urban fringe. In general, the later the decade, the further (from the city center) the
urban sprawl peaked and was extended. Among all the cities, Zhuhai, Shenzhen, and Haikou were
the cities showing peaks of expansion intensity index larger than 50% in the last two decades of the
study period.
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Figure 7. Relationship of urban expansion intensity index and distance from the city center of 13 port
cities in three decades of the study period (1979–2013).

3.3. Urban Sprawl Impacts on Land Use Change

Urban sprawl could significantly influence the surrounding land. Based on the Chinese Academy
of Sciences National Land Use Remote Sensing Classification Method, we divided land-use types
(occupied by urban built-up area) into seven classes: cultivated land, woodland, grassland, water
bodies, built-up land (excluding urban), unused land, and ocean. For convenience, we named the type
of built-up land (excluding urban) as non-urban built-up land in this study. The definitions of each
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land-use type are documented in detail in Appendix A. The dynamic changes of land-use types are
identified following the same image processing procedure documented in Section 2.2.

Figure 8 shows the portions of land-use types lost to urban sprawl in the 13 port cities from 1979
to 2013. Cultivated land lost the most areas (2497 km2) overall, accounting for 49.9% of total expanded
urban area in all the cities. In addition, urban sprawl occupied 1504 km2 of non-urban built-up land,
which accounted for 30.1% in the total. The remainder of the lost land was about 998 km2 and 20.0% of
the total expanded urban area.
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The percentages of land-use types lost to urban sprawl in each port city are given in Table 3.
Cultivated land lost the most (more than 50%) among the land-use types in all cities except Guangzhou
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and Fangchenggang. Urban sprawl occupied only 22.37% of cultivated land in Guangzhou, and there
was no loss of cultivated land due to urban sprawl in Fangchenggang. The non-urban built-up land
was the second largest land-use type lost to urban sprawl in all cities except Shenzhen. The non-urban
built-up land lost 20.07% in Shenzhen, lower than the loss of cultivated land and woodland.

Table 3. Percentage of seven land-use types lost to urban sprawl in each city (%).

Port City Cultivated
Land

Wood-
Land

Grass-
Land

Water
Bodies

Non-Urban
Built-Up Land

Unused
Land Ocean

Dalian 42.23 12.42 2.66 3.60 26.37 0.00 12.72
Tangshan 50.03 1.28 0.00 0.48 48.21 0.00 0.00

Tianjin 50.96 0.25 0.00 8.16 40.45 0.18 0.00
Qingdao 39.02 10.39 0.00 4.67 35.41 0.00 10.50
Shanghai 70.15 0.49 0.02 0.11 29.22 0.00 0.00
Ningbo 74.66 0.08 0.02 0.13 25.09 0.03 0.00
Fuzhou 59.13 7.74 0.00 5.97 27.17 0.00 0.00
Xiamen 42.40 2.58 0.00 12.10 39.65 0.00 3.27

Guangzhou 22.37 40.30 0.68 0.73 35.90 0.02 0.00
Shenzhen 40.13 23.33 0.05 12.92 20.07 0.00 3.50

Zhuhai 67.99 8.93 0.07 2.54 19.85 0.00 0.63
Fangcheng-gang 0.00 40.76 0.00 9.59 20.06 0.00 29.59

Haikou 54.77 11.57 1.27 7.36 19.28 0.39 5.36

Generally speaking, cultivated land and non-urban built-up land were the two major land-use
types that lost to urban sprawl. The total loss of the two land-use types was around or above 60%
in every port city except Fangchenggang. In addition, woodland and water bodies were lost in
relatively large magnitude in these port cities. In Fangchenggang, there was no loss of cultivated
land (no cultivated land at all in this city) but a great amount of woodland (about 41%) and ocean
(about 30%) occupied by urban built-up area.

Figure 9 shows the areas of land-use types lost to urban sprawl in the three coastal zones. Again,
cultivated land and non-urban built-up land were the dominant land-use types lost to urban sprawl in
all three coastal zones. In the coastal cities, they were also the most important land-use types for human
livings. The woodland lost a relatively large amount in the south coastal zone, which was possibly due
to the fact that forest resources are mainly distributed in the southern coastal area. In addition, there
were some portions of water bodies and ocean lost in the north and south coastal zones, but nearly
none in the central coastal zone. This indicates that urban sprawl led to the loss of wetland resources
in the north and south coastal zones.
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3.4. Characteristics of Urban Forms

Urban sprawl affects the complexity of urban forms. As urban built-up area changed dramatically,
the shape of the urban area has changed accordingly, which was reflected in the landscape metric
of BCI (Figure 10a–c) and AWMSI (Figure 10d–f) in the three coastal zones. Overall, there was an
increasing (decreasing) trend of AWMSI (BCI) in the port cities from 1979 to 2013, meaning the urban
shapes became more irregular (less compactness) through the study period. Specifically, AWMSI
increased dramatically from 1979 to 2000, and then increased slowly, oscillated, or decreased after
2000. BCI displayed similar pattern behaviors but the opposite trend. The faster increase of AWMSI
(or decrease of BCI) before 2000 indicates that urbanization had not been strictly following urban
planning and has been developing in an extensive way at the early stage. Since then, urban sprawl
has become more standardized and orderly, as reflected by the smaller variability of AWMSI and BCI.
In addition, the smaller variability of AWMSI and BCI are partly due to the change in the urban sprawl
pattern (i.e., increase of patch embedding).
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In the north coastal zone, Dalian displayed the highest irregularity and lowest compactness
(Figure 10a,d). In addition, AWMSI kept increasing at the relatively fast rate even after 2000. Qingdao
had the lowest shape irregularity and highest compactness with nearly no variability of AWMSI and
BCI after 2000. In the central coastal zone, Shanghai and Ningbo had relatively similar magnitudes of
AWMSI and BCI through the time period (Figure 10b,e). In the south coastal zone, Shenzhen stood
out as having the highest irregularity (largest AWMSI) and lowest compactness (smallest BCI) nearly
all the time (Figure 10c,f). This was possibly related with the largest relative expansion in Shenzhen
among all port cities (see Table 2).

Urban sprawl could occupy many landscape types at the same time. SHDI was used to show the
diversity of landscape types lost to urban sprawl (Figure 10g–i). In general, SHDI were lower in the
central coastal zone than the north and south coastal zones, implying that there were more landscape
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types lost to urban sprawl in the north and south coastal zones (also seen in Figure 8). Within the north
coastal zone, Dalian and Qingdao displayed larger values and higher temporal variability of SHDI
than those in Tangshan and Tianjin. In the central coastal zone, SHDI in Shanghai was comparable to
that in Ningbo, but with much less temporal variability in the second half of the period. Most cities
in the south coastal zone displayed larger temporal variability of SHDI. Again, Shenzhen lost more
landscape types to urban sprawl than the other cities in the south coastal zone, which was indicated
by the largest SHDI in Shenzhen.

To summarize, the urban built-up areas in these coastal cities became more irregular and less
compact in general through the study period, while their impacts on other landscape types were not
significantly alleviated. The compactness and irregularity of urban built-up areas play a big role in
terms of traffic efficiency, energy use, and quality of life in modern cities [57]. For example, a lack of
compactness and regularity will lower the efficiency of urban infrastructure and increase transportation
costs. It is important to take into account the regularity of urban form and urban sprawl impacts on
other landscape types in urban planning in order to achieve the goal of sustainable development.

4. Discussion

4.1. Policies and Urban Sprawl

Urban land use planning, managements, and policies are essential in analyzing urban sprawl [58].
When China implemented its famous “open door” policy in 1979, the planning-oriented urban land
use policy was transformed into a market-oriented policy serving the purpose of economic efficiency
improvement [59]. Since 1987, land reform re-introduced land values in China through land leasing
and charging land use fees. As a result, the property market was created, which stimulated housing
construction [8,29]. In order to provide legal guidance, the government announced “The Provisional
Regulation on the Granting and Transferring of the Land Rights over State-Owned Land in Cities and
Towns” in 1991. Thus, land users can rent and transfer land use rights [60]. Following the promulgation
and implementation of these land use policies, China stepped into a faster stage of urbanization,
especially in coastal areas.

From 1979 to 1990, China went through an imbalanced development stage, with the focus mainly
on Eastern China. In this period, special economic zones (SEZs) were established, which covered a few
provinces in the south coastal zone. The port cities opened up to the world for the first time. The coastal
zones remained the foremost development regions, although Central and Western China have attracted
more attention since 1991. After 1998, China has undergone comprehensive development following
the strategies of “Western Development Program,” “Northeast Area Revitalization,” and “Rise of
Central China Plan” [61]. Accordingly, urban sprawl was accelerated in the south coastal zone earlier
than the central and north coastal zones due to a policy giving priority to the development of the
southeast coastal cities. The urban area growth in the central coastal zone was mainly contributed by
the built-up of Shanghai Pudong New Area in the 1990s. The benefits of the “Northeast Old industrial
Base Reconstruction” policy expedited urban sprawl in the north coastal zone in the early 21st century.

The coastal zone has been a key point in national evolution. Urban sprawl was persistent overall
in port cities from 1979 to 2013 because of favorable development policies. The sprawl increased
dramatically until 2010 and then slowed down in order to match the urbanization and economic levels
to those of China as a whole. Urban sprawl led to the loss of much farmland and non-urban built-up
land before 2010. Zhang (2000) [62] indicated that the rapid growth of urbanized areas in China
resulted in the loss of cultivated land, especially the cultivated land in the city fringe with the most
agricultural productivity and best accessibility to the market. Benefitting from the “Basic Farmland
Protection Regulations,” a large amount of agricultural land and woodland was protected after 2010.
It also made urban form less irregular and land-use types more diverse [9,37,63]. Previous studies
either reported such results qualitatively or gave the overall changes in a roughly quantitative way.
Our study described the spatiotemporal changes of urban sprawl dynamically and their impacts on
the cultivated land and other land use types in a detailed manner.
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4.2. Urban Sprawl and Economic Development

An important feature of urban development in recent decades is that urban sprawl and
urbanization are heavily dependent on economic development and globalization [64]. Figure 11a
displays the GDP of all port cities in 1990 and 2010 except Fangchenggang (lack of data). The GDP
increased dramatically in all cities from 1990 to 2010, especially in such bigger cities as Shanghai,
Guangzhou, Shenzhen, and Tianjin. As the largest port city, Shanghai displayed the biggest increase of
GDP, over 1.5 trillion Yuan. Guangzhou, Shenzhen, and Tianjin showed the second largest increase of
GDP, with over 800 billion Yuan but less than 1000 billion Yuan. The increase of GDP in the rest of
the coastal cities was lower than 400 billion Yuan. The economic growth is well correlated with urban
sprawl, with R2 about 0.9 (Figure 11b). It is reasonable that the development of the economy requires
more urban built-up area for infrastructure, transportation, factories, living places, etc.
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Figure 11. Relationship between urban sprawl and economic development levels: (a) GDP of all
port cities in 1990 and 2010; (b) difference in GDP vs. difference in urban built-up area (difference is
calculated as the value in 2010 minus that in 1990).
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The utilization efficiency of urban land is possibly affected by urban sprawl and economic growth.
Per capita area is generally used to account for the utilization efficiency. Figure 12 displays the per
capita area of each port city in 1990 and 2010. In 1990, the per capita area was under 100 m2 in all cities
except Shenzhen (about 268 m2), while it was under 100 m2 only in Tianjin, Tangshan, and Haikou in
2010. This implied that the utilization efficiency of urban land decreased (as indicated by the increase
of per capita area) along with urban sprawl from 1990 to 2010 in the 13 port cities. Among the port
cities, Shenzhen displayed the lowest utilization efficiency (the highest per capita area) during the
process of urban sprawl from 1990 to 2010. Shenzhen was initially a small county and then changed
to a special economic zone after 1979. It had unique characteristics and the highest per capita area in
both 1990 and 2010.
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Figure 12. Per capita area in 13 port cities in 1990 and 2010.

In 1990, the per capita area was 45.22 m2, 26.73 m2 and 92.96 m2 in the north, central, and south
coastal zones, respectively, which increased to 106.47 m2, 119.13 m2, and 172.69 m2 respectively in 2010.
From 1990 to 2010, the land utilization efficiency decreased in all three coastal zones, with the central
coastal zone displaying the largest degradation (an increase of more than four times in per capita area).

Chinese port cities have experienced unprecedented development under the reform and
opening-up policy and possess the highest urbanization and economic development levels in China.
Chen et al. (2014) studied the provincial pattern of the relationship between urbanization and
economic development in China using the urbanization rate (the proportion of urban population
to total population) and per capita GDP, which indicated that the coastal regions of municipalities
are over-urbanized because of the prominent advantages of policy endowment and development
conditions [65]. The demographic data, however, sometimes lack accuracy in describing the
characteristics of urbanization. Based on the physical and dynamic changes of urban sprawl instead,
our study more accurately demonstrated the dependence of urbanization on the economic development
and illustrated the lower utilization efficiency of urban land during the process of urban sprawl by
exploring the relationship of urban built-up area and GDP. The low efficiency of the urban land, in
addition to the loss of cropland in these areas, will jeopardize sustainable development by wasting a
large amount of idle land and resources [62]. Because of continuous and intense land development
and low efficiency of urban land, the Chinese government formulated a system of cultivated land
protection with emphasis on controlling the urban land scales in the eastern region, especially in
Beijing-Tianjin-Hebei, the Yangtze River Delta, and the Pearl River Delta zone in 2014. In particular, it
stipulated that the per capita urban area should be strictly within the range of 100 m2 per person [66].
Thus, we might expect that urban sprawl would slow down and the urban land utilization would
improve in the near future.
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4.3. Relationship between Port and Urban Sprawl

A port city is a combination of a port and a city. Urban sprawl in port cities will possibly
accelerate port development to some extent. On the other hand, port construction will also advance
the urbanization level of these port cities. Nowadays, three major international shipping centers have
been built up in China: the Bohai Rim, the Yangtze River Delta, and the Pearl River Delta [67].

Cargo throughput is not only the basic production index for measuring port development, but
also a significant reference to the economic situation and development level of the port city. Figure 13
displays an exponential relationship between the port cargo throughputs and the urban areas in the 13
port cities. All available data during the study period (i.e., 1990, 2000, 2002, 2004 and 2006) are included.
The relationship implies the relatively close connection (R2 is about 0.7) between the port development
(represented by cargo throughput) and urban sprawl in the coastal zone. As Song (2013) indicated, the
integration of the port and the city has become a major trend when constructing port cities in China [67].
Our intention here is to simply examine the relationship of port development and urban sprawl, while
other studies have explored the development model of port and city combinations [68–70], and the
methods relating the port cargo throughput with city GDP [71–74] in detail.
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Figure 14 shows the major port location relative to urban built-up area in the 13 port cities.
In addition to terrain, the port location affected urban sprawl in some degree. If the port was located
close to the urban area in 1979 (pink areas in Figure 14), urban sprawl extended away from the port
towards the directions without terrain constraints. For example, Shanghai is located in a flat area with
the port centered in the urban area in 1979, thus the urban built-up area extended in all directions in
Shanghai. In Qingdao, urban sprawl mainly developed to the northeast and southwest of the port
because of the terrain constraints (tidal flat and ocean in the other directions). Dalian, Xiamen, and
Shenzhen are in similar situations to Qingdao. The urban expanded areas were relatively large in these
cities. On the other hand, if the port was far away from the urban built-up area in 1979, urban sprawl
generally extended to the port if there were no terrain constraints (e.g., Tianjin, Guangzhou, Fuzhou,
Haikou, etc.). Urban sprawl in smaller cities mainly followed this pattern. In general, the city and port
developed together. Port location is important to city development, as the port is conducive to urban
sprawl from the perspective of transportation.
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5. Conclusions

In this study, we explored the spatiotemporal characteristics of urban sprawl in Chinese port cities
in the past several decades. Overall, urban built-up area in these cities kept increasing at a faster pace in
the study period, especially in the first decade of the 21st century. There was an earlier acceleration of
urban sprawl in the south coastal zone because of a policy giving priority to development in Southeast
China. The city-averaged urban sprawl in the central coastal zone was much larger than that in the
north and south coastal zones. Combining the ring theory and expansion intensity index, we identified
that the most intense urban sprawl happened in the 21st century, and urban sprawl generally peaked
in the urban fringe in most cities. The cultivated land and non-urban built-up land dominated the
land-use types lost to urban sprawl in the entire coastal zone. The spatial metrics implied that urban
irregularity increased (compactness decreased) along with urban sprawl in most port cities through
the study period, and the landscape types lost to urban sprawl were more diverse in the north and
south coastal zones.

Land-use policies appeared to be the main driver of urban sprawl in the port cities. Economic
development was well correlated with urban sprawl in these cities during the study period. However,
the utilization efficiency of urban land decreased in all cities, and the central coastal zone experienced
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the largest decline. Our results indicated that the port developments and locations were both related
with urban sprawl in Chinese port cities.

This study sheds light on the features of urban sprawl and their relations with surroundings
in Chinese coastal cities. Our results provide useful information in terms of the general trend,
dynamic change, and form characteristics of urban sprawl in these cities over the past several decades.
The results also suggest that improving the utilization efficiency of urban land and coordinating
the development of city and port might be important in the sustainable development of port cities.
The decision-makers could take advantage of such information to make better judgments on urban
planning and sustainable development in these regions or other similar areas. In addition, this research
throws up some unresolved questions, and several further steps could be taken next. For example, it is
worth exploring the irregularity of urbanization: the reasons behind it, its consequences, and methods
for improving the balance. How does the internal urban infrastructure affect the environment besides
urban area expansion? Remote sensing images with finer resolution might be helpful in answering
this question as satellite technology improves.
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Appendix A

Table A1. National land use remote sensing classification method of the Chinese Academy of Sciences.

First Level Types Second Level Types Code Descriptions

Cultivated land
Paddy 11 Cropland that has sufficient water supply and irrigation facilities for planting paddy rice,

lotus, etc., including land that is rotated for paddy field rice and dry-farming crops

Dry land 12
Cropland for cultivation without water supply and irrigation facilities; cropland that has
water supply and irrigation facilities and planting dry farming crops; cropland planting
vegetables; fallow land

Woodland

Forest 21 Natural or planted forests with canopy cover greater than 30%

Shrub 22 Land covered by trees less than 2 m in height, with canopy cover greater than 40%

Sparse woods 23 Land covered by trees with canopy cover of 10%–30%

Other woods 24 Land such as tea gardens, orchards, groves, and nurseries

Grassland
Dense grass 31 Grassland with canopy cover greater than 50%

Moderate grass 32 Grassland with canopy cover of 20% and 50%

Sparse grass 33 Grassland with canopy cover of 5% and 20%

Water bodies

River and canal 41 Land covered by rivers, including canals

Lake 42 Land covered by lakes

Reservoir and pond 43 Man-made facilities for water reservation

Ice and snow 44 Land covered by perennial snowfields and glaciers

Tidal flat 45 Land between high-tide level and low-tide level

Bottomland 46 Land between normal water level and flood level

Built-up land
Urban 51 Land used for urban settlement

Rural settlement 52 Land used for village settlements

Industry-traffic land 53 Land used for factories, quarries, mining, oil-field slattern outside cities, and land for
special uses, such as transportation and airports

Unused land

Sandy land 61 Sandy land covered with less than 5% vegetation cover

Gobi 62 Gravel-covered land with less than 5% vegetation cover

Saline alkali land 63 Land with saline and alkali accumulation and sparse vegetation

Swampland 64 Land with a permanent mixture of water and herbaceous or woody vegetation that covers
extensive areas

Bare soil 65 Bare exposed soil with less than 5% vegetation cover

Bare rock 66 Bare exposed rock with less than 5% vegetation cover

Other 67 Other land types such as alpine desert and tundra
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