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Abstract

Context Rates, patterns, and consequences of urban
expansion are drawing increasing attention globally
because of their profound impacts on socioeconomics,
human life, and the environment. Horizontal com-
parative studies across multiple cities over large
geographic regions are rare.

Objectives We quantified and compared the magni-
tude and forms of urban expansion for China’s 32 major
cities, and examined the spatiotemporal evolution of
urban growth and trajectory of patch structure formation.
Methods Multi-temporal Landsat data of circa 1978,
1990, 1995, 2000, 2005, and 2010, patch-based
analyses, and urban growth metrics were used.
Results These 32 major cities have experienced
extensive expansion during the study period.
Leapfrogging was the dominant urban expansion form,
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followed by edge-expansion and infilling in the early
time periods. Interestingly, the fractions of infilling,
edge-expansion, and leapfrogging has gradually
reached a quasi-equilibrium condition with a ratio of
2:4:4 (the number) and 2:5:3 (the area) during recent
years. Patch analysis suggested that these cities
evolved under a nationally-consistent converged urban
patch structure regardless of city size, location, and
history. The dynamics of urban growth in China
corresponded well with its socioeconomic and political
geography and the phased implementation of various
regional and national policies.

Conclusions Our results generally supported the
continuum of diffusion-coalescence urbanization pro-
cess and a spatial self-organization of urban land
patches during urbanization. More studies are needed
to test the generality of urban growth hypothesis and
examine the universality of converged urban patch
structure across regions and countries and to under-
stand their implications to city organization, metabo-
lism, and evolution.

Keywords Urbanization - Spatiotemporal
dynamics - Remote sensing - Urban growth modes -
Patch structure - Self-organization

Introduction

The world is increasingly urban through accelerating
urbanization and a majority of people now reside in
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urban areas (UN 2013). Urbanization, characterized
primarily by dramatic demographic shift from rural to
urbanized areas and physical urban land expansion,
poses both opportunities and challenges for the
sustainability transition toward long-term balances
between human needs and the planet’s environmental
capacities (Seto et al. 2010; Wu et al. 2013). Knowl-
edge spillovers, innovation, and wealth creation
generally scale super linearly with population size
(increasing returns) (Lucas 1988; Bettencourt et al.
2007). On the other hand, physical urban expansion,
replacing natural vegetation or crops with impervious
surfaces as cities grow, is probably the most drastic,
widespread, and irreversible form of land transforma-
tion on Earth surface (Tan et al. 2005; Radeloff et al.
2010). The impacts of urban expansion extend far
beyond its physical boundaries in many dimensions
(Folke et al. 1997; Grimm et al. 2008) including loss of
arable land (Tan et al. 2005), loss of biodiversity and
habitats (McKinney 2002; Mcdonald et al. 2008; Seto
et al. 2012), degradation of water and air quality (Shao
et al. 2006; Zhao et al. 2006; Chen et al. 2011; Deng
et al. 2012), alteration of local and regional climate
(Kalnay and Cai 2003; Zhou et al. 2004; Zhao et al.
2006; Trusilova et al. 2008; Yang et al. 2011) and
biogeochemical cycles (Seto et al. 2012; Zhang et al.
2012).

As an inevitable process, urbanization will present
profound impacts on socioeconomics, human life, and
the environment in the twenty first Century. As such,
how and where urbanization develops is an urgent
challenge for the transition toward sustainability
(Bettencourt et al. 2007; Grimm et al. 2008). However,
most of our understanding of urbanization at regional
and global scales is based on the knowledge of
dramatic demographic changes (e.g., Montgomey
2008; Seto et al. 2010). Our current knowledge on
the extents, rates, forms, driving forces, consequences,
and geographic similarity and differences of urban
expansion is limited (Seto et al. 2011). Previous
studies focused mostly on individual cities (e.g., Seto
and Fragkias 2005; Tian et al. 2011; Wu et al. 2011;
Ernoul et al. 2012), and horizontal comparative studies
across multiple cities over large geographic regions
are sorely lacking (Angel et al. 2005; Schneider and
Woodcock 2008; Frolking et al. 2013; Schneider and
Mertes 2014). Therefore, characterizing spatially
explicit patterns and forms of urban expansion at
regional and global scales is the fundamental first step
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to understand urbanization itself, its diverse impacts,
and then contribute to the development of general
urbanization theories that can be used to support a
sustainable urban future (Seto et al. 2011; Wu et al.
2011; Wu 2014).

China has experienced rapid urbanization in paral-
lel with its economic boom over the past three
decades: from only 17.9 % of country’s population
living in cities in 1978 to more than 50 % in 2011
(SSB 2012). Many studies, with most on individual or
a few cities on the eastern coastal areas, have been
conducted to characterize China’s urbanization (e.g.,
Weng 2002; Zhao et al. 2006; Xu et al. 2007; Lv et al.
2011; Li et al. 2013a; Sun et al. 2013). Several
attempts have been made to investigate the urban
expansion processes across China using Landsat
images (Ji et al. 2001; Liu et al. 2005; Wang et al.
2012; Schneider and Mertes 2014). However, large
uncertainty remains even on the overall rate of change,
let alone the spatial and temporal patterns and driving
forces. For example, Liu et al. (2005) found that
China’s urban land expanded 8,170 km? between
1990 and 2000, which was 17 % lower than the
estimate by Wang et al. (2012) for the same period,
and 47 % lower than the estimate of 12,000 km? for a
shorter time period (from 1989/1992 to 1996/1997) (Ji
et al. 2001). Schneider and Mertes (2014) recently
provided a more comprehensive view of urban
expansion for 142 Chinese cities from 1978 to 2010.
However, their analyses did not cover all the official
administrative areas for each city, and the rates, spatial
patterns and forms, temporal courses, and major
driving forces of urban expansion across China
remained largely unexplored.

In this study, we mapped and quantified the rates,
spatial patterns and forms, and temporal courses of
urban expansion for 32 major cities based on their
administrative boundaries across China over the past
three decades using multi-temporal Landsat Mul-
tispectral Scanner (MSS), Thematic Mapper (TM) and
Enhanced Thematic Mapper (ETM) data of circa
1978, 1990, 1995, 2000, 2005, and 2010. The objec-
tives of this study were to (1) map the spatial and
temporal dynamics of urban land covers in 32 cities,
(2) quantify and compare the magnitude and forms of
urban expansion for 32 cities, and (3) analyze the
characteristics of urban land patches for 32 cities, and
convergence or divergence of urban patch structure in
China.
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Data and methods
Remote sensing of urban land covers

Our study covered 32 major cities including mu-
nicipalities, provincial/autonomous regional capitals,
and the city of Shenzhen. Shenzhen, the first Special
Economic Zone established in 1978 by the Chinese
government, was included because it is now consid-
ered one of the fastest growing cities in the world. The
boundaries of these 32 major cities were defined
according to China’s official definition of their
administrative areas (i.e., city, shi) (Chan 2007)

(Fig. 1).

Mapping urban extent over large areas demands a
consistent and unambiguous definition of “urban
area”. Various definitions, dependent more on input
data sources than on methodology, have been used in
the past, resulting in diverse estimates on the extent of
urban area (Schneider et al. 2009). In this study, urban
land was defined as all non-vegetative areas dominat-
ed by human-made surfaces (e.g., roads and build-
ings), including residential, commercial, industrial,
and transportation space, following the definitions and
practices of most studies (Elvidge et al. 2007
Schneider et al. 2009; Bai et al. 2012). Urban land
can therefore be considered interchangeable with
impervious surface or the built environment.
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Fig. 1 The administrative boundaries of 32 major cities in
China. They include municipalities, provincial/autonomous
regional capitals, and the city of Shenzhen. Shenzhen, the first
Special Economic Zone established in 1978 by the Chinese
government, was included because it is now considered one of

the fastest growing cities in the world. The background map
shows the topography of China. Three geographic divisions in
China, eastern, central and western regions based on Lin (2002)
are illustrated
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Cloud-free Landsat Multispectral Scanner (MSS),
Thematic Mapper (TM) and Enhanced Thematic
Mapper (ETM) remote sensing imageries were used
to obtain the information on urban land expansion for
those 32 cities over the past three decades. We
collected over one thousand scenes of images and
around 500 with relatively high-quality were used to
extract the extent of urban land for all the cities in this
study (Table S1). Most of the selected images were
acquired during summer in order to separate urban
areas from certain crop fields that might be spectrally
similar to urban areas in a spring image (Yuan et al.
2005). The acquisition time of these images spanned
1973-1981, 1988-1992, 1994-1996, 1999-2001,
2004-2006, and 2009-2010 (Fig. S1), nominally
representing six time periods of circa 1978, 1990,
1995, 2000, 2005, and 2010, respectively. The
time span corresponds to the period of rapid urban-
ization in China since the initialization of the national
policy of “reform and opening-up” in the late 1970s
(Lin 2002). In most cases, several images acquired
at different dates have to be mosaicked to cover a
city (Table S1). As a convention (Bagan and
Yamagata 2012), the nominal date of the mosaicked
Landsat image was the date of the Landsat image that
covered most of the urban area for each time period
(Fig. S1).

Landsat MSS, TM, and ETM data were prepro-
cessed (e.g., re-projection, mosaic, histogram equal-
ization) using ERDAS Imagine version 9.2. Albers
Conical Equal Area was used as the re-projection
coordinate system and all the images were resampled
to the resolution of 30 m x 30 m, resulting in a
minimum mapping unit or minimum patch of urban
land area of 900 m”. The images in 1978, 1990, 1995,
2005, and 2010 were geo-encoded and matched to the
image in 2000 with the error of less than half-pixel for
each city.

The land covers were classified into four broad
types (i.e., cropland, urban land, water body, and other
land cover) using the maximum likelihood classifica-
tion (MLC) approach (Zhao et al. 2006). As defined
previously, urban land consisted of all non-vegetative
areas dominated by human-made surfaces (e.g., roads
and buildings), including residential, commercial,
industrial, and transportation space. Water bodies
included the reservoirs, ponds, and rivers. The other
land cover category included forest, shrub, grass and
bare land. We integrated the histogram-equalized
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NDVI (derived from the Landsat images) and Digital
Elevation Models (DEM, downloaded from http://
www.gdem.aster.ersdac.or.jp/search.jsp) into our
classification. This has often been regarded as an ef-
fective method for enhancing the spectral and topo-
graphic differences across various land covers, and
thus could improve the classification accuracies (Ste-
fanov et al. 2001; Pedroni 2003; Saha et al. 2005).

Post-classification refinements were applied to
reduce classification errors caused by the similarities
in spectral responses of certain classes such as bare
fields and urban and some fallow agricultural land
based on expert knowledge (Yuan et al. 2005; Jat et al.
2008). Ancillary information from various sources
(e.g., DEM, Chinese vegetation map (http://westdc.
westgis.ac.cn), land covers in different time periods,
and local residents) was integrated to refine the clas-
sification results. As our main focus was on charac-
terizing urban expansion, the land covers were further
aggregated into two categories: urban land and non-
urban land (i.e., cropland, water body, and the other
land cover). Due to the resolution limitation of remote
sensing images, it is difficult to distinguish small
isolated urban pixels from non-urban patches, which
may lead to some biases of the classification results.
To reduce this effect,a 1 km x 1 km moving window
was used to generate urban land intensity, defined as
the percentage of urban land pixels at 30 m x 30 m
resolution withineach 1 km x 1 km grid. The urban
pixels with urban land intensity less than 5 % in a
1 km x 1 km moving window were then excluded
from urban land category.

The accuracies of the classified products were
assessed using Google Earth Pro® (GE) (Luedeling
and Buerkert 2008; Zhou et al. 2012). GE covers high
resolution images (e.g., QuickBird, IKONOS, or
SPOTS) for recent years over all the cities in this
study. Additionally, some field photos were uploaded
to Panoramio (http://www.panoramio.com/) which
can help distinguish different land cover types. Be-
cause the high-resolution images were unavailable for
the years before 2000 for all the areas and the years
before 2009 for some areas, we used the images that
were acquired in 2010 in GE to validate the accuracies
of (1) the classification results of 2010, and (2) the
classification results before 2010 in the areas only
where land cover remained unchanged from 1978 to
2010. Two sets of 300 points were sampled over the
classification results of 2010 and the unchanged areas
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from 1978 to 2010 for each city, and these points were
then imported into GE and superimposed over the
high-resolution images for accuracy assessment. The
Kappa coefficients measuring classification accuracy
(Foody 2002) were calculated. Results showed that the
Kappa coefficients of urban land for all cities were
higher than 0.77 for the classification results of 2010
and more than 0.82 for the results before 2010, re-
spectively (Table S2), which met the accuracy re-
quirement of land cover change evaluation (Janssen
and van der Wel 1994).

Rates and spatiotemporal analyses

The annual urban expansion rate (AER) of each city
between five neighboring periods from 1978 and 2010
was calculated following the method of Seto et al.
(2011), which converted urban expansion into a
standard metric removing the size effect of urban land
to facilitate the comparison across various cities:

MR:MM%x(”Eﬂ)l (1)
start

where Ug,,,, is the urban area at the initial time, U,,4
the urban area at the end time, and d the time span of
the period in years.

Three types of spatial analysis were performed in
this study. First, urban expansion patterns and pro-
cesses were examined by classifying urban growth
into infilling, edge-expansion, and leapfrogging (Xu
et al. 2007; Li et al. 2013a). Edge-expansion or urban
fringe development refers to the newly developed
urban area spreading out from the fringe of existing
urban pixels; infilling denotes non-urban land that is
surrounded by urban land underwent a change to urban
land; leapfrogging denotes the new urban patch is
developed without spatial connection to the existing
urban land. To differentiate these three types, an urban
expansion type (E) index was first quantified using
following equation after overlapping consecutive
urban land maps:

Lcom
E=— 2
PVLEW ( )
where P,,, is the perimeter of a newly developed
urban patch, and L., is the length of common edge of

this newly developed urban patch and existed urban

patch or patches. The value of E ranges from O to 1.
Urban expansion type is defined as infilling when
E > 0.5, edge-expansion when 0 <E < 0.5, and
leapfrogging when E = 0.

Second, the spatial organization and fragmentation
of urban land were studied using patch analysis. A
patch is defined as a relatively homogeneous area that
differs from its surroundings (Forman 1995). The area
and perimeter of each urban land patch in each map
were derived using ArcGIS 9.3 software. To investi-
gate the composition and frequency distribution, the
patches were binned into 13 patch size classes: 0-0.05,
0.05-0.25, 0.25-0.5, 0.5-1, 1-2, 2-5, 5-10, 10-20,
20-50, 50-100, 100-200, 200-500, and >500 km?.
Because the actual patch sizes in each bin are unevenly
distributed to the lower end (i.e., the number of smaller
patches is usually higher than the number of larger
patches), the actual mean patch size for each of these
bins was recalculated as the mean size of all the
patches fallen into that bin. The frequency and its
relationship with patch size were investigated in the
study.

Finally, we used the compactness index (CI) to
measure the overall coalescence of the newly devel-
oped urban patches. The compactness index was
calculated as follows (Liu et al. 2010):

lN
Cl= -3 AE 3
A; (3)

where N is the total number of newly developed urban
patches, A is the total area of these newly developed
urban patches, and A; and E; is the area and E value of
the ith newly developed urban patch, respectively. E
value is the urban expansion index ranging from O to 1.
A larger compactness index suggests a more compact
urban expansion, and a smaller one represents a more
diffuse urban expansion.

To analyze the geographic patterns (variability and
similarity) of urban distribution, expansion rates, and
growth characteristics and to understand their regional
driving forces, we used a broad regionalization
scheme that divides China into eastern, central, and
western regions (Fig. 1). This regonalization is widely
considered representing the general patterns of
population, economy, climate, and terrain of China
(Lin 2002).
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Results
Urban expansion

Figure 2 and S2 show the overall spatial patterns of
urban expansion in the 32 cities individually and
Fig. 3 summarizes the areas and rates of expansion by
city and time period. All cities have experienced
extensive urban expansion over the past three decades,
and the magnitude of growth varied with city. In the
late 1970s, the city Harbin, as an old industrial base of
China, had the largest urban area (878 km2), followed
by Beijing (801 km?), Tianjin (795 km?), Shiji-
azhuang (682 km?), and Changchun (658 km?). The
urban land area of Shanghai, the country’s most
modern city, was only 312 km? in 1979. Comparative-
ly, most cities in the west (e.g., Guiyang, Xining,
Lhasa, Hohhot, and Yinchuan) had urbanized area less
than 20 km”.

Large geographic variation existed in city size and
expansion rate across China (Fig. 3). For example,
cities with urban area more than 200 km? in the late
1970s were more largely located in the eastern region:
seven (i.e., Beijing, Jinan, Nanjing, Shanghai, She-
nyang, Shijiazhuang and Tianjin) out of the 13 cities in
the eastern region, three (Changchun, Harbin and
Zhengzhou) out of nine cities in the central region, and
none out of 10 cities in the western region. By 2010,
the average size of urban land for the cities in the
western region (386 + 343 kmz) (mean =+ standard
deviation, hereafter) was still substantially less than
their counterparts in the eastern and central regions
(1,422 + 845 and 1,231 & 867 km?, respectively).

China’s 32 major cities have experienced extensive
urbanization over the past three decades with an
average annual expansion rate of 6.8 £ 2.5 %
(mean =+ standard deviation) between 1978 and
2010. The annual urban expansion rates for 32 cities
ranged from 1.2 to 20.8, 1.1 t0 20.8, 1.1 to 18.8, 1.8 to
16.7, and 3.8 to 15.4 % for the periods 1978-1990,
1990-1995, 1995-2000, 2000-2005 and 2005-2010.
The annual expansion rates of four, ten, five, two and
nine cities were higher than 10 % during these five
periods, respectively (Fig. 3). Overall, the average
annual expansion rates for 32 cities were 7.0 &+ 4.4,
82+£54,63+4.0,53 +32,and 8.3 £ 2.9 % for
these periods, respectively. The highest urban expan-
sion rates occurred in the periods 1990-1995 and
2005-2010, and the largest variability, as indicated by
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both the standard deviation and CV, was observed
during 1990-1995. Tianjin became the largest city in
urban area (3,343 kmz) in China in 2010, followed by
Changchun (2,828 km?), Harbin (2,586 km?), Beijing
(2,452 km?), and Shanghai (1,871 km?). In contrast,
the western cities such as Lhasa, Xining, Lanzhou, and
Guiyang were still relatively small (less than
200 kmz). Particularly, the city Shenzhen, as China’s
first Special Economic Zone, experienced the most
rapid urban expansion from 16 in 1978 to 753 km? in
2010.

Characteristics of urban land patches

Patch size and its number in a given city at a given time
followed a strong “hockey-stick” log—log relationship
(Fig. 4). The hockey stick graph is formed by a
relatively straight log—log relationship when the
frequency of patches were higher than one (i.e.,
hockey stick’s “shaft”), followed by a sharp, steady
increase in patch size with a frequency of one
(corresponding to the “blade” portion). The blade
portion is an important feature that usually character-
izes the largest urban land patch in a city, often the
urban center or core, and it does not follow the overall
size-frequency relationship presented by the size bins
with more than one patch. The largest patch size
expanded over time and varied across cities (Table 1;
Fig. 4).

The slopes of the hockey stick shaft sections (i.e.,
defined by the bins with more than one patch) across
all cities and times varied within a narrow range
[—1.62, —1.00] (95 % confidence interval represent-
ed by the 2.5 and 97.5 % quantiles) (Figs. 4, 5). In
contrast, the intercepts varied greatly with a 95 %
confidence interval being [—0.03, 2.02]. In general,
the intercept increased over time, signifying the
overall increase of patch numbers, for a given city
(Fig. 4). Furthermore, the intercepts were strongly
associated with the total urban land area (only
accounted for the bins with more than one patch)
across all cities (Fig. 5). From the log-log relation-
ship between patch size (S, in km?) and its
corresponding number (N) (Fig. 4), we have:

loglO(N) = a+ f - log10(S) (4)
where the values of B varied narrowly around its mean,

and o is a function of the total urban area (A, in km?,
excluding the bins with only one patch) (Fig. 5):



Landscape Ecol (2015) 30:1541-1559 1547

Beijing Changchun Changsha

30 0 30
L km L 1km

Chengdu Chongqing Fuzhou

010 0 25
L_skm L km

Guiyang

L]
P

#

w7

/?{v% 0 20
: L km

Hangzhou Harbin

Il Urban land in 1978 [ Urban expansion in 1990-1995 Urban expansion in 2000-2005
I Urban expansion in 1978-1990 Urban expansion in 1995-2000 Urban expansion in 2005-2010

Fig. 2 Spatial distribution of urban expansion in selected cities in China over the past three decades. The outlines are their
administrative boundaries. The rest of the 32 cities are shown in Fig. S2 in the Supporting Information
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area (km?) between five neighboring periods from 1978 to 2010
for 32 major cities in China. The normalized annual urban
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Fig. 4 The relationship between the number and the size of patches across cities and time periods

(5)

Plugging Eq. (5) into (4) and using the mean f (i.e.,
—1.29), we can derive a universal relationship for
calculating the number of patches given the patch size
and the total urban land area:

o = 0.977log 10(A) — 1.063

N = 0.08635 12240977 (6)

The simulated patch numbers agreed well with
observations across all cities, time periods, and patch
sizes (Fig. 5).

The distribution of urban area along the patch size
gradient showed a typical and consistent “V-shape”
log—log pattern across cities and time periods (Fig. 6).
The “V-shape” pattern was elevated over time along
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Table 1 The largest patch sizes of urban land by city in 1978 and 2010

Patch size 1978 2010
(km?)
1-2 Haikou, Lasha, Shenzhen and Xining
2-5 Hohhot, Nanning and Yinchuan
5-10 Chongqing, Guangzhou, Guiyang, Kunming,
Lanzhou and Nanchang
10-20 Changsha, Hefei and Urumgqi
20-50 Fuzhou, Hangzhou and Wuhan Lasha and Guiyang
50-100 Changchun, Chengdu, Jinan, Nanjing, Fuzhou, Haikou, Lanzhou and Xining
Shijiazhuang, Taiyuan, Xi’an and Zhengzhou
100200  Harbin, Shanghai, Shenyang and Tianjin Hohhot, Kunming, Nanning, Urumqi, Wuhan and Yinchuan
200-500  Beijing Changsha, Chengdu, Chongqing, Guangzhou, Hangzhou, Harbin,
Hefei, Jinan, Nanchang, Nanjing, Shenyang, Shijiazhuang,
Taiyuan, Xi’an and Zhengzhou
>500 Beijing, Changchun, Shanghai, Shenzhen and Tianjin
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Fig. 5 Relationship between B and the total urban area (A), o
and the total urban area (B), and comparison of predicted and
observed number of urban land patches (C). The o and 3 values
are the regression coefficients in the form of log10(N) = o + f -
log 10(S) derived from all 32 cities and all time periods across
China, each representing the hockey stick shaft shown in Fig. 4.

the y axis or the area direction, suggesting the
existence of urban expansion trends across all cities
and an invariant area ~ patch size relationship over
time. In addition, the patch sizes corresponding to the
minimum total area as shown by the horizontal
positions of the turning points of the “V-shape”
varied considerably between 0.1 and 10 km?” across
cities and time periods. However, most of the
minimum-area patch sizes were around 1 km?.
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The number of patches (N) for a given patch size across all cities
and time periods was predicted using N = 0.0863S~'2A%977
derived from this study (where S is the patch size and A is the
total urban area)

Spatial patterns of urban growth

The relative fractions or composition of the three
growth types (i.e., infilling, edge-expansion, and
leapfrogging) in terms of patch number have experi-
enced drastic changes since 1978, especially during the
early period (Fig. 7). These fractions were strongly and
linearly correlated during 1978-1990, and weakened
during 1990-1995, and demonstrated no relationship
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Fig. 6 The V-shape log-log relationship between patch size and associated total area

thereafter. The number of infilling has been the
smallest among the three (Table 2). However, it has
increased from 7.6 % on average during 1978-1990 to
around 25 % during 2000-2005, followed by a
decrease of 4.6 %. Its coefficient of variation (CV)
has steadily decreased from 0.82 to about 0.30. The
weight of edge-expansion in terms of patch number
increased steadily from 24 % to about 40 % over time
with a decreasing CV as well. In contrast, the fraction
of leapfrogging patches accounted for 68 % of all
patches during 1978-1990. It gradually decreased to
32 % during 20002005, and then rebounded to 39 %.
The CV of leapfrogging weight across cities was
relatively stable across time periods.

The relative fractions of the three growth types in
terms of area also experienced substantial changes
over time (Fig. S3; Table S3). The weight of infilling
area doubled from 11 % during 1978-1990 to 22 %
in 2000-2005, and then dropped to 17.5 % during
the period after. Edge-expansion was the most
extensive form of urban growth since 1990 (ac-
counted almost half from 46 to 51 %), and it was
leapfrogging before that. The fraction of leapfrog-
ging in term of area has been shrinking from 47 %
during 1978-1990 to 27 % in the period of
1990-2005, and then followed by an 8 % jump.
The CV of edge-expansion fraction was the smallest
among the three, and infilling the highest.
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Fig. 7 The change of the proportional composition, calculated
from their numbers of patches, of the three growth types (i.e.,
infilling, edge-expansion, and leapfrogging) with city and time.

Table 2 The mean fractions (%) and coefficient of variation
(i.e., mean divided by standard deviations) of the three urban
growth types in terms of patch number across 32 cities during
various time periods

Infilling Edge-expansion  Leapfrogging

Mean CV  Mean CvV Mean CV

1978-1990 7.6  0.82 24.1 0.51 68.3 0.26
1990-1995 182 04  36.6 0.26 45.1 0.33
1995-2000 23.8 036 41.7 0.13 34.5 0.31
2000-2005 25 0.31 4238 0.16 323 0.28
2005-2010 204  0.33 409 0.13 38.8 0.24

In general, the number of infilling patches was
frequently the fewest among the three growth types
across cities and time periods (Table 3; Fig. 7). From
1978 to 1990, the number of infilling patches was
consistently the smallest in all 32 cities. The
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NN
50 40 30 20 10
Edge-expansion (%)

The sum of the proportions equals to 100 %; the large circle
represents the location of the intersection of the three means,
shown by the dashed lines

leapfrogging patches were the fewest among the three
in 12 cities from 1995 to 2005. The number of
leapfrogging patches was the largest across cities from
1978 to 1995, but took over by the number of edge-
expansion since. The general statistics of the three
types of growth in terms of area (Table S4) were
similar to those of patches as described above except
that the number of leapfrogging patches was the
largest across cities from 1978 to 1990.

Table 4 lists the compactness index (CI) for each
city across different time periods. The cities that had
the highest CI were Beijing and Tianjin, and they
appeared 4 and 3 times in the top 5 CIs, among the 32
cities, during the five time periods, respectively. On
the other end, Guiyang, Haikou, Nanchang, and
Yinchuan appeared four times in the bottom 5 CIs
out of the five time periods. Overall, the CI increased
from 0.18 in 1978-1990 to 0.31 in 2000-2005, and
then dropped to 0.26 on average across all cities. As
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Table 3 The frequency of minimum and maximum fraction appearance according to number of patches among three growth types in
32 individual cities

Number of minimum fraction appearance

Number of maximum fraction appearance

Infilling Edge-expansion Leapfrogging Infilling Edge-expansion Leapfrogging

1978-1990 32 0 0 0 2 30

1990-1995 26 1 5 0 11 21

1995-2000 19 1 12 2 20 10

2000-2005 20 0 12 0 26 6

2005-2010 28 0 4 1 18 13

Table 4 Compactness City Time periods

indexes for 32 major cities

in China over the past three 1978-1990  1990-1995  1995-2000  2000-2005  2005-2010  Mean

decades
Beijing 0.18 0.39 0.40 0.40 0.34 0.34
Changchun 0.22 0.35 0.35 0.35 0.26 0.31
Changsha 0.16 0.17 0.32 0.35 0.21 0.24
Chengdu 0.20 0.22 0.32 0.31 0.22 0.25
Chongging 0.24 0.39 0.29 0.23 0.22 0.27
Fuzhou 0.17 0.22 0.25 0.25 0.21 0.22
Guangzhou 0.31 0.18 0.38 0.29 0.29 0.29
Guiyang 0.10 0.32 0.20 0.25 0.19 0.21
Haikou 0.10 0.21 0.17 0.20 0.20 0.18
Hangzhou 0.12 0.21 0.26 0.20 0.28 0.21
Harbin 0.26 0.31 0.29 0.34 0.22 0.28
Hefei 0.06 0.19 0.24 0.31 0.19 0.20
Hohhot 0.13 0.10 0.21 0.32 0.25 0.20
Jinan 0.20 0.35 0.36 0.30 0.34 0.31
Kunming 0.11 0.38 0.27 0.30 0.24 0.26
Lanzhou 0.36 0.25 0.25 0.27 0.23 0.27
Lhasa 0.13 0.26 0.54 0.51 0.31 0.35
Nanchang 0.11 0.15 0.24 0.25 0.27 0.20
Nanjing 0.14 0.17 0.28 0.30 0.30 0.24
Nanning 0.12 0.22 0.22 0.29 0.23 0.22
Shanghai 0.17 0.22 0.35 0.24 0.36 0.27
Shenyang 0.17 0.30 0.30 0.37 0.24 0.28
Shenzhen 0.15 0.26 0.39 0.39 0.45 0.33
Shijiazhuang  0.23 0.37 0.40 0.30 0.28 0.32
Taiyuan 0.26 0.35 0.36 0.36 0.26 0.32
Tianjin 0.16 0.18 0.40 0.38 0.40 0.30
Urumgi 0.16 0.27 0.37 0.39 0.15 0.27
‘Wuhan 0.26 0.24 0.31 0.27 0.20 0.26
Xi’an 0.14 0.30 0.33 0.34 0.30 0.28
Xining 0.36 0.23 0.31 0.30 0.32 0.30
Yinchuan 0.11 0.15 0.17 0.35 0.21 0.20
Zhengzhou 0.17 0.25 0.40 0.28 0.22 0.26
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Fig. 8 Relationships between compactness index and urban growth types. The fractions of growth types were calculated based on

either area or number of patches

expected from its formulae, CI had strong relation-
ships with the fractions of various urban growth types
regardless how the fractions were calculated from
(Fig. 8). For example, it had a negative relationship
with leapfrogging which has an E value of zero.

Discussion

Urbanization is both the consequence and the fuel of
economic growth, and this is particularly true in China
(e.g., Ding and Lichtenberg 2011; Bai et al. 2012;
Cheung 2012; Bai et al. 2014; Wu et al. 2014).The
urbanization processes, especially the rates, and
spatial and temporal dimensions of urban land expan-
sion, in China showed clear footprints of a series of
economic reforms and national policies. China initi-
ated its economic reform in the late 1970s with
preferential focus on the development of the eastern
region, especially coastal areas, and continued
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targeting the eastern region for economic development
but also concentrated on the central region for most of
the 1980s and 1990s (Lai 2002). The fastest rates of
urban expansion seen in the periods 1990-1995 and
2005-2010 were probably driven by the implementa-
tion of radical reforms after Deng Xiaoping’s southern
tour in 1992 and a stable and relatively fast economic
growth during these periods (Zhu 2012). The large
variability of expansion rates observed during
1990-1995 also reflected the geographic variation of
urban growth in the early phase of the economic
reforms that favored economic growth and urban
expansion in the coastal areas and eastern China. In the
late 1990s, the central government launched western
development strategy to promote development of
western inland (Lai 2002; Schneider et al. 2005; Shue
and Wong 2007). The highest average and peak annual
expansion rates (5.6 &= 4.5 % and 16.7 %) between
2000 and 2005 were observed in the western region, in
contrast with 5.4 £ 3.5 % and 11.9 % in the central
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region, and 4.9 £ 1.7 % and 7.2 % in the eastern
region, which corresponds well to the implementation
of western development policy in the late 1990s.

The influences of diverse socioeconomic and in-
stitutional changes on China’s urban expansion can be
further exemplified by our detailed comparative
studies between or among different cities. For exam-
ple, Chengdu and Chongqging, two large cites in
Southwestern China, have undergone extensive ex-
pansion over the past three decades with an overall
higher growth rate in Chengdu than Chongqing, but a
much higher growth rate was observed in Chongqing
since 1996 primarily driven by the establishment of
Chongqing municipality in 1997 when a series of
significant and preferential investment policies were
authorized by the central and local government (Qu
et al. 2014). Three capital cities in Northeast China
(i.e., Shenyang, Changchun and Harbin) were once
highly urbanized in China and then their urban
expansion processes fell behind the southern coastal
cities in the 1990s when the economic development in
Northeast China was relatively low because of
tremendous challenges from resource depletion, envi-
ronmental pollution and business reconstructing.
However, the “Revitalizing Old Industrial Base of
Northeast China” strategy proposed in 2003, has
promoted the economic recovery of the region and
brought a brand new era of urbanization in the three
cities when they all went through an abruptly rapid
urban expansion since 2005 (Sun et al. 2014). The
magnitude of urban expansion in the Jing-Jin-Ji Urban
Agglomeration over the past three decades ranked as
Tianjin, Beijing, and Shijiazhuang from high to low,
related closely to the preferential policy for Binhai
New Area development in Tianjin, Beijing’s unique
political privilege as the capital of China, and Shiji-
azhuang’s physical location near Beijing suffering
negative “shadow effect” (Wu et al. 2015).

Our patch analysis revealed three lines of evidence
together pointed to a converged urban patch structure
in China: the invariant scaling relationship between
patch size and patch number, the typical “V-shape”
log—log partitioning of urban area along the patch size
gradient, and the existence of a single, large, central
core in most of the cities. Most importantly, it was
shown that the number of patches for a given patch
size in any city can be predicted by a unified function
of the patch size and the total urban area (i.e., Eq. 6).
This universal function clearly suggests that the

number of patches decreases inversely and superlin-
early (the scaling coefficient was smaller than —1)
with patch size within all cities, and the ratio (7y) of the
number of patches between two patch sizes with any
given city in China can be expressed as:

_&_ % 1.29
TN, TS

where N; and N, are the number of patches for patch
sizes S; and S, respectively. On the other hand, the
ratio of patch numbers for the same patch size in
different cities can be estimated by:

7N17 A1 0.977
=N, A

where A; and A, are the urban land areas of the two
cities, respectively. Although our study covered a
wide variety of major cities in China and a relatively
long time span of more than 30 years, it was interest-
ing to see the existence of an invariant function that
can unify the patch size and patch number relationship
across time and space. We have not seen anything
similar to this finding, and whether this relationship
can be extrapolated into other regions remains to be
seen.

Several processes might be responsible for the
converged urban patch structure. First, the central
government-led model of urban development in China
could increase the similarity in the way of urbanization
across various cities (Chan 2010), which can be
supported by the fact that a similar convergent urban
form was found in a study on urban land use change of
four cities in the Pearl River Region in China (Seto and
Fragkias 2005). Second, the trajectory of patch
structure formation during urban development might
be insensitive to the differences in geographic loca-
tion, urbanization history, ecological context, eco-
nomic development stage, and city size, and largely a
spatial self-organization of wurban land patches.
Similarly, a high degree of similarity in spatiotempo-
ral patterns of urbanization between two fastest
growing metropolitan regions in the United States
was observed (Wu et al. 2011). A hierarchical patch
dynamics framework based study on spatiotemporal
patterns of urbanization in the central Yangtze River
Delta region, China from 1979 to 2008 showed that
temporal trends in landscape pattern metrics derived
from patch characteristics at three hierarchical levels
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of the county, prefecture and region were similar (Li
et al. 2013a). These further suggest the possible
existence of a generally converged urban patch
structure. Of course, more cross-boundary studies
covering diverse socioeconomic regimes and bio-
physical conditions and across multiple space and time
scales are required to test the universality of the
observed convergence of urban patch structure in
China.

Dietzel et al. (2005a) hypothesized that the general
evolution of urban growth is a result of cyclic process
of two alternate phases of diffusion and coalescence,
and this hypothesis can be tested in light of the
dynamic co-evolution of multiple landscape and urban
growth metrics. Many previous investigations were
conducted to test the generality of this urban growth
hypothesis, a few confirmed diffusion-coalescence
phase dynamics (Dietzel et al. 2005b; Xu et al. 2007),
and some found that the urban development could
experience the transition phase from diffusion to
coalescence (Liu et al. 2010; Qu et al. 2014; Zhao et al.
2014) and others recognized the coexistence of
diffusion and coalescence (Li et al. 2013a, b). The
discrepancies among those studies can be related to the
differences in temporal scale (over a 100 year time
span or just several decades), spatial scale (data used
with fine or coarse resoultion and extent covering only
urban core or including suburban and even exurban
areas), and characteristics of the urbanization process
(e.g., market-oriented or policy-led). It is more likely
that a continuum process not dichotomy of diffusion
and coalescence could better capture the urban
development trajectory in real-world systems (Jener-
ette and Potere 2010; Tian et al. 2011; Li et al. 2013a),
and this remains to be explored.

Our results generally supported the continuum of
diffusion-coalescence urbanization process as three
urban growth forms (infilling, edge-expansion and
leapfrogging) coexisted during the course of the study
period, and their composition shifted as urbanization
progresses. Leapfrogging, which can increase both the
area and the number of patches of urban land, resulting
in a diffuse city, is the dominant form of urban
expansion at the early stage of urbanization. Edge-
expansion and infilling together are the dominant
forms of urban expansion in the later stage, leading to
arelatively compact city as they can expand the area of
urban land but will not change the number of patches.
During the course of the study period, the relative
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patch number composition of infilling, edge-expan-
sion, and leapfrogging for 32 China’s major cities has
evolved from 1:2:7 from 1978 to 1990 into a relatively
stable ratio of 2:4:4 during the past 15 years or so,
while their relative area composition from 1:4:5 to
2:5:3.

A compact urban expansion will lead to a smaller
physical footprint of the cities thanks to its economic
use of land and may result in subsequent less impacts on
the environment relative to a diffuse one (Jenkset al.
1996; Jenks and Burgess 2000; Williams et al. 2000;
Neuman 2005). However, on the other hand, a diffuse
urban expansion may help maintain the remnant native
habitat patches which will favour the conservation of
native biodiversity in the city during urbanization (Wu
et al. 2011). Substantial changes in growth types and
compactness have been observed across cities and time
periods in China. It is still a great challenge to define
what is the sustainable form of cities for China.
Nevertheless, it is prudent to believe that there does
not exist a ubiquitous answer and it depends on the
geographic location, economic development stage, the
size of existing urban areas, and possible ecological,
social and economic effects of urban expansion.

Conclusions

Spatially explicit comparative investigations on urban
expansion among different cities are sorely lacking,
especially across large geospatial extents. China’s
rapid urbanization in parallel with its economic boom
over the past three decades has attracted worldwide
attention. This study provided a comparative under-
standing on spatially explicit patterns and dynamics of
urbanization in 32 major cities across China from 1978
to 2010.

Rapid urban expansion was observed in these 32
major cities during this time period, with an overall
annual expansion rate of 6.8 & 2.5 %. The sizes of
cities were smaller and rates of expansion were slowed
in the western region than those in the eastern and
central regions in general due to regional disparities.
However, the highest average and peak annual
expansion rates were observed in the western region
between 2000 and 2005, propelled by the implemen-
tation of a national policy targeted to promote western
development in the late 1990s. It seems that Chinese
urbanization is entering a new stage indicated by a
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drastically narrowed difference in urban expansion
rates among cities and an obvious cyclic dispersed
urban expansion across all the cities during the period
2005-2010.

It is more likely that a continuum process not
dichotomy of diffusion and coalescence could better
capture the urban development trajectory in China’s
urbanization. A converged urban patch structure was
found across cities and time periods in China although
the differences in economic development, social and
ecological contexts, and local policies were large. This
structure was characterized by an invariant scaling
relationship between patch size, patch number, and total
urban area across cities in time and space, a “V-shape”
log—log distribution of urban area along patch size
gradient, and the existence of one single large urban
core patch in most cities. However, more work is
needed to test the universality of this relationship across
regions and countries and to understand the implica-
tions to city organization, metabolism, and evolution.
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