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Based on constraining the spatial extent of urban expansion, the urban development boundary concept pro-
vides guidance on resource constraints and policy development for urban areas and aims to meet the new
demands of urban development under the background of a new type of urbanization in China. We applied
remote sensing and geographical information system (GIS) techniques, along with the slope, land use, exclu-
sion, urban extent, transportation, and hill shade (SLEUTH) model, to identify urban growth boundaries in
Changzhou City, China. We then comprehensively considered various land use regulation policies and the car-
rying capacity of land resources to construct an urban development boundary model. This model was tested
using empirical data on the delineation of ßexible and rigid urban development boundaries. We argue that
ChinaÕs position as the largest developing country in the world has resulted in signiÞcant uncertainties in its
socioeconomic development; therefore, the construction of Chinese cities requires both ßexible controls and a
rigid management structure. The model developed in this study successfully meets the construction needs of
ChinaÕs urban development, particularly as it contains an optimal degree of generalizability.Key Words: com-
prehensive urban carrying capacity, geographical information systems, permanent basic agricultural land, remote sens-
ing, urban development boundary.
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A partir de la idea de constre~nir el �ambito espacial de la expansi�on urbana, el concepto de frontera en el
desarrollo de las ciudades provee una gu�õa sobre las limitaciones de recursos y pol�õticas de desarrollo de las
�areas urbanas, y busca cumplir las nuevas demandas de desarrollo urbano en el trasfondo de un novel tipo de
urbanizaci�on en China. Aplicamos t�ecnicas de percepci�on remota y sistemas de informaci�on geogr�aÞca
(SIG), junto con el modelo de inclinaci�on, uso del suelo, exclusi�on, extensi�on urbana, transporte y sombra
de monta~na (SLEUTH) para identiÞcar las fronteras del crecimiento urbano de Ciudad Changzhou, en
China. Luego, consideramos de manera exhaustiva varias pol�õticas de reglamentaci�on del uso del suelo y la
capacidad portante de recursos de la tierra para construir un modelo de frontera del desarrollo urbano. Este
modelo fue puesto a prueba mediante el uso de datos emp�õricos para delinear fronteras ßexibles y r�õgidas del
desarrollo urbano. Argumentamos que la posici�on de China como el pa�õs en desarrollo m�as grande del mundo
ha resultado en signiÞcativas incertidumbres en su desarrollo socioecon�omico; por eso mismo, la construcci�on
de las ciudades chinas requiere tanto de controles ßexibles como una r�õgida estructura de manejo. El modelo
desarrollado en este estudio cumple plenamente las necesidades de construcci�on para el desarrollo urbano de
China, particularmente porque el modelo contiene un�optimo grado de capacidad generalizadora.Palabras
clave: capacidad portante exhaustiva, sistemas de informaci�on geogr�aÞca, tierra agr�õcola b�asica permanente, percepci�on
remota, frontera de desarrollo urbano.
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U
rbanization in China is characterized by rapid
land urbanization accompanied by a relative
lag in population urbanization (F. Chen et al.

2010). Furthermore, a lag in urban construction com-
pared to the pace of land urbanization means that the
full economic value of land is not realized. As a result,
there is signiÞcant waste of land and energy resources;
for example, farmland loss and wetland degradation
(Normile 2008; S. Su et al. 2011; Y. Chen et al. 2013;
Jiang et al. 2014; Deng et al. 2015). Therefore, an
effective urban management tool is urgently needed to
properly coordinate city development.

The urban development boundary concept was Þrst
proposed by the Chinese government to restrict uncon-
trolled urban expansion; however, in the Þeld of urban
planning, the termurban growth boundaryis more fre-
quently used (Jun 2004). The aim of setting urban
growth boundaries is to create spatially compact and
continuous patterns of urban landscape to protect farm-
land, sensitive ecological environments, and so on
(Ding, Knapp, and Hopkins 1999). Long-term practices
have shown that urban growth boundaries can guide
and motivate cities toward orderly expansion, the pro-
tection of ecological space, and sustainable urban
development. This approach has been widely
researched, implemented, and promoted in the Unites
States (Long et al. 2013). The new edition of the
ÒMeasures for Formulating City Planning,Ó published
in China in 2006, provides a clear summary for overall
city planning and the need to Òstudy urban growth
boundaryÓ in the planning of city centers to restrict the
scale of city development and to delineate the scope of
city construction (The Ministry of Housing and Urban-
Rural Development 2006). In reality, however, plans
for various large cities in China did not fully consider
the urban growth boundary concept, sometimes limit-
ing consideration to construction areas.

Along with ChinaÕs rapid industrialization and
urbanization, the lack of effective regulation of urban
expansion has led to the development of disorderly
urban sprawl (Huang et al. 2015). Important ecologi-
cal spaces have been greatly reduced (e.g., agricultural
land and forests), and urban landscapes have moved
toward homogenization and fragmentation (Wei and
Zhang 2012). As a result, areas including wetland, for-
est, and grassland are gradually being replaced by
impervious surfaces and cities constructed of cement,
brick, and glass. This change can trigger a series of
urban problems, including smog, deteriorating water
quality, trafÞc congestion, and so on (Wu et al. 2014;
Huang et al. 2015). In response, the Central

Urbanization Work Conference (Jinping et al. 2013)
proposed that the urban development boundary of
each city should be delineated as soon as possible, par-
ticularly for megacities. Furthermore, cities should be
situated within nature areas, whereas water bodies and
mountains should be protected for urban residents. At
the same time, it was proposed that under the back-
ground of a new type of urbanization, the setting and
management of urban development boundaries should
follow three strategic guidelines: (1) Òencourage the
change from outward expansive growth to coordinated
growth,Ó (2) Òencourage the change from destructive
development to protective construction,Ó and (3)
Òencourage the change from a homogenous urban area
to uniÞed urban areaÓ (Jinping et al. 2013, 84Ð89).
Furthermore, members of the conference agreed that
the basic function of urban development boundaries is
to assist in the management of city development by
restricting urban development to a clearly deÞned,
geographically connected region to prevent unplanned
city expansion. The concept covers both the process
and location of development, while also satisfying
urban development needs. Models must set a rigid bot-
tom line for urban development and construction
activities, which must be adhered to, and the core
goals of development and construction should be to
improve integrated quality. Therefore, the delineation
of urban development boundaries should be ßexible
enough to satisfy urban development needs but rigid
enough to restrict urban expansion in accordance with
the comprehensive carrying capacity of the region.
The rigid boundary of urban expansion should be
delineated using land use regulation lines, which
should be based on overall land use planning, urban
planning, and environmental protection planning.

This study employed remote sensing and geographi-
cal information systems (GIS) techniques to extract
urban land use and identify the evolution of urban
boundaries in Changzhou City, China. Based on pat-
terns of urban expansion and socioeconomic develop-
ment trends, we quantitatively predicted the maximum
scale and direction of urban development and expan-
sion. By considering relevant planning and control
lines and by reviewing assessments of the comprehen-
sive carrying capacity at city level, an urban develop-
ment boundary model was constructed and the urban
development boundary was delineated. Urbanization is
still in development and additional land resources are
required to sustain urban construction for many cities
in China. Therefore, the model aims to balance the
need for rigid control of land resources with ßexible

2 Jiang et al.
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demand for these resources by separately delineating
rigid and ßexible urban development boundaries.

Related Research Background

Progress of Research on Urban Growth Boundaries

Since the urban development boundary concept
was Þrst proposed in China, no relevant studies have
considered it in detail, with the most closely related
studies focused only on the delineation of urban
growth boundaries. Research into urban growth
boundaries emerged concurrently with issues related to
urbanization and requirements to protect and manage
green and open spaces surrounding cities (e.g., farm-
land and forestry), with a view to managing the coexis-
tence of humans and nature (Brueckner 2007).

At present, research into urban growth boundaries is
mainly focused on delineation techniques, with most
existing delineating methods being computational
models. Jun (2004) performed comparative analyses
among different cities and between internal and exter-
nal urban growth boundaries and constructed regression
models for mathematical and statistical analyses. Jun
(2004) concluded that mathematical and statistical
models are applicable to the delineation of urban
growth boundaries. Tayyebi, Pijanowski, and Tayyebi
(2011) constructed an urban growth boundary model
using integrated artiÞcial neural network models, GIS,
and remote sensing techniques. Long et al. (2013) con-
ducted a comparative analysis based on the results of
urban boundary delineation using cellular automata
(CA) models constrained using urban planning con-
trols. They concluded that the delineation of urban
growth boundaries in China relied predominantly on
planning policy. Arsanjani, Helbich, and de Noronha
Vaz (2013) integrated multiagent models and multicri-
teria analyses and proposed a geographical simulation
analysis method for extracting urban boundaries. Hu
et al. (2015) focused on the problem of insufÞcient data
regarding historical changes and the difÞculties of accu-
rately conÞrming urban boundaries. They integrated
remote sensing techniques, land use information
entropy models, and GIS spatial interpolation techni-
ques and presented a set of highly accurate and low-cost
methods for urban boundary extraction. Computational
models, however, often fail to consider changes in the
expansion direction of urban morphological bound-
aries. To tackle this, W.-Z. Su et al. (2012) explored a
method for the delineation of urban growth boundaries
by integrating a variety of techniques, including a

system dynamics model and a CA and urban capacity
evaluation. This research made a relatively perfect con-
sideration of urban scale. Computational models
require large volumes of high-accuracy data, however,
and model construction is often complex; therefore, the
use of computational models can be inconvenient for
practical applications. Furthermore, computational
models often do not consider changes in the expansion
direction of urban morphological boundaries. Arsan-
jani, Helbich, and Mousivand (2014) developed a tech-
nique to extract urban boundaries based on
morphology. Wei et al. (2014) used Defense Meteoro-
logical Satellite Program Operational Line Scanner
(DMSP-OLS) nighttime light data to construct multi-
ple time series to monitor changes in urban growth,
thus providing new data sources and technological
methods for the extraction of urban growth boundaries.

In addition, many scholars have conducted studies
into the practical applications of urban growth bound-
aries (Mubarak 2004; Anas and Rhee 2007; Brueckner
2007; Cho, Poudyal, and Lambert 2008; Gennaio, Her-
sperger, and B urgi 2009), which have further enriched
our empirical understanding of urban growth boundaries.

Urban Carrying Capacity Evaluations: Research
Progress

Urban carrying capacity is the carrying capacity of
an urban population and socioeconomic activities
within a deÞned period and with predeÞned goals
(Sarma et al. 2012; Lane, Dawes, and Grace 2014). It
reßects the available urban resources, ecological envi-
ronment, basic infrastructure, and public services (Liu
and Borthwick 2011; Lane, Dawes, and Grace 2014;
Wei et al. 2015). Urban carrying capacity is an impor-
tant indicator of urban sustainability and can be consid-
ered a health examination for urban development (Wei
et al. 2015). The results of urban carrying capacity
evaluations contribute to urban planning and manage-
ment; therefore, urban carrying capacity studies from
different perspectives have become a research focus.

Joardar (1998) constructed an evaluation indicator
system for urban carrying capacity in urban infrastruc-
ture planning, taking into consideration water supply,
sanitation, and so on. Graymore, Sipe, and Rickson
(2010) developed a regional-scale sustaining human
carrying capacity evaluation model aimed at monitor-
ing sustainability. Indicators such as population
growth, land clearing rate, and ecosystem health were
integrated into the model and ranked using a literature
investigation and expert opinions. Kang and Xu
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(2010) proposed a theoretical model for conÞrming
the threshold of urban ecosystemsÕ carrying capacity
based on the assumption that this threshold is primar-
ily determined by various natural, social, and eco-
nomic elements. Liu and Borthwick (2011) assessed
the environment capacity of Ningbo, China, from the
perspective of the natural resources capacity, environ-
mental assimilative capacity, ecosystem services
capacity, and society supporting capacity. Lane,
Dawes, and Grace (2014) showed that the essential
parameters of a resource-based capacity assessment
model should include basic human needs. Moreover,
different parameters lead to different capacity evalua-
tion models. Wei et al. (2015) presented three princi-
ples for developing an urban carrying capacity
evaluation model. Peng et al. (2016) assessed the eco-
logical carrying capacity in mountainous areas by com-
prehensively considering human and natural systems.
Nakajima and Ortega (2016) compared the effects of
energy assessments and ecological footprints on carry-
ing capacity evaluations and obtained a similar result.

According to our literature investigation, urban car-
rying capacity studies fall into four categories: method-
ology development, indicator systems, evaluation
models, and evaluation threshold conÞrmation.

Progress on Delineating Urban Development
Boundaries in China

In July 2014, the Ministry of Land and Resources and
the Ministry of Housing and UrbanÐRural Develop-
ment jointly conducted a Þrst-phase experiment on
urban development boundary delineation in fourteen
cities, including Beijing, Shanghai, Guangzhou, and
Shenzhen. Among the fourteen pilot cities, the initial
work on Xiamen City was completed by Òcombining
three plans in oneÓ (i.e., the planning of the national
economy and social development, urban planning, and
land planning). Since receiving the preliminary results
on boundary delineation, Xiamen City is exploring the
use of information platforms to facilitate collaborative
management, thus strengthening the regulation of
development boundaries. In Wuhan City, conÞrmed
basic ecological control lines have been used to perform
research into both city-level environmental capacity
and construction land suitability evaluations, resulting
in a draft urban development boundary. Guiyang City
has completed organizational and technical prepara-
tions and is now establishing comparative systems for
urban construction land use and current land use classi-
Þcations, which will facilitate delineation work.

Based on this research, Wuhan City has established
a ßexible zone between the ecological red line (a rigid
line that cannot be easily adjusted) and the develop-
ment boundary, which allows for the maintenance and
adjustment of the urban development boundary and
also acts as a reserve space for long-term development.
Xiamen City has established ecological control lines
(including an ecological red line and an ecological
buffer zone) and construction land use control lines,
which delineate ecological and urban spaces, respec-
tively. Construction land use within the ecological
control zone has been gradually reduced using various
means, and the ecological buffer zone serves as a long-
term space for urban development. Nanjing City has
implemented strict land use planning controls on the
scale of construction land use. The morphology,
expression, and subsequent management regulations of
urban development boundaries have been determined
rationally, based on the carrying capacity of future
resources and on the environment, also combining the
structure, axis, groups, and ecological needs of urban
patterns (Ministry of Land and Resources of the Peo-
pleÕs Republic of China [MLR] 2014).

On 25 April 2015, ÒOpinions of the CPC Central
Committee and the State Council on Accelerating the
Ecological Civilization ConstructionÓ (The CPC Cen-
tral Committee and the State Council 2015) was pub-
lished and stated that there was a further need for the
vigorous promotion of green urbanization, the delinea-
tion of urban development boundaries, more stringent
rules for the supply of urban construction land, promo-
tion of the transformation of urbanization development
from outward expansion to internal content improve-
ment, and tightening of the conditions and procedures
for setting up new cities and districts (MLR 2015).

Study Area and Data Sources

Study Area

This study focused on areas under the jurisdiction of
Changzhou City (including the districts of Wujin, Xin-
bei, Tianning, Qishuyan, and Zhonglou) and covered
an area of 1,861.96 km2 (Figure 1). The population of
regular residents was 3.37 million in 2013, of which
2.43 million lived in urban areas (Changzhou Munici-
pal Statistics Bureau and Changzhou Investigation
Team of the National Bureau of Statistics 2014). The
study area is located in a developed region of southeast-
ern China and represents the Southern Jiangsu Modern-
ization Demonstration Area. Furthermore, it is an

4 Jiang et al.

D
ow

nl
oa

de
d 

by
 [N

an
jin

g 
U

ni
ve

rs
ity

], 
[P

en
gh

ui
 J

ia
ng

] a
t 2

0:
04

 0
2 

A
ug

us
t 2

01
6 

https://www.researchgate.net/publication/259125414_The_essential_parameters_of_a_resource-based_carrying_capacity_assessment_model_An_Australian_case_study?el=1_x_8&enrichId=rgreq-b8b412c8da7bad75bdeb95fe7e2081bc-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc5NDY0OTtBUzozOTE2MzE3MjAyMDYzNDBAMTQ3MDM4MzY4NjYzOA==
https://www.researchgate.net/publication/282163415_How_to_assess_urban_development_potential_in_mountain_areas_An_approach_of_ecological_carrying_capacity_in_the_view_of_coupled_human_and_natural_systems?el=1_x_8&enrichId=rgreq-b8b412c8da7bad75bdeb95fe7e2081bc-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc5NDY0OTtBUzozOTE2MzE3MjAyMDYzNDBAMTQ3MDM4MzY4NjYzOA==
https://www.researchgate.net/publication/268693464_Sustainable_urban_development_A_review_on_urban_carrying_capacity_assessment?el=1_x_8&enrichId=rgreq-b8b412c8da7bad75bdeb95fe7e2081bc-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc5NDY0OTtBUzozOTE2MzE3MjAyMDYzNDBAMTQ3MDM4MzY4NjYzOA==


important component of the Yangtze River Delta met-
ropolitan region. Research focused on the Lake Tai
plain, which has a ßat terrain and an average altitude of
below 30 m. The region experiences a subtropical mon-
soon climate, with hot and rainy summers but mild win-
ters with little rainfall. The area has always been the
political, economic, and cultural center of Changzhou.

Owing to Chinese economic reforms, the study
area used the South Suzhou model to guide the
direction of socioeconomic development. Following
a strong focus on township enterprises, the region
became one of the Þrst in China to achieve a moder-
ately prosperous middle class and socioeconomic
modernization. In the past few decades, the total
gross domestic product (GDP) of the study area has
increased from RMB 18.38 billion in 1985 (Jiangsu
Province Statistics Bureau and Investigation Team

of the National Bureau of Statistics 2009) to RMB
334.97 billion in 2013 (Changzhou Municipal Sta-
tistics Bureau and Changzhou Investigation Team of
the National Bureau of Statistics 2014).

Rapid socioeconomic development was accompa-
nied by rapid urban construction and expansion. The
urban built-up area grew from 24.44 km2 in 1978 (the
beginning of Chinese economic reforms) to 185.67 km2

in 2013 (Changzhou Municipal Statistics Bureau and
Changzhou Investigation Team of the National Bureau
of Statistics 2014). As a result, there were large-scale
changes from arable and other ecological land uses to
construction land use. The regional ecological environ-
ment was severely damaged and the value of ecosystem
services was greatly reduced (Li et al. 2014). Affected
by the trend of a new type of urbanization in China,
Changzhou City is gradually starting to explore urban

Figure 1. Study area. (Color Þgure available online.)
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construction transformation. Through research on
Òcombining multiple plans into one,Ó Changzhou City
has preliminarily delineated an ecological red line pro-
tection zone and a permanent basic farmland protection
zone. Based on this, the city has reevaluated its
approach to consider the perspective of the bottom
line, with hopes to restrict urban expansion, thereby
conÞrming the urban development boundary and guid-
ing orderly and sustainable urban development.

Data Sources

Landsat TM/ETMC Images

A series of Landsat images, including some from the
Landsat 5 Thematic Mapper (TM) and the Landsat 7
Enhanced Thematic Mapper (ETMC), were acquired
for six time points (1990, 1995, 2000, 2005, 2010, and
2014; see Table 1). Images were used to extract con-
struction land use data. The image quality was good,
with cloud cover below 1 percent.

On 31 May 2003, an anomaly with the Landsat 7
ETMC Scan Line Corrector (SLC) resulted in the loss
of data bands in subsequent images, which seriously
affected the use of Landsat ETMC remote sensing
images. Therefore, we chose a multiscene and self-
adaptive local regression model to conduct the restora-
tion of banded image data. The geo-registered images
we used in the research are deÞned as primary images
and no changes were made to keep their real values.
More than one geo-registered image with better qual-
ity was chosen as Þll images. An adaptive window was
then constructed and modiÞed to Þll the missing
regions of the image. The local region with the stron-
gest correlation was extracted to perform a regression
analysis to maximize the quality of image restoration.
At the same time, we applied the fast line-of-sight
atmospheric analysis of spectral hypercubes
(FLAASH) modules of the ENVI software package

(Version 5.1, Esri, Redlands, CA, USA) for atmo-
spheric correction. By correcting the cascade effect
caused by diffuse reßections, the classiÞcation graphs
included cirrus cloud and nontransparent cloud cover;
thus, we were able to adjust spectral smoothing caused
by human-induced suppression. Finally, the urban
administrative boundary of Changzhou City was used
as the image cropping area, and ENVI was used to
achieve irregular cropping of remote sensing images.

Statistical Yearbook Data and Other Geospatial Data

Contemporary land use data, published in 2012
(1:50,000), were obtained from the Bureau of Land
and Resources of Changzhou City and used to verify
the accuracy of remote sensing interpretations. A 30-
m resolution digital elevation model (DEM) of
Changzhou City was provided by the International
ScientiÞc Data Services Platform of the Chinese
Academy of Sciences, from which we extracted slope
data. TrafÞc data were obtained from the Bureau of
Land and Resources of Changzhou City and were used
to calculate the density of road networks and transport
accessibility. Transport accessibility was calculated
using network analytical functions in the ArcGIS soft-
ware package (Version 10.2.1, Esri, Redlands, CA,
USA). Geological and soil quality data for Changzhou
City were provided by the Bureau of Land and Resour-
ces of Changzhou City and the Nanjing Institute of
Soil Research of the Chinese Academy of Sciences
and were used to obtain information on the soil envi-
ronment (e.g., soil pH, soil organic carbon, and soil
depth). Data on air and water quality were provided
by the Changzhou Ecological Interactive Platform.
The processing of spatial data was primarily completed
using the ArcGIS software package. GIS spatial ana-
lytical techniques were used in combination with data
on administrative districts and dot distribution data
from various township governments. Statistical analy-
ses were completed using information categorized by
townships (streets) and districts.

Socioeconomic data on Changzhou City in 2012 were
primarily sourced from the Statistical Yearbook of
Changzhou City, which includes county-level city and
population census data for Changzhou City. Data on
population density, GDP per land area, savings per cap-
ita, net income per farmer capita, and agricultural
mechanical power per land area were processed using the
Microsoft OfÞce Excel and SPSS 19.0 software packages
(Version 19.0, IBM, Armonk, NY, USA).

Table 1. Remote sensing data used in this study

Sensors Path Row Date Cloud

Landsat 5 TM 119 38 23 July 1991 0.63%
Landsat 5 TM 119 38 3 August 1995 0.00%
Landsat 5 TM 119 38 17 September 2000 0.62%
Landsat 7 ETMC 119 38 7 September 2005 1.00%
Landsat 7 ETMC 119 38 21 September 2010 0.00%
Landsat 7 ETMC 119 38 5 December 2014 0.02%

Note: TM D Thematic Mapper; ETMC D Enhanced Thematic Mapper.
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Research Methods

Extracting Construction Land Use Data

Urban construction land use is complex and often
includes several land coverage subtypes, with the
complexity of its composition determining the hete-
rogeneity of its electromagnetic spectral reßection.
Therefore, extracting construction land use from crude
multispectral bands (the usual method of constructing
a remote sensing index) often fails to achieve optimal
results. Thus, we opted for data dimension compres-
sion to extract data on construction land use; this
involves using new images constructed from an Index-
based Built-up Index (IBI; Xu 2008).

The IBI used three indexes to construct the remote
sensing index: the modiÞed normalized difference water
index (MNDWI) to represent water bodies, the normal-
ized difference built-up index (NDBI) to represent con-
struction land use, and the soil-adjusted vegetation
index (SAVI) to represent vegetation (Zha, Gao, and Ni
2003; Xu 2006, 2008). SAVI was chosen over the nor-
malized difference vegetation index (NDVI) because
vegetation coverage in the research area was not high.
The formulas for the various indexes are as follows:

MNDWI D
GREEN¡ SWIR
GREENC SWIR

(1)

NDBI D
SWIR¡ NIR
SWIRC NIR

(2)

SAVI D
NIR ¡ REDð Þ£ 1:5
NIR C REDC 0:5ð Þ

(3)

IBI D
[NDBI ¡ SAVIC MNDWIð Þ/2]
[NDBI C SAVIC MNDWIð Þ/2]

: (4)

Based on the IBI, we extracted a time series of Changz-
hou construction land use data (Figure 2). Following ver-
iÞcation using land use survey data from 2005 and 2011,
we found that the construction land use accuracy in
2005 (Figure 1D) and 2014 (Figure 1F) was 83.6 percent
and 80.7 percent, respectively.

Urban Expansion and Pattern Evolution

Based on construction land use data classiÞed using
remote sensing images, we chose six indexes to analyze
urban expansion and the pattern of evolution: the pro-
portion of construction land use area (Proportion),
the perimeter-area fractal dimension (PAFRAC), the

aggregation index (AI), the patch density (PD),
the number of patches (NP), and the landscape con-
nectivity index (COHESION).

Urban Expansion Simulation

The slope, land use, exclusion, urban extent, trans-
portation and hill shade (SLEUTH) model predicts
future phenomena by simulating previous evolution
trends and assuming that historical growth trends are
continuous. The rule of growth in the model is deter-
mined by Þve growth control coefÞcients that are
based on historical data: the dispersion coefÞcient, the
breed coefÞcient, the spread coefÞcient, the slope
resistance coefÞcient, and the road gravity coefÞcient.
These coefÞcients generate four sequential growth
types: spontaneous, new spreading center, edge, and
road-inßuenced. The modelÕs self-modifying parame-
ters (SMP) are found throughout the process of urban
expansion to simulate the nonlinear process of urban
expansion.

SLEUTH obtains the best coefÞcient values
through a calibration process, which predicts future
urban expansion and changes in land use. Calibration
is key for the operation of the SLEUTH model.
Throughout the calibration process, the model relies
on brute-force Monte Carlo iterations and historical
data. This process gradually reduces the area of control
coefÞcients and Þnally identiÞes a combination that
inverses the optimal values of the Þve control coefÞ-
cients. The calibration method involves four steps:
coarse calibration, Þne calibration, Þnal calibration,
and deriving forecasting coefÞcients.

We tested the calibration processes for two different
exclusion layer models. Exclusion layer E1 consisted of
water bodies and ecological protection areas only.
Layer E2 added planning data for basic farmland plan-
ning to limit urban development within the basic
farmland protection zone. In the calibration phase, the
Optimal SLEUTH Metric (OSM) indicator was used
to conÞrm the best simulation (Dietzel and Clarke
2006):

OSMD compare£ pop£ edges£ clusters£ slope

£ xmean£ ymean:
(5)

Because the slope of the research area was ßat, the
slope indicator was dropped to avoid an output indica-
tor with a value of 0, and the OSM_NS (Optimal
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SLEUTH Metric, No Slope) was used instead:

OSM NSD compare£ pop£ edges£ clusters

£ xmean£ ymean:
(6)

The OSM_NS indicators (Table 2) tested the accu-
racy of the model growth (compare and Pop), the
accuracy of the growth locations (X-Mean and Y-
Mean), and the size and shape (clusters and edges).

Figure 2. Urban sprawl of Changzhou City between 1991 and 2014. (Color Þgure available online.)
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Larger OSM_NS values indicate that simulated results
are closer to reality.

Using image data for the study area from 1991,
1995, 2000, 2005, 2010, and 2014, coarse calibration,
Þne calibration, and Þnal calibration were performed
on the model. At the end of each calibration phase,
the parameter combinations were ranked according to
OSM_NS to obtain the optimal growth control coefÞ-
cient. The optimal OSM_NS values for each calibra-
tion phase of the two methods were obtained.

Extracting the Urban Growth Boundary Lines

Urban growth is presented spatially as a process of
expanding urban space development. Therefore, urban
growth boundary lines should outline areas of con-
nected and concentrated urban growth. Owing to the
characteristics of urban growth boundary lines, we
applied a digital morphology to process images by set-
ting the area threshold, Þltering the fragmented patches
of construction land, and extracting the area of urban
growth. Edge testing was then performed to obtain
urban growth boundary lines. We used a Canny edge
detector to extract the edges. A Gaussian smoothing Þl-
ter was applied for image denoising. The gradient mag-
nitude and direction were calculated using the Þnite
difference of the Þrst partial derivatives. Nonmaximum
suppression was then applied to calculate the gradient
magnitude and the double thresholds method was used
to detect and connect edges. After extraction, the edge
was converted into various polygons with different
areas. Only polygons covering the city center were
needed for the urban development boundary delinea-
tion, however. Therefore, we selected the area of the
largest independent patch to erase the patches

disconnected with the main urban region. In this way,
we ensured that the urban development boundary was a
continuous line without breakage.

Assessment of Urban Comprehensive Carrying
Capacity

Selection of Evaluation Factors and ConÞrmation Using
Weights

Based on the deÞnitions and current status of urban
resources and the ecologicalenvironment in Changzhou
City, we selected eight indicators to assess the compre-
hensive carrying capacity (Table 3, Figure 3): the degree
of ecological environment fragility (Figure 3A), degree
of completeness of basic infrastructure (Figure 3B), util-
ity of land investment (Figure 3C), ecological carrying
capacity (Figure 3D), nonagricultural production value
per land area (Figure 3E), utility of land production (Fig-
ure 3F), ecosystem servicesvalue (Figure 3G), and food
yield per unit (Figure 3H). The analytic hierarchy pro-
cess (AHP) was used to conÞrm the weighting of these
evaluation factors as follows (Figure 4).

First, factor clustering was performed to classify the
evaluation indicators among ecological capacity, eco-
nomic capacity, and land resource capacity. Factor
ranking was then applied to order the evaluation indica-
tors by their relevance to the comprehensive urban eco-
logical carrying capacity. Furthermore, every factor was
given a score according to the criteria provided in
Table 4. Based on factorsÕ scores, judgment matrices
A1, A2 (Tables 5 and 6), and an eigenvector matrix
were established to calculate the maximum eigenvalue
(Equation 7). To check the coordination of the result,
the consistency indicator and ratio were calculated

Table 2. SLEUTH model calibration indicators

Indicator Description

Compare Final year modeled population/Þnal year actual population (or IFPmodeled> Pactual{1 ¡ [Þnal year modeled population/Þnal
year actual population]})

Pop Least squares regression score of modeled urbanization compared to actual urbanization in control years
Edges Least squares regression score for modeled urban edge count compared to actual urban edge count in control years
Clusters Least squares regression score for modeled urban clustering compared to known urban clustering in control years
Xmean Least squares regression of mean X_values for modeled urbanized cells compared to mean X_values of known urban cells in

control years
Ymean Least squares regression of mean Y_values for modeled urbanized cells compared to mean Y_values of known urban cells in

control years
Slope Least squares regression of mean slope for modeled urbanized cells compared to mean slope of known urban cells in control

years

Note: SLEUTH D slope, land use, exclusion, urban extent, transportation, and hillshade.
Source: Dietzel and Clarke (2006).
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(Equations 8 and 9;RI was selected according to
Table 7). If CR < 0.1, the judgment matrixA1 meets
the demand of the AHP and the column values of the

eigenvector matrix provide the weights of the corre-
sponding evaluation indicators. Otherwise, judgment
matrix A1 was recalculated until the value ofCR was

Table 3. Evaluation indicators for comprehensive urban carrying capacity

Indicator Subindicators Formulaa

Degree of ecological
environment fragility EVI D

Xn

i D 1

Ai

A
CEVIi ð1Þ

CEVI D a ¢SC b ¢FC g ¢D C d¢STC e¢SW ð2Þ
Degree of landscape fragmentationS

Si D
Xi

1

ni/Ai ð3Þ

Degree of landscape divisivenessF Fi D Di/Si ð4Þ
Di D 1/2

����������
ni/Ai

p
ð5Þ

Si D Ai/A ð6Þ
Reciprocal value of fractal dimensionD Di D 1/.2ki/ ð7Þ

log2.Li/4/ D kilog2.Ai/ C c ð8Þ
Terrain and topographyST, indicator

of water resources and ecological factorsSW Si D
Xn

j D 1

Aij

Ai
Cij ð9Þ

Degree of completeness of basic
facilities

Quantity of basic facilities (e.g., water, electricity,
telecommunications [lines], gas, transport [lines]) in
townships of the region or regional population of
regular residents

Basic facilities and others
Utility of land investment Value of GDP growth per land area/investment into

Þxed assets per land area
Ecological carrying capacity Ec D N £ ec ð10Þ

ec D
Xn

j D 1

.aj £ gj £ yj/ ð11Þ

Nonagricultural production
value per land area

Total production value of secondary and tertiary
sectors in the region/total area of construction land
in the region

Utility of land production Growth of GDP/(area of agricultural landC area of
construction land)

Value of ecosystem services ESVD
X

Ak £ VCk ð12Þ

Ea D 1/7
Xn

i D 1

mipiqi

M

.

ð13Þ

Food production per unit Total amount of food production in the region/area of
crops sowed in the region

aIn Equation 1,EVI is the ecological environment fragility index of the region,I is the landscape type,n is the number of landscape types,Ai is the area of the
ith type of landscape, andCEVIi is the degree of integrated fragility of theith type of landscape. In Equation 2,a, b, g, d, andeare weights;S, F, andD are the
degrees of fragmentation, divisiveness, and the fractal dimension reciprocal value for a given landscape type, respectively;ST and SW are the terrain and
topography and the indicator of water resources and ecological factors for a given landscape type, respectively. In Equation 3,Si is the degree of fragmentation
of the ith type of landscape, andni is the number of patches of theith type of landscape. In Equation 4,Fi is the adjusted landscape divisiveness of theith type
of landscape,Di is the patch divisiveness of theith type of landscape, andSi is the index of landscape area. In Equations 5 and 6, the meanings of each variable
are as illustrated in the preceding equations. In Equation 7,Di is the fractal dimension reciprocal value of theith type of landscape, andkiI is the regression
coefÞcient between the patch area and patch perimeter of theith type of landscape. In Equation 8,Li is the patch perimeter of theith type of landscape, andc
is a constant. In Equation 9,j is the grading of ecological factor fragility,Si is the ecological factor indicator of theith type of landscape (includingST and
SW), Aij is the area of theith type of landscape at the fragility grading of thejth ecological factor, andCij is the weighting of theith type of landscape at the fra-
gility grading of thejth ecological factor. In Equation 10,Ec is the ecological carrying capacity,N is the total population, andec is the ecological carrying
capacity per capita. In Equation 11,j is the land type of biological production,n is the total number of land types,aj is the actual owned productive land area
per capita,gj is the balance factor, andyj is the production volume factor. In Equation 12,Ea is the economic value of the ecosystem production services per
unit of farmland,I is the type of food crop,mi is the national mean price of food crops,pi is the food production per unit,qi is the area of crop cultivation, and
M is the total area of crop cultivation. In Equation 13,ESVis the value of ecosystem services,Ak is the distribution area of thekth type of land use in the
research area, andVCkI is the coefÞcient of ecological value (i.e., the value of ecosystem services per unit area).
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Figure 3. Urban carrying capacity evaluation indicators. (Color Þgure available online.)

Figure 4. The technical process of the analytic hierarchy process.
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less than 0.1.AsCRis 0.029 in this study (Table 8), the
judgment matrix meets the requirements set out earlier.

� D
Xn

i D 1

A1Wð Þi
nWi

(7)

CI D � ¡ nð Þ/ n¡ 1ð Þ (8)

CRD
CI
RI

: (9)

Construction of a Multifactorial Multivariate
Comprehensive Discriminatory Model

Based on the conÞrmed assessment indicators and
their weights, a multifactorial multivariate comprehen-
sive discriminatory model was constructed, and corre-
sponding integrated assessment values were obtained
(Table 9). This model contains an evaluation of weight

revisions, a geographically weighted intersection analy-
sis of indicators, and capacity zoning. The evaluation
weights revision was performed based on our resource
and environment evaluation and on a series of land use
plans for Changzhou City. The purpose of this revision
was to improve the match between the mathematically
calculated weights and the reality of Changzhou City.
A geographically weighted intersection analysis of the
indicators was then applied to provide an evaluation
score for each pixel. Depending on the evaluation score
and the actual available resources of Changzhou City,
the urban comprehensive carrying capacity of the
research area was categorized as high carrying capacity,
regulated and improving, medium carrying capacity,
regulated and optimized, or low carrying capacity.

Delineation of Permanent Basic Agricultural
Protection Zone

The concept of permanent basic farmland was pro-
posed during the 3rd Plenary Session of the 17th Cen-
tral Committee of the Communist Party of China in
2008. Under this concept, agricultural land use cannot
be modiÞed under any circumstances. High-quality
farmland in regions surrounding urban areas are delin-
eated as permanent basic farmland and used to strictly

Table 4. Judgment standards of indicators score

Judgment standards Score

Importance of the former equals the latter. 1
Former has moderate importance compared with

the latter.
3

Former has signiÞcant effects compared with the
latter.

5

Former has stronger effects compared with the
latter.

7

Former has extreme importance compared with
the latter.

9

Importance falls between the preceding judgment
standards.

2, 4, 6, 8

Latter is more signiÞcant compared with the
former.

Reciprocal
proportion

Table 5. Judgment matrixA1

Indicators X1 X2 X3 X4 X5 X6 X7 X8

X1 1 2 2 3 2 2 1/2 2
X2 1/2 1 1/2 2 1/2 1/2 1/3 1/2
X3 1/2 2 1 2 1/2 1/2 1/3 1/2
X4 1/3 1/2 1/2 1 1/2 1/2 1/4 1/3
X5 1/2 2 2 2 1 2 1/2 1/2
X6 1/2 2 2 2 1/2 1 1/3 1/2
X7 2 3 3 4 2 3 1 2
X8 1/2 2 2 3 2 2 0.5 1

Note: X1 D Eco-environment vulnerability degree; X2D infrastructure
allocation degree; X3D beneÞts of land investment; X4D ecological
capacity; X5D nonagricultural production per area; X6D beneÞts of land
output; X7D ecosystem service value; X8D grain per area yield.

Table 6. Judgment matrixA2

Indicators X1 X2 X3 X4 X5 X6 X7 X8

X1 0.171 0.138 0.154 0.158 0.222 0.174 0.133 0.273
X2 0.086 0.069 0.038 0.105 0.056 0.043 0.089 0.068
X3 0.086 0.138 0.077 0.105 0.056 0.043 0.089 0.068
X4 0.057 0.034 0.038 0.053 0.056 0.043 0.067 0.045
X5 0.086 0.138 0.154 0.105 0.111 0.174 0.133 0.068
X6 0.086 0.138 0.154 0.105 0.056 0.087 0.089 0.068
X7 0.343 0.207 0.231 0.211 0.222 0.261 0.267 0.273
X8 0.086 0.138 0.154 0.158 0.222 0.174 0.133 0.136

Note: X1 D Eco-environment vulnerability degree; X2D infrastructure
allocation degree; X3D beneÞts of land investment; X4D ecological
capacity; X5D nonagricultural production per area; X6D beneÞts of land
output; X7D ecosystem service value; X8D grain per area yield.

Table 7. Selection criteria ofRI

n 1 2 3 4 5 6 7 8 9 10 11

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51

Note: X1 D eco-environment vulnerability degree; X2D infrastructure
allocation degree; X3D beneÞts of land investment; X4D ecological
capacity; X5D nonagricultural production per area; X6D beneÞts of
land output; X7D ecosystem service value; X8D grain per area yield.
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control the acceleration of urbanization, particularly
to stop the reduction of high-quality farmland in areas
surrounding a city. In this study, the basic principle for
delineating permanent basic farmland was based on
the current state of farmland in the research area.
High-quality and highly concentrated patches were
used as the criteria to delineate the protection zone for
permanent basic farmland, thereby controlling farm-
land quality and regulating spatial patterns. The spe-
ciÞc steps of delineation were as follows: (1) a GIS
buffer zone analysis was used to delineate a protection
zone of basic farmland from protection patches; (2)
according to the farmland mechanization require-
ments of the area, an area threshold was assigned and
fragmented patches of farmland were eliminated, thus
forming a protected zone of farmland with a certain
scale of aggregation; (3) farmland classiÞcation data
were combined, and farmlands with high quality, high
use, and high economic value were included in the
protection zone of permanent basic farmland.

Delineation of Urban Development Boundaries

The steps for delineating urban development
boundaries consider both actual and historical urban
boundaries, theoretical boundaries for urban develop-
ment, and boundary revisions. Time series of remote

sensing images provided the actual and historical
boundaries. Theoretical boundaries were extracted
using the SLEUTH model and the Canny edge detec-
tor. Boundary revision was performed to conform to
land use planning regulations, ecological and farmland
protection restriction, and the urban capacity.

Three lines and four districts (scale line, expansion
line, and forbidden line; permitted construction district,
conditional construction district, limited construction
district, and forbidden construction district) were used
to set the rigid and ßexible boundaries of urban develop-
ment. Urban development activities were limited in the
conditional construction and permitted construction
districts, and construction land in the forbidden con-
struction district was removed. Ecological and farmland
protection areas were applied to remove construction
land located in the ecological protection area and per-
manent basic farmland. Finally, intersection areas
between urban development boundaries and low carry-
ing capacity areas were removed to keep all urban devel-
opment activities in reasonable carrying regions, such as
control and promotion, moderate carrying capacity, con-
trol and optimization, and high carrying capacity area.

Results and Discussion

Urban Expansion and Pattern Evolution of
Changzhou City

Urban development in Changzhou over the last two
decades can be divided into two phases: fragmented
expansion (1991Ð2000) and centralized explosion
(2005Ð2014; Figure 5). The 1990s were a period of
intensive socioeconomic development. The quantita-
tive foundation for land use and urban planning was
weak, and levels of regulation were low. The emphasis
was on implementation, with land management, plan-
ning, and controlled urban development neglected.
This resulted in urban development driven solely by
socioeconomic considerations. Between 1991 and
2000, the construction land use area ratio of Changz-
hou City increased by 3.21 percent, and the number of
patches available for construction land use grew from

Table 8. Weights of indicators calculated using the analytic hierarchy process

Indicators X1 X2 X3 X4 X5 X6 X7 X8 X1 X2 X3

Weights 0.178 0.069 0.083 0.049 0.121 0.098 0.252 0.150 0.178 0.069 0.083

Note: CI D 0.041,RI D 1.41,CR D 0.029. X1D eco-environment vulnerability degree; X2D infrastructure allocation degree; X3D beneÞts of land invest-
ment; X4D ecological capacity; X5D nonagricultural production per area; X6D beneÞts of land output; X7D ecosystem service value; X8D grain per area
yield.

Table 9. Weight of evaluation indicators

Evaluation target Evaluation indicators Weight

X: Comprehensive urban
carrying capacity (1.0)

X1: Eco-environment
vulnerability degree

0.151

X2: Infrastructure allocation
degree

0.102

X3: BeneÞts of land
investment

0.113

X4: Ecological capacity 0.089
X5: Nonagricultural

production per area
0.123

X6: BeneÞts of land output 0.121
X7: Ecosystem service value 0.174
X8: Grain per area yield 0.127
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9,664 in 1991 to 24,341 in 2000 (Figure 5). Patch den-
sity rose from 2.34 to 5.90; correspondingly, the aggre-
gation index of construction land use patches dropped
from 79.76 percent to 73.89 percent (Figure 5). Dur-
ing this phase, the urban pattern of Changzhou City
was characterized by signiÞcantly fragmented expan-
sion. With the implementation of the third round of
land use planning (2006Ð2010), land use space and
construction space regulations were strengthened. At
the same time, the legal status of planning was also
secured, further strengthening planning implementa-
tion. Therefore, during this period, the expansion of
construction land use in Changzhou City was charac-
terized by effective planning guidance. From 2005 to
2014, the area of construction land use in Changzhou
City increased by 12.09 percent but the number of

construction land use patches dropped drastically,
from 24,341 in 2000 to 3,244 in 2014, and the patch
density of construction land fell to 0.79 and patch
aggregation increased to 93.45 percent (Figure 5).
This shows clear urban centralization and exhibits fea-
tures of centralized explosive development.

Simulation of Construction Land Use and Extraction
of Expansion Boundaries

The optimal OSM_NS values of exclusion layer E2
during coarse, Þne, and Þnal calibration were all found
to be higher than those of exclusion layer E1. During
the coarse, Þne, and Þnal calibration phases, the values
for E1 were 0.6095, 0.6163, and 0.6229, respectively,
and those for E2 were 0.6287 (3.76 percent higher

Figure 5. Urban landscape pattern change of Changzhou City between 1991 and 2014.Note: PAFRAC D perimeter-area fractal dimension;
PDD patch density; NPD number of patches; AID aggregation index. (Color Þgure available online.)
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than E1), 0.6550 (6.28 percent higher than E1), and
0.6628 (6.41 percent higher than E1), respectively.
Given that the OSM_NS indicator is obtained by the
multiplication of six indexes, the 6.41 percent
improvement in E2 (as compared with E1) represents
a signiÞcant Þgure. Therefore, we chose exclusion
layer E2 for its higher accuracy in the simulation of
construction land use expansion.

According to the optimal coefÞcients from the his-
torical construction land use simulation using exclu-
sion layer E2, and through the process of parameter
predictions, the most appropriate combination of
growth control coefÞcients for predicting the future
expansion of construction land use was obtained. The
expansion of construction land use between 2014 and
2030 was projected, with predicted ranges for 2020
and 2030 obtained. Given that the calibration phase
already assumed protection and restrictions over the

planning of basic farmland regions, the prediction
results demonstrated the effect of planning policies
and improved the predictive accuracy of urban expan-
sion. The trends of urban development in Changzhou
City moved toward edge expansion and inÞll develop-
ment in 2020 (Figure 6A) and 2030 (Figure 6B).
From 2014 to 2020, the area of construction land use
was predicted to increase by 65.87 km2 (with the area
of high conversion probability being 31.22 km2 and
the area of low conversion probability being
34.65 km2), with an annual mean growth rate of 10.98
percent. From 2014 to 2030, the predicted growth in
construction land use area was 94.73 km2 (the high
probability area was 80.36 km2, and the low probabil-
ity area was 14.37 km2), with an annual mean growth
rate of 5.92 percent. The model predicted that the
newly added construction land would be mainly dis-
tributed in the northern part of the city and in the

Figure 6. Urban sprawl stimulation. (Color Þgure available online.)
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southeastern part of the central urban area. Further-
more, the model predicted that the future urban devel-
opment of Changzhou City would favor internal
expansion, with more coordinated development in
terms of scale and spatial pattern.

Based on our highly accurate predictions for con-
struction land use expansion, we extracted the con-
struction land use boundary lines of Changzhou City
in 2020 and 2030, which served as urban expansion
boundaries, by edge testing and area threshold process-
ing (Figure 7). The year 2020 will mark the end of the
third round of overall land use planning (2006Ð2020).
The results of this study suggest that during the third

round of planning, the total construction land use
demand in Changzhou City will be met, and the pat-
tern of construction land use will achieve improved
optimization. Changzhou City, however, remains an
important model component in the modernized con-
struction of South Suzhou, as well as a core part of the
Yangtze River Delta economic circle. Thus, the con-
struction land use demands resulting from socioeco-
nomic development will remain. Hence, the urban
expansion boundary in 2020 cannot be rigidly deÞned
as the maximum urban development boundary; rather,
it should represent a ßexible boundary that is moder-
ately controlled by conditional expansion.

Figure 7. Extraction of urban sprawl boundary. (Color Þgure available online.)
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The year 2030 will mark the end of the urban and
townships planning for Jiangsu Province (2015Ð2030)
and of the various township planning programs of
Changzhou City (2014Ð2030). These plans explicitly
stipulated that urban development should no longer
follow the mentality of Òbigger is betterÓ but should
focus on quality and content instead. Furthermore,
with the increasing popularity of minimization and
inventory planning, the strategic promotion of con-
servation, the intensiÞcation of construction land
use, and the delineation and implementation of per-
manent basic farmland protection zones and ecologi-
cal red lines, the demands for further space and
construction land use expansion in Changzhou City
will no longer exist in 2030. Therefore, 2030 should
mark the year when a maximum construction land
use expansion boundary can be delineated for
Changzhou City.

Evaluation of Comprehensive Urban Ecological
Carrying Capacity

According to the results from the multifactorial
multivariate comprehensive discriminatory model, the
corresponding comprehensive assessment values were
calculated and a classiÞcation of regions by carrying
capacity was performed (Figure 8).

Districts with a high carrying capacity were con-
centrated in the northern part of the main city, with
small areas distributed in Jiaze, Xuehan, and along
the east coast of Ge Lake. Based on our results, these
regions could represent a primary focus for urban
development.

The regulated and improving type was often cou-
pled with areas of high carrying capacity and was dis-
tributed along the Xinbei district, in the main city
district, and in the Wujin area. Based on our results,
these districts could represent important areas for
urban development.

Districts with a medium carrying capacity or those
of the regulated and optimized type were mainly dis-
tributed in the western part of Xinbei district. These
areas were affected by factors such the cityÕs regulatory
capabilities, which depressed the current comprehen-
sive carrying capacity. These areas could improve their
carrying capacity following reforms and, in doing so,
become reserve areas for urban development.

The districts with a low carrying capacity were dis-
tributed along a narrow zone concentrated along the
west of Ge Lake. These areas did not have a high

comprehensive carrying capacity because they were
constrained by geological conditions; therefore, bar-
riers to potential reform are high.

Delineation of Permanent Basic Farmland Protection
Zone

In this study, we adhered to the fundamental
principle of connecting patches of space; in this
way, permanent basic farmlands with an area of
500.96 km2 were delineated (Figure 9). These per-
manent basic farmland areas are concentrated along
the eastern and western sides of Changzhou City
center. They are most extensive in the districts of
Wujin and Xinbei, which also exhibited the clearest
spatial aggregation. In the process of delineating the
urban development boundaries, permanent basic
farmland protection zones were deÞned as forbidden
regions protected from urban construction. Urban
development boundaries must be erased when con-
ßicts arise between two lines. Given the ecological
function of farmland, permanent basic farmland pro-
tection zones can also be seen as an urban green
belt. This is also determined by the fact that China
has a large population but relatively little land suit-
able for cultivation. Through farmland protection,
we attempted to make full use of ÒforcedÓ mecha-
nisms to encourage the development of economical
and intensive development models for cities.

Delineation of Urban Development Boundaries

In theory, once an urban development boundary is
set, it should have a mandatory effect, and changes
should not be easily allowed. In reality, however,
because information is often incomplete or inaccurate,
the use of current circumstances and methods to pre-
dict development needs across future decades introdu-
ces uncertainty into the results. Furthermore,
urbanization in China is still within a phase of
improvement, and the majority of cities still require
sufÞcient developmental space to support their socio-
economic development. Therefore, although the
delineation of urban development boundaries needs
rigidity to constrain disorderly urban expansion, ßexi-
bility is also needed to guide sustainable city develop-
ment. According to the ecological red line, the
protected permanent basic farmland, the regulated
construction land use space under overall land use
planning, and the comprehensive ecological carrying
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capacity, we delineated a ßexible urban development
boundary for 2020 (Figure 10). The boundary enclosed
an area of 485.58 km2. We then delineated a rigid
boundary, based on the projected external urban
development boundary for Changzhou City, for 2030
(Figure 10). This boundary enclosed an area of
572.66 km2.

The rigid urban development boundary represents
the Þnal coordinated scale of urban development and
improves the coordination of development between

the city and its surrounding area to protect farmland
and the natural ecological environment around the
city (Figure 10). This relieves the pressure on the land
and environment and from social challenges in
the region that result from urban development. Adap-
tive socioeconomic development issues, however, can-
not be met with an overrigid management mechanism
because frequent adjustments in planning programs
might result, which conversely would destroy the con-
tinuity of planning. Thus, when deÞning the urban

Figure 8. Urban carrying capacity evaluation results. (Color Þgure available online.)
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development boundary, different management aims
and types should be clearly identiÞed. For issues requir-
ing strict control, rigid methods might be applicable,
whereas where vague boundaries or uncertainties exist,
ßexible solutions should be chosen.

The conditional construction area of overall land
use planning represents the spatial displacement of
indicators for construction land use. Using the same
approach, ßexible boundaries could make adjustments
when a series of change conditions are satisÞed. These

conditions could be motivated by time (e.g., the assess-
ment and adjustment of the boundary every Þve years),
by an event (e.g., adjustment to accommodate basic
infrastructure projects or projects that satisfy certain
requirements and are intended for independently cho-
sen locations), or by conditions (e.g., if total land use
within the urban development boundary remains
unchanged, expanding a portion of the ßexible bound-
ary would require a corresponding shrinking of another
portion).

Figure 9. Permanently prime farmland. (Color Þgure available online.)
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Flexible and rigid urban development boundaries
can coexist, whereby ßexible urban development
boundaries can be used as a means of regulating the
scale of urban development, and rigid urban develop-
ment boundaries can represent the ultimate regulation
target for the scale of urban development. Because
urbanization is still developing for China, the construc-
tion supply needs for urban development must be met,
as the total demands must be controlled. Therefore, the
theory of urban development constraints using a com-
bination of ßexible and rigid urban development
boundaries accords with national conditions in China.

Conclusion

By applying a combination of remote sensing data,
socioeconomic statistical data, and land rankings and
classiÞcations to GIS spatial analyses and SLEUTH
model simulations, in addition to considering the con-
straints of the farmland red line, the ecological red line,
land use regulations, and the ecological carrying capac-
ity, we constructed an urban development boundary
model suitable for China. The data-integrated model
proposed in this study was implemented on a common
spatial planning platform, thus improving the

Figure 10. Urban development boundary of the study area. (Color Þgure available online.)
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