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• Urban subspaces are further subdivided from four types to seven types.
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a b s t r a c t
How to estimate the urban land carrying capacity (ULCC)? Based on our previous research, this paper made improvements in two aspects: One is to subdivide land use types from four subspaces to seven subspaces (i.e. urban
construction, industrial development, agricultural production, rural living, green ecological, other ecological and
other subspaces), so as to distinguish more detailed the urban functional and spatial heterogeneities; the other is
to reconstructing evaluation index system and estimate both maximum and appropriate population carrying capacities. The results demonstrate as follows: ① There is a signiﬁcant difference between the population capacities
in different types of subspaces. The urban construction and industrial development subspaces are the main carrier of population and economy. The agricultural production and rural living subspaces have low population capacities. The ecological protection and other subspaces have only a very low share of load. ② The appropriate and
maximum population capacities of Shanghai metropolis are estimated to be approximately 20–23 million persons and 27–30 million persons, respectively, in 2009. There were 22.1028 million permanent residents of Shanghai in 2009, approaching the limit of the appropriate population capacity but lower than the limit of the
maximum population capacity. ③ The methodology for estimation of maximum and appropriate ULCC in this
paper not only gives the quantitative range, but also can provide the basis for growth control of urban population.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
The study of carrying capacity is a complex and fascinating topic,
which has attracted the attention of many scholars. Carrying capacity
not only involves biophysical carrying capacity and economic carrying
capacity, but also concerns social carrying capacity and cultural carrying
capacity (Daily and Ehrlich, 1996; Hardin, 1986; Seidl and Tisdell, 1999;
Abernethy, 2001; Graymore et al., 2010; Sun et al., 2012; Shi et al.,
2013b; Zhang et al., 2018; Han et al., 2018). Generally speaking, cities
are the main carriers of population, industry, economy and wealth.
The ULCC is usually deﬁned as the limit of the population and the
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scale and intensity of various human activities that a city's land resources can sustain under given economic, social, technological and environmental conditions (Shi et al., 2013a). How to estimate the ULCC?
At present, the scholarly community has not formed the accepted methodologies. Because the impacts of natural resources and the environment on population carrying capacity (PCC) are non-constant, nonstatic and not a singular relationship (Arrow et al., 1995; Daily and
Ehrlich, 1992; Cohen, 1997), there are still some shortcomings in the related theories, regulation mechanisms and estimation methods of carrying capacity, despite its wide used (Liu and Fang, 2008; Sayre, 2008; Shi
et al., 2013b).
The related theories of carrying capacity mainly include theory of
Wooden Bucket Effect and Liebig's Law of the Minimum, theory of
growth limit, ecological footprint theory. The ﬁrst two theories consider
that the weakest “limiting factor” determines the overall quality and
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level of ULCC (Song et al., 2008; Bao and Fang, 2006). So, to address
weak links is a key measure to improve urban capacity. The theory of
growth limit points out that if the speed of maintaining the existing
population growth and resource consumption is constant, so, rapid population growth will exceed the limits of resources and environment
(Meadows et al., 1972; Meadows, 2010). Therefore, it is necessary to
control population growth and establish sustainable production and
consumption patterns. The ecological footprint theory shows that
human consumption has far outstripped the productive capacity of natural capital on the macro scale (global and national level). It requires
improving people's quality of life while reducing humanity's footprint
so as to achieve sustainable development (Wackernagel and Rees,
1996; Wackernagel et al., 1999; Ayres, 2000; Zhao et al., 2005;
Mancini et al., 2016).
As Graymore et al. (2008) pointed out that assessment methods of
land carrying capacity (LCC) are primarily aimed at global, national or
state scales and emphasized natural limits and focused on the magnitude and direction of results. However, the research on LCC at medium
and small scale (e.g. city and county scale) is insufﬁcient. The existing
research results not only have a single evaluation method, but also
focus on the static evaluation of the LCC, and its dynamic evolution process and mechanism are less concerned. The related research shows
that the interaction between the ecological processes and the human
activities is the strongest at city and county scale (Coelho et al., 2006;
Graymore et al., 2008). However, this interaction is one of the important
theoretical themes of LCC, which not only affects the systematic revelation of the evolution law of ULCC, but also affects the implementation of
urban population control policy.
Up to now, the existing research methodologies of estimating the
ULCC can be summarized the following several aspects.
1.1. The single dimension index methods
This method is based on the supply capacity and demand standard of
single resources and development conditions, to estimate the PCC, respectively. For example, according to the scale of urban land and per
capita land standard, to estimate the ULCC or identify the risk factors
(Wei et al., 2015; Cheng et al., 2016); according to the water supply
and water consumption per capita for city living or comprehensive
use, to measure the PCC of city water resources or the vulnerability of
water storage facilities (Hammoum et al., 2016); according to the geologic setting to estimate the risk of earthquake (Fathi and Ghavami,
2015); according to the environmental challenges to develop the environmental assessment planning tool based on the concept of carrying
capacity and geographical information systems (GIS) (Haddad, 2015;
Swiader et al., 2018). The advantage of this method is straightforward,
simple and convenient calculation and data accessibility, but its main
problems are: ① A single discriminant basis can't fully reﬂect the spatial
difference of various elements and their combination. ② Average value
method ignores the differences between different income and consumption level of the population.
1.2. The multi-dimensional index methods
One group of methods is a critical value analysis method based on
the dominant limiting factors, which is mainly based on the constraints
of natural conditions and environmental factors, and select several key
factors to establish evaluation index system for measuring comprehensively urban land population capacity (China Association of Science and
Technology, 2008; Goswami and Nishad, 2018). However, this method
can only estimate the population carrying state of urban land so as to
determine whether it is overloaded or not (Shi et al., 2015). The most
commonly used method is the threshold analysis method, which is
mainly used for evaluation of carrying capacity of urban infrastructures
(water supply and drainage, transportation, etc.) (Onishi, 1994; Oh,
1998; Oh et al., 2002), but rarely used for evaluation of LCC.

Another set of methods is comprehensive index system method,
which is based on the single assessment such as PCC, carrying capacity
of construction scale, economic carrying capacity, ecological carrying capacity of land resources and so on, then integrated construct evaluation
index system for measuring comprehensive capacity of urban land resources (Guo, 2010). The use of quantitative methods including system
dynamics (Guo et al., 2018), analytic hierarchy process (Lu et al., 2017),
time-series global factor analysis and hierarchical cluster analysis (Liu,
2012), ecological footprint analysis (Budihardjo et al., 2013; Guzman
et al., 2013; Clancy et al., 2018). Similarly, this method can only estimate
the carrying state or grade of urban land resources as well. Besides, because the method considered more factors and indicators, multi-source
data will increase the difﬁculty of data integration, and the selection of
indicators is easily affected by the subjective consciousness and preference. Qian et al. (2015) used ecological footprint analysis and index system method to assess LCC of Xiamen City and found both approaches
not only complemented each other but also were mutually supportive.
Gilandeh et al. (2018) using the components of driving force, pressure,
state, impact and response (DPSIR) with multi-criteria decision model
ELECTRE to study the carrying capacity of Ardabil City, they found that
driving force and then response have the greatest impact on the carrying capacity of the region.

1.3. Evaluation methods based on GIS
Lane et al. (2014) developed the resource-based carrying capacity
assessment models to examine the differences in the way and degree
of land demand, then using the Carrying Capacity Dashboard to describe
the concrete implementation process. However, models are susceptible
to data availability and quality, model simpliﬁcation, index quantiﬁcation and other technological constraints, and simulated prediction is
also vulnerable to the uncertainty factors such as rapid changes in the
international environment and domestic environment.
Kyushik Oh et al. (2005) developed an integrated framework for
evaluating urban carrying capacity, which includes environmental factors, urban facilities, public perception and institutional factors, and
can determine development density based on current infrastructures
and land use. Then based upon this framework, they developed a carrying capacity assessment system. Through an empirical study, judge the
spatial distribution of bearing state, and the operation of the system was
achieved by GIS.
Tan (2014) used GPCA (Generalized Principle Component Analysis)
and ESDA (Exploratory Spatial Data Analysis) to assess the carrying
state and spatial autocorrelation of the Yangtze River Delta urban agglomerations. At the same time, based on GIS and RS (Remote Sensing),
he made an empirical study of the carrying capacity aiming at urban
blocks.
Shi et al. (2013a) proposed a new method for evaluating ULCC based
on GIS, which uses spatial classiﬁcation and spatial grading of land use.
However, it also has two shortcomings: ① This method only includes
static evaluation of ﬁrst-level space types. In reality, more detailed spatial type divisions are needed and can better reﬂect the internal heterogeneous characteristics of a function space. ② This study only estimates
the maximum carrying capacity of urban land and does not estimate the
appropriate carrying capacity. Moreover, trends of complex or mixed
land use, diversiﬁcation of city functions and spatial integration become
increasingly obvious, increasing the complexity and difﬁculty of spatial
type recognition. This article addresses such shortcomings by
subdividing land use spatial types and reconstructing evaluation index
system to estimate the population carrying capacity including both
maximum and appropriate carrying capacities.
Yue et al. (2013) and Tsou et al. (2017) evaluated successively the
ULCC of Hangzhou based on the ecological sensitivity using RS and GIS
method and found that ULCC was determined by ecologically sensitive
levels.
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Since the reform and opening up, Shanghai has achieved great
achievements in social and economic development and is moving towards the new goal of an excellent global city. However, the transformation and development of Shanghai also faces many problems need
to resolve. Rapid population growth, limited land increment space, soaring business cost and increasingly serious environmental problems,
have made the rigid constraints such as resources and environment be
tightening. In the meantime, the tasks such as urban management, public security, social governance and environmental renovation in Shanghai are still arduous. For this reason, the Shanghai municipal
government has put forward the basic requirements of sticking to four
bottom lines (i.e. the bottom lines of permanent population size, total
construction land, ecological environment and urban security) in the
Shanghai Urban Master Planning (2016–2040) (Shanghai Urban
Master Planning Compiling Work Leading Group Ofﬁce, 2016), especially, permanent resident population is limited to 25 million, the total
size of construction land is ≤3200 km2. It is noteworthy that although
the scale and rate of migration of migrants to Shanghai metropolis has
declined, it will not stop for a certain period. Does Shanghai need to control the total size of population and construction land? Is the population
capacity of Shanghai overloaded? Under the current resources and environment constraints, how many people can Shanghai carry? The aims of
this article is to study ULCC of Shanghai metropolis based on urban functional and spatial heterogeneity using land use patch data and GIS technology. Another purpose of this paper is to provide a methodological
reference for relevant studies. The main technical ﬂow chart of the analytical method is shown in Fig. 1.
2. Subdivision of land use space
ULCC is closely related to its functions or uses. The purpose and signiﬁcance of dividing the land use space into seven subspaces is to further reveal the functional heterogeneity within the land space,
because the land function determines its output efﬁciency and population capacity. Current Land Use Condition Classiﬁcation of China adopts
two levels of classiﬁcation system, with a total of 12 Level I types and 56
Level II subtypes (Ministry of Land and Resources of the People's
Republic of China, 2007). Twelve Level I types of land use are as follows:
Cultivated land, garden plot, forests, grassland, land for commercial use,
land for industrial, mining and warehouse, residential land, land for
public management and public service, special use area, land for
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transportation, water area and land for water conservancy facilities,
other land. In this classiﬁcation system, on the one hand, some land
types can be further integrated, for instance, land for transportation
and land for water conservancy facilities are land for infrastructures;
forests, grassland and water area are ecological land; cultivated land
and garden plot are mainly land for agricultural production, although
they provide ecological functions and services as well. On the other
hand, urban residential land is very different from rural residential
land, the two should be separated.
In another research report (China Development Research Foundation, 2010), land space is divided into four subspaces according
to the type of products provided: the urban subspace, agricultural
subspace, ecological subspace and other subspace. However, this
kind of spatial classiﬁcation seems too rough, which is still not sufﬁcient to reveal the heterogeneity of land use space, and needs to do
further subdivided. For example, urban subspace can be subdivided
into urban construction and industrial development subspaces; agricultural subspace can be subdivided into agricultural production and
rural living subspaces; etc.
Combining the above two aspects, Shanghai's land space is divided
into seven subspaces, including urban construction, industrial development, agricultural production, rural living, green ecological, other ecological and other (Table 1). Compared with the traditional
classiﬁcation methods (such as: production subspace, living subspace
and ecological subspace; urban subspace, agricultural subspace, ecological subspace and other subspace), its advantages are as follows: (1) It is
necessary to distinguish urban construction subspace (UCS) from industrial development subspace (IDS), which has signiﬁcant differences in
functional orientation, landscape pattern, output efﬁciency and population density etc. (2) It is necessary to distinguish agricultural production
subspace (APS) from rural living subspace (RLS), which has marked differences in landscape feature and production or lifestyle etc. (3) It is
necessary to distinguish green ecological subspace (GES) from other
ecological subspace (OES), which has visible differences in biological
landscape, vegetation cover and ecological service functions etc. (4) It
is not appropriate to merge other subspace (OS) into ecological subspace. Other subspace cannot be ignored and should be treated as a
class of its own. Furthermore, it can be further subdivided. However, it
is regrettable that no further distinction is made between other land
types in the initial land use patches, so it is difﬁcult to further subdivision of functions in this paper.

Fig. 1. A technical ﬂow chart of the analytical method.
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Table 1
Land use classiﬁcation in Shanghai.
First level
Second level
classiﬁcation classiﬁcation

The main land use types included

Urban
subspace

Land for commercial services, urban residence,
organizations, science, education, press,
publication, health, charity, recreations, sports
and so on
Land for industries and warehouse

Agricultural
subspace

Ecological
subspace

Other
subspace

Urban
construction
subspace
Industrial
development
subspace
Agricultural
production
subspace
Rural living
subspace
Green ecological
subspace
Other ecological
subspace
/

Cultivated land, garden plot, other agricultural
land and so on
Rural residential land, rural public facilities and
services land and so on
Forests, grassland, urban garden and green
space, water area, wet land, continental sea and
so on
Saline and alkaline land, vacant land, sand land,
bare land and so on
Land for infrastructure such as energy,
transportation and communications, water
conservancy facilities and land for special use
such as military and religion

3. Data sources and data processing
Data sources, extraction and processing methods are shown in
Table 2. According to land use type in various subspaces, the vector
data associated with the seven subspaces are extracted and the subspace vector layers are established (Fig. 2). The gross area of the seven
subspaces is approximately 7072.27 km2, and the area of each subspace
is shown in Table 3. Various indicators are imported into the district
(county) boundary layer attribute table, establishing a basic database
of statistical indicators.
4. Urban functional heterogeneity evaluation
4.1. Evaluation indicator selection
In a sense, land spatial classiﬁcation assessment is the heterogeneity
analysis of urban function. LCC evaluation selects indexes mainly based
on the intensity and structure of land use, which not only reﬂect the
land use intensity but also the factors that support and constrain the

LCC. Following the “division of seven subspaces”, and the availability,
representation and regional features of evaluation indexes, the different
indicator systems for each subspace are designed in Table 4. The main
basis for selecting each subspace indicator system is as follows:
In the UCS, in view of the land development intensity and constraints, the following six indicators are selected to build the evaluation
index system: per capita construction land and residential land, which
reﬂect the scales of urban expansion and living space; ﬂoor area ratio
(FAR), which indicates the intensity of urban development; economic
density, which embodies the economic output efﬁciency; and land subsidence, and the suitability of the natural foundation for construction,
which imply the constraints of urban development (Table 4).
In the IDS, to reﬂect the development intensity, output efﬁciency and
major constraints on industrial development in Shanghai, the following
six indicators are taken into consideration: value added per unit industrial land, which shows the land productivity; number of industrial employees, which reﬂects the intensity of staff inputs; proportion of
industrial waste water that meets discharge standards and emission intensities of SO2 and PM10, which show the environmental externalities
of economic growth; and percentage of industrial land, which represents the potential for structural optimization (Table 4).
In the APS, to reﬂect a secure level of cultivated land and food requirements, economic efﬁciency and natural constraints on agricultural
production in Shanghai suburbs, the following ﬁve indices are taken
into account: per capita cultivated land, which implies per capita occupancy of cultivated land by the agricultural labor force; per capita grain
availability, which indicates the level of food security; output value per
unit agricultural land and agricultural labor productivity, which reﬂect
the level of agricultural productivity; and soil environmental quality,
which reﬂects the constraints on land use (Table 4).
In the RLS, to reﬂect the living conditions and, public infrastructure
conditions that support production and living in rural areas, the following indicators are considered: rural residential land per capita and rural
other construction land per capita, which reﬂect the rural living conditions and public facilities and services conditions, respectively (Table 4).
In the GES, to reﬂect the ecological resources endowment and pressure condition in Shanghai, the following four indices are taken into
consideration: rate of good ambient air quality and comprehensive
index of water quality, which imply the quality of the atmosphere and
the hydrological environment, respectively; urban green area, which
represents the abundance of urban habitat; and susceptibility to geological hazards, which indicates the probability of occurrence of such
events (Table 4).

Table 2
Data sources, extraction and processing methods.
No. Data sources

Data extraction methods

Data processing methods

1

Calculating relevant statistic index data

Raster layers of the various indicators are obtained by raster
processing with a grid cell size of 30 m × 30 m using ArcGIS
10.0 software. Raster layers of the various indicators are
normalized using a standard deviation method.

2

Shanghai Statistical Yearbook in 2010;
Shanghai Economic and Social Development
Statistical Bulletin of Districts (County) in 2009
The Second Shanghai Land Survey Database
(2009); The Reports of General Plans for
Land Use of Districts (County) in Shanghai

3

Shanghai Water Resources Bulletin in 2009

4

Shanghai Geological Environment Bulletin
in 2009
Contour Map of Shanghai Land Subsidence in
2009
Shanghai Environment Yearbook in 2010
Map of Shanghai Rail Trafﬁc in 2009
Atlas of Shanghai Urban Geology
(Wei et al., 2010)

5
6
7
8

9

Shanghai Municipal Housing and Land
Administration. The Collection of Shanghai's
Housing Investigation Data. September 2007.

Extracting the Shanghai administrative boundary using
ArcGIS 10.0 software (the water area is removed);
Extracting the vector data and establishing the subspace
vector layers
Extracting relevant index data (e.g. comprehensive index of
water quality)
Extracting relevant index data (e.g. geological environment)
Extracting land subsidence data by digitizing the contour map
Extracting relevant index data (e.g. atmospheric environment)
Calculating road density by digitizing graph
Extracting 3 indicators (the suitability of the natural foundation
for construction, the susceptibility to geological hazards, soil
environmental quality) by digitizing data
Calculating ﬂoor area ratio of Shanghai sub-districts
(Streets and Towns)
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Fig. 2. Distribution of the seven subspaces in Shanghai.

In the OES, the major land use types are vacant land, sand land, saline
and alkaline land and so on. To reﬂect the natural ecological resources
endowment and constraints on development, the following two indicators are considered: susceptibility to geological hazards, which indicates
the probability of occurrence of such events; percentage of usable undeveloped land, which indicates the difﬁculty of land development
(Table 4).
In the OS, in view of the development level of urban infrastructure,
and the spatial distribution of regional land designated for special use,
the following three indicators are taken into account: road density and

infrastructure investment per unit area, which indicate the development level of urban infrastructure; and land area for special use,
which implies the constraints on other use patterns (Table 4).
4.2. Evaluation indicator weighting
Based on the recommendations of some experts in the ﬁeld of land
and urban research in Shanghai, and referring to relevant research results, an entropy method is selected to calculate the weights. The advantage of this method is that it can compute unbiased relative criteria

Table 3
Areal statistics of the seven subspaces in Shanghai (km2).
Urban construction
subspace

Industrial development
subspace

Agricultural production
subspace

Rural living
subspace

Green ecological
subspace

Other ecological
subspace

Other
subspace

Total
area

826.93

819.02

2063.17

461.90

2001.58

112.49

787.18

7072.27

Note: The total area does not include the Yangtze River and Hangzhou Bay water area.
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Total
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Total

1.000
Total

1.000
Total

1.000
Total

1.000

–
–

–
–

–
–

–
–

–

weights, it enables measuring the source and determining the relative
weights of criteria in rather simple and straightforward manner
(Srdjevic et al., 2004). A smaller entropy value suggests that the indicator can provide more effective information when an indicator value exhibits a large difference between evaluation objects, indicating a higher
weight, and vice versa. The maximum entropy value suggests that the
indicator has no information available when the indicator values of
evaluation objects are identical, indicating that the indicator should be
removed. The weighting steps in the entropy method are as follows
(Chen and Lin, 2009):
(a) Set the original data matrix as A = (aij)m×n, where m is the number of evaluation objects and n is the number of evaluation indicators.
The matrix is normalized to R = (rij)m×n.
For positive indicators, the formula is shown as below.

j

–

–
–

–
–

 
aij − min aij
j
 
 
rij ¼
max aij − min aij
–
–

0.233
–

Suitability of natural foundation for
construction
0.043
Rate of industrial waste water up to the
discharge standards
0.093
Agricultural labor productivity

Total

Economic
density
0.269
Industrial
employees
0.230
–

1.000
Total
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ð1Þ

j

–
Rate of good ambient air
quality
0.128
–

–
–

–
Urban green area

–
Infrastructure investment
per unit area
0.578

 
max aij −aij
j
 
 
rij ¼
max aij − min aij

Other subspace

Other ecological
subspace

Green ecological
subspace

–

ð2Þ

j

The matrix R = (rij)m×n is a column vector normalized to F = (fij)
m×n.
(b) The entropy value of indicator j is shown as below.

ej ¼ −

m
 
1 X
f ij ln f ij
ln m i¼1

ð3Þ

(c) The difference coefﬁcient of indicator j is shown as below.

g j ¼ 1−e j

ð4Þ

0.298

(d) The weight of indicator j is as follows.

gj
w j ¼ Pn

0.124

j¼1

Weights

0.636
–

0.030
–

0.239
Rural other construction land
per capita
0.536
Comprehensive index of
water quality
0.108
Percentage of usable
undeveloped land
0.836
Land area for special use
Weights
0.235
Indicators Rural residential land per
capita
Weights
0.464
Indicators Susceptibility of
geological hazards
Weights
0.128
Indicators Susceptibility of
geological hazards
Weights
0.164
Indicators Road density
Rural living subspace

Agricultural production
subspace

Weights
0.089
Indicators Cultivated land per capita

0.121
Soil environmental quality

j

0.125
Grain yield per capita

0.270
Value-added of per unit
industrial land
0.342
Output value of per unit
agricultural land
0.263
–
0.061
PM10 emission intensity
0.182
Percentage of industrial land
Industrial development
subspace

Weights
0.175
Indicators SO2 emission intensity

Land subsidence
Residential land per capita
Development land per capita
Indicators Floor area ratio
Urban construction
subspace

Table 4
Speciﬁc evaluation indicators for seven subspaces and their weights in Shanghai.

For negative indicators, the formula is shown as below.

gj

ð5Þ

Based on the above steps, the weights of evaluation indicators in
each subspace are calculated. As shown in Table 4: (1) In UCS, land
subsidence and economic density have the higher weights, which
are the most important determinants, and the inﬂuence of development land per capita and ﬂoor area ratio are secondary. (2) The
greatest weight is given to value-added of per unit industrial land
in IDS. It shows that the industrial output efﬁciency is the main
impacting factor. Industrial employees is the second, percentage of
industrial land and PM 10 emission intensity are the third. (3) In
APS, agricultural land productivity has the highest weight and is
the most important determinant. And grain yield per capita, cultivated land per capita and agricultural labor productivity are the second, which have roughly similar weights. (4) In RLS, the weight of
rural other construction land per capita is slightly higher than that
of rural residential land per capita, showing a diversiﬁed development of Shanghai's rural living space. (5) In GES, the weight of
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urban green area is much higher than that of other indicators, which
suggests that it is the primary determinant. (6) In OES, the weight of
percentage of usable undeveloped land is also much higher than that
of susceptibility of geological hazards. (7) The greatest weight is
given to the level of infrastructure investment in OS, followed by
land area for special use and road density.
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4.3. Analysis of estimation results
In ArcGIS 10, according to the indicator raster data based on vector
layers of each subspace, the evaluation indicator data in each subspace
are selected using the “Extract by Mask” tool and combined with their
corresponding weights. Then a raster calculation with the “Map

Fig. 3. The state index of carrying capacity of the seven subspaces in Shanghai. (a). The state index of carrying capacity in the urban construction subspace. (b). The state index of carrying
capacity in the industrial development subspace. (c). The state index of carrying capacity in the agricultural production subspace. (d). The state index of carrying capacity in the rural living
subspace. (e). The state index of carrying capacity in the green ecological subspace. (f). The state index of carrying capacity in the other ecological subspace. (g). The state index of carrying
capacity in the other subspace.

374

Y. Shi et al. / Science of the Total Environment 652 (2019) 367–381

Algebra” tool in Spatial Analysis was performed, ﬁnally obtaining the
carrying capacity index of each subspace (Fig. 3).
Fig. 3 (a) shows that the carrying capacity in the UCS exhibits a descending trend from the urban centre to the inner suburbs to the
outer suburbs. The high state index area is mainly concentrated in the
urban centre, and the state indices of carrying capacity in Qingpu,
Fengxian and most of Pudong new districts are low. However, in
Lujiazui area of Pudong new district, although there is a high plot ratio
and economic density, the state indices of carrying capacity is also low
due to severe land subsidence.
In the IDS (Fig. 3 (b)), the state index of carrying capacity values in
Jiading, Minhang, Songjiang and Pudong new districts are high, indicating that the high state index area is concentrated in the inner suburbs
and some regions of the outer suburbs. These regions are also the
main manufacturing agglomerations in Shanghai, which have a high
output level, the number of employees and the proportion of industrial
land. Additionally, the carrying capacity of industrial development in
the urban centre is weaker, while Chongming district's carrying capacity
is lowest.
Fig. 3 (c) shows that the state index of carrying capacity values of the
APS in Songjiang and Jinshan districts are high, followed by those in
Fengxian, Qingpu and Pudong new districts (mainly, the original
Nanhui district). The state indices of carrying capacity in Minhang and
Baoshan districts are low due to the increasingly obvious trend of “defarming”. Spatially, the high carrying capacity of the APS is mainly concentrated in the southern suburb of Shanghai, and the carrying capacities of agricultural production in other regions have not improved.
Fig. 3 (d) shows that high state index areas are mainly concentrated
in Baoshan, Jiading, Songjiang and Pudong new districts in the RLS,
followed by those in Chongming, Qingpu and Minhang districts. The
state index of carrying capacity in Jinshan district is low. Overall, the
high carrying capacity of the RLS is mainly concentrated in the inner
suburbs and some regions of the outer suburbs, which are also the key
areas for the future rural revitalization of Shanghai.
Fig. 3 (e) shows that the state index of carrying capacity values in
Pudong new district and Chongming district are high in the GES,
followed by values in other districts in the Shanghai suburbs. The
state index of carrying capacity in the urban centre is low. The state
index of carrying capacity exhibits a descending trend from outside
to inside the city, indicating that the environmental quality
(for example, green coverage rate, ambient air quality, hydrological
environment quality, soil environment quality, etc.) is better in
Chongming and Pudong new districts, and that in the urban centre
has yet to improve.
Fig. 3 (f) shows that the OES is mainly concentrated in the Shanghai
suburbs. The state index of carrying capacity in the suburbs, except for
Pudong new district and Songjiang district, is high.

In the OS (Fig. 3 (g)), the state indices of carrying capacity in
Baoshan, Hongkou, Huangpu, Yangpu, Jiangan and Pudong new districts
are high, which have high levels of infrastructure development; while
those in Putuo district and the outer suburbs are low. The state indices
of carrying capacity in other districts are between the above two levels.
5. Urban spatial heterogeneity evaluation
The goal of spatial grading evaluation is to further recognize spatial
heterogeneity. To identify the heterogeneity of land space, the evaluation results of each subspace are assigned grades of one to ﬁve. The natural breaks (Jenks) method determines the range of each grade. It can
identify the grade breaks based on natural groupings inherent in the
data, leading to appropriate grouping of similar values and maximizing
the contrast of each grade. In ArcMap, by ﬁnding the inherent groups
and verifying the break points, the features are divided into ﬁve grades.
The speciﬁc grade threshold values are shown in Table 5. Using the “Reclassify” tool in Spatial Analysis, the grading results are represented in
Fig. 4.
The land area of each grade is listed in Table 5: ① In the UCS, the percentages of “Poor” and “Excellent” grades are small at 3.41% and 3.16%,
respectively. The areas of “Common” and “Good” grades combine to account for approximately 81.48%. ② In the IDS, the area of “Excellent”
grades accounts for approximately 52.14%, followed by “Inferior”
grades. Additionally, the percentage of “Common” grades is nearly as
high as that of “Good” grades. ③ In the APS, the percentage of “Poor”
grades is relatively small, and the areas of “Inferior”, “Good” and “Excellent” grades combine to account for 87.81%. ④ In the RLS, the area of
“Excellent” grades only accounts for 2.83%, and the areas of “Common”
and “Good” grades combine to account for approximately 77.33%. ⑤ In
the GES, the area of “Excellent” grades accounts for approximately
50.30%, and the areas of “Poor” and “Inferior” grades combine to account
for approximately 7.33%. ⑥ In the OES, the percentages of “Common”
and “Excellent” grades are large at 54.74% and 33.21%, respectively.
The percentage of “Inferior” grades is nearly as high as that of “Good”
grades. ⑦ In the OS, the area of “Excellent” grades only accounts for
0.42%, and “Good” grades encompass the largest percentage at 33.35%,
followed by the percentages of “Inferior” grades, “Common” grades
and “Poor” grades.
6. Estimation of the maximum and appropriate population
capacities
6.1. Basic concepts
Combining the scenarios in international metropolises and research
by related scholars, the maximum population carrying capacity (MPCC)

Table 5
The grade threshold values and areas of the seven subspace in Shanghai.
Subspace types

Urban construction subspace
Industrial development subspace
Agricultural production subspace
Rural living subspace
Green ecological subspace
Other ecological subspace
Other subspace

Grade

Threshold value
Area (km2)
Threshold value
Area (km2)
Threshold value
Area (km2)
Threshold value
Area (km2)
Threshold value
Area (km2)
Threshold value
Area (km2)
Threshold value
Area (km2)

Excellent

Good

Common

Inferior

Poor

Total

≥0.53
26.14
≥0.35
427.07
≥0.81
452.42
≥0.55
13.07
≥0.50
1006.71
≥0.88
37.36
≥0.38
3.29

(0.53,0.45]
302.67
(0.35,0.29]
88.89
(0.81,0.71]
572.81
(0.55,0.40]
176.00
(0.50,0.44]
454.42
(0.88,0.79]
5.17
(0.38,0.21]
262.49

(0.45,0.41]
371.13
(0.29,0.25]
87.05
(0.71,0.65]
182.00
(0.40,0.35]
181.21
(0.44,0.37]
393.82
(0.79,0.72]
61.58
(0.21,0.14]
166.44

(0.41,0.36]
98.76
(0.25,0.12]
182.19
(0.65,0.48]
784.49
(0.35,0.29]
51.80
(0.37,0.24]
105.63
(0.72,0.67]
5.27
(0.14,0.11]
230.80

b0.36
28.23
b0.12
33.82
b0.48
71.45
b0.29
39.82
b0.24
41.00
b0.67
3.11
b0.11
124.16

/
826.93
/
819.02
/
2063.17
/
461.90
/
2001.58
/
112.49
/
787.18
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Fig. 4. Grades of carrying capacity of the seven subspaces in Shanghai.

and appropriate population carrying capacity (APCC) per unit area are
estimated for each subspace. Then, the MPCC and APCC of Shanghai
are estimated. By the way, as Shanghai is located in Asia, its reference
standard for population density is mainly Asian metropolises such as
Tokyo, Seoul, Hong Kong, Singapore. All of these Asian metropolises
have relatively tense relationship between people and land and similar

culture, and culture has a very important inﬂuence on urban population
distribution. According to the internal differences of land space, ﬁrst, the
average or moderate PCC per unit area is determined in each subspace.
This capacity is then regarded as the reference value of the common
grade. The PCC per unit area of each of the other grades is adjusted
based on the standard of the common grade. Second, according to the
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areas of the subspaces, the MPCC and APCC are calculated in each subspace. Third, the total PCC in each subspace is calculated to gain the
ranges of MPCC and APCC in Shanghai.
6.2. Estimation determination
6.2.1. Population capacity estimation of the UCS
The UCS is mainly concentrated in the urban centres and designated
towns and new cities, which exhibit high population agglomeration and
high land development intensity. Urban centres are home to almost half
the population of Shanghai, but they only account for 1/10 of total land
area; thus, the population density is higher than 24,000 persons/km2
(Luo, 2013). Moreover, referring to related research on global cities
such as New York, London, Paris and Tokyo (Shi et al., 2010), the population densities in New York, Paris and special wards of Tokyo are 10.5,
20.4, and 14 thousand persons/km2, respectively. In Shanghai, the average population density in urban built-up area was 14,629 persons/km2
in 2015 (the built-up area was 1563 km2 and urban population was
22,864.9 thousand persons), which is near 15,000 persons/km2. Although different cities have different resource use efﬁciencies and
urban regulations and broader policies, considering the population of
Shanghai built up area will tend to increase slowly in the near future,
so we use 15,000–20,000 persons/km2 for estimation in UCS. Thus,
this paper sets the MPCC and APCC at approximately 20,000 and
15,000 persons/km2, respectively, in this subspace. These are also the
reference values of the common grade. Accounting for differences between urban centres and suburbs and combining the evaluation results
of the UCS, the PCCs per square kilometre are then determined for the
other four grades. The ranges of MPCC of the other four grades from
high to low are 30,000–25,000 persons, 25,000–20,000 persons,
20,000–15,000 persons and 15,000–10,000 persons/km2, and the
ranges of APCC of the other four grades from high to low are
25,000–20,000 persons, 20,000–15,000 persons, 15,000–10,000 persons and 10,000–5000 persons/km2.
6.2.2. Population capacity estimation of the IDS
Employee densities are known for industrial lands in Singapore and
Tokyo. For example, the average number of employees per square
kilometre of industrial land has remained at approximately 7129 persons from 2002 to 2007 in Singapore; in Tokyo, that was 7377 in 2002
and 7133 in 2007 (Tokyo Statistical Yearbook, 2003, 2008; Japan Statistical Yearbook, 2002, 2006). Combining these values with the condition
in Shanghai, the paper sets the MPCC and APCC at approximately 7200
and 5000 persons/km2 in this subspace, respectively. These are also
the reference values of the common grade. Using them as base values,
the PCCs per square kilometre are then determined for the other four
grades. The ranges of MPCC of the other four grades from high to low
are 8000–7500 persons, 7500–7200 persons, 7200–7000 persons and
7000–6800 persons/km2, and the ranges of APCC of the other four
grades from high to low are 6000–5500 persons, 5500–5000 persons,
5000–4500 persons and 4500–4000 persons/km2.
6.2.3. Population capacity estimation of the APS
The average grain yield of the nine districts in Shanghai suburbs was
5400 kg/hm2 in 2009. If the average grain consumption per capita per
year is approximately 400 kg, the estimation of the PCC per square
kilometre in the APS ranges from approximately 2212 persons to 1050
persons, averaging 1350 persons. The average population density of
Chiba, Kanagawa, and Saitama in the Tokyo metropolitan area of Japan
is about 1400 persons/km2. In this study, the middle value, approximately 1600 persons/km2, is regarded as the MPCC of the common
grade, and the APCC of the common grade is set at 1300 persons/km2.
The ranges of MPCC of the other four grades from high to low are
2200–1900 persons, 1900–1600 persons, 1600–1300 persons and
1300–1000 persons/km2, and the ranges of APCC of the other four

grades from high to low are 1800–1600 persons, 1600–1300 persons,
1300–1000 persons and 1000–800 persons/km2.
6.2.4. Population capacity estimation of the RLS
The rural residential land per capita in China is larger than 150 m2. In
Beijing, it is close to 220 m2; in Shanghai, it is close to 250 m2. In the ﬁve
districts of metropolitan Seoul, South Korea, the average population
density of its controlled development areas (mainly for rural development areas) was about 3270 people/km2 (Jin, 2005). Considering the
occupancy of rural other construction land per capita, the paper sets
the MPCC and APCC of common grades at approximately 3000 and
2000 persons/km2, respectively. The ranges of MPCC of the other four
grades from high to low are 4000–3500 persons, 3500–3000 persons,
3000–2500 persons and 2500–2000 persons/km2, and the ranges of
APCC of the other four grades from high to low are 3000–2500 persons,
2500–2000 persons, 2000–1500 persons and 1500–1000 persons/km2.
6.2.5. Population capacity estimation of the GES
According to previous research, average production is 1.848 hm2 for
the existing quality of life in China, which is greater than China's availability of ecological space per capita by approximately 0.65 hm2 (Xie
et al., 2002). Based on the reference value, this study calculates the
range of the PCC per square kilometre as approximately 54 to 153 persons. In the ﬁve districts of metropolitan Seoul, South Korea, the average
population density of its environmental protected areas was about 150
people/km2 (Jin, 2005). In this way, the range of the ecological protection subspace is determined to be approximately 50–150 persons/
km2. The middle value, approximately 100 persons/km2, is regarded
as the MPCC of the common grade, and the APCC of the common
grade is set at 75 persons/km2. The ranges of MPCC of the other four
grades from high to low are 150–125 persons, 125–100 persons,
100–75 persons and 75–50 persons/km2, and the ranges of APCC of
the other four grades from high to low are 125–100 persons, 100–75
persons, 75–50 persons and 50–25 persons/km2.
6.2.6. Population capacity estimation of the OES
The population capacity of the OES is much less than that of the GES.
According to our surveying, the average population density of the OES in
Shanghai is generally about 10 to 20 persons/km2. So, the MPCC and
APCC of the common grade are approximately 20 and 10 persons/km2
in the OES, respectively. The ranges of MPCC of the other four grades
from high to low are 30–25 persons, 25–20 persons, 20–15 persons
and 15–10 persons/km2, and the ranges of APCC of the other four grades
from high to low are 20–15 persons, 15–10 persons, 10–5 persons and
5–0 persons/km2.
6.2.7. Population capacity estimation of the OS
In general, the population capacity of the OS is higher than that of
the GES. In the ﬁve districts of metropolitan Seoul, South Korea, the average population density of its special development areas was about
160 people/km2 (Jin, 2005). Considering the further improvement and
promotion potential for such subspaces, the paper assumes that the
MPCC and APCC of the common grade are approximately 300 and 200
persons/km2 in the OS, respectively. The ranges of MPCC of the other
four grades from high to low are 500–400 persons, 400–300 persons,
300–200 persons and 200–100 persons/km2, and the ranges of APCC
of the other four grades from high to low are 400–300 persons,
300–200 persons, 200–100 persons and 100–50 persons/km2.
In accordance with the above criteria, the PCCs per square kilometre
for each grade and in each subspace are estimated in Table 6.
6.3. Population carrying capacity estimation
According to Tables 4 and 5, the paper calculates the MPCC and APCC
for the different grades in seven subspaces and sums the total population capacity in Shanghai. These calculations demonstrate that
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Table 6
Results of population carrying capacity estimation of different grades and subspaces in Shanghai.
Subspace types

Urban construction
subspace

Industrial development
subspace

Agricultural production
subspace

Rural living subspace

Green ecological
subspace

Other ecological
subspace

Other subspace

Total

Grade

Maximum carrying density
(persons/km2)
Maximum population capacity
(10,000 persons)
Appropriate carrying density
(persons/km2)
Appropriate population capacity
(10,000 persons)
Maximum carrying density
(persons/km2)
Maximum population capacity
(10,000 persons)
Appropriate carrying density
(persons/km2)
Appropriate population capacity
(10,000 persons)
Maximum carrying density
(persons/km2)
Maximum population capacity
(10,000 persons)
Appropriate carrying density
(persons/km2)
Appropriate population capacity
(10,000 persons)
Maximum carrying density
(persons/km2)
Maximum population capacity
(10,000 persons)
Appropriate carrying density
(persons/km2)
Appropriate population capacity
(10,000 persons)
Maximum carrying density
(persons/km2)
Maximum population capacity
(10,000 persons)
Appropriate carrying density
(persons/km2)
Appropriate population capacity
(10,000 persons)
Maximum carrying density
(persons/km2)
Maximum population capacity
(10,000 persons)
Appropriate carrying density
(persons/km2)
Appropriate population capacity
(10,000 persons)
Maximum carrying density
(persons/km2)
Maximum population capacity
(10,000 persons)
Appropriate carrying density
(persons/km2)
Appropriate population capacity
(10,000 persons)
Maximum population capacity
(10,000 persons)
Appropriate population capacity
(10,000 persons)

Excellent

Good

Common Inferior

Poor

[30,000–25,000)

[25,000–20,000)

20,000

(15,000–10,000] /

78.407–65.339

756.669–605.335 742.259

197.524–148.143 42.345–28.230

1817.204–1589.306

[25,000–20,000)

[20,000–15,000)

(15,000–10,000]

(10,000–5000]

/

65.339–52.271

605.335–454.001 556.694

148.143–98.762

28.230–14.115

1403.742–1175.843

[8000–7500)

[7500–7200)

7200

(7200–7000]

(7000–6800]

/

341.659–320.305 66.671–64.004

62.677

131.179–127.535 23.674–22.998

625.859–597.518

[6000–5500)

5000

(5000–4500]

(4500–4000]

/

256.244–234.890 48.892–44.447

43.526

91.096–81.987

15.219–13.528

454.977–418.378

[2200–1900)

[1900–1600)

1600

(1600–1300]

(1300−1000]

/

99.533–85.960

108.833–91.650

29.120

125.518–101.984 9.289–7.145

372.293–315.859

[1800–1600)

[1600–1300)

1300

(1300–1000]

(1000–800]

/

81.436–72.387

91.650–74.465

23.660

101.984–78.449

7.145–5.716

305.873–254.677

[4000–3500)

[3500–3000)

3000

(3000–2500]

(2500–2000]

/

5.226–4.573

61.599–52.799

54.364

15.540–12.950

9.955–7.964

146.685–132.650

[3000–2500)

[2500–2000)

2000

(2000–1500]

(1500–1000]

/

3.920–3.266

44.000–35.200

36.242

10.360–7.770

5.973–3.982

100.679–86.644

[150–125)

[125–100)

100

(100–75]

(75–50]

/

15.101–12.584

5.680–4.544

3.938

1.056–0.792

0.308–0.205

26.083–22.064

[125–100)

[100–75)

75

(75–50]

(50–25]

/

12.584–10.067

4.544–3.408

2.954

0.792–0.528

0.205–0.103

21.079–17.060

[30–25)

[25–20)

20

(20–15]

(15–10]

/

0.112–0.093

0.013–0.010

0.123

0.011–0.008

0.005–0.003

0.263–0.238

[20–15)

[15–10)

10

(10–5]

(5–0]

/

0.075–0.056

0.008–0.005

0.062

0.005–0.003

0.002–0

0.152–0.126

[500–400)

[400–300)

300

(300−200]

(200−100]

/

0.165–0.132

10.499–7.875

4.993

6.924–4.616

2.483–1.242

25.064–18.857

[400–300)

[300−200)

200

(200–100]

(100–50]

/

0.132–0.099

7.875–5.250

3.329

4.616–2.308

1.242–0.621

17.194–11.607

/

/

/

/

/

3013.451–2676.492

/

/

/

/

/

2303.696–1964.335

Shanghai's MPCC is approximately 26,764.92–30,134.51 thousand persons, and its APCC is approximately 19,643.35–23,036.96 thousand persons in 2009 (Table 6).
By calculating the population capacity of each subspace per unit
area, it can be seen that the UCS has the highest population density,
and the maximum population density is between 19,219–21,975 persons/km2, about 2.6–2.9 times of the IDS (7296–7642 persons/km2).
The maximum population density of RLS is in the third place, which is

[5500–5000)

15,000

(20,000–15,000]

Total

between 2872 and 3176 persons/km2, about 1.8–1.9 times of the APS
(1531–1804 persons/km2), which ranks the fourth. The maximum population density of OS is ﬁfth, which is between 240–318 persons/km2,
about 2.2–2.5 times of the GES (110–130 persons/km2), and 11.4–13.8
times of the OES (21–23 persons/km2). The appropriate population
density of each subspace has roughly similar spatial differences as
well. Therefore, it can be seen that the differences of PCC in various subspaces are both objective and huge.
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Table 7
Sensitivity analysis of the range of population carrying capacity per unit area (10,000 persons).
Items

Range of
population
Rate of change
(%)
Total population

Urban construction
subspace (±10%)
Maximum
Appropriate
Maximum
Appropriate
Maximum

±158.93
±117.58
±5.94
±5.99
2835.42
2517.56
Appropriate 2081.92
1846.76

±181.72
±140.37
±6.03
±6.09
3195.17
2831.73
2444.07
2163.33

Industrial
development
subspace (±10%)

Agricultural
production
subspace (±10%)

Rural living
subspace (±10%)

Green ecological
subspace (±10%)

Other ecological
subspace (±10%)

Other subspace
(±10%)

±59.75
±41.84
±2.08
±1.98
2736.24
2616.74
2006.18
1922.50

±31.59
±25.47
±1.18
±1.30
2708.08
2644.91
1989.81
1938.87

±13.27
±8.66
±0.49
±0.44
2689.76
2663.23
1973.00
1955.68

±2.21
±1.71
±0.082
±0.09
2678.70
2674.28
1966.05
1962.63

±0.024
±0.013
±0.0009
±0.0007
2676.51
2676.47
1964.35
1964.32

±1.89
±1.16
±0.070
±0.06
2678.38
2674.61
1965.50
1963.18

±62.59
±45.50
±2.23
±2.13
3076.04
2950.87
2349.20
2258.20

±37.23
±30.59
±1.24
±1.33
3050.68
2976.22
2334.29
2273.11

6.4. Sensitivity analysis of the range of population carrying capacity per
unit area
Based on the estimation results of MPCC and APCC, assuming that
the evaluation grade in each subspace does not change, the changes in
PCC per unit area of various grades in different subspaces impacted on
population estimation has been further analysed. If the PCC of the
whole land varies by 10% in different grade areas, the MPCC will change
from 2.6765 to 3.0134 million, and the APCC will change from 1.9643 to
2.3037 million. If the PCC per unit area varies by 10% in one subspace,
while other subspaces unchanged, the changes in the MPCC and APCC
in Shanghai are estimated (Table 7). If the per unit area PCC varies by
10% in the grades in the UCS and all other subspaces are held constant,
the domain of the MPCC is between ±5.94 and ±6.03%, the domain of
the APCC is between ±5.99 and ±6.09%. Similarly, if the PCC per unit
area at different levels varies by 10%, the domain of the MPCC is between ±1.98 and ±2.13% in IDS, between ±1.30 and ±1.33% in APS,
between ±0.44% in RLS, between ±0.09% in GES, between ±0.0007%
in OES and between ±0.070 and ±0.083% in OS, respectively; the domain of the APCC is between ±2.03~ ± 2.23% in IDS, between ±1.18
and ±1.24% in APS, between ±0.49 and ±0.50% in RLS, between ±
0.082 and ±0.087% in GES, between ±0.0009% in OES and between ±
0.060 and ±0.07% in OS, respectively. This indicates that variations in
the UCS have the largest effect on the gross population estimation,
followed by changes in the IDS. Changes in the OES are smallest.
Overall, in terms of the APCC, the UCS is responsible for most of the
PCC, accounting for 59.86%–60.94% of the gross PCC and 11.69% of total
land area. Next, the IDS accounts for 19.75%–21.30% of the population,
with an almost equal percentage of UCS in the total land area. Together,
these two subspaces comprise approximately 79.61%–82.24% of the
gross PCC and 23.27% of the total land area, indicating that the UCS
and IDS are the most concentrated population areas. The APS and GES
together only account for approximately 13.84%–14.20% of the gross
PCC; However, the encompass 57.47% of the total land area. The percentage of the population in the GES is low because it mainly provides
ecological functions, with a small population and low development intensity. Otherwise, the RLS, OES and OS account for 4.37%–4.41%,
0.006%–0.007% and 0.59%–0.75% of the population, respectively,
encompassing 19.25% of total land area (Table 8). In addition, from the
comparison of subspaces, the land area of UCS and IDS is roughly

±14.67
±10.07
±0.50
±0.44
3028.12
2998.79
2313.77
2293.63

±2.61
±2.11
±0.087
±0.09
3016.06
3010.85
2305.81
2301.59

±0.026
±0.015
±0.0009
±0.0007
3013.48
3013.43
2303.71
2303.68

±2.51
±1.72
±0.083
±0.07
3015.96
3010.95
2305.42
2301.98

similar, but the population capacity of the former is about three times
that of the latter. Likewise, the difference in land area between APS
and GES is small, but the former has a population capacity of more
than fourteen times that of the latter.
Actually, the permanent resident population of Shanghai was approximately 22.1028 million in 2009. The MPCC and APCC of Shanghai
are estimated to be approximately 27–30 million and 20–23 million, respectively. Shanghai's gross population in 2009 was close to the limit of
the APCC, but it has yet to reach the limit of the MPCC. Therefore, there is
still room for population growth in Shanghai in 2009 under the socioeconomic and technological conditions at that time.
After further validation of the estimated results (Table 9), we ﬁnd
that the actual population capacity of the excellent grade of each subspace has exceeded its maximum population capacity, which has no
growth potential and needs to be controlled and optimized gradually.
On the contrary, there is a certain growth potential of other four-level
subspaces, especially the subspaces of the common, inferior and poor
grades have great potential. As long as we pay attention to improving
the main restrictive factors of these subspaces according to local conditions, population capacity can be effectively improved.

7. Conclusions and discussion
This study subdivides land use types from four subspaces to seven
subspaces, aimed at distinguishing more detailed the inner differences
of urban land space. The most critical part about carrying capacity
methods is a scale question and the assumed features of urban systems.
The advantage of this method is to highlight the functional diversity and
spatial heterogeneity of urban systems by means of integrating the
functional heterogeneity evaluation with spatial heterogeneity evaluation of land use space.
The results of MPCC and APCC show that the UCS has the highest
population capacity, accounting for approximately 59%–61% of the
population capacity, followed by the IDS, which accounts for approximately 20%–22% of the population capacity. The UCS and IDS are
clearly the main carrier of population and economy in the Shanghai
metropolis. The APS and GES, as ecological conservation areas in
the metropolis, are not associated with abundant added value
activities.

Table 8
The population carrying capacity and land area ratios of different subspaces in Shanghai (%).
Ratio

Maximum population
Appropriate population
Area

Subspace types
Urban construction
subspace

Industrial development
subspace

Agricultural production
subspace

Rural living
subspace

Green ecological
subspace

Other ecological
subspace

Other
subspace

59.38–60.30
59.86–60.94
11.69

20.77–22.32
19.75–21.30
11.58

11.80–12.35
12.97–13.28
29.17

4.87–4.96
4.37–4.41
6.53

0.82–0.87
0.87–0.92
28.30

0.009
0.006–0.007
1.59

0.70–0.83
0.59–0.75
11.13
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Table 9
Data validation of the estimated results.
Subspace types

Items

Estimated population
capacity
(10,000 persons)

Estimated population
density
(persons/km2)

Actual population density (persons/km2)

Urban construction subspace

Maximum population
capacity
Appropriate population
capacity

1817.204–1589.306

21,975–19,219

1403.742–1175.843

16,975–14,219

Maximum population
capacity
Appropriate population
capacity

625.859–597.518

7642–7296

454.977–418.378

5555–5108

Maximum population
capacity
Appropriate population
capacity

372.293–315.859

1804–1531

305.873–254.677

1483–1234

Maximum population
capacity
Appropriate population
capacity

146.685–132.650

3176–2872

100.679–86.644

2180–1876

Maximum population
capacity
Appropriate population
capacity

26.083–22.064

130–110

21.079–17.060

105–85

Maximum population
capacity
Appropriate population
capacity
Maximum population
capacity
Appropriate population
capacity

0.263–0.238

23–21

0.152–0.126

14–11

Luwang district (excellent): 33,466
Hongkou district (excellent): 32,828
Wujiaochang sub-district (good): 19,582
Yueyang sub-district (good): 19,389
Beicai town (common): 11,857
Sanlin town (inferior): 8371
Kangqiao town (poor): 4990
Zhoupu town (poor): 3655
Songjiang industrial park (excellent): 8635
Baoshan industrial park (good): 6823
Qingpu industrial park (common): 5360
Fengjing industrial park (inferior): 3800
Chongming industrial park (poor): 1118
Xuhang town (excellent): 2457
Waigang town (excellent): 1673
Shuyuan town (good): 1169
Liantang town (common): 720
Xincun township (inferior): 479
Yuepu town (poor): 152
Gucun town (excellent): 5261
Yanghang town (excellent): 4639
Malu town (good): 2507
Dongjing town (good): 2132
Zhonggu town (common): 1568
Qingcun town (inferior): 1265
Zhuanghang town (inferior): 1019
Lvxiang town (poor): 927
Langxia town (poor): 811
Dongping Forest Park (excellent): 126
Gongqing Forest Park (excellent): 112
Qingxi Suburban Park (good): 87
Jiabei Suburban Park (common): 61
Gucun Park (inferior): 47
Pujiang riverside area (excellent): 23
Changxing beach (good): 17
Heqing land consolidation area (common): 12

25.064–18.857

318–240

17.194–11.607

218–147

Industrial development
subspace

Agricultural production
subspace

Rural living subspace

Green ecological subspace

Other ecological subspace

Other subspace

The calculated results demonstrate that the MPCC and APCC of
Shanghai are approximately 27–30 million and 20–23 million, respectively. Shanghai's gross population in 2009 was close to the limit of
the APCC, but it has yet to reach the limit of the MPCC. Therefore, Shanghai still has room for population growth, i.e., the population capacity of
Shanghai was approximately 20–30 million in 2009, and the median
population capacity is 25 million. The recently released Shanghai
Urban Master Planning Outline (2016–2040) proposed that the resident
population of Shanghai should be maintained at approximately 25 million (Li, 2016). This goal is both consistent with reality in Shanghai and
the result of compromise between the MPCC and APCC. In fact,
Shanghai's population growth trend will continue for a certain period
of time. The future population regulation target of Shanghai government will be focused on the APCC.
This article proposes a methodology for estimation of MPCC and
APCC of urban land resources by using GIS spatial analysis method.
This new methodology not only takes account of the functional heterogeneity and spatial variability in carrying capacity, but also determines
the ranges of MPCC and APCC of a city or an urban region, which can
provide the more credible decision-making basis for control of urban
population growth. Therefore, it is possible to use carrying capacity as
a planning instrument. In general, although population growth can affect the resources availability and environmental quality, more

Pudong airport bonded zone (good): 251
Haiwang tourist area (good): 209
Shanghai Longhua Martyrs Memorial Hall
(common): 174
Hongfu Temple (Shanghai) (inferior): 135

importantly, it is the scarcity of resources and the environment capacity
limit population growth. Even if in an open world, land resources, buildings and environmental quality are still unmovable resources. They remain the important variables in determining urban and regional
economic development. Furthermore, it is feasible to use the similar
methodology to re-estimate the ULCC when some factors or conditions
change, such as the changes of land use types, ﬂoor area ratio, road density, economic output, soil quality, water quality, ambient air quality etc.
In other words, it is possible to use the similar methodology to estimate
dynamically the ULCC at different times. So, this method adds the reference value to similar studies as well as would be beneﬁt to the researchers in other cities.
Land use subspace 7, i.e. OS containing land use types with diverse
attributes, it's better not to be classiﬁed as a single subspace. Especially
the special use such as military and religion is signiﬁcantly different
from the infrastructure use such as energy and transportation. Hence,
subdividing other subspace into two or more subcategories may lead
to the classiﬁcation consistency. However, because these land use
types are mixed together in the initial land use patches, they are not
separated by themselves, so it is difﬁcult to further subdivide them.
We deeply regret this. In addition, although there are some differences
in the type of land use, they are similar in nature and function, and serve
the social and public interests. The subdivision of land use space is
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mainly based on the functions of production, living, ecology and social
public services. Furthermore, the land area of subspace 7 occupies
11.13% of the total land area of Shanghai, but its MPCC is only 0.7% to
0.83%, and the APCC is only 0.59% to 0.75%. Therefore, the population capacity of subspace 7 is very small, its subdivision may not be necessary.
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