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Zoning eco-protected areas is important for ecological conservation and environmental management.
Rapid and continuous urban expansion, however, may exert negative effects on the performance of
practical zoning designs. Various methods have been developed for protected area zoning, but most of
them failed to consider the conﬂicts between urban development (for the beneﬁt of land developers) and
ecological protection (local government). Some real-world zoning schemes even have to be modiﬁed
occasionally after the lengthy negotiations between the government and land developers. Therefore, our
study has presented a game theory-based method to deal with this problem. Future urban expansion in
the study area will be predicted by a logistic regression cellular automaton, while eco-protected areas
will be delimitated using multi-objective optimization algorithm. Then, two types of conﬂicts between
them can be resolved based on game theory, a theory of decision-making. We established a two-person
dynamic game for each conﬂict zone. The ecological compensation mechanism was taken into account by
simulating the negotiation processes between the government and land developers. A ﬁnal zoning
scheme can be obtained when the two sides reach agreements. The proposed method is applied to the
eco-protected area zoning in Guangzhou, a fast-growing city in China. The experiments indicate that the
conﬂicts between eco-protection and urban development will inevitably arise when using only traditional zoning methods. Based on game theory, our method can effectively resolve those conﬂicts, and can
provide a relatively reasonable zoning scheme. This method is expected to support policy-making in
environmental management and urban planning.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
The unprecedented urban expansion in developing countries
has triggered a series of environmental and ecological issues, such
as arable land loss (Yeh and Li, 1999), water pollution (Zhu et al.,
2002), and soil degradation (Chen, 2007). Zoning eco-protected
areas is crucial for sustainable development, ecological health,
environmental management (He et al., 2005; Verdiell et al., 2005;
Sabatini et al., 2007; Geneletti and van Duren, 2008), and has
therefore attracted great attention worldwide. The term “eco-protected area” is also known as “eco-designated line of control” in
China (Li et al., 2013a), a fast-growing country during the past three
decades. Most notably, Shenzhen Government took the lead in
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promulgating ordinance and zoning scheme for eco-protection in
2005 (The People's Government of Shenzhen Municipality (2005)).
Speciﬁcally, the regions of higher ecological suitability should be
marked out as eco-protected areas in order to protect limited
ecological resources, support sustainable urban development, and
prevent immoderate urban expansion. Later, the municipal governments of Dongguan and Wuhan issued their own schemes in
2009 and 2012 respectively.
Unfortunately, numerous reports have revealed that the land
developers in some Chinese cities appealed to modify the zoning
schemes because their rights and interests were being severely
constrained by the protection (e.g., Liu, 2010; Huang, 2011). Local
governments had to give in after lengthy negotiations with these
land developers. For example, Shenzhen Government respectively
issued two modiﬁed schemes in 2011 and 2013, and promised to
execute ecological compensation plan as early as possible. In fact,
human-environment conﬂict is a long-standing phenomenon
throughout the world (Lewis, 1996; DeFries et al., 2004; Colyvan
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et al., 2011). Many studies have indicated that rapid urban expansion could exert negative impacts on the performance of protected
areas (DeFries et al., 2007; Hansen and DeFries, 2007; McDonald
et al., 2007; McDonald et al., 2008). Urban land use will change
both spatially and quantitatively every year in fast-growing regions.
Although urban development should be prohibited within the ecoprotected areas, many land developers may still secretly break the
rules due to huge economic beneﬁts. Illegal development easily
occurs in the regions with higher development suitability (Li et al.,
2013a). Those zoning schemes are unable to serve the purpose of
ecological protection. Therefore, from the perspective of the land
developers, the great inﬂuences from continuous urban expansion
should be taken into account by policy-makers during the zoning
procedures.
To date, a number of techniques have been applied to land use
zoning, such as linear and integer programming (Chuvieco, 1993;
Hof and Joyce, 1993), intelligent algorithms (Bos, 1993; Verdiell
et al., 2005; Watts et al., 2009), and multicriteria analysis
(Geneletti, 2007), but most of them failed to tackle the aforementioned problem. Recently, Li et al. (2011) proposed a method to
delimitate protected areas by coupling cellular automata (CA) with
ant colony optimization. Undoubtedly, CA model is a successful tool
for simulating and predicting urban expansion (Wu, 2002; Li et al.,
2013b), and therefore shows great potential for assisting in land use
zoning. In their method, however, future urban expansion predicted by CA was only considered as a negative factor for ecological
suitability analysis. The conﬂicts between the government and land
developers, as well as the ecological compensation mechanism are
still neglected. These contents can be well integrated under the
framework of game theory.
Game theory is a theory of decision-making that can mathematically analyze and simulate the conﬂicts between rational
decision-makers (Myerson, 1991). It has been successfully applied
in various disciplines, such as economics, politics, and biology
(Osborne and Rubinstein, 1994; Basar and Olsder, 1995). Recently,
game theory has also been used to deal with land use issues. For
example, Liu et al. (2015) coupled game theory and genetic algorithm to solve land use spatial optimization problems; Samsura
et al. (2010) presented a game theory approach to the analysis of
land and property development processes; Hui and Bao (2013)
established a game theory-based framework for analyzing the
conﬂicts in land acquisitions in China. Nevertheless, the conﬂicts
between ecological protection and urban development still remain
unresolved in such a quantitative manner. Besides, the spatiotemporal dynamics of urban expansion are rarely considered in
land use games. Therefore, our study aims to address these problems based on a combined use of CA and game theory. Guangzhou,
a rapidly urbanizing metropolis suffering from severe ecological
issues in China, is selected as the study area.

2.1. Zoning eco-protected areas using multi-objective optimization
algorithm
The zoning task should maximize both: (1) the average
ecological suitability of the selected cells, and (2) the compactness
of the protected areas (Li et al., 2011; Liu et al., 2012). Therefore, the
utility (U) of the protected areas can be formulated as follows:

U ¼ wE ,SE þ wC ,C

(1)

where SE denotes the average ecological suitability, C denotes the
compactness metric of a protected scenario, wE and wC are the
weights for SE and C respectively (wE þ wC ¼ 1).
With respect to the zoning of eco-protected areas in China, SE
has two ecological meanings: (1) the regions that are rich in
ecological resources should be protected, and (2) the regions that
are unsuitable for urban development should not be developed.
Some municipal governments have consequently promulgated ordinances and requirements for eco-protected area zoning. In general, vegetated areas, aquatic areas, natural habitat, vulnerable
areas, and other regions of higher ecological suitability should be
marked out for conservation. Therefore, in accordance with related
studies (Li et al., 2011; Liu et al., 2012), SE can be estimated by a
number of spatial variables, all of which are introduced as follows:
(1) Normalized difference vegetation index (NDVI)
The vegetated area should be protected because it plays a key
role in various aspects, such as air puriﬁcation, and soil conservation (Tucker, 1979). Many vegetation indices have been developed
to monitor vegetation conditions and biomass. NDVI is a widely
used one that can be directly obtained from Moderate Resolution
Imaging Spectroradiometer (MODIS) products. To minimize the
inﬂuence of aerosols, water vapors, and clouds, a series of multitemporal images within a 1-year period will be processed to a
new NDVImax image through the maximum value composite procedure (Holben, 1986).
(2) Normalized difference water index (NDWI)
The aquatic natural area should also be taken into consideration
since it is crucial for water supply, climate regulation and so on.
NDWI can effectively separate water bodies from other land cover
types. This index can be calculated using the equation given by
(McFeeters, 1996):

NDWI ¼

r857  r1241
r857 þ r1241

(2)

where r857 denotes the reﬂectance value in the band at 857 nm, and
r1241 denotes the reﬂectance value in the band at 1241 nm.
2. Methodology
(3) Habitat heterogeneity (Hh)
The main contribution of this study is the application of game
theory to protected area zoning. First, eco-protected areas will be
preliminarily delimitated in a traditional way. Then, we will predict
future urban expansion by using cellular automata (CA). Finally, the
conﬂicts between urban development and ecological protection
will be resolved under the framework of game theory. More details
about the procedures are provided in the following subsections,
and the pseudo-codes are given in Table S1 (in supplementary
material).

Habitat heterogeneity is a good metric for representing the
spatial distribution pattern of the heterogeneous environmental
conditions of a region (Svoray et al., 2005; Liu et al., 2012). Previous
studies have shown that eco-diversity will increase with habitat
heterogeneity on a landscape scale (Freemark and Merriam, 1986;
Benton et al., 2003). The habitat of land units consists of three
parts: wetness index, slope orientation, and soil attributes (Svoray
et al., 2005). The wetness index was calculated as follows:
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Wetness index ¼ ln

Asi
tan b


(3)

where Asi denotes the speciﬁc catchment area, which can be obtained by using the ArcGIS ﬂow accumulation function, and b denotes the slope angle of the surface.
Besides, the slope orientation was generated by using the ArcGIS
spatial analyst tools, and the soil attribute map was obtained according to ﬁeld surveys (Liu et al., 2012). Lastly, habitat heterogeneity (Hh) can be calculated based on the Shannon-Weaver Index
(Svoray et al., 2005):

Hh ¼ 

X

Pi ðln Pi Þ

(4)

i

where Pi is the proportion of an individual habitat i in relation to all
habitats.
(4) Slope
Topography is another important factor for environmental
management (Withers and Lord, 2002). The regions with steeper
slopes should be included in the protected areas. Slope can be
calculated directly from digital elevation data.

ﬁtness value (utility). Elitism strategy was employed to ensure the
best solution will survive to the next generation. Besides, we
adopted the patch-based crossover and mutation strategies proposed by Cao et al. (2011) for obtaining compact solutions. Crossover operation randomly chooses several 3  3 windows, and the
cells within each window from two chromosomes will interchange.
Similarly, several 3  3 windows are randomly chosen in mutation
operation, and the cell values within each window in one chromosome will become identical guided by the window's neighborhood. If the total number of protected cells falls outside a
reasonable range (±5%) of the area constraint, the values for some
randomly chosen cells will be reversed to satisfy the constraint.
More detailed techniques can be found in the work of Cao et al.
(2011). It is also feasible if other multi-objective optimization algorithms are used for zoning.
Although eco-protected areas can be effectively created through
this method, it cannot deal with the conﬂicts between continuous
urban expansion and ecological protection. Other traditional
zoning methods are also unable to solve this problem because
multiple objectives are involved. We argue that it is more reasonable to take into account both preexisting and potential urban developments. The details of our proposed method are discussed in
the following subsections.
2.2. Predicting future urban expansion by using CA

(5) Soil type (St)
Soil protection is also an urgent task because rapid urbanization
in China poses great challenges to soil resources and food security
(Chen, 2007). Different soil types are treated differently. For
example, paddy soils, which are suitable for rice cultivation, should
be preferentially protected (Wong et al., 2002).
The selection of the above variables is based on domain
knowledge and data availability. However, the feasibility of our
method remains unchanged if other data are involved. We then
used the multi-criteria evaluation method (Eastman et al., 1998) to
estimate the ecological suitability based on the variables. All of
them will be normalized into the range [0, 1] for consistency. A
suitability map can be generated by a weighted linear combination
method as follows (Li et al., 2011; Liu et al., 2012):

SE ¼ w1 ,NDVI þ w2 ,NDWI þ w3 ,Hh þ w4 ,Slope þ w5 ,St
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(5)

where wm (m ¼ 1, 2, …, 5) is the weight for each variable, and
P
wm ¼ 1.

In this study, we chose the commonly used logistic regression
cellular automaton (Logistic-CA) to simulate and predict urban
expansion (Wu, 2002). It is also acceptable if other CA models are
adopted. In Logistic-CA, the development potential of each nonurbanized cell is calculated using a logistic function (Li et al.,
2013b):

pij ðS ¼ DevelopedÞ ¼

 
exp zij
1

 ¼

1 þ exp zij
1 þ exp zij

(7)

where pij is the development potential of cell ij, S denotes the state
(developed or not), and zij is calculated according to a series of
proximity variables (i.e., distances from a cell to the nearest
transportation networks or urban centers) related to urban
dynamics:

zij ¼ b0 þ

X

bk xk;ij

(8)

k

m

In addition, the compactness metric in Eq. (1), which is designed
to avoid the fragmentation of the protected areas, can be measured
as follows (Li et al., 2011):

pﬃﬃﬃ
4 A
C¼
P

(6)

where A and P are the area and perimeter of a protected scenario,
respectively.
Finally, genetic algorithm (GA) can be used to search for the
optimal pattern for the eco-protected areas. In this study, each
candidate solution (i.e., a zoning scheme) is encoded as a gridbased chromosome (Cao et al., 2012; Liu et al., 2014). That is to
say, the whole study area can be represented by a randomly
initialized binary two-dimensional matrix (1 for protected cells,
and 0 for non-protected cells). The best chromosome can be obtained through iterative runs of selection, crossover, and mutation
operations (Holland, 1975; Goldberg, 1989). At each iteration, the
chromosomes will be selected as parents to procreate offspring. The
probability of being selected increases with the chromosome's

where b0 is a constant, xk is the kth proximity variable (normalized
into the range [0, 1]), and bk is the parameter for xk.
Furthermore, the impacts of stochastic perturbation, neighborhood function, and geographical constraints, should be included in
Eq. (7). The new equation is given as follows:

1

,Utij ,conij
ptij ¼ ð1 þ ðln gÞa Þ,
1 þ exp  zij

(9)

where ptij is the development probability of cell ij at time t, g is a
stochastic number ranging from 0 to 1, a is used to control the
stochastic degree, Utij is the development density in a 3  3 Moore
neighborhood of cell ij at time t, and conij is a constraint score for
cell ij within the range [0, 1]. Speciﬁcally, if a cell falls within the
areas that are intrinsically impossible for urban development (e.g.,
large rivers, reservoirs), then its score is set to zero. Otherwise, the
score is one. The higher the value of ptij , the higher the development
probability for cell ij.
Then, a threshold is used to determine whether each nonurbanized cell should be developed to an urbanized cell during
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the iterations. This procedure can be represented by the following
equation:

(
Stþ1
ij

¼

Developed;
NonDeveloped;

ptij  pthreshold
ptij < pthreshold

(10)

where Stþ1
denotes the state of cell ij at time (tþ1), and pthreshold is a
ij
threshold determined by the total number of urbanized cells
derived from the last land use dataset.
After calibrating the CA model through logistic regression, we
still need to estimate future demand for urban development in
order to predict urban expansion. Many studies have demonstrated
that urban land area has a strong relationship with population
 pez et al., 2001; He et al., 2008). Therefore, we can build a
(Lo
regression model to estimate future urban land area based on
population data obtained from the bureau of statistics.
Finally, future urban expansion can be predicted by the above
calibrated CA model constrained by the land demand. The zoning
result achieved in Section 2.1 will be overlaid with current land use
map and the prediction result respectively. The overlaps are
deﬁned as two types of “conﬂicts”, which should be resolved by the
next step of our approach. In the next subsection, game theory is
introduced to tackle this conﬂicting issue.
2.3. Resolving conﬂicts under the framework of game theory
Game theory, a theory of decision-making, can provide a
framework for conﬂict resolution between ecological protection
and urban expansion. It can simulate the interactions among
different stakeholders who have conﬂicting interests. Any individual's beneﬁt depends on the others' behaviors. Game theory
will ﬁnd an equilibrium (solution) when all of them reach an
agreement (Myerson, 1991). Generally, game theory consists of
three basic elements: player, strategy, and payoff, all of which are
introduced below. More detailed information about game theory
can be seen in the works of Osborne and Rubinstein (1994), and
Basar and Olsder (1995).
2.3.1. Player
The decision-makers serve as “players” in a game. Only two
players, namely the municipal government (G) and land developers
(LD), are involved in our study. This game can be deemed as a twoperson dynamic game with perfect information. The term “dynamic” means that the players take actions in turn, while “perfect”
indicates that each player exactly knows the actions made by other
players in a previous stage.
2.3.2. Strategy and payoff
The actions took by the players are called “strategy”. A basic
assumption lies behind a game is that all the players are rational.
That is to say, they will always adopt the best strategies that can
maximize their own payoffs (e.g., economic beneﬁt). The game in
this study has two types: (1) one for conﬂict resolution between
eco-protected areas and preexisting urban development, and (2)
one for conﬂict resolution between eco-protected areas and potential urban development. A conﬂict zone, the basic unit of one
single game, consists of several adjacent cells with the same type of
conﬂict (Liu et al., 2015). Fig. S1 (in supplementary material) presents an example of these conﬂict zones and the corresponding
neighborhoods.
For type (1), the government takes action ﬁrst. It can choose to
expropriate land from land developers or give up. If the government does not give up, it must compensate for the expropriation,
and then land developers should make a decision by comparing the

compensation with the potential economic beneﬁt for urban
development. If the land developers reject the compensation, the
government should decide whether to increase the compensation
or give up. They play the game back and forth for several rounds
until they come to an agreement. The corresponding negotiation
process is displayed in Fig. 1a. In this ﬁgure, EL denotes the economic beneﬁt for a conﬂict zone, CGr denotes the compensation
provided by the government in the rth round, and RrG denotes the
government's net revenue in the rth round.
The value of ecosystem services is often ignored in policymaking because the potential economic beneﬁt for urban development is much higher in terms of monetary value per unit area
(Costanza et al., 1997). This is particularly true in some large cities
such as Guangzhou, whose GDP is over nine hundred billion RMB in
2009. However, ecosystem services are much more critical to human welfare. Therefore, an adjustment coefﬁcient was employed to
pay more attention to eco-protection. The government, who holds a
dominant position in real-world, has the discretion to decide
whether each conﬂict zone should be protected or not. Then, the
above three variables can be represented as follows (Hui and Bao,
2013; Liu et al., 2015):

EL ¼ A,BU ,ðSU þ NU =NÞ

(11)

where A is the area of a conﬂict zone, BU is the basic economic
beneﬁt per unit area, SU is the average urban development suitability for the zone, N is the area of the neighborhood, and NU is the
area of urbanized cells within the neighborhood. SU can be estimated by a series of proximity variables (the same as those used in
Eq. (8)):

SU ¼

X

bk xk

(12)

k

where xk is the kth proximity variable, and bk is the weight for xk
P
( bk ¼ 1).
k

The compensation provided by the government in the rth round
(CGr ) can be calculated by the following equation:

CGr


!
p,KG , 1  qr1
¼ A, KG þ
1q

(13)

where KG is the initial compensation per unit area provided by the
government, r is the number of negotiation rounds, and p, q are the
parameters for controlling the compensation increment (0 < p,
q < 1).
The government's net revenue in the rth round (RrG ) can be
formulated as follows:

RrG ¼ A,BE ,T,ðSE þ NE =NÞ,ð1  eÞ  CGr

(14)

where BE is the basic ecological beneﬁt per unit area, which can be
represented by the mean value of ecosystem services, T is an
adjustment coefﬁcient, SE is the average ecological suitability for
the conﬂict zone, which can be estimated through Eq. (5), NE is the
area of protected cells within the neighborhood, and e is the cost for
turning preexisting urban development into protected area.
Type (2) is virtual but similar to type (1) except that the land
developers make the ﬁrst move. They can choose to strive or give
up. If the land developers strive, they must compensate for their
damages to the environment, and the government should make a
decision by comparing the compensation with the potential
ecological beneﬁt for the conﬂict zones. If the government rejects
the compensation, the land developers should determine whether

所有括号里面的左边和右边分别代表政府和开发商的纯收益。
如果征地成功，政府的收益是土地的生态效益减去征地补偿金，而开发商的收益是补偿金；如果
不成功，政府收益为0，开发商收益为土地开发的经济效益。
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Fig. 1. The negotiation processes between municipal government (G) and land developers (LD). Note: Characters in parentheses denote the payoffs for G and LD respectively.

to increase the compensation or quit. Similarly, they play the game
back and forth until a compromise is reached. Fig. 1b illustrates the
corresponding negotiation process. Let EG denote the potential
ecological beneﬁt for a conﬂict zone, CLr denote the compensation
provided by the land developers in the rth round, and RrL denote the
land developers' net revenue in the rth round. These three variables
can be formulated as follows (Hui and Bao, 2013; Liu et al., 2015):

EG ¼ A,BE ,T,ðSE þ NE =NÞ

(15)

where BE is calculated differently from the one in Eq. (14):

Pn
BE ¼

i¼1

Ai ,VCi
A

(16)

where Ai is the area of ecosystem type i within a conﬂict zone, and
VCi is the value coefﬁcient of type i estimated by Xie et al. (2003).
The compensation provided by the land developers in the rth
round (CLr ) can be represented by the following equation:

CLr


!
p,KL , 1  qr1
¼ A, KL þ
1q

(17)

where KL is the initial compensation per unit area provided by the
land developers.
The land developers' net revenue in the rth round (RrL ) can be
calculated as follows:

RrL ¼ A,BU ,ðSU þ NU =NÞ  CLr

(18)

We assume that neither of the two players gives up at ﬁrst. For
type (1), the government will quit when RrG becomes negative,
while the land developers will accept the expropriation when CGr is
greater than EL. Similarly, for type (2), the land developers will give
up when RrL is negative, whereas the government will accept the
compensation when CLr exceeds EG. Besides, we need to determine
the largest number of rounds (rmax) since the games cannot be
played endlessly (Liu et al., 2015).

3. Model implementation and results
3.1. Study area and data
The proposed method was tested in Guangzhou, a metropolis
situated in southern China. It consists of twelve administrative
districts with an area of approximately 7434 km2. This region has
witnessed rapid urbanization since the adoption of reform and
opening-up policy. Despite the substantial economic growth, the
continuous urban expansion has resulted in serious ecological and
environmental problems. As a consequence, eco-protected area
zoning has become an urgent agenda for conservation in this fastgrowing region (Li et al., 2011).
In this study, ecological suitability analysis necessitates a number of spatial variables. Although some higher spatial resolution
products (e.g., Landsat images) have been commonly used as the
basic input, it remains a little difﬁcult to acquire high quality data in
humid sub-tropical regions such as Guangzhou, due to the relatively long revisit time (Leckie, 1990). Therefore, MODIS images
were adopted given the higher temporal resolution. We obtained
the 500 m MODIS surface reﬂectance (MOD09A1) and NDVI
(MOD13A1) products in 2009 from the National Aeronautics and
Space Administration (http://reverb.echo.nasa.gov/reverb/). The
former was used to calculate NDWI according to Eq. (2), while the
latter was processed to a new NDVImax image through the
maximum value composite procedure (Holben, 1986; Lin et al.,
2014). Other variables were provided by Guangdong Institute of
Eco-environmental and Soil Sciences. All of them were resampled
to a spatial resolution of 500 m for consistency (Fig. S2). In addition,
several proximity variables and land use data in 2005, 2009 were
used to calibrate the CA model (Fig. S3). More detailed descriptions
of the spatial data used here are provided in Table S2. In this study,
all the computational tasks were fulﬁlled in the MATLAB Platform
after converting the data into ASCII format.

3.2. Implementation and results
3.2.1. Zoning eco-protected areas by using GA
First, ecological and urban development suitability analyses
were carried out by using the above variables. The weights for each
variable should be deﬁned based on domain knowledge and expert
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experiences. Multi-criteria evaluation method was adopted in this
study (Eastman et al., 1998). Table 1 lists the weights for calculating
ecological and urban development suitability. Both of them passed
the consistency check. The ﬁnal suitability values were normalized
into the range [0, 1].
Subsequently, GA was employed to search for the optimal
pattern of the eco-protected areas. Several parameters needed for
running this algorithm were determined according to previous
studies (Table 2) (Cao et al., 2012; Liu et al., 2015). In addition, the
weights for ecological suitability and compactness metric (Equation
(1)) were both set as 0.5. The area for the eco-protection is
approximately 4460 km2 in light of the city master plan of
Guangzhou. It also stipulates that some fundamental water bodies
(e.g., the Pearl River), mountains (e.g., the Baiyun Mountain), and
farmlands must be strictly protected. Therefore, they were marked
out in advance as a basic framework, which will remain unchanged
during the optimization process. Fig. 2 displays the optimal result.
Its average ecological suitability and compactness are 0.5425 and
0.1875, respectively.
3.2.2. Simulating and predicting urban expansion by Logistic-CA
model
The widely used Logistic-CA model was employed in the
simulation and prediction of urban dynamics in Guangzhou. We
randomly selected 20% of samples from land use data to calibrate
this CA model. The corresponding parameters (Equation (8)) are
listed in Table 3. Then, the urban expansion from 2005 to 2009 can
be simulated by the calibrated CA (Fig. 3aeb). The cell-by-cell
simulation accuracy is up to 93.6%, which indicates that this
model is reliable enough for prediction.
Subsequently, we obtained historical population data from
Statistics Bureau of Guangzhou Municipality. A linear regression
model was ﬁrst constructed to predict future population in
Guangzhou. The result shown in Fig. S4 indicates that the population correlates well with time (years), with an r2 of 0.9990. As
pez et al. (2001), another linear regression model,
suggested by Lo
rather than exponential model, was built to quantify the relationship between urban land area and population (Fig. S5). Since the
validity period for land use planning in China is generally ﬁfteen to
twenty years, we estimated the demand for urban development in
2024 based on the regression model (r2 is up to 0.9783).
Lastly, we predicted the future urban expansion (from 2009 to
2024) for Guangzhou based on the transition rule (i.e., the parameters in Table 3) under the area constraint. The prediction result
is displayed in Fig. 3c.
3.2.3. Resolving the conﬂicts between ecological protection and
urban expansion
A total of 99 conﬂict zones of type (1) and 105 of type (2) (see
Section 2.3.2 for the deﬁnitions) were generated by an overlay
analysis. The spatial distribution of these zones is shown in Fig. 4.
Most of them are located in suburban regions. For type (1), the
detailed land use type can be identiﬁed with the support of high-

Table 1
Weights for calculating ecological and urban development suitability.
Ecological suitability

Urban development
suitability

NDVI

NDWI

Hh

Slope

St

0.296

0.237

0.191

0.123

0.153

DMainCenter DDistrictCenters DLTownCenters DSTownCenters
0.109
DRailways
0.192

0.137
DSubways
0.029

0.153
0.184
DExpressways DRoads
0.171
0.025

Table 2
Parameters for running GA.
Population size

Number of generations

Crossover rate

Mutation rate

100

10,000

0.90

0.90

Fig. 2. Zoning of eco-protected areas using GA.

Table 3
Parameters of the Logistic-CA model.
Constant

DMainCenter

DDistrictCenters

DLTownCenters

DSTownCenters

2.533
DRailways
2.296

2.979
DSubways
1.542

2.814
DExpressways
1.584

2.757
DRoads
4.910

0.416

resolution remote sensing images. It is found that almost all the
type (1) conﬂicts are low-rise industrial areas (see the enlarged
view in Fig. 4 for example). Here, we employed another commonlyused zoning method, density slicing, for comparison. Speciﬁcally,
the cells with higher suitability values were incorporated into the
protected areas (Li et al., 2011). Similarly, many conﬂict zones
inevitably arose (Fig. S6). This result also indicates the necessity for
conﬂict resolution.
Therefore, two game models were constructed to simulate two
types of negotiation processes between the government and land
developers. The parameter BU is represented by the ratio of gross
domestic product to urban land area, while BE is the mean value of
natural ecosystems (Xie et al., 2003). The value for BU can be
determined accordingly if detailed data for each conﬂict zone are
available. In addition, T is equal to “BU/BE”, and KL is equivalent to KG
for simplicity. Other parameters were deﬁned in accordance with
related studies (Liu et al., 2015). The detailed settings are listed in
Table 4.
After running the game models, the conﬂict resolution and ﬁnal
zoning scheme are presented in Figs. 4 and 5, respectively. For
comparison, we calculated the average ecological suitability and
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Fig. 3. Simulation and prediction of urban growth in Guangzhou: (a) actual in 2009, (b) simulated in 2009, and (c) predicted in 2024.

Fig. 4. Spatial distribution of the conﬂict zones: (a) type 1 zone, and (b) type 2 zone.

Table 4
Parameters of the game models.
p

q

e

rmax

BU (RMB$m2$a1)

BE (RMB$m2$a1)

T

KL (RMB$m2$a1)

KG (RMB$m2$a1)

0.4

0.6

0.2

10

989

1.2

824.2

593

593

compactness metric of the scheme. While the compactness inevitably decreased from 0.1875 to 0.1611, the average ecological suitability increased from 0.5425 to 0.5469. We further focused on the
conﬂict zones. If they are either all included in or excluded from the
eco-protected areas without distinction, the corresponding average
beneﬁts for the government (“BE (SEþNE/N)” in Equation (15)) or
land developers (“BU (SUþNU/N)” in Equation (11)) are shown in
Table 5. It is found that both of them increased by about 10% after
the conﬂict resolution. The results demonstrate that our proposed
method can reasonably decide whether each conﬂict zone should
be protected or not.
With respect to the prospects of the eco-protected areas, the
development of the northwestern and southern parts of Guangzhou will be constrained if the original zoning scheme (Fig. 2) is
adopted, while our scheme can alleviate this problem to some
extent. Overall, the proposed method is effective and valuable for
protected area zoning, particularly in fast-growing regions.

Nevertheless, several aspects could still be improved in future
studies. We only made a rough estimation of the ecological and
economic beneﬁts due to a lack of detailed data. We will try to
deﬁne the parameters of the game models according to the government's attitude toward ecological protection. For example, if the
government gives a higher priority to eco-protection, T could be set
higher. Instead, a lower value for T is applied when the government
pays little attention to it. In addition, more advanced CA models
may be employed to better predict urban expansion. It may also be
better if more spatial variables are involved in the ecological suitability analysis. Besides, higher spatial resolution data (e.g., Landsat
images) could be adopted when dealing with cloudless or smaller
regions.
4. Conclusions and policy implications
Various methods have been developed to facilitate the zoning of
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and economic beneﬁts can increase by about 10% after conﬂict
resolution. Our method is expected to support policy-making in
environmental management and urban planning. The government
could still make some modiﬁcations according to local conditions.
But once the decision is made, urban development must be strictly
prohibited within the protected areas. The government should also
execute reasonable ecological compensation plans based on the
negotiation results, and pay enough attention to those conﬂict
zones since they are prone to be illegally developed.
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