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Abstract:



Over the past decades, urban growth boundaries (UGBs) have been regarded as effective tools applied by planners and local governments to curb urban sprawl and guide urban smart growth. The UGBs help limit urban development to suitable areas and protect surrounding agricultural and ecological landscapes. At present, China’s Town and Country Planning Act officially requires the delimitation of UGBs in a city master planning outline and in central urban area planning. However, China’s practices in UGBs are usually determined by urban planners and local authorities, and lack a sound analytical basis. Consequently, Chinese UGBs are often proven to be inefficient for controlling urban expansion. In this paper, take the fast-growing Xinzhuang town of Changshu city, eastern China as an example, a new method towards establishing UGBs is proposed based on land-use change model (the Conversion of Land Use and its Effects at Small regional extent, CLUE-S). The results of our study show that the land-use change and urban growth simulation accuracy of CLUE-S model is high. The expansion of construction land and the decrease of paddy field would be the main changing trends of local land use, and a good deal of cultivated land and ecological land would be transformed into construction land in 2009–2027. There is remarkable discordance in the spatial distribution between the simulated UGBs based on the CLUE-S model and the planned UGBs based on the conventional method, where the simulated results may more closely reflect the reality of urban growth laws. Therefore, we believe that our method could be a useful planning tool for the delimitation of UGBs in Chinese cities.
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1. Introduction


The growing negative impacts of urban sprawl arising from the rapid urbanization are a major challenge for sustainable urban development [1]. Emphasizing sustainable development and ecological ideas of today, while determining how to effectively curb urban sprawl and harmonize the conflicts between the urban development and ecological protection or farmland preservation are the important issues concerning the human-dominated ecosystems [2,3]. Among the various approaches to managing urban growth, urban containment policy has been extensively studied and introduced to many countries to increase urban land-use density and protect open space from being developed [4,5]. Greenbelts, urban growth boundaries (UGBs), and urban service boundaries (USBs) are three major forms of urban containment policy [6]. All of these forms aim to promote compact and contiguous development patterns, while preserving open space, agricultural land, and environmentally sensitive areas that are not currently suitable for urban development [4]. However, among the notions of these urban containment boundaries, the UGBs have been widely discussed in academia and implemented in various countries around the world [7,8,9,10], due to their popularity and easy acceptance.



In China, the conception of UGBs began to be known among the planners and scholars in the late 1990s [11,12]. The officially issued “Urban Planning Compilation Methods” by China’s former Ministry of Construction, requires that the city master planning outline and central urban area planning include research of UGBs. The definitions for “prohibited construction areas”, “restricted construction areas”, and “suitable construction areas” were officially proposed. Also, the boundaries of urban construction areas were put forward. According to China’s Town and Country Planning Act initiated in 2008, the urban construction boundaries (UCBs), defined as legal boundaries to distinguish urban land from rural areas, were expected to constrain intensive human activities in aggregated urban settlements and thus maintain the ecosystem services provided by the surrounding seminatural and natural environment. Thus, in the context of rapid urbanization and pronounced environmental deterioration over the past three decades, it is urgent to reduce artificial adverse impacts on ecosystem functioning, maintain the harmony human–nature relationship, and sustain the development of the society across local, regional, and national scales [13]. Meanwhile, UCBs are also applied by the urban planning administrative department as the basis for issuing construction site planning permits, and they have played a crucial role in constraining urban growth in China [1]. Therefore, as the most explicit legal urban containment boundaries, the planned UCBs can be approximately defined as the UGBs under China’s Town and Country Planning Act.



In the process of delimiting UGBs, various factors related to urban spatial growth need to be considered. To date, conventional methods of delineating UGBs of Chinese cities are based on local authority’s intentions and planners’ personal experiences. Most of the time, they lack an adequate scientific basis and quantitative support. Consequently, the UGBs often fail to effectively contain urban expansion. According to the study of Han et al. (2009) on the verification of the implementation of planned UGBs of Beijing using multi-temporal remote sensing images, more urban land development was found outside than inside the UGBs during the two previous planning periods (1983–1993 and 1993–2005) [13]. Tian et al. (2008) and Xu et al. (2009) also found that substantial urban development recently occurred beyond the UGBs of Guangzhou and Shanghai [14,15]. The reason for the inconsistencies between the planned UGBs and the practical urban developments may be inadequate awareness of the rules and trends of urban growth. In addition, the conventional approach to establishing UGBs is not appropriate when taking into consideration the comprehensive forces that quantitatively influence urban growth process. However, comprehensive studies on the practice of UGBs in urban planning are still very limited. Therefore, new methods that can account for the key driving forces and accurately predict the trend of urban growth are necessary for improving the delimitation of UGBs.



Identifying the primary causes, processes, and trends of land-use change are crucial for supporting urban planning and delimiting urban growth boundaries [16,17]. Land-use change models are useful tools for analyzing driving forces and processes, understanding the causes and consequences, and predicting the possible future outcomes of land-use change [18,19]. Analysis of scenarios with land-use modeling can provide support for land-use planning [20,21,22] and help inform policymakers of possible future patterns under different policy restraint conditions [23]. As a typical spatially explicit and empirically based statistical model, the CLUE-S (the Conversion of Land Use and its Effects at Small regional extent) model treats the competition between different types of land uses based on systems theory, simulating different land uses simultaneously. It has been recognized as an excellent tool for to interpret land-use change processes [24,25,26], and has been successfully applied to modeling of land-use change in many different regions. It can better account for the processes that determine changes in the spatial pattern of land use and explore possible future changes in urban growth at various spatial scales [27]. It can also specify the conditions of scenarios for future land use in detail [28,29]. Compared to the relatively subjective land-use models based on decision-making behavior of locators [30,31], the CLUE-S model is based on land-use change processes and its simulation result is more objective and persuasive.



The CLUE-S model simulation results, as an alternative future urban form or a possible land-use scenario, can be applied as the basis for Chinese UGBs, which were schematically made with less scientific support and designed by the need of economic and population growth, and the planners’ experiences and topographical and geologic characteristics. The CLUE-S model can be conveniently applied to predict future land-use and urban growth patterns. In addition, the impact of the policies related to the control and guidance of urban growth can be simulated as different scenarios in the CLUE-S model. The model can be utilized as a planning support system to delimit UGBs. To our knowledge, there are extensive publications on land-use change simulation using the CLUE-S model. However, to date, case studies using the CLUE-S model simulation to establish UGBs have been relatively scarce.



This paper aims to bridge the gap between future land use, urban growth pattern, and UGBs by using the Xinzhuang town of Changshu city, eastern China, as an example. The objectives of this study are (1) to simulate future land-use changes and urban growth under different scenarios based on the CLUE-S model; and (2) to evaluate the feasibility and applicability of a land-use change model to support urban planning and delimit the UGBs. The paper is organized as follows. Firstly, we provide a detailed account and the implementation issues of the methodology. Secondly, the analysis of the simulation accuracy of CLUE-S model and future spatiotemporal changes of land use and urban growth under three scenarios are described. Thirdly, the simulated UGBs based on CLUE-S model are compared with the planned UGBs to evaluate the feasibility and applicability of land-use change model for supporting spatial planning. Finally, we discuss the deficiency of this research and present the conclusion. We intend our study to be helpful for urban planners and decision-makers for better understanding the complexities of land-use change so that they can make scientifically sound decisions for future urban growth boundaries.




2. Study Area and Methods


2.1. Study Area


Xinzhuang town, located between 120°32′–120°44′E and 31°29′–31°37′N, is a rapidly urbanized and industrialized area in Changshu city, eastern China (Figure 1). It is one of the two significant development central towns in the latest master plan of Suzhou city, due to its prominent and convenient location for water and land transportation. It is to the east of Shajiabang resort district, to the west of Wuxi city, approximately 50 km from Suzhou city and Wuxi city, and 190 km from Nanjing city and Hangzhou city. The study area is about 104.26 km2, including 1 jiedao office (county-level governmental branch), 20 villages, 3 neighborhood committees, and the South Lake farm. In recent years, the economy of Xinzhuang town has been growing rapidly. In 2011, the gross domestic product (GDP) of the study area was 9.05 billion RMB Yuan (equivalent to 1.40 billion U.S. dollars, with an exchange rate of 6.46 in 2011). The number of workers employed by the enterprises was about 60,000, approximates 44.25% of the local permanent population. Urban and rural industrial and residential land has continuously expanded with economic and industrial growth in Xinzhuang, especially after 2000. The sprawl of construction land has occupied plenty of farmland and caused a substantial change to the area’s landscape and the environment in the past decades [32].


Figure 1. Location and administrative districts of Xinzhuang in Jiangsu Province, China.
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2.2. Data Collection and Processing


2.2.1. Data Collection


In this study, many data sets—including a 1991 aerial photograph at 1:10,000, a 2001 IKONOS image, and a 2009 QuickBird image—were used to generate land-use maps. The 1:10,000 topographic maps and 1:10,000 digital elevation model (DEM) of the study area were acquired from Geographic Information Center of Jiangsu province. A total of 405 evenly distributed field-survey points for land-use information were sampled via field surveys in 2009 by using the Global Positioning System (GPS) with ±1 m error for ground-truth.



The other data used in this study includes: (1) statistical yearbooks of 1991, 2001, and 2009 of Changshu city obtained from Changshu Statistical Bureau; (2) statistical yearbooks from 2007 to 2010 of Xinzhuang town obtained from Xinzhuang Statistical Bureau; and (3) the urban planning reports and land-use maps of Xinzhuang town obtained from Xinzhuang Planning Office of Land and Resources.




2.2.2. Data Processing


In this study, data processing consisted of follow steps. Firstly, the 2009 QuickBird image was geometrically corrected and georeferenced to the transverse coordinate system, using the 1:10,000 topographic map and boundary layer file (Shapefile) with ESRI ArcGIS 10.3 (Environmental Systems Research Institute, Inc., Redlands, CA, USA). Secondly, the image-to-image method was applied for the georeferenced registration of images from 1991 and 2001 with the total root mean squared (RMS) error of less than 0.5 pixels. Thirdly, an image enhancement of intensifying visual distinction among features was performed to increase the amount of information. In succession, image interpretation symbols of different image elements were added accompanying by field investigations, which could be consulted in the process of artificial visual operations. Subsequently, visual interpretation was manually carried out for images from 1991, 2001, and 2009, and land-use maps were generated with the help of ancillary data, including the topographic map and ground survey information. Land-use types were divided into nine classes: paddy field, dry land, forest, water area, urban and rural construction land, fishpond, grassland, vegetable field, and orchard land (Figure 2). The overall accuracy of the image classification was assessed with a randomly stratified method by overlapping the field survey points with the land-use maps. The overall accuracy for three land-use maps were determined to be 92.1% for 1991, 93.5% for 2001, and 95.2% for 2009, respectively. Besides, due to the restriction of area percentage of each land-use type in CLUE-S model, these nine land-use types were reclassified into six categories accordingly, namely paddy field, dry land (including vegetable field), forest (including grassland and orchard land), water area, fishpond, and urban and rural construction land. Furthermore, multiple resolution scales ranging from 5 m to 20 m were attempted to test the performance of CLUE-S model. However, due to the bottleneck of the computing system, the maximum spatial resolution in the CLUE-S model was set as 20 m in this study [32].


Figure 2. Land-use maps of Xinzhuang for 1991, 2001, and 2009.
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2.3. The Settings of the CLUE-S Model


In this study, the CLUE-S model, which was specifically developed for the spatially explicit simulation of land-use change [33,34], was used to simulate future land-use change and urban growth. This model is based on an empirical analysis of location suitability combined with the dynamic simulation of competition and interactions between the spatiotemporal dynamics of land-use systems [28]. Figure 3 shows an overview of the information needed to run the CLUE-S model [29]. As can be seen, the CLUE-S model needs to consider the following four categories of information: land-use requirements, location characteristics, spatial policies and restrictions, and land-use type specific conversion settings. All of them together create a set of conditions and possibilities, with which the model calculates the best solution in an iterative procedure.


Figure 3. Overview of the information flow in the CLUE-s model used for the study area. Note: This figure is redrawn according to Reference [29].
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2.3.1. Spatial Policies and Restrictions


Spatial policies, restrictions, and land tenure can influence the pattern of land-use change. In this study, three scenarios were designed to represent different implementations of the spatial policies and restrictions. (1) The Current Trend (CT) scenario or named baseline scenario was formulated based on historical land-use change from 1991 to 2009; (2) The Urban Planning (UP) scenario was designed based on the urban planning and land-use planning schemes of Xinzhuang town, which emphasized compact urban development and basic farmland preservation through restraining developments around town centers and along major roads; (3) The Ecological Protection (EP) scenario, which highlights protection and preservation of ecological land, was designed based on related ecological and environmental protection policies in the study area over the next 20 years. This scenario aims at fixing the increasingly worsening ecological problems through two assumed key aspects. The first one is that the main construction land (including intensive residential land and industrial park) and river and ecological land (including ecological preservation area of Kunchenghu, and the Nanhu River, Jialing River, Wangyu River, and Xinan River) would not be converted to the other land-use types. The second one is to intensively implement preservation and restoration of ecological land (e.g., wetland and vegetation) through designating the relatively large-scale ecological land as forbidden development areas.




2.3.2. Land-Use Requirements (Demand)


The land-use requirements (demand) for the different land-use types under the Current Trend (CT) scenario was calculated using the Markov model and linear interpolation method. The linear interpolation employs a time-series analysis based on the extrapolation of trends in historical land-use change during 1991–2009. Besides, the land-use data in this study area for the years from 1991 to 2009 were obtained from statistical yearbooks of Changshu city. The Markov model represents a mathematical technique for predicting future changes of a system. It has been widely applied to temporal land-use change predictions in a great number of studies [35,36,37,38,39]. As the land-use change process of the study area conforms to the aforementioned conditions and characteristics, it is appropriate to use the Markov chain prediction model for temporal land-use change in this research [26]. Based on the transition probability matrix and Bayes’ theorem of conditional probabilities, the Markov model is defined as follows:
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(1)




where X(n) and X(n − 1) are the system statuses at the time-points n and n − 1, respectively; Pij is a transition probability matrix satisfying the following conditions, where i, j are the land-use types at the time-points n and n − 1, respectively. Pij should meet the following requirements:

	
[image: there is no content] (i, j = 0, 1, 2, …, n) (the sum of the elements in each row equals one);



	
0 ≤ Pij ≤ 1 (i, j = 0, 1, 2, …, n) (all matrix members are non-negative and range between 0 and 1).








The areas demand of different land-use types in the UP scenario were adjusted from the results of the CT scenario, based on the general land-use planning in Xinzhuang Town (2006–2020). The land-use area demand in the EP scenario was adjusted based on the results from the UP scenario, based on the principles of ecological protection.




2.3.3. Location Characteristics


The demand for land by the different land-use types determines the overall competitive capacity of the different land-use types, but the location suitability is a major determinant of the competitive capacity of the different land-use types at a specific location. The location suitability is a weighted average of the suitability based on empirical analysis capturing the historic and current location preferences in response to location characteristics, and suitability based on scenario specific decision rules [27]. Generally, land-use conversions are expected to take place at locations which have the highest “preference” for the specific type of land-use at a given moment. However, the preference cannot be observed or measured directly, and has to therefore be calculated as a probability. In this study, the probability of a certain grid cell was calculated by logistic regression as follows [40]:
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(2)




where Pi is the probability of a grid cell for the occurrence of the considered land-use type i, the coefficients β are estimated through logistic regression using the actual land-use pattern as a dependent variable, n is the number of driving factors, and the parameters X refer to the driving factors. The value of relative operating characteristics (ROC) proposed by Pontius and Schneider (2001) [41] was used to evaluate the fit of the regression model. A completely random model gives ROC a value of 0.5, while perfect fit results in a ROC value of 1.0. If the value of ROC is below 0.7, the accuracy of the model is low; the accuracy will be preferable if the ROC value is above 0.7 [42].



For each of the land-use types, a logistic regression was run for 1991, 2001, and 2009, respectively. Eleven driving factors of land-use change taken into account as potential determinants were selected based on literature and fieldwork in the study area, including distance to major road, distance to minor road, distance to nearest river, distance to village government, distance to nearest rural settlement, per capita GDP, per capita gross industrial product, per capita gross agricultural product, grain output per area, population density, and per capita income. These were selected to evaluate the suitability of a certain grid cell to be devoted to a land-use type. The logistic regression models, based on the GIS dataset, were constructed to determine the relations between land-use changes and a set of potential driving factors. The spatial distribution of all land-use types could be well explained by the selected driving variables as indicated by the high ROC test statistics (>0.7). The derived regression models were used to calculate suitability maps for different land-use types.




2.3.4. Land-Use Type-Specific Conversion Settings


Land-use type-specific conversion settings determine the temporal dynamics of the simulations. There are two sets of parameters needed to characterize the individual land-use type in the CLUE-S model: land-use conversion matrix and elasticity. The land-use conversions restricted by land-use policies, restrictions, and land tenure could be reflected in a land-use conversion matrix. The rows of the matrix indicate the land-use type at time step t and the columns indicate the land-use type at time step t + 1. Moreover, land-use type-specific conversion settings were defined and implemented by the relative elasticity for change (ELAS) in the model [28]. The relative elasticity ranges between 0 (easy conversion) and 1 (irreversible conversion). The higher the defined elasticity, the more difficult it is to convert this land-use type. In the study areas, the change in land use showed frequent conversion between land-use types during 1991–2009 [32]. Based on the reference data during 1991–2009 and expert knowledge, the values of conversion elasticity for different land-use types were tuned so that they are suitable for the calibration of the model. According to the defined scenarios (see Section 2.3.2), specific conversion elasticity values of land-use types were defined and implemented in the model for 2009–2027 (Table 1).



Table 1. Conversion elasticity values of land-use types in historical simulation and forecasting process.







	

	
Scenario

	
Construction Land

	
Dry Land

	
Paddy Field

	
Fishpond

	
Forest

	
Water






	
1991–2009

	

	
0.9

	
0.5

	
0.4

	
0.8

	
0.6

	
0.7




	
2009–2027

	
CT

	
0.9

	
0.5

	
0.4

	
0.8

	
0.6

	
0.7




	

	
UP

	
0.9

	
0.7

	
0.6

	
0.8

	
0.6

	
0.7




	

	
EP

	
0.9

	
0.6

	
0.4

	
0.8

	
0.8

	
0.8








Note: CT, UP, and EP are abbreviations of Current Trend, Urban Planning, and Ecological Protection scenarios, respectively.










2.4. Land-Use Change and Urban Growth Simulation


When all the inputs are provided, the CLUE-S model will calculate the most likely land-use changes given the abovementioned restrictions and suitability (Section 2.3), with discrete time steps, under the three scenarios. The simulation process is summarized in the following steps.



Firstly, the total probability (TPROPi,u) of each grid cell i is calculated for each of the land-use types u according to Equation (3) [43,44]:


[image: there is no content]



(3)




where Pi,u calculated in Equation (2) is the suitability of location i for land-use type u, ELASu is the conversion elasticity for land-use type u, and ITERu is an iteration variable that is specific to the land-use type u and indicates the relative competitive strength of the land-use type.



Secondly, a preliminary allocation is made for all land-use types with an equal value of the iteration variable (ITERu) by allocating the land-use type with the highest total probability for the considered grid cell. According to the conversion matrix, conversions that are not allowed are not allocated. A certain number of grid cells will change land use during this allocation process.



Thirdly, the total allocated area of each land use will be compared with the requirements for that land-use type. When the allocated area for a specific land-use type is smaller than the demanded area, the value of the iteration variable is increased. Conversely, the value will be decreased, for too much has been allocated. The process followed balances with bottom-up allocation based on location suitability and with top-down allocation based on regional demand. Steps above were repeated until the allocated area for land-use types equaled the demanded area.




2.5. Simulation Accuracy Assessment of CLUE-S Model


According to the configuration above of the CLUE-S model, the land-use pattern in 2009 was simulated based on that in 1991 and 2001 with the CLUE-S model to evaluate its simulation accuracy and validate its applicability in the study area. Therefore, two forecasting periods spanning 1991–2009 and 2001–2009 were set. The accuracy of a simulation bases the foundation of charactering the past land-use trends and determining the credibility of forecasting outputs. In this study, discriminant analysis was performed to evaluate the overall simulation accuracy and the accuracy of predicted change for each land-use type. The pixel-based comparison for simulated land-use maps for 2009 (Figure 4) and the actual land-use map for 2009 was performed. To do so, 50 sampling windows with 500 m × 500 m were randomly selected. For each sampling window, the percentage of each land-use type was calculated. Subsequently, the land-use types were recoded as the group variable and their percentages were used as the predictors. Discriminant analysis using the MASS library was performed in the free R statistical software (version x64 3.3.1) [45].


Figure 4. Simulated land-use maps for 2009: (a) based on the land-use data from 1991; and (b) based on the land-use data from 2001.
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2.6. The Delimitation of UGBs


The simulation results from the CLUE-S model was used to delimit UGBs, based on the following procedure in ESRI ArcGIS 10.3. Firstly, the region group procedure in ArcGIS 10.3 was applied to extract all contiguous urban construction land cells from a land-use simulation map to create urban patches. Then, the urban patches in the raster format were converted into a vector format consisting of many polygons. Polygons with low compactness and a small area were eliminated, as they are not feasible for urban developments. The remaining urban construction land polygons were then be regarded as UGBs for the study area. Notably, the UGBs in most cities of China may comprise numerous polygons, which is quite different from UGBs in the USA [1].





3. Results


3.1. Simulation Accuracy Assessment


Table 2 shows that for all land-use types, the ROC statistics of logistic regression were greater than 0.7, which suggests the strong explanatory power of the selected driving factors employed to explain the land-use spatial patterns. In particular, the spatial goodness-of-fit of construction land and water area were much higher than the other land-use types, with the ROC statistics greater than 0.91.



Table 2. The relative operating characteristics (ROC) statistics of logistic regression for all land-use types in 1991, 2001, and 2009.







	
Land-Use Type

	
1991

	
2001

	
2009






	
Dry land

	
0.711

	
0.706

	
0.759




	
Construction land

	
0.969

	
0.917

	
0.951




	
Forest

	
0.768

	
0.814

	
0.815




	
Water area

	
1.000

	
0.990

	
0.988




	
Paddy field

	
0.776

	
0.729

	
0.792




	
Fishpond

	
0.809

	
0.786

	
0.812










The linear discriminant functions with probability of correct classification of the given land-use types range between 77.3% and 83.1%, indicating that the CLUE-S model gave excellent simulation accuracy for land-use change prediction on this time scale (18 years). With the decrease of the simulation time, the prediction was more accurate, implying the CLUE-S model increasingly captured the trends in land-use changes. Then, the CLUE-S model was applied to predict land-use change and urban growth for 2009–2027, with one-year steps in the study area.




3.2. Land-Use Change and Urban Growth Prediction under Different Scenarios


The configuration parameters of the CLUE-S model were applied to land-use change and urban growth simulation for 2009–2027. Different land-use types with regard to future area changes under three scenarios are shown in Figure 5, which displays different change trends for 2009–2027. The increase of construction land and the decrease of paddy field were the dominant changes of land-use in the study area under the three scenarios. The increased area of construction land was mainly converted from paddy field, based on the additional analysis of land-use transition matrix. Plenty of paddy field, along with a few dry land and forest, were occupied by the construction land, especially those located at the urban–rural fringe, nearby existing construction area, and along major roads and water area (Figure 6). The average annual increase rate of construction land under the CT scenario was 62.40 ha/year, which was obviously higher than that under other scenarios. Unlike the other two scenarios, the forest and water area would increase for their higher ecological service values under the EP scenario. The area of paddy field would decrease under all scenarios. This is particularly remarkable for the CT scenario, which showed the area of paddy field decreased by 1791.60 ha from 2009 to 2027, while the area under the UP and EP scenarios decreased by 417.20 ha and 254.64 ha, respectively.


Figure 5. Area change of different land-use types during the prediction period under three different scenarios.
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Figure 6. Simulated results of land-use in 2027 under (a) CT scenario; (b) EP scenario; and (c) UP scenario.
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Like the other parts of the southern Jiangsu in China, the cultivated land in our area was subject to encroachment by construction land. Such a result indicates the increasing conflicts between urban and rural development and farmland preservation. Consequently, the urban planners and decision-makers in Xinzhuang town need to highlight the issues and strengthen the control of its land use. In the process of establishing the UGBs, the amount of urban and rural construction land should be validated scientifically, aiming to prohibit the unplanned sprawl of construction land reasonably and realizing the sustainable use of land resources.




3.3. The Delimitation of UGBs


The UGBs of the study area are established in the present study based on the aforementioned CLUE-S model simulation methods. To evaluate the feasibility of the land-use change model in delimiting the UGBs, a comparison of the simulated urban construction land (UGBs) in 2020 under the CT scenario with the planned UGBs from Xinzhuang town master planning (2006–2020) was made. Urban growth from 2009 to 2020 is expected to follow the trend of urban growth of 1991–2009. Accordingly, the CT scenario is regarded as the baseline scenario. The planned UGBs and simulated UGBs under the CT scenario of 2020 are shown in Figure 7. Figure 8 further reveals that the UGBs in the planned map tend to be spatially simplified with regular boundaries, while the simulated UGBs under the CT scenario exhibiting the historical growth trends tend to be rather spatially fragmented with complicated boundaries. The simulated map seems to better reflect the reality of urban growth laws, while the planning map seems more like an arbitrary blueprint with regular boundary by simplifying the complexity of land-use dynamics and ignoring the interior difference in land-use structure.


Figure 7. Planned urban growth boundaries (UGBs) and simulated UGBs under the CT scenario: (a) planned UGBs in 2020; and (b) simulated UGBs in 2020.
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Figure 8. Spatial overlay between planned UGBs and simulated UGBs.
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Figure 9 shows the CLUE-S model based simulation of future urban growth patterns under the UP and EP scenarios. Not surprisingly, the simulated UGBs under the UP and EP scenarios were slightly different from the UGBs under the CT scenario, when setting the baselines for conversion elasticity value (Table 1). Therefore, all simulated UGBs under the three scenarios show better outputs when compared with the planned UGBs delimited by Xinzhuang town master planning (2006–2020).


Figure 9. UGBs under EP and UP scenarios based on the CLUE-S (the Conversion of Land Use and its Effects at Small regional extent) model simulation: (a) simulated UGBs in 2020 under the EP scenario; and (b) simulated UGBs in 2020 under the UP scenario.
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4. Discussion


4.1. On the Suitability of CLUE-S Model in Delimitation of UGBs


Among the existing approaches examining the cause–effect relationship between urban sprawl and surrounding environment, the concepts and planning practices of UGBs provide a relatively new way rather than the final solution to mitigate the adverse impacts of urban encroachment on agricultural and rural land [46]. In practice, it is necessary and effective for local governments to guide the zoning and land-use decisions by restricting urban development to a given boundary. Meanwhile, the surrounding environment with agricultural and rural land, watershed, forest, and wild land are expected to be less effected by intensive human activities. Many factors ranging from natural conditions [47], socioeconomic levels [48], and political institutions [49], which interplay in a complex way in effecting local governments’ decision-making for zoning and land-use. In the context of China’s practice in urban master planning, these aforementioned factors were traditionally considered. However, too many concerns were focused on socioeconomic factors (e.g., population growth, land price, local government’s fiscal revenue) and political considerations (e.g., increase in GDP and local government’s performance assessment), which, to a large degree, determine the matching/mismatching supply/demand of land resource and land-use pattern. In contrast, the dynamic land-use pattern under multiple scenarios—which represent the historical and predicted conflicts between land development intensity and maintaining natural ecosystem services as well as seeking solutions to future conflicts—attracted less attention. Consequently, such traditional planning with arbitrary and subjective assumptions are not only responsible for uncontrolled urban encroachment and officially pronounced environmental deterioration [50,51,52], but for the remarkable deviation between presumed UGBs and actual UGBs. As addressed in Section 3.3 of this paper, there is a remarkable deviation between the planned UGBs and simulated UGBs under the CT scenario. In contrast, the simulated UGBs under the UP and EP scenarios, which were based on the baseline simulation, were slightly deviated from the UGBs under the CT scenario (Figure 9). Apparently, all of these simulated UGBs, which represent the past land-use trends and focus on different land development intensity and demand for ecosystem services, show that the CLUE-S model performs much better than the planned UGBs using conventional methods.




4.2. Limitation of This Study


In this study, the CLUE-S model was employed to simulate and validate the UGBs based on past land-use trends, and further predict future UGBs under three scenarios. Compared to the conventional UGBs established, which depend mostly on planners’ experience, the CLUE-S model considers a combination of land-use suitability, spatial policies and restrictions, and neighborhood effects to satisfy the balance between land-use supply and demand. However, the accuracy and applicability of the CLUE-S model may be subject to data quality and accessibility, which can influence the CLUE-S models’ validation and their applicability to guide urban planning practice and delimitation of UGBs. Firstly, the quality of the input data measured in time and spatial scales determines the accuracy of simulated UGBs under different scenarios. Undoubtedly, high-resolution images (~m) can capture fine-scale land-use features and provide accurate spatial information. This can further help reduce the mixing effect between neighboring pixels, and thus reduce the systematic errors of misclassification of land-use types. Besides, acquired images with short revisiting intervals can accurately capture the timely change of land-use types, which characterizes dynamic features of urban footprint. Unfortunately, due to the physical limitation of a maximum of six land-use types’ settings of the CLUE-S model and computing system, all of the high-resolution land-use maps were resampled to a relatively coarse 20 m product. This may degrade our effort in exploring this model’s suitability and applicability. We think a combination of the other models, such as Markov chain decision [53,54], systematic dynamics approach [17,40,55], and time-series analysis [56], may help fix such problems. Secondly, data accessibility determines the applicability in simulation and delimitation of UGBs. In this study, land-use data settings, under three scenarios, were input into the CLUE-S model to simulate and validate the past land-use patterns and further predict future UGBs. However, due to the complexity of land-use change and urban growth process, it is still very difficult for the present CLUE-S model or Markov model to adopt all of the key factors in determining the formation of UGBs. For example, detailed considerations such as spatial distribution of urban infrastructure and demand for land, socioenvironmental inequality and land development pressure, and the compensation for deviation between planned and actual UGBs, were missing in our model settings. At present, it seems that our findings are divergent from the objectives in effectively guiding and manipulating the acceptable UGBs. Therefore, we appeal for the development of mature land-use and land-cover change (LUCC) models, which will better reflect the complex behaviors of land-use change and urban growth system via combining different socioeconomic and ecological “what-if” scenarios design. Through the comparison analysis among different scenarios, a preferable scenario can be selected to establish the recommended UGBs and the corresponding policy for decision makers [1].





5. Conclusions


China’s practice in delimitation of UGBs are often proven to be inefficient in curbing the uncontrolled urban expansion and associated adverse impacts on the surrounding environment. In this paper, the fast-growing Xinzhuang town of Changshu city, eastern China, was used as an example to demonstrate how to develop a new method towards delimiting UGBs based on a land-use change model (CLUE-S). The methodology adopted in this study can simulate possible patterns of urban growth and land-use change, and indicate how different policies, spatial restraints, and growth trends may or may not be conducive to the objectives of delimiting UGBs under different scenarios. The results show that the land-use change and urban growth simulation accuracy of CLUE-S model is high. The expansion of construction land and the decrease of paddy field would be the main changing trends of local land-use, and a massive area of cultivated land and ecological land providing ecosystem services would be transformed into construction land in 2009–2027. There is remarkable discordance in the spatial distribution between the simulated UGBs based on the CLUE-S model and the planned UGBs based on the conventional method, while the simulated results may more closely reflect the reality of urban growth laws. Herein, focusing on the future, UGBs may quite differ from the planned UGBs in the master planning, we consider that there is a strong need to develop an improved solution by using available historical data for land use, and configuration of model parameters during the calibration of the CLUE-S model. Only by doing these, can the enhanced land-use change models serve as scientific planning support tools that are helpful for assisting spatial planners and decision-makers to understand the urban growth process and delimit the UGBs. In the context of China’s reality, the findings would help local authorities better understand the complex land-use system and develop the improved urban development and land-use management, which can better balance urban expansion, basic farmland, and ecological land protection. In summary, this study proves that a land-use change model can provide the requisite theoretical guidance and technical support for delimiting and improving UGBs in Chinese cities. From a broad view, the findings of this study may provide beneficial lessons for our international colleagues who are engaged in urban planning, land development, spatial modeling, and ecosystem management.
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