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Abstract

:

As the transitional area between urban and rural areas, land-use change in suburbs is drastic, which generates negative effects on the ecological environment. However, the identification of the suburbs remains controversial. Usually, the density of the population and residential land is referenced, and the close spatial interactions between urban areas and suburbs are generally neglected. To fill this research gap, this study adopts a case study method to map the suburbs of Jiangsu based on estimating the spatial interactions. First, a regression model is built to estimate the population distribution. Second, a radiation model is utilized to evaluate the spatial interaction at a grid level. After the main urban area is identified based on the high density of the population and construction land, the interaction strength between the main urban grid and other grid areas is calculated, and the grids that share high values of interaction strength with urban grids are identified as suburban areas. Finally, the suburbs of Jiangsu in 1998 and 2018 are mapped, and the ecological landscape pattern metrics are used to verify the effects of suburban expansion. As a result, the suburban expansion of Jiangsu over the 20 years was significant, and the effects of suburban expansion on ecological land fragmentation were evident. On the basis of the results, the enlightenment of mapping suburbs on ecological landscape planning is discussed.
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1. Introduction


Mainland China has experienced unprecedented socioeconomic development since the reform and opening-up in 1979. The urbanization of China retains a rapid pace, which increased from 17.92% in 1978 to 59.60% in 2018, and scholars predict it will reach 70% in 2035 and 75% in 2050 [1]. During urbanization, many people migrate from rural to urban areas; hence, the aggregation of people, industrial development, and urban construction create large demands for land use. Existing studies have proven that the expansion of urban land mainly sacrifices rural land, especially cropland [1,2,3], which produces negative effects such as ecological degradation, water and land loss, and soil pollution [3,4,5,6,7,8]. As one of the basic characteristics of urbanization, urban land expansion has garnered much attention, and studies have focused on land transition monitoring, effects analysis, and mechanism identification [9,10,11,12]. However, discussions on suburban development and its subsequent effects remain insufficient.



Suburbs are areas that are adjacent to the main urban area and are characterized by mixed land use that includes urban and rural areas, with a mediate construction and population density as compared with urban and rural areas and accessible commuting distance to a city [13,14]. The contemporary origins of suburbs are from the UK, USA, and Australia and now extend worldwide in both developed and developing countries [15]. The driving forces of suburban development in developed and developing countries are different. For example, suburban development in the UK was observed in the late 18th century due to the rich middle classes resettling in the outskirts of London [16]. From this perspective, suburban development has usually been studied under the framework of suburbanization; low density and car dependence are historically the main characteristics of such suburban areas [17,18]. Suburban development in developing countries such as China is mainly caused by urbanization and urban expansion. One the one hand, the aggregation of people in urban areas creates a large construction land demand for industrial development and residential land. On the other hand, the pressure produced by the high price of renting and purchasing flats in the city drives some people to live in comparatively cheap suburbs, which also prompts the land-use change of suburban areas. Despite the differences in suburban development in developed and developing countries, land transition, especially the transition from rural to urban land, is a common feature that has negative effects on ecological environment protection, historical town preservation, and cropland guarantees [19,20,21]. Therefore, mapping and tracking the changes in suburbs and analyzing their effects on land-use and landscape change are of great significance.



Forsyth [13] reviewed the studies on identifying suburbs and concluded it is important because it is the premise of taking actions in suburban planning and it provides definitions and features that empirical research requires. Existing studies on mapping suburbs are mainly based on the density of residential land or population. However, it is difficult to set an exact density standard to distinguish between urban, suburban, and rural areas. Additionally, suburbs share close social, economic, and spatial interactions with urban areas [22,23], which are rarely considered in existing studies on mapping suburban boundaries. By adopting a case study method, this study first interprets Landsat series data to extract the land-use information of Jiangsu in 1998 and 2018; then, this study simulates the population distribution at a 30 m resolution, through which a radiation model is applied to estimate the spatial interactions at a grid scale. For the interaction strength, the grids are classified into main urban, suburban, and rural areas. By mapping the suburbs, suburban expansion is traced, and its effects on land use, especially ecological landscape changes, are analyzed. The main goals of this study are (1) to map the suburban areas by considering their spatial interactions, (2) to analyze the ecological landscape change, and (3) to offer possible suggestions for suburban management and planning to aid ecological landscape protection. The structure of this study is as follows: Following the introduction in Section 1; in Section 2 we present the literature review section, which assesses studies on mapping suburbs and ecological landscape change analyses; Section 3, features the introduction of the study area; followed by the methodology in Section 4; in Section 5 we present detailed descriptions about the results of the analyses; in Section 6, we discusses the findings and the implications; and finally, in Section 7, we state concludes with the results and discuss the highlights and significance.




2. Literature Review


2.1. Measures of Mapping Suburbs


Although the definition of a suburb has never been standardized, a suburb is usually thought to be a mixed area of urban and rural lands that is adjacent to a city and within commuting distance of that city. According to existing studies, measurements of mapping suburbs are mainly based on administrative, spatial, social, and functional dimensions. The definitions and relevant applications are shown in Table 1.



Most studies utilize at least two dimensions together to implement identification, and location and density features are the most commonly adopted methods to identify suburbs. However, there is criticism that these methods oversimplify the urban form and depend on arbitrary classifications [31]. To improve the accuracy of identifying suburbs, this study uses the traditional method of population and construction land density to determine the main urban areas and refers to urban–suburban interaction to map suburbs.




2.2. An Effect Analysis of Suburban Expansion


The effects of urban expansion have been discussed widely in existing studies, of which the urban sprawl catches most concerns. The modern term “sprawl” was first proposed by city planners in the early 20th century and was proven to be related to transportation development and an increase in income [32]. Later, the phenomenon of urban sprawl received much attention. “Urban sprawl” denotes an unplanned and uneven pattern of urban development that usually leads to inefficient utilization of land resources [33]. Despite the many studies on urban sprawl, little attention has been paid to suburban expansion. The measurement of urban expansion usually relies on measuring the land transition that occurs beyond the built-up urban area, including low density edge expansion and leapfrog growth [34]. However, the boundaries of suburbs are usually larger than the scope of urban areas, and the land-use change in suburbs includes urban expansion, and also rural construction land increment; hence, the effective areas of suburbs expand the outline of continuous urban construction land, which is insufficiently discussed.



Several studies have proven the effects of suburban expansion on land fragmentation and ecological conservation. For example, Novak and Wang [35] analyzed the impacts of suburban sprawl on Rhode Island’s landscape. Specifically, they found that the land transition in the study area contributed to the scarification of forest land and that ecological connectivity also declined. By applying U.S. census data, Radeloff et al. [36] extracted housing density data and analyzed the environmental impacts of suburban and rural sprawl. The authors concluded that suburban sprawl was related to forest fragmentation. Lian et al. [37] utilized time series data to analyze the spatial-temporal patterns of farmland loss and fragmentation in urban, suburban, and exurban areas under the background of rapid urbanization. Wang et al. [38] analyzed the correlation between suburban development and ecological deterioration. As a conclusion, the authors found that suburban growth caused changes in ecological and environmental quality. In summary, existing studies on the effect of suburban expansion, from the perspective of land transition, have focused on a single land-use type such as forest land or farm land, while ecological effect analyses of suburban growth have mainly focused on a single aspect of the environment, such as the atmosphere or water [39,40,41].



The essence of suburban expansion includes a complex land transition process. First, the land-use structure changes. The identification expansion, cropland land, and other types of rural land, such as forest and grassland, transition into urban construction land. Additionally, rural construction land, including rural settlements and industry construction land located in the countryside, also create a large land demand. Second, suburban expansion also has effects on the landscape, especially the ecological landscape. Although there is no common agreement on the definition of “ecological land”, most scholars define it using the framework of ecosystem services, including supporting, provisioning, regulating, and cultural services [42]. In addition, new works to study ecosystem services, such as the European Biodiversity Strategy to 2020, have adopted a perspective of biodiversity, and classified the terrestrial ecosystems into urban, cropland, grassland, woodland and forest, heathland and shrub, sparsely vegetated land, and wetlands [43]. The components of ecological land differ in different studies. In this study, the ecological land is defined as a kind of land that provides ecological services and goods, which is distinguished from construction land [44]. The land-use types of land classification include cropland, forest (including orchard), grassland, waterbody, construction land, and unused land. Cropland, forest, grassland, and waterbody are classified as ecological land due to the importance of their ecological functions and services. Ecological landscape refers to the landscape of ecological land.



By mapping the scope of the main urban, suburban, and rural areas, this study adopts the landscape pattern metrics to describe changes in suburban ecological landscape patterns. To verify the importance of mapping suburbs, the landscape pattern changes of suburban expansion area and the remained rural areas are analyzed. Additionally, the suburban areas that have the most fragmented ecological landscapes are also identified to provide suggestions for suburban ecological protection and planning.





3. Study Area


3.1. Study Area


Jiangsu Province is located in the southeastern part of mainland China (Figure 1). This province is composed of 13 prefecture-level cities. By the end of 2018, the total gross domestic production (GDP) of Jiangsu was 1399 billion US dollars, ranking second among the 34 provincial administrative regions, with 10.28% of the total national GDP. As one of the most developed provinces in China, Jiangsu has witnessed rapid urbanization in the past years. From 1998 to 2018, the urbanization rate of Jiangsu increased from 30.50% to 69.61%, along with a large aggregation of people and land transition. Jiangsu was chosen as the study area because of the following: First, Jiangsu is representative of the Chinese regions with a fast urbanization rate. The land transitions in such areas are drastic. Second, Jiangsu is characterized by its polycentric development structure. The development levels of suburban towns and villages in Jiangsu are at a high stage. For example, in the annual list of the Top 100 Counties in China in 2018, which is mainly based on each county’s economic levels, the counties of Jiangsu obtained six spots. Therefore, the development of suburban Jiangsu also plays an important role in regional construction. Hence, this study uses Jiangsu as a case study area to map suburban expansion. By comparing the ecological landscape metrics change of the suburban expansion area and the rural area, the effects of suburban expansion on the regional ecological landscape are estimated.



Figure 1 shows the land-use distribution of Jiangsu in 1998 and 2018. As shown in the figure, the expansion of construction is evident over the 20 years, especially in the southern area. The figure also shows that the scale of ecological land experienced a sharp decrease, and its landscape became fragmented. However, ecological landscape changes can be different in suburban and rural areas. To engage in targeted ecological landscape protection planning and management, it is important to map the scope of suburbs, describe suburban expansion, and analyze its effects on land use and ecological landscape change.




3.2. Data Source and Processing


The land-use data of Jiangsu for 1998 and 2018 were interpreted from Landsat 5 TM and Landsat 8 OLI, respectively. The former includes data as far back as 1984, while the latter was launched in 2013. Both Landsat TM and OLI imagery have a spatial resolution of 30 m. Since Landsat OLI has been proven to have better classification accuracy than Landsat TM, this study selected these two data sources to extract the land-use information of Jiangsu Province. The collected images were taken between May and September with a land cloud cover of less than 5%. The image processing steps included radiometric calibration, atmospheric correction, image stacking, and image mosaic. Lastly, supervised classification based on the support vector machine (SVM) was applied. Six land-use types were classified, including cropland, forest, grassland, water, construction land, and unused land. The overall accuracy (87.1% in 1998 and 96.2% in 2018) and kappa indices (0.84 in 1998 and 0.95 in 2018) were calculated for verification.



To estimate the population distribution at 30 m, the statistical data of the population at the county level was collected from the statistical yearbook in 1998 and 2018. DEM data were applied to obtain the slope and difference of elevation. Then, a linear regression analysis was conducted between the population and independent variables, including the slope, difference of elevation, area proportions of cropland, forest, grassland, waterbody, construction land, and unused land, based on which the population was estimated at a 30 m grid scale. The spatial interactions based on the radiation model were calculated and classified using the Python3.7 language, and the results were visualized by ArcGIS10.3.





4. Methodologies


This study first estimated the population distribution of Jiangsu at a 30 m grid scale. Then, the radiation model was applied to evaluate the spatial interactions among the grids. By classifying the interaction strength, the main urban, suburban, and rural areas were identified. Finally, the ecological landscape pattern of the total suburban and rural areas were calculated to analyze the effects of suburban expansion.



4.1. Population Distribution Estimation


Spatial interactions are determined based on people flow. Hence, the first step is to estimate the spatial distribution of the population. According to a previous study [45], first, the regression relationship between the population and related factors is developed at the county scale; then, the population is estimated at a 30 m grid scale based on the regression model:


   {      p o p =  β 0  +  β 1   x 1  + … +  β k   x k        p o  p  i j   =  β 0  +  β 1   x 1 ′  + … +  β k   x k ′         



(1)




where   p o p   and   p o  p  i j     are the population at the county and grid scale, respectively.  χ  is the independent variable, which includes the slope, difference of elevation, and the area proportions of cropland, forest, grassland, waterbody, construction land, and unused land. The difference of elevation indicates the topographic relief which is calculated based on 3  ×  3 grids, and it is equal to the difference between the highest and lowest evaluation values among the 9 grids.



In some studies, nighttime light images and GDP were referenced to develop regression models; however, the resolution of nighttime light images is 1 km (DMPS) or 500 m (VIIRS). The GDP data at a 30 m scale also needed to be estimated. Therefore, light images and socioeconomic data were excluded in the regression model in this study. To improve the estimation accuracy, the population within each prefecture-level city was estimated separately. All together, 26 regression models for 13 cities in 1998 and 2018 were developed, and the populations during the two years were estimated. For verification, each estimated population was summed at the county scale and compared with statistical data.




4.2. Mapping Suburbs Based on Spatial Interaction Quantification


Before identifying suburbs, the main urban area was first decided based on the population density and construction land distribution. Due to the spatial heterogeneity of the population density in different cities, this process was conducted in each city separately. By adopting the natural break method, the spatial population distribution was classified as high, medium, or low density in each city. The overlapping areas of high and medium-high population areas and construction land were determined to be the main urban area.



Then, the suburbs were identified based on spatial interactions at a grid scale. Due to its parameter-free characteristics [46], this study used the radiation model to quantify spatial interactions. The original formula is


   T  i j   =  T i     p i   p j     (   p i  +  s  i j    )   (   p i  +  p j  +  s  i j    )     



(2)






   T i  =  p i  ×  c i   



(3)




where    p i    and    p j    denote the population of location i and j with distance    r  i j     between them, and    s  i j     is the total population covered by the circle of    r  i j     centered at i (excluding the population of i and j).    T i     is the proportion of all commuters among the total population of location i.    T i    is the product of    p i    and the proportion of the commuting population    c i   . In this study,    c i     is estimated based on accessibility at a 30 m grid scale.



Specifically, accessibility is developed based on the time cost by considering the land-use type. The time costs are shown in Table 2. This study sought to identify urban, suburban, and rural areas. Primarily public roads connect these areas. Therefore, only the main road and sub-roads were included, while other forms of transportation, such as airplanes, trains, and ferries, were not considered.



For each grid, the average accessible time to each other grid is calculated and set as    e i   . The average value of    e i    for all the grids is obtained and set as   e ¯  . Then,    c i    is calculated by the following formula:


   {      i f    e i  ≥    e ¯  ,    c i  = 1       i f    e i  <  e ¯  ,    c i  =  e i  /  e ¯         



(4)







By considering the close interactions between urban and suburban areas, the node symmetry index (NSI) is applied to identify areas that share close interactions with the determined main urban areas. The formula of NSI is as follows [47]:


  N S  I  i j   =    T  i j   i n   −  T  i j   o u t      T  i j   i n   +  T  i j   o u t      



(5)




where    T  i j   i n     is the estimated connection from location j to location i,    T  i j   o u t     is the outflow of location i to location j, the value of NSI range from −1 to 1, and the value of 0 indicates that the connection between the two locations is equalized and that the interaction is the strongest. If the value is −1, there is only outflow from location i, and if it is 1, there is only inflow in location i. For each grid, if it has a high NSI (−0.5 < NSI < 0.5) with a main urban grid, it is identified as a suburban grid. The remaining grids, other than the main urban and suburban areas, are identified as rural.



One of the basic characteristics of suburbs is that their population and construction land density is mediate between the urban and rural areas. To verify the mapped urban, suburban, and rural areas, the conventional method based on construction land density to distinguish the urban structure was referenced. First, the construction land area was summed to the 30 m grid. Second, using the natural break method, the construction land grid was classified into five categories, namely high, medium-high, medium, medium-low, and low density. The overlapping area of the mapped urban and the high and medium-high density of construction land area was extracted, and its proportion to the high and medium high-density construction land area was calculated. Similarly, the mapped suburbs and areas with medium construction land density were compared.




4.3. Effect Analysis of Suburban Expansion on the Ecological Landscape


To analyze the effects of suburban expansion on the ecological landscape, ecological landscape metrics were utilized, and analyses were conducted at the province and prefecture-level city scale. At each scale, the ecological landscape pattern metrics of the suburban expansion area and remaining rural area were calculated. On the basis of a comparison analysis, the effects of suburban expansion on the ecological landscape were analyzed. The selected landscape pattern metrics are listed in Table 3.





5. Results and Analyses


5.1. Mapping Suburbs Based on Spatial Interaction Estimations


To evaluate spatial interactions at a 30 m grid scale, first, the population distributions in 1998 and 2018 were estimated. For each prefecture-level city, two regression models between the population and the independent variables were developed at the county level for 1998 and 2018, respectively. The values of    R 2    range from 0.67 to 0.81, and all values of significance are smaller than 0.1, which shows the good performance of the developed regression models (Table 4).



The population distributions in 1998 and 2018 were estimated. To further assess the estimation accuracy, the estimated population at a 30 m grid scale was summed to the prefectural city level and compared with the data from the statistical yearbook. Then, a linear regression analysis was conducted and the R2 values were 0.82 and 0.87 in 1998 and 2018, respectively.



Then, we utilized the estimated population to quantify spatial interactions and to detect the boundaries of the suburbs. First, the main urban area was identified based on the traditional method of using population and residential land. In each prefecture-city, the population distribution was classified into high, medium, and low density using the natural break method. Then, the overlapping area of high and medium population density and the construction land was identified as the main urban area.



Then, the whole study area was divided into 30 m grids, and the grids that were located in the main area were set to “1” as the main urban area grids. For the rest of the grids, their spatial interactions with the main urban grids were calculated; if the value fell between -0.5 and 0.5, the grid was set to “2” as the suburban grid. Finally, the remaining grids were set to “3” as the rural grids. Figure 2. shows the mapped main urban, suburban, and rural areas in 1998 and 2018.



To verify the accuracy of the mapped urban, suburban, and rural areas, the classification based on the construction land density was conducted and compared. Table 5 shows the overlapping area proportion to the classification results based on the construction land density.



From the table, the proportions of the overlapping area by the spatial interaction estimation and the conventional construction land density of the urban areas were generally higher than that of the suburbs. On the one hand, the identified urban areas refer to the population density and construction land distribution. Therefore, the respondent overlapping proportion is high. On the other hand, the definition of suburbs never reaches a common standard; hence, there exists vagueness in the density classification of suburbs for both population and construction land density. Nevertheless, the overlapping area proportion of the suburbs still reaches at least 62.88%, which indicates the accuracy of the mapped boundaries of suburbs. To further improve the identification accuracy, other methods such as local residents’ investigation about the conceptual definition can be added in the future.



The areas of the mapped main urban, suburban, and rural areas in 1998 were 106.96     km  2    (1.37%), 1882.38     km  2    (24.08%), and 5829.04     km  2    (74.56%), respectively, which shifted, in 2018, to 1518.63     km  2    (19.42%), 4417.89     km  2    (56.51%), and 1881.86     km  2    (24.07%), respectively. This shows that during the 20 years, the scope of the main urban and suburban areas of Jiangsu expanded greatly. Conversely, the rural areas shrank by 67.7%.




5.2. Land-Use Changes in Suburban Jiangsu from 1998 to 2018


Along with the urban construction land expansion, the interactions between urban and suburban areas change simultaneously, and the scope of the suburbs also changes. A land-use transfer matrix was developed to describe the land-use structure changes in the suburban expansion area (Table 6).



Within the scope of the suburban expansion area, the land transition was drastic over the 20 years. From the table, the proportion of cropland decreased by 27.66%. However, since the original amount of cropland was huge, the decrease amount was still considerable (99.41       km   2   ). The proportion of the decreased area of forest was the biggest. In addition, the decrease of grassland and waterbody was also considerable, with areas of 2.94 and 10.53     km  2   , respectively. The table also indicates that a lot of unused land was utilized for construction land over the 20 years. However, the total amount of unused land was small; therefore, the ecological land was the main source for the construction land development in Jiangsu from 1998 to 2018.




5.3. The Ecological Landscape Changes in Suburban Jiangsu


To analyze the effects of suburban expansion on ecological landscape patterns, the ecological landscape metrics of the suburban expansion area and the remaining rural area from 1998 to 2018 were calculated and compared.



At the province level, Table 7 shows the values of the total area (CA), number of patches (NP), patch density (PD), largest patch index (LPI), and aggregation index (AI) of the suburban expansion area and the remaining rural area of Jiangsu.



As shown in Table 7, at the provincial level, the total area of ecological land decreased significantly from 1998 to 2018. At the same time, the ecological land patch number and density obviously increased. However, the largest patch index decreased from 45.48 to 12.36, which indicates that the ecological land became fragmented. In addition, the aggregation index changed from 97.5 to 93.32, showing that the distribution of ecological land became unaggregated. For comparison, the ecological landscape in the remaining rural area did not show many changes.



Figure 3 shows the ecological landscape metrics change at the prefectural city level. This figure mainly illustrates the changes of each landscape pattern metric between the two years of 1998 and 2018, and each bar is based on the proportion of one landscape pattern metric to the sum of the two years.



Figure 3 shows that the total area of ecological land in each city decreased during the 20 years. Meanwhile, except for Suqian, the ecological land patch numbers and density of all other cities clearly increased, indicating that the ecological land became scattered. The decrease in the LPI corresponds with the finding that the ecological landscape underwent fragmentation over time. In addition, considering the supporting and provisioning services offered by ecological land, the decrease in LPI also reveals the threat of suburban expansion to ecological function and biodiversity. The values of the AI of all cities experienced a loss over time. However, the change in AI was slight in some cities, such as Huaian, Suqian, and Xuzhou because the number and density of the ecological land patches increased, which affected the aggregation of ecological land at the collective level. Taken together, the decrease in the total area, largest patch area, and aggregation level and the increases in the patch numbers and density demonstrate the shrinkage and division of the ecological land in suburban expansion areas.



For comparison, the ecological landscape metrics of the remaining rural areas in each prefecture-level city were also calculated. Similar to the results at a provincial level, the ecological landscape in the rural area showed little change. Table 8 displays the minimum, maximum, and average standard deviation values of the suburban expansion area and the remaining rural area after calculating the change values of the five selected landscape pattern metrics at the prefectural city level.



On the basis of the comparison results, the ecological landscape changed drastically in the suburban expansion area as compared with rural areas. The results also indicate that there is obvious spatial heterogeneity in the ecological landscape changes in different prefecture-levl cities. Specifically, Nantong, Yancheng, Suzhou, and Yangzhou experienced the largest ecological land decrease (more than 90,000    m 2   ), while Nanjing, Taizhou, Wuxi, and Yancheng experienced the most severe ecological land fragmentation, showing a sharp decrease in the largest patch index. Nantong, Changzhou, Yancheng, and Yangzhou had the largest AI decrease, indicating the unaggregated distribution trend of the ecological land in their suburban expansion areas. Yancheng had the largest decrease in the ecological land area, as well as the largest patch index and aggregation index, showing the seriousness of ecological landscape degradation in the region.



Conversely, there was little change in the ecological landscape metrics in the remaining rural areas. Specifically, the standard deviation values of PD, LPI, and AI were small, indicating that the change was slight. On the basis of the comparison of the ecological landscape changes in the suburban expansion area and the remaining rural area, it was concluded that suburban expansion contributes much to ecological landscape degradation, while the rural area produces little effect.





6. Discussion


6.1. Spatial Interaction and Suburban Change


For many years, land change analyses were affected deeply by the “urban-rural” dichotomy, wherein urban centers and suburbs were treated as one and the same [48]. Therefore, there are many studies on urban land expansion and its social, economic, and ecological effects. By realizing the differences between the main urban, suburban, and rural areas, efforts have been made in identifying and analyzing the dynamic evolution of urban spatial structures. Despite the differences in population and residential land density between urban, suburban, and urban areas, spatial interaction is another important indicator that can differentiate urban spatial structures.



At the urban center, the density of the population and construction land is at a high level. Usually, the city center is also a place where multiple urban functions are concentrated. The central place theory proposes that the population that a central area serve is determined by the number of kinds of services that it can offer [49,50]. Because of the many services of the urban center, people that inhabit other areas are attracted to visit the urban center to conduct activities, ranging from daily activities such as working to non-daily activities such as attending an exhibition [51]. In this way, the flows of people, material, and information are formed spatially. From this perspective, the spatial interactions inside the main urban area are the most active. On the one hand, the population density is the highest in the main urban area, and spatial interactions are driven by people’s daily life demands, which is the endogenous reason for spatial interactions. On the other hand, varied city services help satisfy peoples’ demands, which is the external cause of these interactions. In the suburbs, although the density of the population and residential land is lower than that of the main urban area, and its land-use function is also simpler, urban and suburban areas experience close interactions. For example, in developing countries such as China, the land use of suburbs is dominated by factories and residential land due to close proximity of suburbs to the urban center and the low price of settlement [52,53]. There are close suburban-urban relationships, such as the provision of materials and interactions of commuting. The attraction of urban services and spatial accessibility enables the occurrence of suburban–urban interaction. In rural areas, the population and residential land are distributed sparsely. Moreover, the land-use function here is the simplest compared to other urban structures. Therefore, the interactions between rural and non-rural areas is weak. There are also spatial interaction differences in urban, suburban, and rural areas in developed areas. For example, the commuting relationship between urban and suburbs is obvious in developed cities such as Amsterdam, Tokyo, and New York [54,55,56]. However, such interactions are usually studied as one characteristic of the suburbs, and insufficiently referenced to map the boundaries of suburbs. Due to the heterogeneity of spatial interactions, the main urban, suburban, and rural areas can be identified, which is possible in both developing and developed cities.



This study mainly utilized the population distribution to estimate the spatial interaction. Other methods that can evaluate the spatial relationship can also be applied. For example, the gravity model, which is widely applied to quantify city connection, can be referenced based on population and economic data to simulate the spatial interaction. In addition, transportation flow based on the road network, social connection based on SNS data, and economic flow based on chain-industry can be also integrated to elaborate the spatial interaction evaluation. Especially in developed countries, where urban expansion can be insignificant, relationships, such as commuting between urban and suburban areas, can be used to distinguish the urban, suburban, and rural areas from each other.




6.2. The Effects of Suburban Expansion on the Ecological Landscape


The negative effects of urban expansion have been analyzed sufficiently in existing studies. Usually, the boundary of the continuous urban construction land is mapped utilizing remote sensing data. It has been demonstrated that the biggest source of urban land is ecological land. Moreover, the relationships among urban expansion and ecosystem function, service, and landscape has been explored [11,57,58]. However, the emphasis on urban expansion in the literature neglects the impacts of suburban expansion. The effects of suburban expansion on the ecological environment can be classified as direct and implicit effects. First, suburbs are composed of urban and rural areas. The spatial scope of suburbs covers part of the urban construction land and part of the non-urban land. Under the background of rapid urbanization, the edge of the urban construction land expands rapidly, and thus exerts direct pressure on the ecological environment. From the perspective of land-use change, large-scale non-urban land, including cropland, forest, and grassland, transitions into urban land, and the total area of ecological land decreases. Second, implicit pressure comes from the frequent spatial interactions between urban and suburban areas. Due to the spatial proximity and low price of land rent, many factories are aggregately distributed in the suburbs. For example, in China, newly-built industrial parks tend to be built in the suburbs [59]. Furthermore, to solve the conflict between high-living costs and occupational opportunities in the urban center, some people settle in the suburbs, which drives residential land construction in the suburbs. In addition, material transportation and people’s daily commuting activities generate demands for public infrastructure development (such as road networks), which also increases the chance of a land transition in the suburbs. The resources consumed and pollutants released due to production and living activities during such interactions create potential ecological risks.



By comparing the ecological landscape patterns in the suburban expansion area and the remaining rural area, this study verified the negative effects of suburban expansion on ecological land decrease and landscape fragmentation. From 1998 to 2018, the ecological land in the suburban expansion area of Jiangsu Province decreased sharply from 5 to 3.93     km  2   ; meanwhile, the ecological land area in the remaining rural area only decreased by 0.07     km  2   . At the prefectural city level, the ecological land area of all 13 cities decreased. In addition, the increase in the ecological land patch and density also indicates that the distribution of ecological land in suburban Jiangsu became fragmented. Moreover, the aggregation level of the ecological land showed a decreasing trend, which agrees with the fragmentation trend of the ecological land. For comparison, the ecological landscape in the remaining rural area at the prefectural city level did not show significant changes over the 20 years. Existing studies have demonstrated the effects of urban construction land expansion. This study focused on the sprawl of suburbs and proved that the impacts of suburban expansion on the ecological landscape should not be neglected.



By studying the ecological landscape of suburban Jiangsu, this study also found that Yancheng, which is one of the 13 prefecture-level cities of Jiangsu, experienced the largest decrease in ecological land area, ecological land patch area, and aggregation level, thereby revealing a drastic ecological risk due to the suburban expansion. Ecological land protection, aggregation, and construction should be considered in the future city development and management of Yancheng.




6.3. The Implications of Suburban Identification on Suburban and Ecological Landscape Planning


The identification of suburbs has practical significance for suburban and ecological landscape planning. The implementation of suburban planning is usually based on factors such as urban-rural function integration, ecological protection, and industrial complementation. For example, the construction land scale in suburbs is generally determined based on the population growth in the future of the city. In addition, the allocation of construction land in suburbs is also restricted to protected areas such as the primary land, ecological preservation land, and traditional towns. The control and governance from the local government to balance the social, economic, ecological, and cultural benefits affect the form and development of suburbs. Mapping the boundaries of suburbs, therefore, is helpful to assess the suburban development in the past, and to find the potential conflict area in the future. On the one hand, the mapping boundaries are developed based on population distribution and spatial interaction estimation. By comparing the current boundaries with the suburban planning set in the past, assessment on the land-use efficiency, ecological protection, and traditional town preservation can be made. On the other hand, by simulating the population increase and spatial interaction in the future, the suburban growth can be simulated. By checking the overlapping areas of suburbs, especially construction land, with the protected areas, conflict areas can be identified, and special protection strategies can be made.



For ecological landscape planning, suburban identification can offer decision support for ecological security assessments and ecosystem service function assessments. Ecological security is defined as “mankind’s degree of assurance unaffected by ecological destruction and environmental pollution in yield, living, and health” [60]. An ecological security assessment can be used to evaluate ecological carrying capacity, urban development potential, and regional development sustainability, and it is an important factor of ecological protection. The “pressure-status-response” (PSR) model is one of the most commonly applied methods for conducting an ecological security assessment. The “stress” indicator refers specifically to the results of gathering natural resources and generating pollutants due to human needs for various social and economic activities, thereby exerting pressure on the ecological environment. “Status” refers to the state of the environment facing the pressure of such human activities, and “response” denotes human corresponding actions to solve such ecological problems. This study verified that the ecological landscape tends to be more fragmented in the suburbs than in rural areas. Therefore, the identification of suburbs can be utilized as an indicator of the “pressure” exerted by explicit and implicit human impacts.



Ecosystem service function refers to the ability of the ecological environment to maintain various human activities. It includes ecological functions such as food supply, soil and water conservation, wind and sand fixation, and flood storage and also cultural services. The landscape pattern is one of the essential factors that affect the ecosystem service function, including land area and morphological changes. By mapping the boundaries of suburbs, the ecosystem service value can be evaluated and traced, allowing protection planning to be developed and adjusted. In some developed countries, to protect natural scenic rural areas and traditional towns, strategies like delineating “green belt” zones are used to protect rural areas from urban expansion [61,62]. In developing countries, it is important to balance land demands for urbanization and land reservations for ecological protection. On the basis of the analysis results of this study, the ecosystem service function of a city changes greatly during suburban expansion. Hence, strategies such as the “green belt” policy can be applied within suburban expansion to protect important ecological areas.




6.4. Priorities in Future Studies


There are several limitations to this study that can be prioritized in future studies. First, the regression model for estimating population distribution is simple. To increase the estimation accuracy, high-resolution remote sensing images could be referenced in the future, and more factors could be integrated. Second, this study evaluates spatial interactions based on people flow simulated by the radiation model. However, the interactions between urban and suburbs are complicated. More indicators such as traffic flow, mobile phone data, and people’s daily activity diaries could be referenced in the future to elaborate on such spatial interactions. Third, more methods could be applied to map the boundaries of suburbs, such as using a questionnaire investigation to analyze the conceptual recognition of local residents, thereby increasing the accuracy of mapping the boundaries of suburbs.





7. Conclusions


This study identifies the boundaries of suburbs by considering their spatial interactions at a 30 m grid level. This study analyzes the effects of suburban expansion on ecological landscape pattern changes based on mapping the main urban, suburban, and rural areas of Jiangsu Province, in 1998 and 2018. The results demonstrate that suburban expansion was evident over the past 20 years. In addition, by comparing the ecological landscape pattern changes in the suburban expansion area and the remaining rural area, it was concluded that the ecological land in the suburban expansion area decreased significantly and that its distribution showed a trend of fragmentation at both the province level and the prefectural city level. Concerning the significant effects of suburban expansion on the ecological landscape, this study provides two examples of integrating suburban identification into ecological planning, including ecological security assessment and ecosystem service function evaluation.



This study contributes to understanding suburbs from the perspective of spatial interaction, thereby enriching the theoretical framework of suburban studies and verifying the effects of suburban expansion on ecological landscape patterns.
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Figure 1. The location of Jiangsu in China and the land use of Jiangsu in 1998 (a) and in 2018 (b). 
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Figure 2. The mapped main urban, suburban, and rural areas in 1998 (a) and 2018 (b). 
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Figure 3. The ecological landscape metrics of each prefecture-level city of Jiangsu in 1998 (blue bar) and 2018 (red bar). 
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Table 1. Examples of defining suburbs based on different dimensions.
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Dimension

	
Indicator

	
Explanation

	
Application






	
Administrative

	
Administrative boundaries

	
Residential municipalities such as towns close to a city

	
Forman [24] and Banzhaf et al. [25] identified urban and suburbs based on administrative municipalities.




	
Spatial

	
Location

	
Adjacent to the city;

within the commuting distance of the city

	
Clapson and Hutchison [18] defined suburbs as areas that were between the town center and the countryside but within accessible distance. Johnson et al. [26] pointed out living in suburbs is founded on mobility since suburbs are on the periphery of the city.




	
Density

	
Residential land or population density

	
Gordon and Janzen [27] utilized population density based on census data to identify the urban, suburban, and rural areas of Canada. Heris [28] identified the suburbs in the USA by estimating the housing density.




	
Spatial activity

	
Journey-to-work data

	
Gordon and Janzen [27] identified the core city and its suburbs according to the proportion of walking and cycling transportation based on people’s journey-to-work data.




	
Social

	
Social attributes

	
Social attributes such as classes, races, and ethnicities of residents that distinguish cities and suburbs.

	
Gober and Behr [29] found that race and ethnicity were the most important elements to distinguish the core city and suburbs in the USA. Paccoud and Mace [30] discussed the social upscaling of Outer London from 2001 to 2011.











[image: Table] 





Table 2. Time cost of accessibility analysis.
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	Land Use Type
	Arable Land
	Garden/Forest Land
	GrassLand
	Urban/Town Area
	Rural Construction Land
	Water
	Unused Land
	Main Road
	Sub-Road





	Km/h
	2
	1
	3
	20
	4
	0
	2
	50
	40



	h/m
	0.0005
	0.001
	0.0003
	0.00005
	0.00025
	9999
	0.0005
	0.00002
	0.000025
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Table 3. The selected ecological landscape pattern metrics and explanations.
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	Selected Landscape Pattern Metrics
	Full Name
	Explanation





	CA
	Total area
	The sum of the total area of the ecological land



	NP
	Number of patches
	Number of ecological land patches



	PD
	Patch density
	Density of the ecological land patches (number/100 ha)



	LPI
	Largest patch index
	The area of the largest patch dived by the total landscape area



	AI
	Aggregation index
	It is built on the adjacency matrix and estimate the level of aggregation of land patches
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Table 4. The summary table of the regression analysis.
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City

	
1998

	
2018




	
     R 2     

	
Significance

	
     R 2     

	
Significance






	
Changzhou

	
0.773

	
0.022

	
0.767

	
0.048




	
Huaian

	
0.754

	
0.082

	
0.75

	
0.049




	
Liangyungang

	
0.679

	
0.079

	
0.714

	
0.058




	
Nanjing

	
0.72

	
0.063

	
0.738

	
0.018




	
Nantong

	
0.724

	
0.084

	
0.755

	
0.066




	
Suqian

	
0.722

	
0.057

	
0.76

	
0.037




	
Suzhou

	
0.805

	
0.080

	
0.806

	
0.005




	
Taizhou

	
0.733

	
0.082

	
0.674

	
0.041




	
Wuxi

	
0.734

	
0.094

	
0.732

	
0.028




	
Xuzhou

	
0.766

	
0.053

	
0.79

	
0.014




	
Yancheng

	
0.744

	
0.023

	
0.773

	
0.000




	
Yangzhou

	
0.766

	
0.030

	
0.672

	
0.082




	
Zhenjiang

	
0.687

	
0.081

	
0.732

	
0.037
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Table 5. The overlapping area proportion to the classification results based on the construction land density.
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City

	
1998

	
2018




	
Urban

	
Suburban

	
Urban

	
Suburban






	
Changzhou

	
76.76%

	
65.08%

	
91.80%

	
80.47%




	
Huaian

	
84.00%

	
63.25%

	
78.30%

	
74.61%




	
Liangyungang

	
72.44%

	
56.31%

	
65.98%

	
63.70%




	
Nanjing

	
86.47%

	
86.18%

	
92.37%

	
86.84%




	
Nantong

	
79.70%

	
69.18%

	
96.17%

	
89.44%




	
Suqian

	
71.26%

	
67.64%

	
86.77%

	
85.96%




	
Suzhou

	
93.50%%

	
68.67

	
89.11%

	
80.57%




	
Taizhou

	
98.30%

	
81.12%

	
94.71%

	
69.87%




	
Wuxi

	
75.32%

	
89.68%

	
94.61%

	
85.06%




	
Xuzhou

	
75.51%

	
79.24%

	
97.49%

	
80.54%




	
Yancheng

	
88.49%

	
62.88%

	
83.48%

	
71.15%




	
Yangzhou

	
80.81%

	
68.67%

	
93.19%

	
75.67%




	
Zhenjiang

	
80.00%

	
85.49%

	
96.75%

	
91.38%
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Table 6. The land-use transfer matrix of the suburban expansion area.
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	Land Use Type
	Cropland

(2018)
	Forest

(2018)
	Grassland

(2018)
	Waterbody

(2018)
	Construction Land (2018)
	Unused (2018)





	Cropland (1998)
	72.34%
	3.19%
	0.72%
	1.34%
	22.41%
	0.01%



	Forest

(1998)
	26.75%
	49.14%
	0.66%
	1.18%
	22.23%
	0.04%



	Grassland

(1998)
	50.68%
	22.12%
	0.84%
	1.06%
	25.25%
	0.06%



	Waterbody

(1998)
	36.48%
	2.46%
	1.97%
	34.00%
	25.00%
	0.09%



	Construction land (1998)
	32.34%
	2.05%
	0.88%
	2.28%
	62.42%
	0.04%



	Unused

(1998)
	25.64%
	8.62%
	0.47%
	7.93%
	57.34%
	0.00%
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Table 7. The ecological landscape pattern metrics at the province level from 1998 to 2018.
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Landscape Pattern Index

	
Suburban Expansion Area

	
The Remained Rural Area




	
1998

	
2018

	
1998

	
2018






	
CA (    km  2  )  

	
5.00

	
3.93

	
2.39

	
2.32




	
NP

	
70284

	
153301

	
85383

	
88385




	
PD

	
1.36

	
2.97

	
3.51

	
3.62




	
LPI

	
45.48

	
12.36

	
28.40

	
29.17




	
AI

	
97.50

	
93.32

	
97.06

	
96.71
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Table 8. Statistical characteristics of ecological landscape metrics in the suburban expansion area and remaining rural areas (unit,    m 2   ).
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Value

	
Minimum

	
Maximum

	
Average




	
Area

	
Suburb

	
Rural

	
Suburb

	
Rural

	
Suburb

	
Rural






	
CA

	
−289,676.79

	
−21,155.8

	
−28,543.23

	
59.85

	
−82,441.72

	
−5427.46




	
NP

	
−2942.00

	
−314

	
17,228.00

	
898

	
6402.08

	
222.00




	
PD

	
−0.46

	
−0.63

	
4.44

	
0.49

	
1.91

	
0.12




	
LPI

	
−64.47

	
−25.23

	
−3.95

	
12.27

	
−27.12

	
−4.36




	
AI

	
−5.76

	
−1.44

	
0.71

	
0.16

	
−2.50

	
−0.53
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