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Abstract


Suburban areas are the transitional zone between urban and rural areas, serving as key areas for addressing issues related to urban and regional sustainable development. In this study, 294 prefecture-level cities in China were selected as research objects. The spatial heterogeneity of social, economic, and natural characteristics, as well as the vitality realization of suburbs in China, was quantitatively analyzed at a national scale, and the impact of socio-economic and natural factors on the realization of suburban vitality was discussed. The results show that China has large suburban areas, with 431 km2 of peri-urban, 1816 km2 of mid-suburban, and 5384 km2 of outer-suburban areas, respectively. However, the suburban areas in China exhibit significant spatial heterogeneity (p < 0.001), with larger areas mainly located in the northeast and north. The vitality of the peri-suburban, mid-suburban, and outer-suburban areas exhibits spatial clustering (p < 0.001), with corresponding global Moran’s I values of 0.292, 0.272, and 0.380, respectively. The suburban areas with high vitality are mainly clusters in the southeast coastal regions, and the farther a suburban area is from the built-up areas, the lower its vitality. Various socio-economic and natural factors have different impacts on suburban vitality. The key negative factors are the proportion of agricultural land and elevation, while the positive factors are the density of points of interest (POIs) and the proportion of built-up areas. Finally, we discuss the causes of spatial heterogeneity of suburban vitality in China and the pathways to enhance it. This study provides a scientific reference for the sustainable development of the urban–rural transition zones in other regions and countries in the world.






Keywords:


suburban; spatial heterogeneity; vitality; sustainable development; China












1. Introduction


More than half of the world’s population has lived in urban areas since the beginning of the 21st century, and humans have since entered the stage of urbanization development [1,2]. Rapid urban expansion, especially extensive urban sprawl, has caused serious damage to the ecosystem of cities and their surrounding areas, leading to various ecological and environmental problems, such as the heat island effect, environmental pollution, and biodiversity decline [3,4,5]. Urbanization impacts extend far beyond its spatial boundary, forming a teleconnection with hinterlands [6,7]. Therefore, to solve the problem of urban sustainable development, the whole region around the cities must be considered to achieve regional sustainable development [8,9]. As a transitional zone between urban and rural areas, suburban areas serve as key zones linking urban and natural functions and are significantly influenced by urban expansion [10]. Unlike urban centers, where populations and buildings are densely concentrated, suburban areas have fewer people and vast natural or semi-natural spaces, including farmland, woodland, grassland, and water bodies. As an integrated area of urban and rural regions, the suburbs have characteristics different from both urban areas and traditional villages. Although suburban areas are dominated by agriculture, they are no longer rural in the traditional sense. Due to the limited land resources, construction space in suburban areas is restricted. At the same time, large portions of farmland need to be preserved to ensure food production. Therefore, finding a way to use the suburban ecosystems to serve the sustainable development of the city and region without destroying the basic landscape pattern has become a hot topic regarding promoting the research on urban and regional sustainable development [9,11,12].



In recent years, nature-based solutions have received increasing attention and have been widely used in urban and regional sustainable development practices [13]. Green infrastructure usually refers to a multi-scale, multi-type, and multi-functional green network composed of various open spaces and natural areas, including greenways, wetlands, rain gardens, forests, native vegetation, and other elements [14,15]. As an important carrier for nature-based solutions, green infrastructure plays a key role in achieving sustainable urban development goals, which include regulating local climate [16], reducing air pollution [17], maintaining biodiversity [18], and improving population health [19]. The large farmland and ecological space in the suburbs are a direct link between the city and nature and have significant potential to function as green infrastructure. Integrating suburban farmland and ecological spaces into urban green infrastructure and encouraging people to visit for leisure, entertainment, and commercial activities can effectively alleviate the problem of insufficient urban green space.



Vitality is often used to represent the attractiveness of a particular space to people and their various activities. It is typically measured by the number of people gathering in a given space or the diversity of activities [20]. Currently, vitality studies are mostly carried out on urban architectural spaces and parks, such as the vitality of green spaces like urban parks [21,22]. Research on the vitality of suburban areas can reflect their ability to attract people, particularly those from cities, engaging in various activities. This, in turn, demonstrates the realization of the potential of green infrastructure in suburban farmland and ecological spaces. Current research on suburban vitality mainly focuses on redistributing urban functions and enhancing the intensity and attractiveness of various socio-economic activities in the suburbs through rational spatial planning and multifunctional development [23], such as developing suburban parks [24] and multifunctional development of farmland [25] and utilizing digital technology to enhance suburban vitality [26].



China is experiencing an unprecedented rapid urbanization process, with the ur-banization rate rising from 17.9% in 1978 to 56.1% in 2015 [27]. China’s sustainable urbanization faces significant challenges in the coordinated development of cities and regions, especially due to the extensive spatial sprawl of Chinese cities, which needs to be strictly controlled [28,29]. Therefore, China has proposed a new type of urbanization—the National New Type Urbanization Plan (2014–2020)—and a rural revitalization policy—the Rural Revitalization Strategic Plan (2018–2022)—both of which emphasize the coordinated development of cities and regions. The former focuses on comprehensive urban-rural planning, urban–rural integration, and ecologically livable and harmonious development. The latter delineates four types of villages and towns, including agglomeration and upgrading villages, relocation and withdrawal villages, suburban integration villages, and characteristic protection villages. Suburban integration villages are an important bridge used for coordinating the development of cities and their surrounding areas, promoting the sustainable development of cities and regions. With its expansive territory, varied topography, and diverse climate, China exhibits notable regional disparities in development. Suburban development in different regions needs to be implemented according to local conditions. However, current studies have paid little attention to the imbalance of suburban development in China, especially the research on the vitality of suburban development. The current natural, socio-economic characteristics will have a profound impact on the future development of suburban areas, and a comprehensive analysis of these characteristics is essential for the effective implementation of management strategies and policies.



In this study, we selected 294 prefecture-level cities in China as the research object. Each suburb was divided into three layers: peri-suburban, mid-suburban and outer-suburban. The natural and socio-economic characteristics of the peri-, mid- and outer-suburban areas in China were quantitatively analyzed, and a suburban vitality index was put forward to conduct research from a national scale to systematically examine the following scientific questions: 1. What is the spatial heterogeneity of social, economic, and natural characteristics, as well as the vitality realization, in Chinese suburban areas? 2. How do social, economic, and natural factors influence the vitality realization in China’s suburban areas? For the first time, this paper provides a panoramic description of the development status of urban suburbs in Chinese Mainland. The research results will provide scientific and technological support for the implementation of rural revitalization and new urbanization strategies in China’s rural–urban boundary zone and serve as a scientific reference for policymakers and researchers working on the sustainable development of similar regions worldwide.




2. Materials and Methods


2.1. Selection of Chinese Cities and the Division of Suburban


This study selected all 294 prefecture-level cities in mainland China. Expanding outward from the urban built-up area boundary, we delineated peri-, mid-, and outer-suburban areas based on travel distances: 1 km (15 minutes by walking), 5 km (by public transportation), and 15 km (by driving), respectively, following the methodology in [12] (see Figure 1). We considered the enforcement effectiveness of policymakers and retained only the portions within the administrative boundaries of each city. Furthermore, to better capture the daily travel ranges of urban residents with varying frequencies of suburban visits, user types, and travel preferences, this study adopts Euclidean distance instead of network distance. Compared to network distance, Euclidean distance offers stronger operability due to its uniform standard across different cities. Additionally, it avoids systematic errors caused by complex factors such as insufficient road network coverage in suburban areas and differences in infrastructure development between cities.




2.2. Indicators of the Natural and Socio-Economic Characteristics


The selection of indicators is based on three main considerations. First, comprehensive theoretical basis; second, data availability; third, the ability to cover cities across the country. To enhance the comprehensiveness and accuracy of our study, we adopted Ma’s socio-economic–natural complex ecosystem theory [30] as the theoretical framework for selecting key factors from the natural, social, and economic domains. Meanwhile, data availability is a key consideration in indicator selection. Given China’s vast territory and diverse regional characteristics, the selected indicators must be applicable to both coastal and remote inland cities across the country. Therefore, we used publicly available geographic information data as the driving indicators, ensuring their recognized availability and accuracy. Additionally, our selected indicators (such as cropland, greenland, and POI density) are based on the core hypotheses and objectives of our study, and their relevance has been validated in existing literature [31,32]. Hence, these indicators play a crucial role in exploring regional vitality, as supported by existing research. The natural characteristics include the distribution of cropland, green space, built-up areas, water bodies, and topography and elevation. The socio-economic characteristics include population, economic development (GDP), social activities (POIs), and road density. All indicators are shown in Table 1. Details on the data sources and quantification methods for each indicator are provided in Section 2.7. The quantification of all indicators is based on a 500 m resolution grid and was achieved using the batch processing and summary statistics functions of Python 3.12 and ArcGIS Pro 3.1.6. The visualization of quantification results was made by ArcGIS Pro.




2.3. Quantitative Assessment of Vitality of Suburban


This study utilizes Baidu heatmap data from the peri-, mid-, and outer-suburban areas of 294 prefecture-level cities in China to quantitatively assess the degree of vitality within each suburban area. The calculation formula is as follows:


  V i t a l i t y =      ∑  i = 1  N    H i     N    



(1)




where Hi represents the i-th Baidu heatmap pixel value within the peri-, mid-, and outer-suburban areas; i = 1, 2, …, N. N is the total number of Baidu heatmap pixels within the corresponding suburban area. Vitality refers to the degree of vitality, representing the number of people visiting per unit area in the suburban area; the higher the value, the higher the degree of vitality in that area.




2.4. Spatial Heterogeneity Analysis


Moran’s I index could calculate spatial autocorrelation, measuring the degree of similarity and correlation in spatial distributions of various indicators, while hotspot analysis further identifies hot spots within spatial clusters. The commonly used method for hotspot analysis is the Getis-Ord Gi* statistic, which determines the spatial locations where high or low value clusters are by calculating Z-scores and p-values. While Moran’s I index focuses on the overall spatial structure and autocorrelation characteristics across the whole study area, hotspot analysis targets local spatial clustering phenomena. In this study, we utilized the spatial autocorrelation (Moran’s I) and hotspot analysis (Getis-Ord Gi*) tools of ArcGIS Pro to sequentially analyze spatial heterogeneity of natural and socio-economic characteristics and vitality realization across the suburban areas for the 294 cities. During Moran’s I analysis, the spatial weight matrix was constructed using inverse distance weighting (IDW) with Euclidean distances between population-weighted grid centroids. No row standardization was applied to preserve raw distance decay relationships (ArcGIS Pro default settings). Hotspot analysis was also performed using the ArcGIS Pro default settings.




2.5. Correlation and Regression Analysis


Pearson product–moment correlation coefficient is a common measure of the linear relationship between two variables X and Y, with values ranging from [−1, +1]. The larger the absolute value of the correlation coefficient, the stronger the correlation, while those close to 0 indicate a weak linear connection. Linear regression is a type of regression analysis that models the relationship between one or more independent variables and a dependent variable using a least squares function known as the linear regression equation. The R-squared value is commonly used to measure the goodness-of-fit of a linear regression model, with values ranging from 0 to 1. An R-squared value closer to 1 indicates a better fit of the model, meaning that a higher proportion of the variance is explained by the model, whereas a value near 0 suggests that the model poorly accounts for the variability in the data. The correlation analysis and linear regression between the various characteristics across the suburban areas was conducted with the help of R.




2.6. Normalization and Visualization


The Natural Breaks method is a statistical approach used for classification and grading based on the statistical distribution patterns of numerical data. It maximizes the differences between classes by identifying natural turning points and characteristic points within the data, thereby grouping the subjects of study into clusters with similar attributes. This method normalized the characteristic indicators and vitality index because the breakpoints themselves serve as clear boundaries for classification. ArcGIS Pro provides a data visualization method based on natural breakpoints. To compare the differences in various indicators among the peri-, mid-, and outer-suburban areas, we first classify the results into five categories according to their values: very low, low, medium, high, and very high. We then applied the breakpoint thresholds sequentially to visualize the results of each indicator and vitality. The darker the color, the higher the degree indicated.




2.7. Data Sources and Preprocessing


Through resampling and reclassification tools of ArcGIS Pro, the land use data were divided into five land use types: cropland, greenland, water bodies, built-up, and other types of land (moss, bare land, snow and ice, etc.), with a resolution of 500 m. The mobile population location data represent the number of terminals that have called the positioning SDK of Baidu every hour with an original data resolution of 200 m. The Baidu Huiyan population location data, supported by the Baidu platform, offers comprehensive coverage and fine-grained resolution. The quality of this dataset has been validated in urban studies [33,34]. During data selection, we sampled natural weeks across four seasons while excluding holiday periods to minimize potential anomalies caused by irregular population movements (Table 2). For data analysis using the ArcGIS platform, we aggregated the raw 200 m resolution population location data into a unified 500 m resolution population heatmap by applying a standardized fishnet grid. In subsequent analyses across different spatial buffers (e.g., urban–suburban zones), we addressed partial grid coverage by assigning weights proportional to the overlapping area. This approach reduced analytical bias and improved data accuracy. The formula for calculating adjusted population heat values in partially covered grids is


   N 1  =     A 1    25    ∗  N 0   



(2)




where N1 represents adjusted population value incorporated into the suburban buffer zone; A1 represents the area of the population grid covered by the suburban buffer (unit: ha); N0 represents the original population value of the grid. In addition, we resampled population, elevation, and other raster data at a 500 m resolution during data preprocessing, and summarized statistics for POIs and other vector point data. The attributes and sources of all data in the study are listed in Table 3.





3. Results


3.1. Spatial Heterogeneity of Natural, Socio-Economic Characteristics of Suburban Areas


The average areas of peri-, mid-, and outer-suburban areas in the 294 cities are 431 km2, 1816 km2, and 5384 km2, respectively. The spatial distribution of suburban shows highly significant clustering patterns (p < 0.001). Hot spot cities with larger suburban areas are mainly located in the North China Plain and Northeast China Plain, while cold spot cities with smaller suburban areas are mainly located in the mountainous areas of southwest China. As the gradient transitions from peri-suburban to outer-suburban, the number of hot spot cities increases and moves to Northern China, while the number of cold spot cities increases first and then decreases, clustering to Southwestern China (Figure 2).



The natural and socio-economic characteristics of peri-, mid-, and outer-suburban areas in the 294 cities in China also show a significant spatial clustering pattern (p < 0.001). The degree of clustering varies among different natural and socio-economic indicators, as well as across different suburban areas for the same feature. Among the 20 natural and socio-economic indicators, cropland shows the most pronounced clustering distribution. The Moran’s I values for cropland area are 0.550, 0.588, and 0.495, respectively (Figure 3). In contrast, green space area consistently has the lowest Moran’s I values, at 0.068, 0.088, and 0.114 (Table 4). As the gradient transitions from peri-urban to outer-suburban, the clustering intensity (Moran’s I) of cropland area and number of POI increases and then decreases. In contrast, the cropland rate initially decreases and then increases. Meanwhile, the clustering intensity of green space area, greenland rate, and POI density consistently increases throughout the gradient. Detailed spatial heterogeneity maps of each natural and socio-economic characteristics are shown in Supplementary Materials.




3.2. Spatial Heterogeneity of Vitality in Suburban


The vitality of the peri-, mid-, and outer-suburban of the 294 cities in China also shows significant spatial heterogeneity (p < 0.001). The suburban areas in the eastern coastal and south China regions have higher vitality (Figure 4). The further the suburban areas are from the urban areas, the lower the vitality. The vitality of the peri-suburban area is mostly concentrated at a higher level, and its distribution curve is the most right-skewed among the three types of suburban areas, indicating that there are relatively more cities with high peri-suburban vitality. The vitality of the mid-suburban area is mostly concentrated at medium level, with a left-skewed distribution curve. The vitality of the outer-suburban area is mainly concentrated at a low level, and its distribution curve is further left-shifted compared to the mid-suburban area vitality.



The vitality of the peri-suburban, mid-suburban, and outer-suburban areas exhibits spatial clustering (p < 0.001), with corresponding global Moran’s I values of 0.292, 0.272, and 0.380, respectively (Figure 5). Hot spots of peri-suburban vitality are mainly distributed in Southern China, with cold spots appearing in the northern regions and the Tibetan Plateau. Hot spots of mid-suburban vitality are found in the southeast coastal areas, with cold spots in the Tibetan Plateau, northeast and northwest regions of China. Hot spots of outer-suburban vitality are contracted toward the coast in the southeast coastal region, with some expansion toward the north China region, while cold spots are primarily distributed in some parts of Central China, and the northeast and northwest regions of China.




3.3. Impacts of Natural and Socio-Economic Characteristics on Suburban Vitality


The correlation analysis results indicate that there are differences in the factors impacting the distribution of vitality in the three types of suburban (Figure 6). The independent variable most correlated with the vitality of the peri-suburban is the POI density, with a correlation coefficient of 0.52. Both the mid-suburban and outer-suburban vitality shows a significant positive correlation with the built-up rate, with correlation coefficients of 0.74 and 0.85, respectively. The independent variables most negatively correlated with the vitality of the peri-suburban, mid-suburban, and outer-suburban areas are cropland rate, mean elevation, and mean elevation, with correlation coefficients of −0.2, −0.32, and −0.33, respectively.



The results of the multiple stepwise linear regression show that socio-economic activities are the main factors affecting the vitality of suburban (Table 5): The peri-suburban vitality regression model contains variables such as the built-up rate, population per square kilometer, and POI density (R2 = 0.347); The regression model for the mid-suburban vitality contains built-up rate, population per square kilometer, (R2 = 0.589). The outer-suburban vitality regression model contains only built-up rate (R2 = 0.726). The built-up rate is a significant positive correlation factor for mid-suburban and outer-suburban vitality, especially for outer-suburban areas. In the peri-suburban areas, POI density is the most significantly positively correlated factor. The VIF values for all variables ranged from 1.054 to 1.465, which indicates the absence of severe multicollinearity among the variables.





4. Discussion


4.1. Potential Mechanisms Underlying the Heterogeneity of Suburban Vitality


Natural and socio-economic characteristics affect suburban vitality. According to our research, different factors have varying impacts on suburban vitality. The negative factors on suburban vitality mainly include the proportion of agricultural land and elevation. The impact of agricultural land proportion is more significant in peri-suburban areas, while the elevation factor is more significant in mid- and outer-suburban areas. In peri-suburban areas, a large number of croplands is generally observed in non-open operation conditions, and a wide distribution of farmland excludes human activities inside the farmland, while restricting the development of surrounding commercial, entertainment, and other infrastructure, thereby reducing the vitality of the area. For example, the existing large rural lots in China’s Tianjin region were found to negatively affect the level of urbanization [23]. In the mid- and outer-suburban areas, higher elevation led to increased construction cost and greater development difficulties, thus limiting the suburban vitality. The main positive factors are POI density and the proportion of built-up areas. The POI density’s impact is more significant in the peri-suburban areas, while the proportion of built-up areas is more significant in mid- and outer-suburban areas. The POI density represents the number of facilities hosting human activities in a certain area, reflecting the supply capacity of infrastructure and public services, which are crucial for enhancing suburban vitality, such as accessibility to peri-urban parks in Chengdu [24]. The proportion of built-up areas serves as the material foundation for accommodating various POIs. From the peri-suburban to the mid- and outer-suburban areas, there is a progressive relationship between the factors affecting suburban vitality. The proportion of built-up areas is an important driving factor for improving vitality in the mid- and outer-suburban areas, but with the proportion of built-up areas increased, the POI density may become a more significant driving factor. The progressive relationship of driving factors also reflects a gradient change in the realization of the vitality from the peri-suburban areas to the mid- and outer-suburban areas. It illustrates the city radiation from the center to the surrounding suburban areas. The vitality of China’s suburban is largely influenced by the urban development. In addition, previous policies related to urban and rural development in China have also contributed to the spatial heterogeneity of the current suburban vitality. A one-size-fits-all policy has varying impacts across different regions because it fail to account for local differences in development. Suburban areas in the southeast coastal region benefit from favorable natural and socio-economic conditions for vitality realization, while the suburbs in the northwest area will inevitably lag behind under the same policy background, which may further exacerbate the spatial heterogeneity of suburban vitality in the future.




4.2. Pathways to Enhance Suburban Vitality


The urban sprawl development during the last decades has led to severe resource waste and ecological degradation in China. The National New Type Urbanization Plan aims to strictly limit urban expansion of urban areas in the future. Therefore, suburban areas can play a crucial role in alleviating the shortage of urban construction land. According to the Rural Revitalization Strategic Plan (2018–2022), villages near cities have the potential to serve as urban backyards while also possessing the necessary conditions of urban transformation. To enhance suburban vitality, efforts should focus on promoting the integrated development of urban and rural industries, improving infrastructure connectivity, and ensuring the co-construction and shared use of public services. Both policies emphasize the need to retain suburban landscape characteristics while maintaining a multifunctional balance among production, ecology, and landscape culture [25]. The key step in integrating suburban farmland into urban green infrastructure is making cropland accessible to the public and encouraging multiple ecosystem services beyond food production, such as climate regulation and cultural landscapes. For instance, suburban economic growth and employment can be promoted by developing the existing cropland into parks and supporting a farm-style tourism industry. Additionally, suburban farmland can be incorporated into green belts, corridors, or green networks to strengthen urban and regional ecological security. Digital technology also plays a vital role in enhancing suburban vitality, as exemplified by the case in Guangzhou [26].



In efforts to enhance the vitality of suburban areas, the spatial heterogeneity of the natural, socio-economic characteristics and vitality of the suburban areas in China should be fully considered. Given the diverse conditions and needs across different regions of China, suburban development strategies should be tailored to local contexts. The southeastern coastal regions should prioritize the agglomeration of high-tech and advanced industries while simultaneously developing green agricultural infrastructure. In contrast, the central and western regions require accelerated infrastructure development and industrial diversification, whereas the northeastern region should focus on industrial transformation and ecological agriculture improvement. Through effective policy guidance and optimized resource allocation, suburban vitality across regions can be enhanced, ultimately promoting suburban integration and sustainable development.



During policy implementation, cost–benefit analysis and social impact assessment need to be incorporated to enhance the scientific basis and practicality of policymaking.





5. Conclusions


The challenges of sustainable development driven by urbanization necessitate a holistic approach that considers both cities and their surrounding areas. As a transitional zone between urban and rural areas, suburban areas are significantly influenced by urban dynamics. Meanwhile, suburban areas encompass extensive ecological space, including farmland, serving as key interfaces between cities and nature.



This study analyzed 294 prefecture-level cities across China, providing a comprehensive overview of suburban development nationwide. Our findings reveal significant spatial heterogeneity in the distribution, natural and socio-economic characteristics, and vitality realization of suburban areas. In general, suburban vitality in the southeast coastal region is significantly higher than in other areas, whereas the northwest and northeast remain relatively underdeveloped.



Across peri-, mid- and outer-suburban areas, spatial heterogeneity is evident but varies in nature. The farther the suburban areas are from the urban core, the lower their vitality. Both natural and socio-economic factors shape suburban vitality, with different factors exerting varying degrees of influence. The key negative factors include the proportion of cropland and elevation, whereas the primary positive factors are POI density and the proportion of built-up areas. Moreover, the impacts of these influencing factors shift progressively from peri-suburban to the mid- and outer-suburban areas.



Policy factors also play a crucial role in driving the spatial heterogeneity of suburban development. Given the diverse conditions and needs across different regions of China, strategies for enhancing suburban vitality must be adapted to the local situation. Moving forward, it is essential to fully consider the spatial heterogeneity of the natural and socio-economic characteristics and suburban vitality. Targeted measures should be implemented based on regional and typological differences to enhance suburban vitality effectively.
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Figure 1. Schematic diagram of peri-suburban, mid-suburban, and outer-suburban areas (taking Shanghai City as an example). 
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Figure 2. Current status of suburbs in the Chinese 294 cities. Among these, (a–c) show the spatial distribution of peri-, mid-, and outer-suburban areas. (d) shows the number of cities with different suburban sizes. 






Figure 2. Current status of suburbs in the Chinese 294 cities. Among these, (a–c) show the spatial distribution of peri-, mid-, and outer-suburban areas. (d) shows the number of cities with different suburban sizes.



[image: Land 14 00593 g002]







[image: Land 14 00593 g003] 





Figure 3. Spatial heterogeneity of suburban areas in the Chinese 294 cities. Among these, (a–c) show the hot spot based on suburban area size. (d) shows the distribution of the number of cities that keep cold and hot spots. 
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Figure 4. Suburban vitality in the 294 cities in China. (a–c) represent the vitality of the peri-suburban, mid-suburban, and outer-suburban areas, respectively. (d) is a distribution map showing the number of cities with different levels of vitality in the three types of suburban areas. 
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Figure 5. Spatial heterogeneity of suburban vitality in the 294 cities in China. (a–c) are hotspot analysis results for the vitality of the three types of suburban areas, respectively; (d) is a distribution map showing the number of cities with hot and cold spots in terms of vitality for the three types of suburban areas. 
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Figure 6. The correlation between the natural and socio-economic characteristics and suburban vitality in China. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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Table 1. Indicators of natural and socio-economic features in the study.
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	ID
	Natural Characteristics
	Units
	ID
	Socio-Economic Characteristics
	Units





	1
	Suburban Area
	km2
	1
	Total GDP
	Million Yuan



	2
	Cropland Area
	km2
	2
	GDP per square kilometer
	Million Yuan per square kilometer



	3
	Greenland Area
	km2
	3
	Total population
	Person



	4
	Water Area
	km2
	4
	Population per square kilometer
	Person per square kilometer



	5
	Built-up Area
	km2
	5
	Road length
	km



	6
	Other Land Use Area
	km2
	6
	Road density
	km/km2



	7
	Cropland Rate
	%
	7
	Number of POIs
	Points



	8
	Greenland Rate
	%
	8
	POI density
	Points per square kilometer



	9
	Water Rate
	%
	--
	
	



	10
	Built-up Rate
	%
	--
	
	



	11
	Other Land Use Rate
	%
	--
	
	



	12
	Mean Elevation
	m
	--
	
	



	13
	Relief Amplitude
	°
	--
	
	










 





Table 2. Collection time of Baidu Huiyan population data.
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	Spring
	Summer
	Autumn
	Winter





	Workday
	10 January 2024;

11 January 2024;

12 January 2024;

15 January 2024;

16 January 2024
	10 April 2023;

11 April 2023;

12 April 2023;

15 April 2023;

16 April 2023
	10 July 2023;

11 July 2023;

12 July 2023;

15 July 2023;

16 July 2023
	10 October 2023;

11 October 2023;

12 October 2023;

15 October 2023;

16 October 2023



	Weekend
	13 January 2024;

14 January 2024
	13 April 2023;

14 April 2023
	13 July 2023

14 July 2023
	13 October 2023;

14 October 2023







Note: The collection process takes place each hour, from 0:00 to 23:00 each day.













 





Table 3. The attributes and sources of data in the study.
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	Data Name
	Data Type
	Time
	Resolution
	Data Source





	City Boundaries
	Vector
	2020
	--
	https://www.webmap.cn (accessed on 10 January 2024, below)



	Built-up area Boundary
	Vector
	2020
	--
	Chen et al., 2023 [35]



	Land Use Cover
	Raster
	2020
	10 m
	https://viewer.esa-worldcover.org/worldcover/



	Elevation
	Raster
	2020
	500 m
	https://www.resdc.cn/data.aspx?DATAID=123



	Relief Amplitude
	Raster
	2020
	500 m
	Feng et al., 2020 [36]



	GDP
	Raster
	2020
	1 km
	http://geodata.nnu.edu.cn



	Population
	Raster
	2020
	1 km
	https://www.worldpop.org/



	Road Network
	Vector
	2020
	--
	https://www.openstreetmap.org/



	Point of Interest
	Vector
	2020
	--
	https://www.amap.com



	Mobile Population Location
	Vector
	2023
	500 m
	https://huiyan.baidu.com/products/platform










 





Table 4. Moran’I, Z, and p values of natural and socioeconomic features in three types of suburban areas of 294 cities.
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Natural and Socio-Economic Characteristics

	
Peri-Suburban

	
Mid-Suburban

	
Outer-Suburban




	
Moran’I

	
Z

	
p

	
Moran’I

	
Z

	
p

	
Moran’I

	
Z

	
p






	
Cropland Area

	
0.550

	
34.486

	
0.000

	
0.588

	
36.506

	
0.000

	
0.495

	
30.685

	
0.000




	
Greenland Area

	
0.068

	
4.614

	
0.000

	
0.088

	
5.992

	
0.000

	
0.114

	
7.831

	
0.000




	
Water Area

	
0.259

	
16.383

	
0.000

	
0.306

	
19.988

	
0.000

	
0.438

	
27.614

	
0.000




	
Built-up Area

	
0.379

	
23.792

	
0.000

	
0.434

	
27.158

	
0.000

	
0.506

	
31.422

	
0.000




	
Other Land Use Area

	
0.175

	
11.101

	
0.000

	
0.172

	
11.088

	
0.000

	
0.124

	
8.386

	
0.000




	
Cropland Rate

	
0.716

	
44.086

	
0.000

	
0.667

	
41.048

	
0.000

	
0.674

	
41.503

	
0.000




	
Greenspace Rate

	
0.517

	
31.883

	
0.000

	
0.540

	
33.278

	
0.000

	
0.574

	
35.394

	
0.000




	
Water Rate

	
0.410

	
25.435

	
0.000

	
0.450

	
27.973

	
0.000

	
0.540

	
33.951

	
0.000




	
Built-up Rate

	
0.215

	
13.443

	
0.000

	
0.382

	
23.721

	
0.000

	
0.487

	
30.320

	
0.000




	
Other Land Use Rate

	
0.228

	
14.486

	
0.000

	
0.180

	
11.617

	
0.000

	
0.176

	
11.354

	
0.000




	
Mean Elevation

	
0.357

	
22.735

	
0.000

	
0.358

	
22.815

	
0.000

	
0.362

	
23.040

	
0.000




	
Relief Amplitude

	
0.283

	
17.971

	
0.000

	
0.303

	
19.175

	
0.000

	
0.343

	
21.576

	
0.000




	
Total GDP

	
0.249

	
16.030

	
0.000

	
0.341

	
22.244

	
0.000

	
0.334

	
22.134

	
0.000




	
GDP per square kilometer

	
0.362

	
22.982

	
0.000

	
0.385

	
26.519

	
0.000

	
0.410

	
28.116

	
0.000




	
Total Population

	
0.178

	
11.399

	
0.000

	
0.240

	
15.216

	
0.000

	
0.300

	
19.001

	
0.000




	
Population per square kilometer

	
0.501

	
31.015

	
0.000

	
0.479

	
30.081

	
0.000

	
0.498

	
31.833

	
0.000




	
Road Length

	
0.295

	
18.673

	
0.000

	
0.332

	
20.914

	
0.000

	
0.355

	
22.362

	
0.000




	
Road Density

	
0.313

	
19.503

	
0.000

	
0.361

	
22.613

	
0.000

	
0.475

	
30.072

	
0.000




	
Number of POI

	
0.275

	
17.550

	
0.000

	
0.365

	
23.671

	
0.000

	
0.354

	
23.087

	
0.000




	
POI Density

	
0.407

	
25.429

	
0.000

	
0.460

	
30.945

	
0.000

	
0.491

	
32.161

	
0.000











 





Table 5. The multiple regression results of the suburban vitality in China.






Table 5. The multiple regression results of the suburban vitality in China.





	
Peri-Suburb

	
Mid-Suburb

	
Outer-Suburb




	

	
Coef.

	

	
Coef.

	

	
Coef.






	
Intercept

	
68.168

	
Intercept

	
47.297

	
Intercept

	
39.397




	
Built-up rate

	
0.831 ***

	
Built-up rate

	
1.8 ***

	
Built-up rate

	
1.8 ***




	
Population per square kilometer

	
0.089 ***

	
Population per square kilometer

	
0.214 ***

	
--

	
--




	
POI density

	
0.129 ***

	
--

	
--

	
--

	
--




	
R-square

	
0.347

	
R-square

	
0.589

	
R-square

	
0.726




	
Adj. R-square

	
0.34

	
Adj. R-square

	
0.587

	
Adj. R-square

	
0.725




	
RMSE

	
11.07

	
RMSE

	
8.868

	
RMSE

	
8.204




	
F

	
51.401

	
F

	
208.841

	
F

	
772.574




	
p

	
<0.001

	
p

	
<0.001

	
p

	
<0.001








Note: All models’ independent variables have been tested with VIF, and the VIF values are less than 5. *** p < 0.001.
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