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The use of spatio-temporal statistical combination method to explore the land use transition in urban suburbs provides an essential resource for promoting urban-rural integration and management of further urbanization. A combination of Space Time Cube and Geodetector methods was used to quantitatively identify the dominant morphology of land use change, and explore the recessive morphology and driving mechanism in Baiyun District, a suburb of Guangzhou from 1980 to 2020. Between these years, the land use changes were dominated by the expansion of built-up land and the shrinkage of cropland. The expansion took place in southern (1990-2000) to central (2000-2005) areas of the jurisdiction, followed by large-scale decentralization (2005-2010). Land use activities showed a downward trend. A continuous cold spot was mainly distributed in the southeast and remote areas near the urban center, whereas a continuous hot spot was spatially characterized by a multinuclear pattern, mainly concentrated in the center and south. Socioeconomic factors significantly affected the spatial pattern of land use activities. The trend turning in land use morphology of land use change can be divided into four stages: land primitivation from 1980 to 1990, land fragmentation from 1990 to 2000, land overflow from 2000 to 2010, and land intensification from 2010 to the present. Baiyun District is at the forefront of China’s development and has typical “suburban” characteristics, which can provide a reference for other suburbs in China to develop in stages. Today, urban suburbs in China face the problems of limited land resources and mixed land use space. Taking advantage of the new national strategic environment could effectively solve these land use issues in urban suburbs and achieve sustainable development. New trends in land use morphology research, also considering land use effects and land use change mechanisms in an integrated manner, are conducive to further deepening the understanding of land use transitions. Moreover, spatiotemporal statistical methods have innovated the field of mining the spatiotemporal characteristics of land use. Based on a scientific method for spatiotemporal analysis, we were able to reconstruct the three-dimensional space of land and improve the methods applied for research into land use change.
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1 INTRODUCTION
Transformation refers to the process of fundamental changes in the structural form of things, their mode of operation and people’s perceptions (Asquith et al., 2018). In 1995, geographer Grainer, inspired by the Forest Transformation Hypothesis, extended the Nation-al Land Use Morphology theory to the National Land Use Transition process theory, which focuses on forestry. This theory states that most countries that have forestry as a significant component of their economy show varying degrees of change in land use morphology over time. This is caused by a range of underlying socio-economic factors that are ultimately controlled through policy measures and lead to a new equilibrium in land use morphology (Grainger, 1995a; Grainger, 1995b). As human-driven changes to the Earth’s surface generate dramatic land use change, global environmental change and socio-economic sustainability require integrated management (Turner et al., 2007). Several scholars have developed land use transition theories on the basis of Grainer’s process theory, focusing on the current land use change and major issues of land use management. For example, Long Hualou proposed the “land use morphology transition” based on the theory that land use morphology includes the dominant morphology of land use type structure and the recessive morphology, which is dependent on the dominant morphology and has multiple attributes such as quality and property rights. The land use morphology transition refers to the transition of regional land use morphology caused by each land use type transfer within a specific period of time (Long and Qu, 2018). DeFries pointed out that the transition of land use functions has gradually changed from purely natural ecology to intensive human use (DeFries et al., 2004). Lambin stated that the mechanism behind land use transition are mainly endogenous socio-ecological forces and exogenous socio-economic factors (Lambin and Meyfroid, 2010). During the period, international research on land use transition came to the following consensus: 1) the loss of cropland and the expansion of built-up land are the most typical forms of land use transition; 2) land use transition is non-linear and evolves in accordance with the socio-economic development stage of a country or region (DeFries et al., 2004; Foley et al., 2005; Lambin and Meyfroid, 2010; Long and Qu, 2018). Correspondingly, the concept of land use transition has been deepened and defined as the trend turning of land use morphology in a certain region in long-term changes under socio-economic development. This includes the trend turning of specific land use types such as cropland, forest, built-up land, rural land, and also in the overall land use morphology of the region (Song, 2017). “Trend turning” is often used in climatology, for example, when long time series are analyzed, two temporally close periods may show significantly different trends (Zuo et al., 2019). Land use transition focuses on trend turning in land use morphology, defined as the development of land use change to a certain stage, resulting in a land use morphology with a set of typical stage characteristics corresponding to a certain stage of socio-economic development (Li, 2021).
Trend turning of land use transition could improve the explanation of the various stage characteristics of the transition of dominant morphology and the analysis of the land use problems indicated by the transition of recessive morphology. This information can then be used to identify suitable response strategies for the regulation of the transition (Yang et al., 2018; Li, 2021). Internationally, scholars have focused on the trend turning of land use morphology from different perspectives, such as long time series of area change (Hailu et al., 2020); spatiotemporal pattern of a certain land type (Li et al., 2020); spatial expression of landscape features accompanying land use changes (Asabere et al., 2020), the “ecological-social-economic” benefits of land use change (Chen et al., 2021), and the factors of land phase change (Qu et al., 2020), have been studied in stages. Existing studies generally focus on the geographic patterns, processes, change rules and mechanisms, and have researched land use morphological (dominant and recessive) transition, land use functional transition, land use transition mechanisms. However, these approaches should be strengthened with tools and further methodological improvements to visualize the research findings.
In recent years, the rise of Spatiotemporal statistics has brought new ideas and methods to geographical research. Spatiotemporal statistics procedures use computers to visualize complex and abstract spatiotemporal data interactively. By reconstructing and analyzing the change process of spatial position and attribute of the geographical phenomenon over time, we can identify the specific relationships and detect anomalies. Furthermore, the mathematical model of spatiotemporal processes can be established to identify the driving factors behind geographical phenomena. Spatial correlation analysis tools such as Kriging, Moran’s I, LISA, GWR, Bayes have been widely used for these purposes (Spöck and Pilz, 2015). Therefore, with reference to spatiotemporal statistical research, this study proposed the combined application of the Space Time Cube and Geodetector methods for identifying land use morphology changes. Space Time Cube measures trends in the values of each spatial location across time, identifying emerging hot and cold spots and outliers (Esri, 2021). Geodetector is then used to detect the spatial heterogeneity of different geographical phenomena and their driving forces (Wang et al., 2010). The combined application has the potential to quickly and intuitively obtain the spatiotemporal characteristics of the dominant land use morphology and analyze the recessive land use morphology changes under the potential mechanism.
As a result of urbanization in recent decades, rural production elements in China have become concentrated towards cities, leading to considerable transformation of urban and rural boundaries (Liu and Li, 2017). In this process, the traditional rural core periphery has gradually evolved into a transitional space of urban elements based on a dualistic structure such as the urban suburbs (also known as urban fringe, edge cities and urban-rural transition zone, etc.) (Gu, 2020). Similar to the natural ecotone (Hansen et al., 1988), the suburban territorial space also has the unique heterogeneous characteristics of adjacent areas, forming a unique land use transition problem. For example, the dominant morphology of land use, such as the rapid non-agriculturalization of cropland and the disorderly expansion of built-up land (Ma et al., 2020); There are particular problems associated with land use recessive morphology, such as “village in city,” and the related issues of mixed ownership and the pollution of “production-living-ecology” space(Yao and Tian, 2020); The development problems associated with land use stage, such as resource and environmental constraints (Cao et al., 2021; Elahi et al., 2022a), the conception lag behind of natives (Elahi et al., 2022b), backward industrial technology and uncontrollable extreme weather (Elahi et al., 2021; Nath et al., 2022). The dominant morphology dominated by the land structure and the recessive morphology have gradually become projected in the suburban space (Yanbo et al., 2021). Suburbs in China have quietly undergone an irreversible and difficult land use transition. However, there has been relatively little research on the growth and characteristics of these suburban areas. For example, research is usually based on a comparative analysis of the dominant morphologies of each period in terms of both “quantity” and “spatial structure,” and research on the trend transition of land use morphology in suburban comprehensive period is currently lacking. These omissions are not conducive to revealing the transitional and phased spatial characteristics of suburban land use change and the transitional and periodic characteristics of associated land use change. Moreover, it is not easy to excavate the hybridity of its characteristics in the vertical direction. This study takes Baiyun District, Guangzhou, a suburb in a developing metropolis in China, as the study area. A three-module quantitative study of land use transition paths (Section 3.1), spatiotemporal evolution morphology (Section 3.2) and master control factors (Section 3.3) was conducted through the integrated application of the Space Time Cube and Geodetector methods. Based on these results, the trending transitional development of land use morphology in the study area was analyzed in local development history (Section 3.4). The study’s contributions are specifically addressed: 1) enrich the theories related to land use transition in suburbs, 2) couple spatio-temporal statistics and land system science through spatiotemporal pattern mining methods, 3)provide a scientific basis for strategic decisions to promote urban-rural integration.
2 MATERIALS AND METHODS
2.1 Study Area
Baiyun District is located in the central and western part of Guangzhou City (Figure 1). It is in the transition zone between the low mountains of central Guangdong and the plains of the Pearl River Delta, high topography in the north and northeast and low in the west and south. It belongs to the southern subtropical monsoon climate zone, with high precipitation and temperatures occurring in the same period and an average annual temperature of 21.8 °C and annual rainfall of 1,694 mm. It contains the Baiyun Mountain Scenic Area and the Maofeng Mountain Forest Park, and is thus considered a region of Guangzhou with a good natural environment (Baiyun District Information Database in Guangzhou, 2021).
[image: Figure 1]FIGURE 1 | The location of Baiyun, Guangzhou (A,B), boundaries of each township (C) and spatial distribution of land use in 2020 (D).
In the 1980s, the study area was officially renamed “Baiyun District” from its original name of “Suburban District” and was included in the urban area of Guangzhou. In 2010, Baiyun District had 14 streets and four towns under its jurisdiction, making it the largest administrative district in Guangzhou’s central urban area with the largest external population (Guangzhou Statistic Bureau, 2021). The complexity and diversity of diverse administrative jurisdictions and the frequent mixing of resource flows have resulted in Baiyun District having considerable urban suburban characteristics, and its land use activities are typical of urban areas.
2.2 Data Sources
This study used eight periods of land use raster data for 1980, 1990, 1995, 2000, 2005, 2010, 2015 and 2020 with a spatial resolution of 30 m (http://www.resdc.cn/) provided by the Resource and Environment Science Data Center of the Chinese Academy of Sciences. With reference to the Classification of Land Use Status (GB/T21010-2007) and taking into account the actual situation of the study area, the land use types in the study area were subdivided into six categories: cropland, forest and grassland, water body, built-up land, rural settlement, and other built-up land.
The geographical detector data were obtained from NASA SRTM3 elevation at a spatial resolution of 90 m. The annual average precipitation and temperature data were spatially interpolated datasets with a spatial resolution of 1 km in 2000 and 2015 from the Data Center for Resource and Environmental Sciences of the Chinese Academy of Sciences (http://www.resdc.cn/data.aspx?DATAID=264). The road network data were obtained from Open Street Map for 2000 and 2020 vector data obtained from Open Street Map (https://www.openstreetmap.org/). Socioeconomic data were taken from the information database of Baiyun District, Guangzhou and the website of Baiyun District People’s Government, Guangzhou. In addition, the 2010 administrative boundaries were used as the standard to maintain the integrity of statistical data and the consistency of administrative divisions.
2.3 Space Time Pattern Mining Methods
This paper visualizes the land-transfer paths at different stages with the help of the Sankey energy shunt map. The Space Time Cube and the spatiotemporal hotspot analysis method were combined to visualize the spatial trends and temporal characteristics of cold and hot spots of land activities. The geographical detector method was used to detect the attribution of land change within each township. Finally, the historical evolutionary process behind different land use development stages was considered with local development history.
2.3.1 Land Transfer Path Analysis
The land use transfer matrix approach obtains a two-dimensional matrix through the generation of a land use transfer path, and explains this path concerning the structural characteristics of land use change and the direction of transfer between types (Li C et al., 2021). In particular, the different land use types are identified by codes in a fixed order (1, 2 and 3). For example, the change path of cropland to “forest and grassland” and “forest and grassland” can be expressed as 1-2-2. Finally, a Sankey diagram was created to visualize different land transfer paths from 1980 to 2020.
2.3.2 Trend Analysis of Cold and Hot Spots Based on Space Time Cube
The Space Time cube is a three-dimensional cube proposed by Hagerstrand (1968). A two-dimensional plane is used to express the spatial location and region, and another dimensional time axis expresses the temporal change in the location of the two-dimensional plane (Figure 2) (https://desktop.arcgis.com/). The analysis process includes the identification of land use cold spots and hot spots in two dimensions, the creation of a Space Time Cube, and a statistical test for cold and hot spots, as follows:
1) Land Use Hotspot Identification. The accuracy of the land use data, the size of the study area and the visualization of the data were all taken into account in this study. After a preliminary test to identify the most suitable scale (data not presented), a 600 m * 600 m grid was selected as the study unit. The area of land use change at different times within each unit was first obtained, and then the Getis-Ord Gi* tool was used to calculate and compare the local sum of adjacent elements within each grid with the sum of all elements, thus allowing the analysis of the local spatial aggregation of area change at different times.
2) Space Time Cube. The Space Time Cube was constructed as a NetCDF data structure by calculating point counts and aggregating specified attributes using stereograms (bars). All bar location count trends and aggregated field values were then further evaluated to identify the evolution of a geographical phenome-non or scalar with a location attribute over a time series.
3) Statistical analysis. The Mann–Kendall statistical method was used to analyze the spatiotemporal change trend of land activity. The change trend of cold and hot spots was evaluated for each land activity location with data and presented on the map (Figure 3) (https://desktop.arcgis.com/). The analysis results of spatiotemporal cold and hot spots included 17 patterns, such as new hot spots and continuous hot spots, and the basis for the classification is shown with reference to the official website.
[image: Figure 2]FIGURE 2 | Space Time cube.
[image: Figure 3]FIGURE 3 | The process of spatiotemporal cold and hot spot analysis.
All trend analysis operations were completed in ArcGis 10.7.
2.3.3 Factor Detector
The Geodetector method (http://www.geodetector.org/) is based on statistical principles for spatial variance analysis. It represents a set of statistical methods to detect spatial variance and its mechanisms. This method is mainly applied to detect the spatial variance and to what extent factor explains the spatial variance of attribute.
[image: image]
Where q is the spatial variance of a factor indicator, which is used to detect the factor’s influence on land use activities. N is the sample size of the whole region. [image: image] is the variance of land change in the whole region. h is the identification partition, h = 1, 2, ..., L, where L denotes the number of partitions. 0 ≤ q≤ 1, the larger the value of q, the stronger the factor’s influence on land activities. Conversely, the smaller the value of q, the weaker the influence. A q of 0 indicates no spatial variance in the study area and the spatial distribution of land use is random.
In this paper, 18 townships were used as detection areas. Based on the existing studies and data accessibility, the accumulated area of land change in each township between 2000 and 2020 as a proportion of its administrative area was Y. The socioeconomic factors (change in GDP X1, change in the agricultural output value X2, change in the gross industrial output value X3, and change in the road network density X4) and natural environment (DEM X5, slope X6, average annual temperature change X7, and average annual precipitation change X8), for a total of eight factors. Since the statistical objects of socioeconomic data changed considerably from 1980 to 2000, this study also took the local development history into account to provide a context for the identified land activity mechanisms.
3 RESULTS
3.1 Land Use Change and Transfer Path
As shown in Table 1, from 1980 to 2020, the land use changes in Baiyun District of Guangzhou were dominated by urbanization. The built-up land area increased from 26.1 km2 (1980) to 164.3 km2 (2020), an expansion of 138.2 km2. The growth rate was as high as 529.6%. From 1990 to 2000, the new built-up land was mainly distributed in the southern part of Baiyun District (the southern part of Shijing, Jiahe, the western part of Yongping, the eastern part of Songzhou, the southern part of Tonghe, the western part of Huangshi and the central part of Jingxi). From 2000 to 2005, it was mainly distributed in the central part of Baiyun District (the western parts of Taihe, Junhe and Yong-ping). From 2005–2010, it showed a large-scale scattered expansion in the study area (Taihe, Jinsha, bordering Shijing, Junhe and Jianggao, and the central part of Renhe) (Figure 4). Table 1 shows that the cropland area decreased from 340.1 km2 (1980) to 193.3 km2 (2020), a reduction of 146.8 km2 (43.2%). During this process, the percentage change in the area of forest and grassland, water body, rural settlement and other built-up land relative to built-up and cropland was only a maximum of 4%, and the overall land activity was stable. This indicates that the new built-up land was mainly transferred from cropland.
TABLE 1 | Land-use changes in Baiyun District.
[image: Table 1][image: Figure 4]FIGURE 4 | Spatial distribution of new land in each township at different times (A–G).
There were 936 land transfer paths from 1980 to 2020, so this paper only considers the land transfer paths with the amount of 2 km2 (Figure 5). In terms of transfer amount, land use change in Baiyun District was dominated by the invariance of each land type. The largest areas were 159.2 km2 of cropland and 154.4 km2 of forest and grassland (Table 2). The Sankey diagram shows that the period of 1990–2010 was the most diverse and active in land transfer paths, mainly in the form of transfers out of cropland into built-up land. Among these, the land transfer paths involving land between cropland and built-up land were cropland (1980–1990) to built-up land (1995–2020), cropland (1980–2005) to built-up land (2010–2020), cropland (1980–2000) to built-up land (2005–2020) and cropland (1980) to built-up land (1990–2020), with a transfer amount of 61.4 km2. The amount of land transfer of rural settlement was also significant and was mainly converted to built-up land and cropland. The total amount of rural settlements transferred to built-up land in different periods was 26.9 km2. The transfer of built-up land to cropland was the most notable, with all of it being transferred from cropland first and then back to cropland.
[image: Figure 5]FIGURE 5 | Land-transfer paths within different time periods, 1980-2020.
TABLE 2 | Quantities of different land-transfer paths in 1980–2020.
[image: Table 2]In general, during 1980–2020, the main trend in land use change in Baiyun District was a large-scale decrease in cropland, which was mainly transformed into built-up land. Built-up land expanded massively by transforming large amounts of cropland and rural settlements. Although this land use change was dramatic, land transfer paths were dominated by the invariance of each land use type.
3.2 Spatiotemporal Cold and Hot Spots Distribution of Land Activity
The temporal distribution trend analysis of land activities in the cell grid was analyzed, and the Z-score was −2.44 with a p-value of 0.01. The land activity showed a decreasing trend throughout the study period. As shown in Figure 6, land activity in Baiyun District was dominated by continuous cold spots from 1980 to 2020, covering an area of up to 190.6 km2, accounting for 29% of the entire study area. It was mainly concentrated in the southeast near the urban center (Sanyuanli, Huangshi, Xinshi, Tangjing and Jingtai), and widely distributed in remote areas (Zhongluotan and the forest-dominated eastern part of Taihe). The second most prominent pattern was the Oscillating Cold Spot pattern, adjacent to or interconnected with the Consecutive Cold Spot and New Cold Spot areas. A multinuclear pattern spatially characterizes the Consecutive Hot Spot pattern. The most prominent areas showing this pattern were those bordering Jianggao, Shijing and Junhe, followed by the central part of Jinsha, the north-central part of Renhe and the local area of Taihe township (Figure 6).
[image: Figure 6]FIGURE 6 | Distribution of spatiotemporal cold and hot spot trend and the quantity of each pattern in Baiyun District, 1980-2020.
The number and location of hot and cold hotspots of land activity in Baiyun District from 1980–2020 varied over time. The non-statistically significant cold or hot spots pattern was dominant in each period, but there were still obvious stable hot spots (Figure 7). During 1980–2010, a multinuclear pattern of land activity hotspots was very prominent and was mainly concentrated in the central and southern parts of the study area. Since 2010, however, the pattern of hotspots has rapidly weakened. It is noteworthy that the cold spot pattern, relative to land activity by period, only appeared for 1990–1995 and 1995–2000. Its main distribution is consistent with the spatiotemporal trends described above.
[image: Figure 7]FIGURE 7 | Analysis on hot spots of land activities in different periods from 1980 to 2020 (A–G).
3.3 Mechanisms Driving Spatial Heterogeneity of Land Activities
Based on a combination of expert experience and the Natural Breaks (Jenks) method, the classification method uniformly discretizes numerical quantities into type quantities. Natural environmental and socioeconomic factors were classified into 2 and 5 categories, respectively, using the Natural Breaks (Jenks) method (Table 3). The results show that over the past 20 years, socioeconomic factors significantly impacted the spatial pattern of land activities in Baiyun District, whereas the influence of natural environmental factors was relatively insignificant. In descending order of intensity, the main influencing factors (all having passed the significance test) were as follows: X1 (0.47) for change in GDP, X3 (0.44) for change in the gross industrial output value, X7 (0.35) for change in the average annual temperature, X5 (0.27) for DEM, X6 (0.27) for slope, X2 (0.26) for change in the agricultural output value, X4 (0.21) for change in the road network density and X8 (0.07) for change in average annual precipitation.
TABLE 3 | The influencing factors and detection results of land-use change in Baiyun District, 2000-2020.
[image: Table 3]The interactions of different factors on the impact of land activity positively reinforce a single factor’s influence. The interaction detection results show that a two-factor enhancement dominated the interaction type. Compared with the single factor, the q-values of each factor increased to different degrees (Table 4). The changes in the average annual precipitation X7 had the most substantial influence on the interaction of socio-economic factors. The next most prominent performance was the interaction of road network density change X4 on GDP change X1 and agricultural output value change X2, which increased several times compared with its individual effects. The socioeconomic factors were bi-factorially enhanced in terms of the type of interaction. The exception was road network density change X4, which was non-linearly enhanced with GDP change X1 and agricultural output value change X2. It is worth noting that the interaction type between the change of road network density X4 and the natural environment factors was a nonlinear enhancement.
TABLE 4 | Interactive detection results of regional differentiation of land-use change in Baiyun District, 2000-2020.
[image: Table 4]3.4 The Trend Turning of Land Use Morphology Process in Baiyun District Guangzhou From 1980 to 2020
The trend turning of land use morphology is the core of land use transition re-search, since regional land use morphology often changes in accordance with changes in the economic and social development stage. During the studied period, the land conversion caused conflicts in land use morphology, which were subsequently alleviated through corresponding policy measures. This process of land use conflict mitigation is known as land use transition. By combining the characteristics of the spatial heterogeneity mechanisms described in the previous section and local development history, we considered the changes in land use morphology, the conflicts, and alleviation methods in the development process of land use transition in Baiyun District. The land use transition process was divided into the following three stages and then applied to explore further the mechanism of the long-term land use transition (Figure 8).
[image: Figure 8]FIGURE 8 | Suburban development patterns in different period of Baiyun District. Note: “Three old reform” refers to the transformation mode unique to Guangdong Province: old town, old factory, and old village transformation. “HCRS” refers to the Household contract responsibility system, a form of agricultural production responsibility system in which farmers contract land and other means of production and production tasks from collective economic organizations (mainly villages and groups) on a household basis. “GBA” refers to Guangdong-Hong Kong-Macao Greater Bay Area.
3.4.1 Land Primitivation in 1980–1990
Baiyun District is located in the transition zone between the low mountains of central Guangdong Province and the Pearl River Delta Plain. The north and northeast of Baiyun District are characterized by large hills and mountains, preserving large areas of pristine ecological forest. In the west and south, there are flat, broad alluvial plains with fertile soil and various soil types and genera, providing favorable conditions for a number of plantations (rice, vegetables, drought-tolerant cereals, peanuts, forestry). Therefore, since the reform and opening up, industrialization and urbanization were delayed in Baiyun District compared with the main urban area of Guangzhou. Traditional agricultural activities still dominate the study area, forming a stable spatial pattern of natural spaces and large-scale agricultural production. In the early stage, under the premise of not changing land use, the farmer families contracted the land to the collective and enjoyed full management autonomy as the primary production unit. As a result, the rural economy grew rapidly and provided sufficient labor and land for subsequent industrialization (Baiyun District Information Database in Guangzhou, China, 2021).
3.4.2 Land Fragmentation in 1990–2000
Since 1990, with the second wave of global industrial transfer and the promotion of the second round of the contract management responsibility system, low-end industries have become the target of foreign investment, and a large amount of rural collective land has been expropriated or illegally occupied (Long, 2012; Gong et al., 2019). At the same time, industrial production has also created a large number of employment opportunities. Local farmers have entered the workforce, and migrants from the surrounding cities and counties around Guangzhou have moved in to work (Yang, 2019). This has led to a boom in the informal expansion of self-housing and external leasing in remote areas. The real estate planned economy (1990-1995) and the real estate market economy (1996-2000) directly contributed to the large-scale construction of commercial housing in the southern part of Baiyun District (Su et al., 2005). Therefore, the 1990-2000 presented in Figure 4 also verifies the construction development in the north and south of Baiyun District. In addition, The “rural land capitalization” of Baiyun District has led to the rapid shrinkage of cropland area. However, the shortage of cropland in the urban area of Guangzhou and the timely open policy of purchasing and selling agricultural products caused Baiyun District to become the main grain supply source area for urban Guangzhou. At the same time, Baiyun District also became prominent in the northern transportation and export of agricultural products. As a result, the agricultural production space gradually shifted from the suburbs to the middle and outer suburban agricultural areas (Baiyun District Information Database in Guangzhou, China, 2021). The land space dominated by traditional agriculture in Baiyun District reduced rapidly, and the fragmentation of land development intensified. Spatially, there was a large area of built-up land in the south and fragmentation of land in the center and north.
3.4.3 Land Overflow in 2000–2010
Since the turn of the 21st century, the global economy has been developing in an integrated way, with industrial adjustment and upgrading and international transfer occurring in parallel (Yang et al., 2020). Baiyun District, which used to rely on traditional agriculture and low-end industries, was facing unprecedented challenges. Under the government’s leadership, there was a massive transfer of agricultural production space to urban residential and public built-up land in 2000–2010 relative to previous periods. The built-up land expanded from the south to the center of the district, and the urban villages formed in a low-cost way, outside of the modern urban management, and the land uses were highly mixed (Yang, 2019; Yao and Tian, 2020). Driven by the “Strong Industrial Zone,” “Modern Logistics Development Plan” and “Optimized Northern Development” polices, a large number of professional markets, logistics parks or industrial agglomeration areas were built the central and western regions and the northern part of remote areas. Thus, as shown in Figure 4, the expansion of other construction land (industrial land) from 2000 to 2010 was particularly significant relative to other periods. This also validates the significant role of gross industrial output as the second influencing factor on land use change. This construction was reliant on the transfer of rural collective land, which had the advantage of cheaper prices than urban areas (Baiyun District Information Database in Guangzhou, China, 2021). As a result, a large number of laborers from the surrounding inland provinces of Guangdong Province were absorbed. Since 2000, in response to the requirements of the tenth Five-Year Plan for developing the national economy, the north of Renhe Town in Baiyun District developed large-scale infrastructure land to construct the new Baiyun International Airport (Yang et al., 2020). In general, under the government’s coordination, the land activities during this period showed a significant trend of spatially pushed development from the middle to the north.
3.4.4 Land Intensification in 2010 to Present
The rapid population growth and urban expansion in the first decade of the 21st century led to the shortage of new built-up land and reserve land for further development (Gong et al., 2018a). In 2009, Baiyun District government mapped idle land, low-utility land, old factories and hillsides to supplement cropland (Baiyun District Information Database in Guangzhou, China, 2021). Under the premise of maintaining the current land use, the southern part of Baiyun District carried out the reconstruction of urban villages, evacuation of villages to build houses or revitalization of the stock of built-up land (Li et al., 2019). Thanks to better transport facilities and lower land rents, the central and northern parts took over the urban capital from the south (Gong et al., 2018b). In central Baiyun District, the old factories and historical sites were rebuilt into a fine chemical industrial zone, innovation industrial zone or science and technology park in the process of the “Exit the secondary industry and enter the tertiary industry” policy, and develop an “industrial clustering” regional model (Lin et al., 2019). The northern part focused on implementation as a land reserve planning region. Since 2010, Baiyun District has seen a decrease in the overall land-use changes under the land-intensive approach of limiting incremental land and excavating stock land. However, under the guidance of local and national planning divisions, the land functions have diversified, leading to a spatial pattern of ecological tourism in the east, Baiyun New City in the south, a creative industry gathering area in the middle, an industrial logistics area in the west, and an airport economic zone in the north of the district (People’s Government of Baiyun District, Guangzhou City, 2022a; People’s Government of Baiyun District, Guangzhou City, 2022b).
3.5 Discussion
3.5.1 The Trend Turning of Land Use Morphology in Urban Suburb
Our research results confirm that the trend turning of land use morphology can integrate land use morphology, use function, land use effect and the mechanism of land use change, and systematically sort out land use transition. Meanwhile, this study innovatively combines the history, policy measures and socio-economic development of the study area for a time-phased refinement analysis, which further confirms that land use transition in urban suburbs is a spatiotemporal evolution process of a complex man-land relationship. It is also the most direct result of multiple forces such as physical geography and socioeconomic conditions on land use morphology (Gong et al., 2019; Yao and Tian, 2020; Cao et al., 2021). The unique natural environment has shaped the original farming style, and the continuous improvement of the agricultural business system after the founding of New China has injected continuous momentum into agricultural production (Li H et al., 2021; Zhou et al., 2021). Since the reform and opening up, the original dual/dualistic structure has collapsed/subsequently disintegrated, and the urban suburbs have gradually developed on the periphery of the traditional rural core (Yang, 2019). The combination of foreign capital and local resource liberalization has contributed to the conversion of land use morphology from hybridization to large-scale development. The limited land resources are gradually formed into the regional space of specific function positioning types under the rational allocation planning (Gong et al., 2018a). However, urban suburbs continue to be faced with the problem of limited land resources. Even under the multiple constraints of the “Controlling growth and forcing storage” policy, the problems of mixed tenure, spatial fragmentation, poor living environment and industrial inefficiency continue to persist (Gong et al., 2019; Yang, 2019; Yao and Tian, 2020; Cao et al., 2021). The recent construction of the Guangdong-Hong Kong-Macao Bay Area and the national strategy of rural revitalization have brought new opportunities and challenges to the urban suburbs of the Pearl River Delta (Gong, et al., 2019). However, it remains unclear how the new circumstances could help to solve the problem of land use transition and stimulate the vitality of land use development in the urban suburbs. In addition, the reshaping of the position of urban suburbs in the urban-rural relationship and consideration of how the urban suburbs should act as a bridge between urban and rural area need to be topics of further research.
3.5.2 Reliability of Land Use Transition Method
With the accumulation of spatiotemporal data and the advent of the big data era, feature mining of spatiotemporal data with geology as the object of analysis with statistical methodology has brought a new opportunity for land use research. For example, it can solve the problems of massive data analysis and visualization on different spatial units and in different periods (Wang et al., 2014). Moreover, it can also meet the needs of attribute diversification, function differentiation and mechanism diversification, and realize long time series of evolutionary laws, interactive dynamics and prediction research. The spatiotemporal feature mining method selected in the current study is an effective coupling of spatiotemporal statistics and land system science. The method focuses on the breakthrough of land use research from traditional two-dimensional plane space to the realization of three-dimensional spatial visualization, which is a fundamental attempt to study the mono-temporal land use morphology to long-temporal land use transition (Esri, 2021; Wang et al., 2010). As in this study, the cold hotspot analysis of land activities breaks through the traditional two-dimensional land transfer, effectively visualizing the multidimensional land use morphology and revealing the dominant land use morphology. Based on this approach, we deeply explored the changes of recessive land use morphology, for example, to reveal the process of land substitution caused by the changes of socioeconomic development stages (such as industrial transfer, infrastructure projects) and the real problems derived from it. However, this study considered a combination of existing spatiotemporal data analysis methods, which continue to have associated problems such as the scale disunity of the source data, the lack of data attributes and the required improvement to the detection factor system. In addition, the uneven distribution of data acquisition at large spatial scales leads to a lack of spatiotemporal slice information, and the type data generation is biased (Wang et al., 2014; Zhou et al., 2020). Therefore, it remains necessary to conduct considerable spatiotemporal data analysis practice alongside the further innovation and development of spatiotemporal statistical methods and theoretical systems.
CONCLUSION
This study explores the land use transition path of a typical suburb using a spatio-temporal statistical combination approach. The combination of Space Time Cube and Geodetector methods revealed that land use in Baiyun District, a suburb of Guangzhou, has been dominated by the expansion of built-up land and the shrinking of cropland since 1980. Over the same period of land activity showed a continuous cold spot pattern, followed by an oscillating cold spot pattern. The overall land activity showed a downward trend. In the context of local history, we found that socioeconomic factors significantly affected the conversion of land use types in different development periods, leading to different conflict patterns. The land use transition in the urban suburb was transformed from morphology to quality, mainly through policy measures and continuous spatial transfer. Combined with the variability of spatiotemporal characteristics of land use, the study region was divided into four stages of land development: Land Primitivation from 1980 to 1990, Land Fragmentation from 1990 to 2000, Land Overflow from 2000 to 2010 and Land Intensification from 2010 to the present. The study region is at the forefront of China’s development, and its “urban suburb” identity is typical. So the results of this paper can provide a reference for the development of other urban suburbs in China. In addition, this study confirms that the introduced spatio-temporal statistical methods can be used to assist further research on land use transition. However, the factors influencing this paper still need to be further refined, especially those closely related to those areas with intensive land use activities.
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