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Abstract

:

The imbalance between the population, transportation, and construction is an important factor affecting coordinated regional development in China. Using transportation land area and population data from 2010, 2015, and 2020 in 121 counties (cities and districts) of Guangdong Province, this study analyzes the spatiotemporal changes in transportation land and population structure. It explores the relationship between transportation land and population size changes using exploratory spatial data analysis (ESDA) and decoupling models. Research suggests the following: (1) From 2010 to 2020, the per capita transportation land in various districts and counties of Guangdong Province showed a hierarchical structure of “low center and high periphery”. Conversely, the proportion of transportation land to construction land displayed a “high center and low periphery” characteristic. (2) During the same period, the total amount of transportation land in the peripheral areas of the Pearl River Delta was higher than that in the PRD (the Pearl River Delta) and the gap widened each year. Meanwhile, the proportion of transportation land to construction land in the peripheral areas of the Pearl River Delta was consistently higher than that in the PRD. (3) From 2010 to 2015, the relationship between population growth and transportation land in Guangdong Province showed a hierarchical pattern, while from 2015 to 2020, the pattern became more complex, and regional imbalance intensified. The decoupling results of PRD showed weak decoupling and expanding negative decoupling from 2010 to 2020. The peripheral areas of the Pearl River Delta are characterized by strong negative decoupling and expanding negative decoupling. Research has shown that although Guangdong Province is one of the most developed provinces in China, the mismatch between transportation land and population size in economically underdeveloped areas has become increasingly severe, with changes in the provincial population distribution pattern. The decoupling phenomenon between the transportation land and population is very obvious, and the policy of achieving regional balanced development through transportation infrastructure construction needs to be reviewed.
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1. Introduction


Transportation land is a crucial component of China’s construction land, designated for the construction of transportation infrastructure, including highways, railways, airports, ports, etc. [1]. The transportation network serves as a vital foundation for regional economic development, and the amount of transportation land to some extent reflects the level of development of the transportation network [2]. Since the late 1970s, when the Chinese central government implemented the reform and opening-up policy, China has experienced rapid economic growth, with urban construction land continuously expanding and the construction of transportation infrastructure accelerating. The development of transportation infrastructure is considered an important experience for China’s rapid economic growth [3]. In particular, in regions of China where economic development has been relatively rapid, transportation systems have been continuously optimized and expanded, and the rapid expansion of transportation land has become a prominent feature of land use change in China [4]. The 2022 Chinese Natural Resources Statistical Bulletin indicated that China’s total transportation land area has reached 101,800 square kilometers, an increase of 3.89 times compared to 2002, with an average annual growth rate of 8.26% [5].



While the construction of transportation systems holds positive significance for regional economic development and sustainable growth, the substantial increase in transportation-related land use is a noteworthy concern. If the proportion of land occupied by transportation infrastructure construction is disproportionately large, it can significantly affect the rational use of existing land resources, potentially leading to a waste of land resources. On the one hand, the large-scale increase in transportation land consumes substantial land resources, resulting in the fragmentation of land use and negative ecological impacts [6]. On the other hand, the investment required for transportation construction is substantial, but the economic returns are slow [7]. Low utilization rates of transportation facilities not only lead to the significant waste of land resources but also increase the financial burden on cities [8]. Thus, a reasonable scale for transportation land is crucial for promoting regional coordination and sustainable development.



In China, the adage “If you want to get rich, build roads first” has been a pivotal strategy for local governments in economic development. The concept of balanced transportation has been viewed as an important method to strengthen economic connections between developed and underdeveloped regions and to narrow the disparities in regional development. Consequently, over the past few decades, Chinese local governments have dedicated themselves to transportation infrastructure construction, laying the foundation for economic growth [4,9]. Moreover, influenced by the concept of coordinated regional development, a significant amount of public investment by the government has been skewed towards underdeveloped areas, leading to the extensive construction of transportation systems in many underdeveloped regions [10,11]. While transportation development can indeed improve conditions in underdeveloped areas to some extent, excessive transportation infrastructure construction is a cause for caution. Especially in recent years, profound changes have occurred in China’s regional economic structure and demographic structure. The population in underdeveloped regions is accelerating its shift towards developed areas [12], and the imbalance between population and transportation development has become increasingly severe [13]. Faced with the dual contradictions of regional balanced development and the waste of transportation resources, research on the relationship between transportation land and the population scale offers new perspectives to address this issue.



There is a relatively limited amount of research directly addressing the relationship between transportation land and the population. From the perspective of literature relevance, current researchers tend to focus on analyzing the coupled relationship between population and land use changes, as well as the impact of transportation land. In existing research on the coupled relationship between population and land changes, quantitative analysis methods have been primarily employed. Common analytical techniques include the MCCA model, the coupling coordination model, the Tapio decoupling model, econometric models, etc. [14,15,16,17]. For instance, Feng Qiu et al. utilized spatial econometric methods to analyze the Edmonton–Calgary Corridor (ECC) region of Alberta, Canada. Their findings indicated a significant spatial interaction between population growth and urban land development, with population growth promoting land development, which in turn attracted suburban and rural residents to migrate to urban areas, thereby driving population growth [16]. Hung Chak Ho et al., based on a combined comparison of spatial multicriteria analysis, zonal statistics, and spatiotemporal modeling, examined population growth and land development in the continental United States from 2001 to 2011 to identify regions of population pressure. They discovered that the Midwest and Southern states in the United States will face less population pressure in future land development, while the southeast coast, Washington state, northern Texas, and the Southwest will face greater pressure due to faster population growth compared to suitable land loss [17]. Leonardo Bianchini et al. used principal component analysis to assess the spatial changes in per capita land use change indicators at five time points in Rome from 1949 to 2016. The results indicate that the mismatch between Rome’s urban expansion and population growth is increasing, highlighting the unsustainable characteristics of the current development pattern [18]. In China, there is also a wealth of research on the relationship between population and land changes. For example, Yongsheng Wang et al. used the Tapio decoupling model to study the relationship between the area of rural residential land and the resident population in the Yellow River Basin. The results indicated that the rural man–land relationship in the Yellow River Basin is not harmonious, characterized by a loss of the resident population in rural areas and an expansion of rural residential land areas [19]. Congmou Zhu et al., using the urban–rural construction land structure transformation index, established a theoretical model to reveal the relationship between urban–rural construction land transformation and urban–rural population flow. They found that the relationship between construction land and population flow in the Yangtze River Delta city group transitioned from a coupled state from 2000 to 2005 to a weak decoupling state from 2005 to 2015, with significant regional differences [20].



The academic community has conducted extensive research on transportation land. The construction of transportation land has been widely demonstrated to have a very positive significance in promoting regional economic development [21,22,23]. For instance, Eva Ivanova et al. employed time series and correlation analysis to study the transportation network of Czechoslovakia from 2000 to 2011, discovering a strong correlation between GDP development and the construction of transportation infrastructure. High-quality transportation facilities contribute to the direct inflow of external capital, thereby enhancing regional competitiveness [23]. C. P. Ng et al. analyzed time-series cross-sectional data from 60 countries over a period of 3 decades from 1980 to 2010 using fixed-effects panel linear regression, finding that the increase in road length per thousand people led to an increase in export volume, contributing to economic growth [22]. However, in terms of the relationship between transportation land construction and rural development, the promotion effect of transportation land construction shows significant regional differences. For instance, Sam Asher et al. used fuzzy regression discontinuity designs, and comprehensive household and firm census microdata to assess the impact of India’s USD 40 billion national rural road construction program, discovering that the main effect of transportation land growth is to facilitate the movement of workers out of agriculture. Even with better market connections, remote areas still lack economic opportunities [24]. John Gibson et al., based on the cross-sectional data of 4000 rural households in Indonesia from 1993 to 2000, proved that improving the accessibility and quality of rural road facilities would bring benefits to rural development [25]. Even though there are differences in the research of different scholars, it is undeniable that transportation land is a very important entry point for studying regional development. Research on the relationship between transportation land and population changes can provide a basis for addressing regional coordinated development.



Overall, the current study has its clear limitations. Firstly, there are relatively few studies on the analysis of the spatiotemporal and structural characteristics of transportation land in China. Moreover, the few existing studies use national-scale sample data, and there is a lack of research on provincial-scale transportation land. Secondly, scholars often analyze construction land as a whole in relation to the population, with limited research on the specific types of construction land and their relationship with population size. Based on the aforementioned considerations, this study takes Guangdong Province as a case study to analyze the dynamic relationship between transportation land and the population, aiming to unveil the equilibrium predicaments faced during the process of regional development in China. Guangdong, situated in the southern part of the Chinese Mainland, is one of the most economically developed provinces in China, with an urbanization rate reaching 74.79%. However, Guangdong is also one of the most unequally developed provinces in China, with significant disparities on the population and economic scale across regions within the province, and it presents an evident “center-periphery” structure (Pearl River Delta vs. peripheral areas surrounding the Pearl River Delta). The most economically developed center of Guangdong is the nine-city cluster of the Pearl River Delta, which includes Guangzhou, Foshan, Zhaoqing, Shenzhen, Dongguan, Huizhou, Zhuhai, Zhongshan, and Jiangmen. In 2023, the PRD economy surpassed CNY 11 trillion, accounting for 81% of the province’s GDP. Regionally balanced development has been a persistent policy direction for the Guangdong Provincial Government, which has also invested heavily in transportation infrastructure in recent years in pursuit of balanced development and to narrow the gap between the center and the periphery [26]. Therefore, it is imperative to focus on Guangdong Province as a case study to conduct specialized research on the regional balance issues faced by China’s most developed provinces and to assess the relationship between changes in transportation land and population structure. This study attempts to answer the following two questions: (1) What is the spatiotemporal pattern of transportation land use in Guangdong province, China, from 2010 onwards, and what are its characteristics? (2) What is the relationship between transportation land and population growth in Guangdong province from 2010 onwards? Are there features of mismatch between population and transportation land?




2. Study Area and Data


2.1. Study Area


Guangdong Province stands as the vanguard of China’s reform and opening up, maintaining the top spot in the country’s provincial economic aggregate for 33 consecutive years. However, due to the cumulative effects of various factors such as geographical location, resource endowments, policy systems, humanities and history, Guangdong’s regional development exhibits a pronounced gradient and uneven characteristics. The province is characterized by a distinct “center-periphery” structure, with the Pearl River Delta (PRD) serving as the core region and the eastern, western, and northern mountainous areas forming the periphery (Figure 1). The PRD is the region with the most industrialized and best development environment in the province, and it is also one of the most economically advanced areas in the nation. The PRD is also among the most densely populated regions in China [27]. The PRD has attracted a diverse population from across the country, with the peripheral area surrounding the PRD of Guangdong Province (Ps-PRD) being one of the regions with the most significant population loss. Population resources and productivity development levels in Ps-PRD are reasonable, and compared to the PRD, they fall behind in terms of economic development, resource conditions, cultural technology, and infrastructure [28].



The subject of this study encompasses 121 administrative units at the district (county) level and above in Guangdong Province. (As Dongguan and Zhongshan cities do not have county-level administrative divisions and directly govern township-level administrative units, they are studied as a single unit.) This study primarily focuses on land use and population data from 2010, 2015, and 2020, creating two comparative periods: 2010–2015 and 2015–2020. The land data used in this study are derived from land resource surveys published by the Guangdong Provincial Department of Natural Resources. The socio-economic data primarily come from statistical yearbooks of various cities in Guangdong Province.




2.2. Methodology


This paper employs a decoupling model and the exploratory spatial data analysis (ESDA) method for the correlation analysis of transportation land and population economics. Specifically, the ESDA method is utilized to analyze the spatial heterogeneity of transportation land growth and population changes in Guangdong Province at a holistic level. The decoupling model is employed to analyze the coupling relationship between the expansion of transportation land and population growth, thereby assessing the coordination between the two.



2.2.1. Decoupling Model


Decoupling analysis is commonly employed in research related to economics, land, transportation, resource depletion, environmental stress, and other domains [29]. The OECD categorizes decoupling degrees into two scenarios: relative decoupling and absolute decoupling [30]. Within this framework, absolute decoupling refers to the phenomenon where environmental variables remain stable or decline concurrently with economic development, while relative decoupling is defined as a situation where both the rate of economic growth and the rate of change in environmental variables are positive, but the rate of change in environmental variables is less than that of economic growth. In contrast to the OECD decoupling approach, which lacks stability due to its reliance on a fixed base period, the Tapio decoupling model is flexible and resilient, providing a reasonable position for different combinations of resource and environmental change and population growth. The focus of Tapio’s decoupling model research is primarily on resources and the environment [31], such as energy consumption [32] and the circular economy domain [33], with a focus on empirical analyses of asynchronous changes between these factors. Notably, the Tapio decoupling model has greater applicability in exploring land use changes and their associated influencing factors [34]. Therefore, this study adopts the Tapio decoupling model.



The objective of this study is to investigate the relationship between the growth of transportation land and demographic changes, employing the decoupling model’s elasticity coefficients to analyze the extent of their coupled decoupling. This study utilizes the rates of change in transportation land       L   i       and population       P   i      , along with the elasticity coefficients       α   i      , to construct the decoupling model between the transportation land and population.


    L   i   =     D   t , i   −   D   1 , i       D   1 , i     × 100 %  










    P   i   =     P   t , i   −   P   1 , i       P   1 , i     × 100 %  










    α   i   =     L   i       P   i     =       D   t , i   −   D   1 , i     /   D   1 , i         P   t , i   −   P   1 , i     /   P   1 , i      











Based on Tapio’s decoupling model, the relationship between the growth of transportation land and population changes can be categorized into negative decoupling, decoupling, and coupling types [35]. In practical applications, to avoid over-significantly interpreting minor changes in the variables, the elasticity coefficient is typically considered as coupling when it varies within a range of 20% around the value of 1.0, i.e., the decoupling index between 0.8 and 1.2 is classified as “coupling”. Additionally, the changes in the variables themselves may be positive or negative. Therefore, the coupling is further divided into growth coupling and recessive coupling. Based on the range of decoupling variables, decoupling is further categorized into three subtypes: weak decoupling, strong decoupling, and recessive decoupling. Similarly, negative decoupling is also divided into three subtypes: expansive negative decoupling, strong negative decoupling, and weak negative decoupling. For specific calculation and judgment criteria, see Table 1.




2.2.2. Exploratory Spatial Data Analysis


This paper employs exploratory spatial data analysis tools to investigate the spatial distribution patterns of transportation land and population size changes across different regions in Guangdong Province. By analyzing the correlation and degree of correlation between the observed values at a given location and those at neighboring locations, exploratory spatial data analysis methods explore the characteristics of spatial distribution. Using ArcGIS 10.2, this study employs the Getis-Ord Gi* statistics index method to conduct a spatial exploration of the hotspots and coldspots of per capita transportation land and the population for each administrative unit in Guangdong Province. The Getis-Ord Gi* statistics index method is also a form of local autocorrelation analysis. A positive correlation indicates that an object belongs to a high-value spatial cluster, or a hotspot, with higher values around it; when it is negatively correlated, it indicates a low-value spatial cluster, or a coldspot, with lower values around it [36]. The Getis-Ord Gi* statistics index method can effectively reveal the spatial distribution pattern of an object [37]. Based on ArcGIS 10.2, spatial visualization of the data is conducted to reveal the evolution trend of the spatial agglomeration distribution pattern of per capita transportation land and population in Guangdong Province, allowing for direct observation of the spatial evolution of the cold- and hotspots in terms of both types of agglomeration.






3. Results


3.1. Analysis of the Transportation Land Distribution Pattern


3.1.1. Overall Analysis


As shown in Figure 2. in 2010, Guangdong Province had a total transportation land area of 2787.05 km², which increased to 3394.19 km² by 2020. From 2010 to 2020, Guangdong Province’s transportation land, both in terms of total area and its proportion of all construction land, generally showed a trend of uniform growth. A peak was reached in 2018, with transportation land accounting for 16.7% of the construction land. After 2019, Guangdong Province’s transportation land growth significantly slowed down, followed by a slight rebound.



In 2010, among various types of transportation land, rural roads had the greatest consumption of land resources(Figure 3). However, over the subsequent decade, the proportion of rural roads in transportation land consistently decreased, with the land use decreasing from 1308.53 km2 in 2010 to 1007.29 km2 in 2020. In contrast, the growth rate of highway land was the fastest, surpassing that of rural roads and reaching 61% in 2020. The sizes of the railway land, airport, and port terminal land are relatively small.



Generally speaking, the scale of transportation land is related to the administrative jurisdiction area of each district and county. However, directly comparing the total amount of transportation land across districts and counties makes it difficult to summarize patterns. Therefore, this study calculates the per capita transportation land and the proportion of transportation land area in construction land use for each district and county in Guangdong Province, from both per capita and per-unit area perspectives (Figure 4). By comparing the spatial variation in per capita transportation land in each district and county in Guangdong Province, a “low in the center, high at the periphery” layered structure was observed overall during the period 2010–2020. The central region of the Pearl River Delta generally presents a high population density and a low per capita transportation land. The next is the peripheral area of the central region of the Pearl River Delta, which is within the median range. The area with the highest per capita transportation land is the marginal region around the Pearl River Delta, especially clustered in the northern and eastern Guangdong border areas. The distribution of transportation land proportion in the total regional area is contrary to per capita transportation land, exhibiting a “high in the center, low at the periphery” feature, meaning that the proportion of transportation land in the total area is high in the central region and low in the periphery. Additionally, the distribution of transportation land proportion in the total regional area also shows a characteristic of a high proportion in coastal areas and a low proportion in inland regions.




3.1.2. Characteristics of Transportation Land in the PRD and Peripheral PRD of Guangdong Province


In Guangdong Province, the structure of transportation land generally exhibits a “center-periphery” distribution pattern. To further investigate the characteristics of transportation land distribution in Guangdong Province, a comparative analysis is conducted between the transportation land in the PRD and the peripheral PRD of Guangdong Province.



Comparing the total transportation land and its proportion in the construction land of the peripheral PRD of Guangdong Province with the PRD (Figure 5), it was observed that the total transportation land in the peripheral PRD of Guangdong Province surpassed that of the PRD during 2010–2020, with an increasing gap year by year. The transportation land in the PRD experienced a slower increase than that in the peripheral area over these 10 years. Concurrently, the proportion of transportation land in the peripheral PRD of Guangdong Province consistently exceeded that of the PRD. This is primarily related to the Guangdong Provincial Government’s policy in recent years to achieve balanced regional development by refining the province’s transportation network. The Guangdong Provincial Government has continuously invested substantial funds in infrastructure construction in the underdeveloped peripheral PRD of Guangdong Province.



Comparing the structural changes in the transportation land of the PRD and the peripheral PRD of Guangdong Province, it can be observed that the PRD has consistently been dominated by road land use from 2010 to 2020. The early rural road land use in the peripheral PRD of Guangdong Province accounted for a significant proportion. Over the 10-year period, the amount of road land use increased significantly, surpassing the rural road land use by 2020. Additionally, the PRD and the peripheral PRD of Guangdong Province exhibit a similar trend of evolution, with rapid growth in road land use, particularly in the peripheral PRD of Guangdong Province during the period 2015–2020, while the area of rural road land use has slowly decreased. This also confirms the statement mentioned earlier that Guangdong Province has carried out significant investment and development in transportation infrastructure in the peripheral PRD of Guangdong Province in recent years.





3.2. Analysis of the Relationship between Population Growth and Transportation Land in Guangdong Province


3.2.1. Relationship between Per Capita Transportation Land and Population Hotspots


This study further investigates the relationship between the population and transportation land. We employed the Getis-Ord Gi* index to analyze the spatial agglomeration characteristics and spatiotemporal differences in per capita transportation land and population.



The results indicate that, between 2010 and 2020, there was a minimal overall change in the per capita transportation land and population hotspot distribution pattern in Guangdong Province. The hotspots of per capita transportation land were concentrated in Shaoguan City and its surroundings in the northern region of Guangdong, with later expansion to include the regions of Meizhou City and Lianzhou City. The coldspots of per capita transportation land were primarily concentrated in the PRD and Chaozhou City in the eastern region of Guangdong. The coldspots in the PRD showed a trend of increasing annually, while those in the western region of Guangdong decreased year by year. The population hotspots were consistently concentrated in the Pearl River Delta region.



The results of the hotspot analysis indicate that there is a significant spatial disparity between the per capita transportation land hotspots and population distribution hotspots in Guangdong Province, exhibiting a certain degree of mismatch characteristics. Specifically, regions with high per capita transportation land are peripheral areas with small population sizes, particularly in the northern region of Guangdong where per capita transportation land far exceeds that of the surrounding areas. This may be related to two factors: Firstly, as the Pearl River Delta is located in the southern part of the Chinese Mainland, most of the external transportation routes require passage through the northern region, thereby accounting for a significant proportion of transportation land. Figure 6 shows that the hotspots of per capita transportation land are all located where the Beijing–Guangzhou and Beijing–Kowloon railways pass through, which run in the south–north direction. Secondly, the northern region of Guangdong has more mountainous terrain, with less developed economies and fewer overall inhabitants, resulting in the highest per capita transportation land in this area. The coldspots of per capita transportation land are primarily seen in the PRD, which is the most economically developed region in Guangdong Province but is densely populated, making it a coldspot for per capita transportation land.




3.2.2. Spatial Pattern of Decoupling Relationship


To further investigate the relationship between transportation land and population changes in Guangdong Province, we employ a decoupling model. This model analyzes the degree of decoupling between changes in transportation land and population size. Figure 7 presents the spatial patterns of decoupling relationships for the periods 2010–2015 and 2015–2020. Overall, the relationship between population growth and transportation land is diverse, with predominantly opposite changes and some parallel changes. The opposite changes are primarily characterized by a decrease in people and an increase in transportation land, while the parallel changes are primarily characterized by a parallel increase in both people and transportation land. From 2010 to 2015, the relationship between population growth and transportation land exhibited a layered pattern. The northern Guangdong region, the Leizhou Peninsula in western Guangdong, and the Chaoshan region in eastern Guangdong exhibited a strongly negative decoupling state with a decrease in people and an increase in transportation land. In the peripheral areas of the Pearl River Delta, both transportation land and population increased, but the rate of increase for transportation land was relatively faster. The PRD, on the other hand, showed a parallel increase in both people and transportation land, or a faster population increase than transportation land, indicating a relatively similar relationship between population growth and transportation land.



From 2015 to 2020, Guangdong Province experienced a diverse relationship pattern between population growth and transportation land, with increasing regional imbalances. The coupling relationship between the transportation land and population exhibited significant negative decoupling, which accounted for the largest portion and had intensified over time, increasing from 21.4% to 32.2%, leading to an increase in regions with mismatches in the relationship between population growth and transportation land. In the northern region of Guangdong, the decrease in land for transportation was somewhat mitigated, while it became more pronounced in the eastern region. This phenomenon may be associated with Guangdong’s recent focus on developing east–west transportation and increasing infrastructure construction in the eastern region. There was a notable shift in the coupling relationship of the PRD (Pearl River Delta) region, where many areas experienced population growth but a decrease in transportation land. Combined with the previously observed significant reduction in rural road land use in the PRD, the cause of this population-growth-related decrease in transportation land may be related to the further acceleration of urbanization in the PRD. Notably, during the period 2010–2015, regions with negative expansion decoupling and weak decoupling accounted for the largest proportion, exceeding half of all regions; by 2015–2020, this had shifted to dominance by strong negative decoupling and negative expansion decoupling. This indicates that during the 2010–2015 period, most regions experienced relatively rapid growth in both population and transportation land, while during 2015–2020, the rate of transportation land growth remained unabated, while population growth decelerated.



The decoupling results, categorized by region, are presented in Figure 8. The decoupling patterns of the PRD (Pearl River Delta) region consistently indicate weak and expanding negative decoupling during the period 2010–2020. This suggests that the growth of transportation land in the PRD has been relatively well coordinated with population increase. The Ps-PRD region exhibited the highest number of counties with expanding negative decoupling from 2010 to 2015, followed by strong negative decoupling. In the period 2015–2020, the peripheral regions of the Pearl River Delta exhibited the highest number of counties with strong negative decoupling. The expansion of transportation land and the reduction in the population in the Ps-PRD region have been prominent issues, with a decoupling pattern observed between transportation land and population growth.



This study employs the ArcGIS 10.2 spatial analysis module to analyze the spatial heterogeneity of the decoupling relationship between transportation land and population growth in Guangdong Province, the Pearl River Delta (PRD), and the peripheral area surrounding the PRD of Guangdong Province in two stages. The Moran’s I values and their corresponding correlation values (Z values, p values) are presented in Table 2. The overall Moran’s I index for Guangdong Province in the two stages is 0.100 and 0.189, respectively, indicating a weak spatial autocorrelation in the decoupling relationship in both stages, which gradually strengthens over time. This analysis suggests that in the past decade, the decoupling relationship between transportation land and population growth in Guangdong Province shows a certain spatial positive correlation between urban units, indicating a certain degree of aggregation of the decoupling degree between transportation land use and population among district units, but, overall, it is not very obvious.



The Moran’s I index for the decoupling relationship in the Pearl River Delta (PRD) showed no spatial correlation during the period 2010–2015, with a p-value greater than 0.05. However, for the period 2015–2020, Moran’s I index was 0.199, indicating a weak spatial autocorrelation. The Moran’s I index for the peripheral area surrounding the PRD of Guangdong Province showed no spatial correlation in the two periods, with p-values greater than 0.05. Overall, the spatial clustering of the decoupling relationship at the regional level is weak. The degree of clustering of the decoupling relationship at the district level also reflects the convergence and divergence of the relationship between transportation land growth and population change in different regions. For example, the Pearl River Delta (PRD) has a high level of urbanization, high transportation accessibility and utilization rates, and rapid population growth. Therefore, the degree of decoupling is relatively similar, showing strong spatial clustering. In contrast, the peripheral area surrounding the PRD of Guangdong Province has a low and slow urbanization level, with cities mainly in individual forms, insufficiently close inter-city connections, and large differences in urban socio-economic development levels. Therefore, the spatial clustering characteristics of the decoupling relationship are not obvious. The spatial heterogeneity of the decoupling relationship at the regional level also reflects the differences in the transportation land and population change between urban agglomerations.






4. Discussion and Conclusions


This study focuses on 121 counties (cities and districts) in Guangdong Province as the research area, analyzing the temporal and spatial changes and structural features of transportation land. This study employs exploratory spatial data analysis (ESDA) and decoupling models to explore the relationship between transportation land and population growth. The findings indicated the following: (1) From 2010 to 2020, the per capita transportation land in various districts and counties of Guangdong Province showed a hierarchical structure of “low center and high periphery”. Conversely, the proportion of transportation land to construction land displayed a “high center and low periphery” characteristic. (2) During the same period, the total amount of transportation land in the peripheral areas of the Pearl River Delta was higher than that in the PRD (the Pearl River Delta) and the gap widened each year. Meanwhile, the proportion of transportation land to construction land in the peripheral areas of the Pearl River Delta was consistently higher than that in the PRD. (3) There were significant spatial differences between the per capita transportation land hotspots and population distribution hotspots in Guangdong Province, exhibiting characteristics of a misalignment between human and transportation land. (4) According to the results of the Tapio decoupling model, from 2010 to 2015, the relationship between transportation land and population growth exhibited a layered pattern; from 2015 to 2020, the pattern of this relationship became more complex, with increased regional imbalances. The decoupling results for the PRD during 2010–2020 were dominated by weak decoupling and expansionary negative decoupling; for Ps-PRD, they were primarily strong negative decoupling and expansionary negative decoupling.



The relationship between transportation land and population distribution provides new insights for understanding regional balanced development. For developing countries like China, the construction of transportation systems is considered an important means to narrow regional development gaps. Particularly, increasing transportation infrastructure investment in underdeveloped areas to enhance transportation connections between underdeveloped and developed areas has long been regarded as an effective development strategy for achieving regional balance. However, this study found that with the changes in population distribution patterns, the mismatch between transportation land use and population size in economically disadvantaged areas has become more severe, and the decoupling phenomenon between the transportation land and population is very apparent. Looking at the transportation land structure of the peripheral area surrounding the Pearl River Delta (PRD) of Guangdong Province, rural road land accounted for the highest proportion before 2015. On the one hand, this is due to natural conditions, such as the rugged hilly terrain in these areas, combined with low socio-economic levels and low population agglomeration, leading to a large amount of rural infrastructure consuming valuable land resources and funds. On the other hand, this also forces us to reflect on the issue of transportation waste. Therefore, further sustainable development strategies are needed to address the problem of transportation land waste. It is worth noting that during the period 2015–2020, the highway land in the peripheral area surrounding the PRD of Guangdong Province grew rapidly. Combining recent news reports and published data, it can be seen that Guangdong Province has conducted a large amount of road construction in underdeveloped areas in recent years in order to radiate the economy of the Pearl River Delta region to the surrounding areas and drive the development of the peripheral area surrounding the PRD. Additionally, it cannot be ignored that as the area surrounding the PRD, the transportation roads connecting the PRD region with the outside world must pass through the peripheral area surrounding the PRD of Guangdong Province. These transportation lands, to some extent, also occupy the transportation land development indicators of the peripheral area surrounding the PRD of Guangdong Province and cause certain damage to its ecological environment. Balancing the sacrifices of underdeveloped areas with the gains of developed areas has always been a recognized global challenge. Currently, there have been some achievements in existing research on similar contradictions or problems, such as development and ecological protection or carbon emissions, but there is still little research on the fairness of transportation land development. In China, the layout of transportation land is greatly influenced by the higher-level government, especially in the construction of national strategic channels, where the multi-level government game is very complex.



In terms of policy recommendations, this study suggests that Guangdong Province should adopt differentiated policies to address diverse regional types and regional development disparities. For areas experiencing decoupling or connecting decline, urban cores that are in a shrinking stage should aim for intensive development to avoid the extensive construction of new transportation projects. This can be achieved by conducting transportation surveys and demand forecasts to develop reasonable transportation plans that balance transportation demand and resource supply. Additionally, optimizing urban industrial structures, providing more employment opportunities, and implementing preferential policies to attract the population can improve the efficiency of transportation infrastructure utilization.



For areas experiencing strong negative decoupling and expansionary negative decoupling, it is recommended to cautiously adjust the current expansion-oriented construction mode and promote high-quality transportation construction that is compatible with economic and social development, while considering efficiency and being within the range of fiscal affordability. Additionally, strategies may include leveraging existing transportation advantages, strengthening the construction of industrial supporting facilities to improve the business environment, enhancing cooperation between regions, leveraging regional comparative advantages, actively undertaking enterprise relocation and economic radiation from the Pearl River Delta region, and jointly promoting regional economic development. In addition, fully utilizing existing transportation infrastructure, nurturing new economic growth points, increasing investment in agriculture, services, and other fields to promote economic structural adjustment, transformation, and upgrade, may also be useful. Weak decoupling areas are mostly located in the central districts of cities with relatively good economic development. For these areas, it is necessary to strengthen the role of transportation in supporting populations and industries, and to fully leverage the population advantages.



Secondly, there is an urgent need to comprehensively improve the quality of transportation infrastructure supply. In the context of uneven regional development, it is necessary to address the regional differences in the supply structure of transportation infrastructure and achieve the optimal allocation of transportation elements. Aligning transportation development with regional population mobility trends to avoid blind investment and inefficient construction is crucial. Special attention should be given to areas where transportation construction is excessively large, the population is shrinking rapidly, and resource and environmental-carrying capacity are weak.



Lastly, regarding regional transportation infrastructure, its construction benefits have both temporal medium-to-long-term characteristics and spatial spillover effects. In terms of time, the multiplier effects of transportation infrastructure, such as improving productivity, driving employment, and enhancing market conditions, take time to accumulate. In terms of space, the construction of a cross-regional transportation corridor drives development over a larger geographical area and serves multidimensional comprehensive goals such as promoting economic, social, cultural, and national security. The investment in the peripheral area surrounding the Pearl River Delta (PRD) of Guangdong Province may not yield immediate results in the short term, which has, to some extent, led to the current mismatch between population and transportation land. However, from a long-term perspective, the investment in transportation land plays a role in driving the development of these economically backward areas. Evaluating transportation development from a land-use perspective requires a multidimensional global perspective that considers both short-term and long-term effects.



This study explores the spatiotemporal pattern and structural characteristics of transportation land in Guangdong Province, China, as well as its relationship with the spatial distribution of the population. It enriches the exploration of the spatiotemporal pattern of transportation land in China and the study of the relationship between specific land types and population sizes. The research results are beneficial for deepening our understanding of regional development differences and balancing resource supply, providing a theoretical basis for achieving regional sustainable development. However, the current study still has certain limitations that require further exploration. Firstly, the factors influencing the expansion of transportation land have not been further explored. Future research should increase the analysis of driving factors by adding more time series data, which may provide more policy insights. Secondly, the interaction between transportation land and the population has not been deeply analyzed, and future research should supplement and improve the relevant analysis. Finally, due to data limitations, this study did not distinguish between transportation infrastructure serving local communities and large corridors serving nationally important cities, neglecting the background differences caused by the characteristics of the two. Future research could differentiate between them and provide a detailed comparison of the results.



From the perspective of the “center-periphery” theory, this study links the research results with theoretical concepts. It analyzes the differences in transportation infrastructure supply and its relationship with the population in the center-periphery zone of Guangdong, China, under the background of regional imbalance development. This study uses the results to provide reference suggestions for regional policies and facility allocation, aiming to enhance our understanding of China’s changes, promote the connection between theory and empirical evidence, and provide a reference value for future research.
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Figure 1. Study area overview. 
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Figure 2. Growth of transportation land in Guangdong Province, 2010–2020. 
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Figure 3. Structure of transportation land in 2010/2015/2020. 
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Figure 4. Per capita area of land used for transportation and percentage of land used for transportation in various districts and counties of Guangdong Province. 
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Figure 5. Comparison of Transportation Land Use Structure in Two Regions. 
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Figure 6. Spatial distribution of per capita transportation land and population hotspots in Guangdong Province, 2010–2020. 






Figure 6. Spatial distribution of per capita transportation land and population hotspots in Guangdong Province, 2010–2020.



[image: Land 13 00484 g006]







[image: Land 13 00484 g007] 





Figure 7. The spatial distribution of the decoupled relationship between transportation land use and population change in Guangdong Province, 2010–2020. 
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Figure 8. Comparison of the degree of decoupling between the two regions. 
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Table 1. Transportation land use and population decoupling status type.
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Type

	
Decoupling State

	
      L   i      

	
      P   i      

	
      α   i      

	
Definition






	
Decoupling

	
Weak Decoupling

	
≥0

	
≥0

	
0~0.8

	
Both are increasing, but the rate of population growth is relatively faster




	
Strong Decoupling

	
<0

	
>0

	
<0

	
Population increase, transportation land decrease, the relationship between population growth and transportation land is most rational




	
Recessive Decoupling

	
<0

	
<0

	
>1.2

	
Both have decreased, but the reduction in transportation land has been relatively faster




	
Negative Decoupling

	
Expansive Negative Decoupling

	
>0

	
>0

	
>1.2

	
Both have increased, but the rate of growth in transportation land has been relatively faster




	
Strong Negative Decoupling

	
>0

	
<0

	
<0

	
Population decrease, transportation land increase, the relationship between population growth and transportation land is most unreasonable




	
Weak Negative Decoupling

	
≤0

	
≤0

	
0~0.8

	
Both have decreased, but the deceleration of population growth is relatively faster




	
Coupling

	
Expansive Coupling

	
>0

	
>0

	
0.8~1.2

	
Both are increasing and relatively keep pace




	
Recessive Coupling

	
<0

	
<0

	
0.8~1.2

	
Both are decreasing and relatively keep pace











 





Table 2. The spatial statistical variable of decoupling relationship between transportation land and population growth in Guangdong Province.
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District

	
Time

	
Statistical Variables




	
Moran’s I

	
Z-Value

	
p-Value






	
Guangdong Province

	
2010–2015

	
0.100

	
1.752

	
0.047




	
2015–2020

	
0.189

	
3.177

	
0.003




	
PRD

	
2010–2015

	
0.103

	
1.204

	
0.038




	
2015–2020

	
