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Abstract

:

With the rapid development of China’s economy, alleviating the shortage of land resources has become a significant challenge. Transportation infrastructure is a channel connecting cities, which carries the flow of population and material circulation. The efficient allocation of land used for transportation is closely related to production and life. By investigating the main factors affecting the priority of the supply of land used for transportation, this paper evaluates the transportation condition of all cities in China from five aspects: dominance, dependence, coordination, accessibility, and land demand for transportation. Furthermore, this paper constructs a multi-objective decision support system for land supply, which aims to find out which cities are in urgent need of the supply of land for transportation and what types of transportation infrastructure need to be focused on. The results of this paper show that most of the cities with high land supply priority are non-provincial capital cities and are important growth poles of regional economic development. The construction of a comprehensive transportation system is the short-term goal of these cities. Most cities with low land supply priority are sparsely populated, in good ecological condition, and far away from the core areas of economic development. The preferred transportation mode of these cities is generally land transportation. The main contribution of this paper is to provide a comprehensive decision support system for the land management department to determine land supply priorities and achieve the sustainable use of land.
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1. Introduction


Land is an essential carrier for human production and living activities [1,2,3]. With the advancement of remote sensing technology, land use/cover classification has been extensively studied [4,5], and land used for transportation has become one of the critical land-use types. The change in the development stage of transportation is essentially a response to the shortage of land resources [6]. To alleviate the scarcity of transportation infrastructure, many countries, especially developed or populous countries, have carried out related actions, such as the TRANSPLUS project [7], Sustainable Urban Mobility Plan (SUMP) [8], “Beyond Traffic” plan [9], Smart Mobility 2030 [10], and the “National Comprehensive Three-dimensional Transportation Network” plan.



Since the beginning of the 21st century, China has vigorously promoted the construction of transportation infrastructure, and roads and railways are dominant in transportation infrastructure [11,12]. However, China is still facing tremendous pressure on transportation demand. During the 13th five-year plan period, from 2016 to 2020, some cities (especially emerging cities) have already met the practical constraints of land shortage [13]. In addition, according to official statistics from Eurostat and the National Bureau of Statistics of China, the EU’s road construction land occupies 1.3% of the EU’s total land. Still, China’s land area devoted to transportation accounts for less than 1% of the total land area (as of the end of 2016), and China’s population is nearly three times that of the EU’s population, which indicates that there is still a large gap in terms of transportation infrastructure between China and developed regions. Optimizing the allocation of land used for transportation to realize intensive land use is a significant issue facing China’s transportation infrastructure construction in the future. From the perspective of land resource management, there are three main research topics related to transportation: (1) research on essential factors that influence the demand for transportation infrastructure, (2) the relationship between transportation and land use, and (3) the evaluation, planning, optimal allocation, and demand forecasting of land used for transportation.



The fundamental cause for the shortage of transportation is the rapid development of the world economy [14,15]. The interaction between transportation and the economy has always been hotly discussed [16,17]. It has been widely recognized that transportation infrastructure plays an important role in national economic development, and there is a positive relationship between transportation development and economic growth [18]. In addition, most studies have also confirmed that population [19], income [20], infrastructure investment [21], industrial development [22,23], employment [24], urbanization [25,26], land use management [27] and car ownership [28] have an important impact on the transportation system.



With the rapid development of the economy, the demand for industrial expansion for transportation services is increasing [29], and the contradiction between transportation construction and land use is intensifying [30]. Previous studies generally separated transportation from the land use system and focused on the interaction between transportation and land use [31,32]. The interaction between these two systems is a dynamic process [33]. The change of transportation system has a direct and indirect effect on the land use system, and there is a time lag in the effect [34]. The direct impact is that the construction of transportation infrastructure will inevitably occupy land resources [35], and the indirect impact is that the improvement of the transportation system will lead to the simultaneous establishment of multiple supporting facilities [36]. Moreover, the effect of transportation on the land-use system has two sides. The positive impact is mainly the promotion of industrial development, and the negative impact is the hindrance to the protection of ecological areas [37]. Based on understanding the interaction between transportation and land use, the current research focuses on optimizing urban land-use patterns from the perspective of sustainable transportation development [38], and conducts transportation and land use policy analysis [39].



There have been some studies which have integrated transportation and land use and researched these from the perspectives of efficiency evaluation [40,41], optimal allocation [42,43], and demand forecasting of land used for transportation [44]. It is a common goal to realize sustainable development through land-use allocation optimization [45,46]. The allocation of land used for transportation is divided into three levels: the macro-, meso- and micro-levels [47]. The macro-level land allocation means that the land administration department adjusts the supply and demand of land used for transportation through land use plans to balance the macroeconomic, social, and environmental benefits of land use [48]. The meso-level land allocation considers the form, type, time, and space of land allocation to adapt to different regions and subjects [49]. The micro-level land allocation is about how to reasonably save and use land resources during project construction [50]. In addition, demand forecasting of land used for transportation is an essential part of land use planning and transportation strategic planning [51,52]. The forecasting method of land demand is mainly quantitative analysis, including the regression model [53], trend extrapolation method [54], Markov chain model [55], grey model [56], system dynamics [57], and neural network [58].



China is still in a prosperous period of transportation construction, which places great demands on land used for transportation. Under the socialist market economy system, the Chinese government still plays an essential role in allocating transportation resources. Current researches on transportation and land use are primarily concentrated in cities or urban agglomerations, and there is no research to put forward the supply of land used for transportation from the perspective of all prefecture-level cities in China. To improve the land supply efficiency of China’s transportation sector, this paper takes all prefecture-level cities in China as the research object and proposes a land supply suggestion based on sustainable urban development, which provides an essential reference for the formulation and implementation of China’s transportation strategic planning. The purpose of this paper is to: (1) construct a transportation land supply decision support system serving the national strategic planning and development, (2) comprehensively evaluate the transportation conditions of Chinese cities from the dominance, dependence, coordination, accessibility, and land demand forecasting, and (3) propose the decision reference of supply of land used for transportation with a clear order and type.



The remainder of this paper is structured as follows. Section 2 introduces the data source, research framework, and methodology. Section 3 details the condition of transportation land use from five aspects and presents the results of transportation land supply decisions in Chinese cities. Section 4 and Section 5 discusses and concludes this study.




2. Materials and Methods


2.1. Data Source


The data used in this paper include: spatial data, statistical data and other data. Spatial data is mainly used for accessibility analysis and spatial visualization analysis. Statistical data is used to evaluate and forecast land demand for transportation construction, and this is the basic data for constructing a transportation land supply decision support system. Other data come from Chinese officials, which are mainly used to determine the city’s preferred transportation mode and validate the reliability of the research results (Table 1).




2.2. Design of Decision Support System for Transportation Land Supply


With the deepening of the concept of sustainable land use, China’s land supply pattern has gradually changed from extensive to intensive [59]. To meet the diversified needs of transportation in current and future social and economic development, the strategic focus of the national transportation construction goal should be on obtaining the highest transportation value with the lowest resource consumption. Under the double effects of rigid transportation demand and resource constraints, it is vital for China’s land management departments to make the optimal land supply plan for transportation. The Chinese government monopolizes the primary land market and has absolute dominance over the supply of land. Therefore, developing a sustainable land supply strategy will affect the land-use efficiency of the whole country [60]. This paper focuses on the objectives of transportation land supply and has developed a sustainable land supply decision support system that meets the needs of current development of China.



Land used for transportation carries human travel and various economic activities. Population growth and industrial development will lead to a shortage of land used for urban transportation infrastructure. Due to the scarcity and limitation of land, decision makers/planners will inevitably face the challenge of reasonably allocating all kinds of land. For cities with low transportation accessibility and high potential land demand, filling the shortage of land used for transportation and improving the transportation accessibility is the primary task of land supply decisions [61]. In addition, previous studies have shown that the construction of transportation infrastructure can stimulate the development of the regional industrial economy [62]. The transportation sector cannot create benefits separately, which is reflected in its value by supporting other industry sectors. The dependence and type preference of industry sectors on transportation are different, which provides a reference for decision-makers in the land supply structure. For example, resource-intensive industries prefer rail transport, which is suitable for long-distance, large volume, and low pollution risk transportation. Therefore, the supply of land used for transportation in favor of the development needs of urban leading industries determines the future development potential and direction of the city.



The acceleration of China’s urbanization process and the extensive land supply policies lead to the oversupply of land in some cities [63]. These cities should improve the utilization efficiency of land used for transportation by tapping into the potential of land use. Population, economy, and ecology are essential effect factors in transportation construction. The coordinated development of social, eco-economic, and transportation is a fundamental and necessary way to improve land-use efficiency. With the proposal of ecological civilization construction, China’s land use planning is transformed from the “life and construction priority” to “ecological priority”, which reflects China’s attention to ecological construction in its new stage of development [64]. Therefore, when making land supply decisions, decision-makers should not only consider meeting human production and living needs, but should also consider the constraints of ecological construction on transportation and strictly abide by the red line of ecological protection.



Considering the long-term supply–demand balance of land use, transportation accessibility, the dependence of industry, the preferred transportation mode, and the coordination of social, eco-economic to transportation land supply, the ultimate purpose of this study is to provide a decision-making suggestion for transportation land supply with a clear order and type. When determining the priority of land supply, ensuring the adequacy of reserve land is the premise. The most direct way to alleviate the scarcity of land used for transportation is to increase land supply. Without the guarantee of land area, there is no operational flexibility to improve land-use efficiency. Filling the land shortage, and balancing the benefits of population, economy, ecology, and land use, is an essential part of sustainable development. Clarifying the land supply type in Chinese cities is a further refinement of decision-making. The determination of transportation land supply type is thoroughly combined with urban strategic planning, and leading and emerging industries. Moreover, to validate the reliability of the research results, this paper compares the research results with the city-level, provincial, and national transportation strategic planning (Figure 1).




2.3. Methodology


2.3.1. Quantify the Dependence of Urban Development on Transportation


There is a significant relationship between transportation and industrial development [65], and industry sectors have different levels of dependence on the transportation sector. This paper uses the complete consumption coefficient calculated by the input–output model to determine the dependence of various sectors of the economy on the transportation sector [66,67]. The input–output table is from the National Bureau of Statistics. The formula is as follows.
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where    a  ij     is the amount of product i that is directly consumed by each unit of production j,    x j    is the output of sector j,    x  ij     is the input of sector i to sector j, B is the complete consumption coefficient matrix, A is the direct consumption coefficient matrix, and I is the unit vector.



This paper then investigates the dependence on transportation by determining the leading industries and strategic emerging industries of different cities. The determination of leading industries and strategic emerging industries mainly refers to the government’s public report and industry output value data. The formula is as follows.


   D i   =      ∑    r = 1     n i     B  ri      n i     



(3)




where    D i    is the transportation dependence in i cities,    B  ri     is the complete consumption coefficient of the r sector in i cities, and    n i    is the number of leading industries and strategic emerging industries in i cities. Moreover, this paper applies the quadrant method to divide Chinese cities into four levels: low (L), lower-middle (LM), higher-middle (HM), and high (H).




2.3.2. Determine the Preference of Transportation Mode in Chinese Cities


The urban preferred transportation mode is determined regarding the strategic transportation plan that has been issued by the Chinese government. More specifically, the determination of highway hub cities refers to 196 cities proposed in the layout planning of national highway transportation hubs. The determination of railway hub cities refers to the general plan of railway hubs issued by the China Railway Corporation. The determination of waterway hub cities refers to the main port cities mentioned in the Port Law of the people’s Republic of China. According to the civil aviation airport production statistics bulletin (2017) issued by the Civil Aviation Administration of China, cities with passenger throughput of more than 10 million airports are designated as air transport hub cities. According to the determination principle of the transportation hub, Chinese cities are divided into seven transportation modes in this paper (Figure 2).




2.3.3. Response of Socio-Economic Development and Ecological Protection to Transportation Construction


The coordinated development of socio-economic, ecology and, transportation is a critical path to construct a sustainable transportation system [68]. In this paper, the coupling coordination degree model is used to investigate the interaction between population, economy, and transportation, and the disturbance degree model is used to reflect the impact of transportation construction on ecological protection.



(1) Coupling coordination degree model



The coupling means that two or more systems affect each other by interaction. The degree of coupling reflects the degree of interaction between the systems, and the degree of coordination demonstrates the degree of benign coupling in system interaction. Coupling coordination can determine whether there is coordinated development between systems. The formula can be expressed as follows.


   {       C =     {   U 1  ×  U 2  /    [   (   U 1  +  U 2   )   / 2   ]   2   }     1 / 2          T = α  U 1  + β  U 2         
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   D =    C × T    



(5)




where C is the coupling degree, U1 and U2 are two interacting subsystems, T is the comprehensive coordination index of the two subsystems, D is the coupling coordination degree,  α  and  β  are the weights of subsystems, and this paper sets the same weights of U1 and U2. In addition, this paper applies the quadrant method to divide D to four levels: low (L), lower-middle (LM), higher-middle (HM), and high (H).



(2) Disturbance degree model



The disturbance degree model is applied to quantify the disturbance of the transportation construction on the ecological area. The higher the disturbance, the more frequent transportation activities in the ecological area. The formula is as follows.


W = L⁄S



(6)




where W is the degree of disturbance, L is the length of the road (highway and railway) in the ecological area, and S is the ecological function area.




2.3.4. Grey Prediction of Land Demand for Transportation


Grey system theory is the control theory of systems with incomplete or uncertain information, which was founded in 1982 [69]. With the development of nearly 40 years, Grey system theory has been widely used in the field of social economy, and it can effectively solve the problems of limited sample size or insufficient information [70]. This paper uses the GM (1, 1) model, which is a time series forecasting model [71], to forecast the area demand of land used for transportation in Chinese cities. The formula is as follows.


      x  ^    ( 1 )   (  k  ) =       x  ^    ( 0 )   ( 1 ) −   b   a       e   −  a  (  k  − 1 )   +   b   a   ,   k  = 2 , … ,  n   



(7)




where       x  ^    ( 0 )     is the original sequence,       x  ^    ( 1 )   (  k  )   is the original first-order cumulative generation (1    −    AGO) sequence data fitted value, k is the time series, and a and b are model parameters.



To ensure the validity of the grey model, an error test must be carried out. GM (1, 1) model error test generally uses a post-test test method. The formula is as follows.


     C = S   1  /  S 0   
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   P  =  P       ε  ( 0 )   (  k  ) −     ε  −    ( 0 )     < 0.6745   S   0      
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where C is a posterior difference ratio, P is the small error probability, S0 is the variance of the original sequence, S1 is the variance of the residuals, and    ε   ( 0 )      is the residual. When C < 0.35 and P > 0.95, the model is generally considered to be reliable and the model can be used for forecasting.




2.3.5. Evaluation of Transportation Accessibility in Chinese Cities


Spatial syntax is widely used in the accessibility evaluation of urban transportation networks (Table 2). For accessibility analysis with spatial syntax, the road and rail network map should be abstracted into an axis map. The axis is defined as the intersecting line from the starting point to the farthest visible point. In addition, according to the essence of spatial syntactic model, this study is based on two assumptions: ignoring axis attributes and ignoring the influence of topography. Generally, cities are the basic units of daily travel and logistics, so each city is both the starting point and the end point. Therefore, the axis segmentation in this paper adopts the prefecture-level administrative unit as the breakpoint to break the longer axis, and the broken section is regarded as the topological element to complete the expansion of the axis model [72]. The spatial segmentation method used in this paper has been proved to be effective for the analysis of population mobility and large-scale research [73,74].



Existing research generally supports that connection value and integration are the most commonly used and most influential parameters in spatial syntax models [75]. Therefore, this paper uses the connection value to reflect the accessibility of an axis, and the accessibility of the connected axis is measured by local integration [76]. Considering the connection value and integration, the accessibility index based on the spatial syntax model is proposed [77]. The formula is as follows.


   A i   =    ∑    j = 0   n   I j   



(10)




where    A i    is the accessibility index, n is the number of other axes connected to the i axis, and    I j    is the local integration of the j axis.






3. Results


3.1. The Dominant Mode of Transportation in Chinese Cities


Nearly two thirds of China’s prefecture-level cities are dominated by a single transportation mode and these cities are mainly distributed in central and western China (Figure 3). Moreover, more than 80% of the single transportation mode cities are dominated by highway transportation, reflecting the critical position of highway transportation in China’s transportation system. Air and waterway transportation is restricted by geographical conditions and thus are unlikely to become universal transportation modes, but they are still essential components of the transportation system of some cities. Cities dominated by integrated transportation are mainly located in the eastern coastal area, and these cities are mainly economically developed and densely populated. “H-A mode” cities are primarily distributed in central and western China, such as Lijiang, Xishuangbanna Dai Autonomous Prefecture, Zhangjiajie, and Yanbian Korean Autonomous Prefecture. These cities are generally economically backward and limited by geographical conditions; it is difficult to carry out railway construction, and air transportation has become an important transportation mode for economic development. “H-W mode” cities are mainly distributed in coastal areas and the Yangtze, Yellow, and Pearl River basins, such as Zhoushan, Jingzhou, Qinhuangdao, Rizhao and Shantou. “H-R mode” cities are mainly provincial sub-central cities and emerging cities with high development potential, such as Tangshan, Luoyang, Baoji, Jiuquan, Tongliao, and Huaihua.




3.2. Analysis on the Dependence of Transportation in Chinese Cities


More than 200 cities have high and higher-middle levels of dependence on transportation, reflecting that transportation infrastructure plays an essential role in China’s economic growth and industrial development (Figure 4). Cities with high dependence on transportation are mainly concentrated in central and eastern China, and the development of leading industries in these cities needs strong support from the transportation sector. Cities with low and lower-middle levels of dependence on transportation are mainly distributed in western China. Most of these cities’ leading industries are dominated by agriculture and animal husbandry. It is worth noting that some cities in the west border areas of China are highly dependent on transportation, such as Kashgar, Hotan, Ngari, Bayingoleng Mongolian Autonomous Prefecture, and Altay. Moreover, Kashgar is the only city with high transportation dependence in Xinjiang. The main reason for Kashgar’s high dependence on transportation is that it is the economic growth pole of Xinjiang, and it is the industrial base of the textile industry, metallurgical industry, petrochemical industry, international trade logistics industry, tourism and agricultural and sideline products processing industry in the western region, and these industries are highly dependent on the support of transportation sector.




3.3. The Response of Social and Eco-Economic to the Land Demand for Transportation


The coupling coordination degree of population and transportation in Chinese cities presents the spatial distribution characteristics of high in the east and low in the west, which is consistent with the spatial distribution of population density in China (Figure 5). Cities with high coupling and coordination of economy and transportation are mainly distributed in provincial capital cities, provincial sub-central cities, and emerging cities. The coupling coordination of economy, population, and transportation present similar spatial distribution characteristics, reflecting the positive response between transportation construction, economic development, and population aggregation. However, a few cities show a lack of coordination between the population and economy, such as Hulunbuir, Ordos, and Jieyang. The cities in the western and northeastern parts of China are less disturbed by transportation activities. The cities in the central and eastern parts of China have experienced frequent infrastructure construction activities.




3.4. Analysis of the Accessibility of the Transportation Network in Chinese Cities


The transportation accessibility of Chinese cities presents the spatial distribution characteristic of high in the northeast and low in the southwest, similar to the spatial distribution characteristics of population density in China (Figure 6). Most cities with high transportation accessibility are provincial capitals and municipalities directly under the central government, and these cities are China’s comprehensive transportation hubs. Beijing is the city with the highest accessibility of transportation in China, which is closely related to Beijing’s political and economic status. In addition, cities with high transportation accessibility show apparent spatial aggregation, mainly distributed in the Jing-Jin-Ji urban circle, Yangtze river delta urban agglomerations, Pearl river delta urban agglomeration, central plains economic region, and Chengdu-Chongqing economic circle. The accessibility of transportation in western cities is generally low, mainly limited by geographical conditions. The transportation accessibility of 11 cities is 0, including Shuangyashan, Daxing’anling Prefecture, Huanggang, Sansha, Honghe Hani and Yi Autonomous Prefecture, Wenshan Zhuang and Miao Autonomous Prefecture, Nujiang Lisu Autonomous Prefecture, Shannan region, Huangnan Tibetan Autonomous Prefecture, Hainan Tibetan Autonomous Prefecture, and Bortala Mongol Autonomous Prefecture.




3.5. Land Demand Forecast for Chinese Cities in 2025


The focus of China’s transportation infrastructure construction is gradually shifting from the east to the central and western regions, and prosperous infrastructure construction activities will bring huge land demand. Cities with high land demand for transportation are mainly distributed in west and central China, and cities with high land demand for transportation are mainly divided into two types: municipalities directly under the central government and provincial capital cities, and cities with high development potential in western China (Figure 7). Municipalities directly under the central government and provincial capital cities have relatively complete transportation systems, but the rapid economic development and population migration still bring tremendous transportation pressure. For example, Chongqing has the highest land demand for transportation; it is an important transportation hub in the southwestern region of China, as well as the most populous city. Due to the weak transportation infrastructure of emerging cities in western China, it is necessary to increase land supply to meet development needs. Cities with low land demand for transportation are mainly underdeveloped cities in the northeast and west China. In addition, the construction of transportation infrastructure has slowed down in some third- and fourth-tier cities in eastern China, such as Huangshan, Lishui, Zhenjiang, and Jining.




3.6. Decision Making of Transportation Land Supply in Chinese cities


Cities that need to be prioritized for transportation land supply are mostly non-provincial capital cities and are the growth poles of regional economic development (Figure 8). The top ten cities in transportation land supply priority are Kashgar, Qiandongnan Miao and Dong Autonomous Prefecture, Wenzhou, Xianyang, Wuhu, Hefei, Zhangjiakou, Nyingchi, Alxa League, and Xilingol League. The main characteristics of cities with low land supply priority are sparse population, good ecological condition, and being far away from the core area of economic development, such as Songyuan, Jiayuguan, Nagqu, Rikaze, and Daxing’anling Prefecture. Moreover, cities with integrated land supply modes generally have higher land supply priority, and these cities are promoting the construction of a comprehensive three-dimensional transportation systems. Cities with high land supply priority in the western region are generally dominated by a single transportation mode, mainly due to the weak transportation infrastructure in the west region and the difficulty in developing a comprehensive transportation system in the short term.





4. Discussion


4.1. Reliability Validation of Transportation Land Supply Strategy in Chinese Cities


Since the government has not issued a specific plan on the allocation of land used for transportation, this paper refers to the national, provincial, and city-level transportation strategic plan to validate the reliability of the research results. The verification results indicate that the cities with high priority of land supply proposed in this paper are the key construction cities of China’s transportation infrastructure. For example, the outline of the national comprehensive three-dimensional transportation network planning recently released by the Chinese government points out that Kashgar is an essential group for building the national comprehensive three-dimensional transportation network. It is one of the critical border channels. The Chinese government has planned to build roads and railways in Kashgar and build Kashgar into an aviation hub. Moreover, according to the 13th five-year plan for transportation development, Qiandongnan Miao and Dong Autonomous Prefecture have planned to build 953 km of expressways and 16 general airports from 2015 to 2020. The total capital needed for transportation infrastructure construction is about 217.5 billion yuan, which has doubled compared with the 12th five-year plan period. Cities with a low priority of transportation land supply have a low strategic position in national transport planning, and few major transportation infrastructure projects are planned to be built in the short term in these cities.




4.2. Implications and Applications


Land used for transportation is an integral part of the land use classification system, and the primary function of transportation infrastructure is the link connecting cities and the channel for population flow and material circulation [78]. The allocation of land used for transportation refers to the allocation of different types of transportation infrastructure to different regions in a certain period. The purpose is to effectively meet the passenger and freight transportation needs generated by economic and social development. Therefore, the optimal allocation of land used for transportation greatly affects the quality of life and production capacity. Few studies have focused on the optimal allocation of land used for transportation, and there is no research on the supply decision of land used for urban transportation at the national scale. In this paper, the multiple objective-oriented decision of transportation land supply is proposed by comprehensively considering various factors that affect transportation construction. The research results of this paper provide a decision-making reference for the land management department to improve land- use efficiency, and the ultimate goal is to achieve sustainable transportation development.



For the land management department, it is of great significance to investigate the development of leading industries and strategic emerging industries in a city, which is an essential way to reasonably allocate land used for transportation on a large scale. Leading industries affect the speed and volume of urban economic growth, and emerging industries affect the inner potential of urban economic development [79]. Therefore, the industrial development direction of a city has a significant impact on its preference for transportation modes and its dependence on transportation. For example, resource-based cities generally have a higher dependence on transportation, while agriculture-based cities have typically lower dependence on transportation. For developed cities with relatively stable industrial structures, the land supply idea should change to high land-use efficiencies, such as Beijing, Shanghai, and Hangzhou. The economic development of emerging cities, such as Chengdu, Guiyang, and Xiangyang, is in the stage of rapid rise, and the development and transformation of industries need the support of large-scale transportation infrastructure construction. In addition, the land use demand forecast for transportation is another important path to reasonably allocate land used for transportation on a large scale. Reasonable land use demand forecasting can more intuitively show which cities are in urgent need of land supply [80]. The growth rate of land used for urban transportation in recent years can reflect the demand for land areas devoted to transportation for urban development. From 2009 to 2016, the land area devoted to transportation of 27 cities at least doubled, and most cities are distributed in the central and western regions, which reflects the increasing construction of transportation infrastructure in west and central China in recent years. Moreover, transportation accessibility analysis is a crucial method to characterize the current situation of urban transportation development [52]. Cities with low transportation accessibility should be paid more attention to by land management departments. The construction of transportation infrastructure in these cities is also an important part of building a comprehensive three-dimensional transportation network in China.



The land supply strategy of the transportation sector is not to expand the land area in a disorderly fashion; the oversupply of land will lead to the imbalance of urban development [81]. The coordinated development of social and eco-economic benefits and transportation demand is the ultimate objective to realize sustainable transportation [82]. Therefore, the land management department should fully consider the social, economic, and ecological conditions of the city when formulating the land supply plan. More than half of China’s cities are still in the uncoordinated development of transportation and social economy, reflecting the unbalanced allocation of land used for transportation. In addition, with the Chinese government vigorously carrying out the construction of ecological civilization, the decision-making of land supply must consider the negative impact of transportation infrastructure construction on ecological protection [83]. China’s central and local governments have defined the scope of the ecological conservation redline and stipulated that production and construction activities are prohibited in the ecological conservation core area [84]. To maintain national ecological security, the construction of urban transportation infrastructure must avoid destroying habitat and endangering biodiversity.




4.3. Limitations and Prospects


The research on sustainable land use from multiple scales is an important task in the future. The purpose of this paper is to recommend to decision-makers at the macro scale where to supply land and what type of transportation infrastructure to build. However, the transportation land supply decision-making system constructed in this paper does not consider the interaction between land-use types. Therefore, this paper cannot determine the accurate land demand area and spatial location of each city, which needs to be further supported by specific land use and transportation planning.



Improving the accuracy of land demand forecasting on a large scale is another important topic in future research. It is a common method to use the trend of historical data to forecast future data. However, due to the dynamics of the development situation and the limitations of official data, the land demand forecasting in this paper is uncertain. Therefore, it is expected that there are some differences between the results of this paper and national planning. However, the research results of this paper are consistent with the direction of China’s transportation strategic planning. The unified forecasting method can be used for the horizontal comparative study of Chinese cities and is suitable for large-scale land supply decision-making. In addition, the simulation analysis of the land supply suggestions proposed in this paper is the direction of further research, which can more intuitively reflect the effectiveness of the research achievements of this paper.





5. Conclusions


Intensive and efficient land use is a meaningful way to realize sustainable development. The development of transportation is affected by population, economy, industrial development, ecological protection, and national macro-control. The decision-making of land supply is a process in which multiple influencing factors are in coordination. By comprehensively considering transportation dependence, dominant transportation modes, coordination of economic, population, and ecology on the development of transportation, transportation accessibility, and potential land demand for transportation, this paper constructed a land supply decision support system under multi-objective guidance, which provides an essential reference for Chinese decision-makers to formulate targeted land use planning.



The results of this paper show that there are apparent differences in dependence, dominance, coordination, accessibility, and potential demand of transportation in Chinese cities. Specifically, more than 70% of Chinese cities are dominated by land transportation, and roads are the universal mode of transportation. The transportation modes of municipalities directly under the central government, provincial capitals, or cities with geographical advantages are diversified, reflecting that China’s core cities have initially formed a comprehensive transportation system. Transportation is an essential driving force to promote industrial development. Nearly two thirds of Chinese cities have a high and higher-middle level of dependence on transportation. Cities with low dependence on transportation mainly rely on agriculture and animal husbandry as the main driving force of economic development. More than half of China’s cities are uncoordinated in terms of population, economy, and transportation, and uncoordinated cities are mainly distributed in western China. The disturbance degree of transportation to ecological space presents as high in the east and low in the west. Transportation accessibility shows obvious spatial aggregation. Cities with high transportation accessibility are mainly concentrated in major urban agglomerations in China. Except for municipalities directly under the central government and provincial capital cities, cities with high land demand for transportation are mostly the economic development growth pole and emerging cities in west and central China.



The main achievement of this paper is to comprehensively consider multiple objectives in the decision-making of transportation land supply, and it investigates where the land supply is urgently needed and what type of transportation infrastructure is focused on construction. The results of this paper indicate that the cities with high priority of land supply are mostly non-provincial cities with good economic development, which are the important growth poles of regional development. These cities are promoting the construction of comprehensive three-dimensional transportation systems, as the land used for transportation is in seriously short supply. Cities with low land supply priority are generally sparsely populated, in good ecological condition, and far away from the core area of economic development. The land supplied for transportation is mainly used for the construction of land transportation. The research results provide general experience in transportation land supply for land management departments and improve the pertinence of land allocation from a macro perspective. In addition, the research ideas of this paper are generally applicable to the transportation land supply decision-making of countries, regions, provinces, and urban agglomerations and have reference value for the formulation of large-scale land-use planning and transportation development strategies.
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Figure 1. Decision support system of transportation land supply. 
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Figure 2. Principles for determining the dominant mode of transportation in Chinese cities. “Integrated” is a city with no less than 3 transportation hubs, “H-W” is a city with highway and waterway transportation hubs, “H-A” is a city with highway and air transportation hubs, “R-A” is a city with railway and air transportation hubs, “H” is a city with highway transportation hubs, and “R” is a city with railway transportation hubs. 
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Figure 3. Dominant mode of transportation in prefecture-level cities. 
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Figure 4. Transportation dependence of prefecture-level cities. 
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Figure 5. Coordination between population, economy, ecology and transportation. (a) Coordination of population and transportation; (b) coordination of economy and transportation; (c) ecological disturbance caused by transportation construction. 
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Figure 6. Transportation accessibility in Chinese cities. 
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Figure 7. Land demand forecast for transportation in Chinese cities. 
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Figure 8. Priority and type of land supply for urban transportation (the Arabic numerals represent the recommended order of land supply). 
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Table 1. Descriptions of data types used.
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Type

	
Data

	
Format

	
Description






	
Spatial data

	
Map of administrative divisions in China

	
Vector

	
Ministry of Natural Resources of the People’s Republic of China (http://bzdt.ch.mnr.gov.cn/ (accessed on 5 June 2021))




	
China integrated transportation network map

	
Vector

	
http://www.gov.cn/ (accessed on 5 June 2021)




	
National key ecological functional zones map

	
Vector

	
National Development and Reform Commission (http://www.gov.cn/xinwen/2017-02/09/content_5166513.htm (accessed on 12 June 2021))




	
Statistical data

	
Area of land used for transportation (2009–2016)

	
Text

	
Application service platform for the sharing of land survey results (http://tddc.mnr.gov.cn/to_Login (accessed on 2 March 2021))




	
Leading industry gross output value

	
Text

	
Provincial Statistical Yearbook




	
Population (2009–2016)

	
Text

	
China City Statistical Yearbook (2010–2017)




	
GDP (2009–2016)

	
Text

	
China City Statistical Yearbook (2010–2017)




	
Airport throughput (2016)

	
Text

	
Civil Aviation Administration of China (http://www.caac.gov.cn/index.html (accessed on 8 June 2021))




	
Other data

	
Urban development planning

	
Text

	
13th five-year plan for economic and social development (2016–2020)




	
Transportation system development strategy

	
Text

	
13th five-year plan for modern integrated transportation system development (2016–2020)




	
Industrial development strategy

	
Text

	
13th five-year plan for strategic emerging industry development (2016–2020)




	
National layout plan for highway hub (2006–2020)

	
Text

	
Ministry of Transport of the People’s Republic of China




	
Harbor Law of the People’s Republic of China (2004)

	
Text

	
Ministry of Transport of the People’s Republic of China




	
Medium and long-term railway network planning (2016–2025)

	
Text

	
National Development and Reform Commission




	
National layout plan for civil airports (2006–2020)

	
Text

	
National Development and Reform Commission
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Table 2. Basic measures of spatial syntax.
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	Index
	Description
	Formula





	Connectivity
	Measures the number of neighbor axes directly connected to a space. It specifies the number of immediate neighbors of an axis.
	    C i  = k   



	Control value
	It is the sum of the inverse values of the parameter connectivity of all neighbors from the selected axial line. It measures the degree to which a given space controls access to all immediate neighbors of the axis line. It considers all alternative connections which these neighbors have.
	     Ctrl  i   =     ∑  1 n    1   C i      



	Depth
	It is defined as the smallest number of syntactic steps (in topological meaning) that are needed to reach one space from another. Including global depth, mean depth and local depth.
	     D =     ∑    d = 1   s     d × N  d       D  −  =   D    m  − 1    w     



	Integration
	Integration is a variable that refers to how a space is connected with other spaces in its surroundings. This is the key parameter to understand the relationships that exist between users and the urban space and it is a global measure. Including global integration and local integration.
	       I    i     =    m  − 2   2 (   D  −  − 1 )        L I   i   =    m     log  2   −    m  + 2  3  − 1   + 1   (  m  − 1 ) (   D  −  − 1 )      
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