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Abstract

:

High-speed railway (HSR) promote the efficient flow of the population and materials between cities and have profoundly affected urban economic development in China. However, there is currently limited research about how HSR influences urban expansion, especially related to the variable impacts on different urban agglomerations, different size cities, and the conversion of non-urban land to urban land. In this study, from two levels of regional heterogeneity and type heterogeneity, a multi-stage difference-in-differences (multi-stage DID) model and land use remote sensing data are used to investigate these research areas. The main conclusions are as follows: (1) The first opening of HSR had a more significant role in promoting urban expansion than HSR frequency, but several years after opening, HSR no longer promotes urban expansion. (2) The opening of HSR only played a significant role in promoting urban expansion in Beijing–Tianjin–Hebei. HSR frequency had a significant role in promoting urban expansion in the Yangtze River Delta. (3) The opening of HSR had no significant impact on urban expansion for different size cities, and HSR frequency only had a significant negative impact on urban expansion of small cities. (4) The first opening of HSR led to urban expansion dominated by the occupation of cultivated land. Cities in Xinjiang and Inner Mongolia mainly converted barren land and vegetation cover to urban land after the first opening of HSR. In northeast China, the first opening of HSR made the conversion of vegetation cover and cultivated land to urban land roughly equivalent in size. The results of this study are helpful to understand the impact of the first opening of HSR and the scale of conversion of different types of non-urban land into urban land on urban expansion. In the era of HSR, these findings provide a valuable reference for regional planning and preventing the disorderly expansion of cities.
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1. Introduction


High-speed railway (HSR) refers to the trains that operate at a speed of not less than 200 km per hour. Since 2008, China has entered an era of large-scale construction, with the opening and expansion of HSR. At present, China’s HSR lines have the longest mileage in the world [1]. Due to the advantages of extremely high speed, comfortable riding environment, and precise control of train running time, HSR has greatly compressed space–time distance and improved the efficiency and frequency of population flow between cities. These developments have provided unprecedented opportunities for industrial development and the expansion of cities where the HSR lines pass. The construction and operation of HSR has had a profound impact on the economy, tourism, land use, urban landscape, inter-city flow patterns, and urban hierarchy [2,3,4,5,6,7,8,9]. For instance, in Germany, HSR has reduced the commuting time between cities, causing employees to return from large cities to small cities to find jobs [10]. The function of HSR lines affects how tourists choose their travel destinations, which in turn affects the development of tourism in different regions along the line [11]. Beckerich et al. [12] found that HSR stations in different locations have a significant impact on the site selection of different types of firms. The impact of HSR on land use has gradually received attention. Martin et al. [13] confirmed that the opening of Spain’s HSR improved accessibility and reduced the connectivity of the land use landscape. In cities of different levels, the intensity of the land use change in the HSR station area has a certain degree of heterogeneity [14].



China’s urbanization process and the intensity of urban expansion have achieved rapid rise since the 1990s. China has experienced a stage of rapid urbanization, with urban land and permanent population increasing. Thanks to the rapid progress of urbanization, China has now entered a new stage of rapid economic and high-quality development. An important indicator of urbanization is the area growth of urban land. According to the China Urban Construction Statistical Yearbook [15], as of 2019, the area of urban built-up area has reached 60,312.45 km2, and the area of urban construction land has reached 58,307.71 km2. In 1990, the above indicators were 12,855.7 km2 and 11,608.3 km2, respectively. In nearly 30 years, urban land has increased by four times. Not only China, but many countries all over the world are experiencing rapid urbanization. Therefore, the expansion of urban land has attracted a lot of attention. A large number of studies have analyzed the temporal and spatial evolution features and causes of urban expansion [16,17,18,19]. Socio-economic variables, accessibility, and geographic conditions are considered as important factors affecting urban expansion [20,21,22,23,24,25,26]. The relationship between HSR development and the spatial changes of urban land has attracted widespread attention. The emergence of HSR potentially promotes urban expansion to meet the needs of rapid industrial development and accelerates urbanization. Since 2008, the urban expansion of a large number of cities in China that have opened HSR has undergone major changes compared to before the opening of HSR. Therefore, studying the impact of HSR on urban expansion is critical, so as to provide information for regional land use planning, the development of HSR in new cities, and urban land management.



At present, there are disagreements on the positive and negative effects of HSR on urban expansion. Some scholars argue that HSR actively promotes the outward expansion of cities [27,28,29,30,31]. However, other scholars believe that HSR will limit urban expansion [32,33]. For example, Long et al. [29] proposed that the opening of HSR has a positive impact on accelerating urban expansion. This impact generally lags behind by five years and has a heterogeneous effect on different cities. Wang et al. [34] used reverse gravity and gravity deviation models to show that the introduction of HSR networks in cities without HSR had a greater impact on urban land growth than cities with HSR. In addition, the center of gravity of urban land shifted to the HSR station. Wenner et al. [35] found that the location of HSR stations has a significant impact on the evolution of land use, and an example is that HSR stations on the fringe of cities in Europe have stronger urban land expansion. Based on empirical tests of panel data from 65 cities of different sizes in China, Wang et al. [33] found that in a sample of cities with high accessibility, the rapid development of HSR had a significant inhibitory effect on urban sprawl. Furthermore, HSR promoted intensive development of urban land and restrained the low-density and disorderly expansion of cities. For example, Wang et al. [36] suggested that the siphoning and diffusion effects brought by HSR have an impact on urban contraction and expansion, according to the example of Northeast China. HSR may weaken the traffic accessibility and urban scale, then decrease, and finally they can lead to urban atrophy.



Some scholars have explored the influencing mechanism of HSR on urban expansion and have drawn conclusions from empirical models. For example, Tan et al. [31] explored the impacts of the opening of HSR stations, the number of HSR stations, and the number of HSR lines on urban expansion. This study suggested that the impact of HSR construction on urban land use conversion shows regional heterogeneity and depends on the city’s economy, industry, and population scale. Zhu et al. [37] developed a DPSIR-PLS (driving forces, pressures, state, impact, responses-partial least squares) model and explored the impact of HSR on urban land use. This study concluded that the industrial agglomeration effect of HSR and incentives from local governments were the causal mechanism for the correlation between HSR and urban expansion. Deng et al. [38] analyzed the influence of HSR on urban sprawl depending on variable city size characteristics, location characteristics, and the location of HSR stations. This study proposed that the tertiary industry agglomeration, population agglomeration, income effects, and urban development demand caused by HSR worsen urban sprawl. Based on the spatial distribution and temporal accessibility of HSR, Wang et al. [39] suggested that HSR construction can improve accessibility, produce a time–space convergence effect, and promote reconfiguration of production factors, which cause the agglomeration of population and industry. These changes would speed up the expansion of urban land and the reorganization of urban spatial structures. Shen et al. [28] also found that HSR station (Atocha station) improved accessibility, which in turn promoted the growth of the population and employment opportunities and thus caused urban expansion. Garmendia et al. [40] found that HSR stations have helped cities along the Spanish HSR lines attract immigrants and family investment in the province and provide an impetus for urban residential development and urban growth. Based on empirical results, Zhu et al. [41] found that HSR have accelerated the efficiency of inter-city logistics, attracted industrial agglomeration, and generated industrial clusters, which provided an impetus for urban expansion. The increased accessibility of cities in the HSR network significantly promoted the expansion of urban land near HSR stations, and this was more prominent in large cities [42].



Although previous research has analyzed the spatial–temporal impact of HSR, urban expansion will inevitably be accompanied by the encroachment of non-urban land. At present, the analysis and cognition of the influence of HSR on the transformation of land use, especially the conversion of non-urban land to urban land, lack depth of research. China pays attention to the protection of the ecological environment, and urban expansion will inevitably lead to a loss of these ecosystems. Monitoring the conversion of urban land in cities with opened HSR can help prevent the excessive occupation of ecological land or farmland. These can help prevent the disorderly expansion of cities and improve urban planning. The key questions of this research are: How does HSR affect urban expansion in China? What are the differences in the impact of HSR on different urban agglomerations and different size cities? How does HSR impact the conversion of non-urban land to urban land?



For research methods, research on HSR, urban expansion, and land use usually uses a DID (difference-in-difference) or multi-stage DID model [41,42,43]. Multiple linear regression (MLR) [38], the spatial mixed logit (SML) model [28] and the spatial difference-in-difference (SDID) model [3] also have certain applications. Compared with the MLR model, DID, multi-stage DID, and SDID models can identify differences in socio-economic performance before and after policy implementation, that is, they analyze the impact of policy implementation on socio-economic factors [44,45,46]. The opening of HSR can be regarded as a policy. One of the objectives of this research is to study the impact of the opening of HSR on urban expansion. Therefore, the DID model is suitable for this research. However, DID and SDID cannot solve the problem of the random opening of HSR in a certain period the same way as multi-stage DID [5], that is, the policy implementation is not in the same year, so this study selects the multi-stage DID model. However, this model also has its limitations, that is, it does not consider the spatial autocorrelation of dependent variables the same way as the SDID model [3].



The purpose of this paper is to use the multi-stage DID model and land use remote sensing data, select the opening of HSR, HSR frequency, and other socio-economic variables to study the impact of China’s HSR on urban expansion from 2010 to 2019. In addition, through the calculation of land use conversion area and proportion, the impact of the first opening of HSR on the conversion of non-urban land to urban land is detected. The contribution of this article is to probe the heterogeneous impact of China’s HSR on urban expansion from two aspects: regional heterogeneity and type heterogeneity. In terms of regional heterogeneity, starting from multiple spatial scales, the impact of HSR on the urban expansion of overall China, five typical urban agglomerations, and cities of different sizes is analyzed separately. In terms of type heterogeneity, the impact of HSR on the conversion of different types of non-urban land into urban land is analyzed. This research has greatly enriched the spatial research on the linkage between HSR and urban expansion from multiple levels and multiple scales and is conducive to the prediction of the conversion of different types of land of cities and the protection of non-urban land in the era of HSR.




2. Materials and Methods


2.1. Study Area and HSR Network in China


The study area was 230 prefecture-level cities that have opened HSR as of 2019, including many huge cities such as Beijing, Guangzhou, Shanghai, and Shenzhen. Due to factors such as topography and population distribution, there are more cities in Western China that have not yet opened HSR, so the number in the sample is relatively small. In 2019, the total urban land area of the study area was 122,846.037 km2, the GDP totaled 87,786,249 million yuan, and the urban population totaled 331.7591 million [15,47].



Since 2008, China has had its first high-speed railway, which is the Beijing–Tianjin Intercity Railway. China’s HSR network (except Taiwan) as of 2019 is shown in Figure 1. China’s HSR has achieved full coverage in 31 provinces except Tibet (the capital is Lhasa) and Macao. The HSR in the eastern region started earlier and has formed multiple corridors such as Beijing–Guangzhou, Beijing–Shanghai, Shanghai–Wuhan, and Shanghai–Changsha. Since 2014, there has been a gradual increase in HSR lines in the western region, but at present it is still mainly for communication with eastern cities, and the HSR lines between western cities are relatively weak. In Figure 1, if the opening time of each HSR line is 2018–2019, this means the opening time is from January 2018 to December 2019, and the rest can be deduced by analogy.




2.2. Multi-Stage Difference-in-Differences (Multi-Stage DID) Model


A DID model is an empirical method for estimating causal effects. The model evaluates the implementation of public policies as a natural experiment [44,45,46]. This study uses the opening of HSR as a policy in this model to study the impact of it on urban expansion [48]. The emergence of HSR has greatly increased the flow of population, material, capital, and other factors, bringing development opportunities for cities, which can stimulate urban expansion and rapid development. The model requires two differences. The first difference is to divide all variables into a treatment group and a control group. The former represents the group affected by the policy (i.e., cities that have opened HSR) and the latter represents the group that is not affected by the policy (i.e., cities that have not yet opened HSR). According to the difference before and after the opening of HSR, the changes in the urban land of the two groups are obtained. The first difference can eliminate the heterogeneity of individual cities that do not change over time. The second difference identifies changes of the two groups to eliminate increases over time and quantify the net effect of the opening of HSR [43]. The opening time of HSR in each city are randomly distributed between 2010 and 2019 rather than concentrated in one year. Therefore, the traditional DID model needs to be slightly changed, and this study finally uses a multi-stage DID model, as shown in Equation (1) [5,49].


  ln  (    urbanarea   it    )     = β   0     + β   1    openingHSR   it    + γ    ∑  n    Controls   it      + μ   i     + f   t     + ε    it    



(1)




where urbanareait represents the urban land area of the city i in year t and uses logarithmic processing to calculate   ln  (    urbanarea   it    )      and make the dependent variable normally distributed. The dummy variable openingHSRit indicates whether a city i opened HSR in year t; if HSR opened, the value is 1 and if not, it is 0.     ∑  n    Controls   it     indicates the economic and social control variables (Table 1), n = 7.  γ  is the regression coefficient of the control variables.    μ i    is the individual fixed effect (that is, one city means an individual. We use “City” to represent this).    f t    is the time fixed effect (that is, time means 2010 … 2019. We use “Year” to represent this), which is the time corresponding to all variables of each sample.    β 0      is a constant term.    β 1    represents the regression coefficient of the dummy variable. If    β 1    is positive and significant, then the opening of HSR brings the growth in urban expansion. If    β 1    is negative and significant, then the opening of HSR brings the reduction in urban expansion. If    β 1    is non-significant, then the opening of HSR does not exert a significant effect on urban expansion.      ε    it     represents a random error term. Each multi-stage DID model in this paper is processed with Stata16.0 software. It is worth mentioning that the number of samples put into the model is from a total of 10 years from 2010 to 2019, so the number of observations is 2300 (230 cities (which have opened HSR as of 2019) ∗ 10 years).



According to previous research [3,29,38,41,42,43], we selected regional GDP, per capita GDP, the proportion of secondary industry added value in GDP, the proportion of tertiary industry added value in GDP, the total retail sales of consumer goods, the total profits of industrial enterprises above designated size, and HSR frequency as the control variables. All variables are shown in Table 1.




2.3. Data Sources


Urban land data from 2010 to 2019 were sourced from the European Space Agency’s global land use remote sensing dataset [50]. The spatial resolution of this data is 300 m, and it uses the WGS84 geographic coordinate system. We use the vector map of the whole territory of China to obtain the land use distribution map over the years through mask extraction. For the data classification, please see the literature [51]. A variety of vegetation categories (including tree cover, grassland, shrubland, etc.) were merged into a vegetation cover layer, and the original water body, permanent ice, and snow were merged into a water body layer. Finally, these data were reclassified into five categories: urban land, water body, barren land, vegetation cover, and cultivated land. Urban land can be directly extracted from attribute 190. HSR frequency data were sourced from the Shengming, Jipin, and Zhinanzhen timetable software [52,53,54]. The statistics on social and economic aspects came from China City Statistical Yearbook from 2011 to 2020 [47].



The distribution of various types of land use in 2019 are shown in Figure 2, and this process was conducted with ArcGIS 10.5.1 software. Urban land is mainly distributed in the east of China, and there is little urban land in the west due to topographical conditions. The area of urban land is still small after many years of urbanization. The area of vegetation cover is the most extensive. The area of cultivated land ranks second and mainly distributes in the flat areas of the central and eastern regions, while the barren land is concentrated in the northwest of China.





3. Results


3.1. Changes of Urban Land Area in China


Urban land area data from 2010 to 2019 were extracted and mapped (Figure 3), and this process was conducted with ArcGIS 10.5.1 software (ESRI, California, America). It is not easy to intuitively obtain the changing trends of urban land areas, so the statistics of urban land areas were analyzed later.



Five urban agglomerations, including Beijing–Tianjin–Hebei, the Yangtze River Delta, the Pearl River Delta, Chengdu–Chongqing, and the middle reaches of the Yangtze River (Figure 4), were selected for regional statistics (Figure 5). These five urban agglomerations were chosen because they represent typical large urban agglomerations in the north, east, south, west, and central regions of China. The administrative area is 216,000 km2, 358,000 km2, 55,368 km2, 185,000 km2, and 326,100 km2. According to the China City Statistical Yearbook (2020) [47], the urban population in 2019 was 45,392,400, 70,695,100, 28,733,100, 24,414,700, and 26,525,000, and the GDP in 2019 was 8.4476 billion yuan, 23.62 trillion yuan, 8689.9 billion yuan, 553.1 billion yuan, and 831.25 billion yuan. The Yangtze River Delta is the most developed region in China. Figure 4 was conducted with ArcGIS 10.5.1 software.



The development situation of HSR in the five urban agglomerations is as follows: As of 2019, Beijing–Tianjin–Hebei, the Yangtze River Delta, the Pearl River Delta, Chengdu–Chongqing, and the middle reaches of the Yangtze River have opened 8, 14, 7, 6, and 12 HSR lines, separately. The Yangtze River Delta and the middle reaches of the Yangtze River have many lines and dense stations, and thus they have the most developed HSR networks.



We drew Figure 5 to show the growth rate of the urban land area at different stages (2010–2013, 2013–2016, and 2016–2019). China’s urban land growth rate was relatively fast in the period of 2010–2013 and 2016–2019, and there was a short period of slower growth in the period of 2013–2016. From 2010 to 2013, the growth of the Yangtze River Delta had been the most significant. The urban land area growth rate of the Yangtze River Delta and Chengdu–Chongqing exceeded the overall national level. The Pearl River Delta grew very slowly before 2016, and since then it experienced the strongest urban land growth rate. From 2016 to 2019, the urban land area growth rate of the Pearl River Delta and the middle reaches of the Yangtze River exceeded the overall national level. It showed that the economic development vitality and urban expansion demand of the Pearl River Delta and middle reaches of the Yangtze River had increased significantly in recent years, and they were in a leading position nationwide. The growth rate of urban land area in Beijing–Tianjin–Hebei had remained stable with a downward trend, which was not prominent across the country. Figure 5 was conducted with Origin2017 software (OriginLab, Massachusetts, America).




3.2. The Regional Heterogeneous Impact of HSR on Urban Expansion in China


3.2.1. Parallel Trend Test of the Multi-Stage DID Model


The results of this section were processed with Stata16.0 software. Before performing the regression of the multi-stage DID model, the multi-collinearity of the model was tested. It was found that, after removing the factor of total retail sales of consumer goods, the multi-collinearity effect is the weakest, and the VIF (variance inflation factor) value of each indicator is below 10. Generally, a VIF value of less than 10 indicates that the multi-collinearity of the model is not significant.



The basic premise of the multi-stage DID model is that the key variables of the treatment group and the control group meet parallel trends before policy implementation. If there is no significant difference between the change of the treatment and control groups before the opening of HSR, a parallel trend hypothesis would be realized, and this model will be unbiased [41]. The formula is as follows:


  ln  (    urbanarea   it    )     = β   0     + β   1    openingHSR   it    − 3       + β   2    openingHSR   it    − 2     + …   
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(2)




where, if t is j years before the opening of HSR in city i, then     openingHSR   it    − j      is assigned the value 1. Otherwise, the value is 0. If t is j years after the opening of HSR in city i, the value of     openingHSR   it    + j      is 1. Otherwise, it is 0.    β 1    indicates the impact of HSR on urban expansion in 3 years before the opening of HSR, and    β 4    indicates the impact of HSR on urban expansion in 1 year after the opening of HSR. The rest of the formula can be deduced by analogy, and the opening year of HSR is the base year. It is worth mentioning that the control variable of the total retail sales of consumer goods at this time has been deleted to avoid multi-collinearity.



It can be seen from Figure 6 that    β 1   ,    β 2   , and    β 3    are not significantly different from 0 and are not significant at the 5% level of significance, indicating that the treatment and control group have no significant difference before the opening of HSR. This result proves that the parallel trend test has been passed.




3.2.2. The Overall Impact of HSR on Urban Expansion in China


Comparing columns (1)–(3) of Table 2 (the values in parenthesis are the standard deviations of the corresponding independent variables, the same as below), it can be seen that before the control variables are added, although the impact of the opening of HSR on urban expansion has a promoting effect, the results are not significant. After adding the control variables, the opening of HSR has a significant positive impact on urban expansion, which indicates that under certain socio-economic conditions, the opening of HSR significantly promotes the urban expansion. It can be seen from column (2) in Table 2 (where openingHSR_1 represents 1 year after the opening of HSR) that the opening of HSR had no effect on urban expansion several years after opening, which is opposite to the result of whether HSR opened or not. The reason for this trend may be that the first opening of HSR provided motivation for urban expansion, but that the impact of HSR in the following several years on urban land gradually weakened. This result can also be seen from the regression coefficients in column (2) in Table 2. HSR promotes the accumulation of various resources in cities, and the function of urban land has undergone a drastic evolution. However, urban land does not show a significant expansion trend. Connotative growth is the main development direction of cities after the first opening of HSR. HSR frequency has a significantly negative impact on urban expansion. The reason for this result may be that the cities with higher HSR frequency are often large cities such as provincial or sub-provincial capital cities. These cities already have large areas of urban land due to their rapid early development. Therefore, the potential for urban expansion of these cities is small and the extent of urban expansion is limited, meaning that HSR frequency does not promote urban expansion. It can be concluded that the first opening of HSR has a more significant role in promoting urban expansion than HSR frequency (Table 2).




3.2.3. The Impact of HSR on Urban Expansion for Five Urban Agglomerations


The results in Table 2 show the overall impact of HSR on urban expansion of prefecture-level cities in China. However, China is a country with a vast land area and strong regional heterogeneity. Therefore, this paper chose the urban agglomerations of Beijing–Tianjin–Hebei, the Yangtze River Delta, the Pearl River Delta, Chengdu–Chongqing and the middle reaches of the Yangtze River to discuss the heterogeneous impact of HSR on urban expansion in China. It can be seen from Table 3 that the opening of HSR only had a significant positive impact on urban expansion in the Beijing–Tianjin–Hebei urban agglomeration. The reason for this result may be that the opening of HSR brought opportunities for relatively less developed cities such as Baoding and Chengde. These cities rely on efficient transportation, manpower and material resources, and large-scale land development brought by HSR. Compared with other urban agglomerations, the relative development level of different cities in the Beijing–Tianjin–Hebei urban agglomeration is quite different. Some of the less developed cities have been siphoned by developed cities for a long time, meaning that there were fewer development opportunities and a low motivation for urban expansion. However, the emergence of HSR greatly promotes the rapid expansion of these cities. The development differences between the cities among the other four urban agglomerations are not as big as the Beijing–Tianjin–Hebei urban agglomeration. Therefore, the emergence of HSR has not caused the small and medium-sized cities in these four urban agglomerations to expand significantly.



As mentioned above, the first opening of HSR has a significant role in promoting the urban expansion of cities with lagging development. HSR frequency has a significant negative impact on urban expansion in the Beijing–Tianjin–Hebei urban agglomeration, with higher HSR frequency leading to a smaller urban land area. There is a relatively low HSR frequency in small and medium-sized cities, so HSR frequency restrains the urban expansion in Beijing–Tianjin–Hebei. Compared with HSR frequency, the opening of HSR has a more significant positive impact on urban expansion in Beijing–Tianjin–Hebei. HSR frequency has a significant positive impact on urban expansion in the Yangtze River Delta, with higher HSR frequency correlated to a larger urban land area. The reason for this trend may be that the Yangtze River Delta has relatively high development potential due to the coastal location and it includes large cities such as Hefei, Nanjing, Shanghai, Hangzhou, Ningbo, Suzhou, and others. Increased HSR frequency has brought good development opportunities, promoted the accumulation of human and material resources in cities, and strengthened the circulation between the cities, which significantly promoted urban expansion.




3.2.4. The Impact of HSR on Urban Expansion for Cities of Different Sizes


City size is defined according to the urban population and is divided into large, medium, and small cities to explore the heterogeneous impact of HSR on urban expansion for cities of different sizes. What needs to be pointed out is that the urban resident population is less than 500,000 in small cities, 500,000 to 1 million in medium-sized cities, and more than 1 million in large cities [55]. Comparing columns (9)–(11) in Table 4, it can be seen that HSR frequency only has a significant negative impact on the urban expansion of small cities. The reason for this result may be that large numbers of people from small cities migrate to medium and large cities. Small cities experience the siphon effect of HSR, and the production factors are greatly reduced. Therefore, small cities lack the driving force for urban expansion, and their expansion speed and intensity are relatively low. The opening of HSR has no significant impact on urban expansion of the three size categories of cities. Combining the results in Table 2, the opening of HSR has no significant impact on the heterogeneity of urban expansion for cities of different sizes. The first opening of HSR has not significantly promoted or inhibited urban expansion for cities of different sizes. By comparing these results with the significance of other socio-economic factors, it can be concluded that factors such as GDP have a more significant influence on urban expansion of cities of different sizes than the opening of HSR.




3.2.5. Robustness Test of the Multi-Stage DID Model


A change of urban built-up areas can also represent urban expansion. Therefore, the indicator of urban built-up areas is used to replace the area of urban land for a robustness test that uses dependent variable substitution. The data for the value of urban built-up areas were sourced from the China Urban Construction Statistical Yearbook from 2010 to 2019 [15] and were calculated using logarithmic processing.


  ln  (  built − up_are  a  it    )  =  β 0  +  β 1   openingHSR  it   + γ   ∑  n   Controls  it   +  μ i  +  f t  +  ε  it    



(3)







Haidong City in Qinghai Province was deleted from the sample due to significant missing data. Comparing Table 5 and column (2) in Table 2, it can be seen that the two results are extremely similar. When no control variables are added, the opening of HSR does not significantly promote the expansion of urban land or built-up areas. Several years after the opening, HSR has a significant negative impact on the expansion of built-up areas of a city, and this impact gradually weakens over time. Therefore, it was believed that the model passed the robustness test.





3.3. The Type Heterogeneous Impact of HSR on Urban Expansion in China


3.3.1. The Impact of the First Opening of HSR on the Conversion of Non-Urban Land to Urban Land


Urban land expansion is the process of urban land invading non-urban land, and the conversion of different types of non-urban land to urban land is a manifestation of urban expansion. Analogous to Equation (1), we divided cities into treatment group and control group based on whether HSR was opened or not, which reflects the heterogeneous impact of the first opening of HSR on the conversion of different types of non-urban land to urban land. The dependent variables are as follows: the area of barren land converted to urban land, the area of water body converted to urban land, the area of vegetation cover converted to urban land, and the area of cultivated land converted to urban land. The regression results can be seen in Table 6.



The first opening of HSR will promote the conversion of vegetation cover and cultivated land to urban land, but it cannot promote the conversion of barren land and water body to urban land. It shows that, as a whole, under the opportunity of the opening of HSR, the expansion of urban land is mainly based on vegetation cover and cultivated land as the main source.




3.3.2. The Spatial Differences of the Impact of the First Opening of HSR on the Conversion of Non-Urban Land to Urban Land


The results in Table 6 only show that the first opening of HSR promotes the scale of the conversion of vegetation cover and cultivated land to urban land. However, China’s land has complex heterogeneity characteristics. The results in Table 6 cannot reflect the spatial differences of the impact of HSR on the conversion of non-urban land to urban land. Therefore, the next step is to visualize the impact of the first opening of HSR on the conversion of different types of non-urban land to urban land in the form of maps. This can reveal and compare the conversion of various kinds of non-urban land to urban land after the first opening of HSR in cities in different regions.



From column (3) in Table 2 it can be seen that the first opening of HSR in a city has a significantly positive effect on urban expansion. Therefore, we selected the cities that opened HSR for the first time between 2010 and 2019 and studied the characteristics of urban expansion by calculating the conversion of different types of non-urban land to urban land in 1 year before HSR was opened and the year when HSR was opened. Figure 7 shows the area converted from non-urban land to urban land in each city in the opening year and the previous year of HSR. The area converted from barren land to urban land was the lowest, and the area converted from cultivated land to urban land was the highest. This result shows that cultivated land is the main type of land that is converted due to urban land expansion after the first opening of HSR. Figure 7 was conducted with ArcGIS 10.5.1 software.



For the results to be comparable, the proportion of the area of different types of non-urban land that are converted into urban land relative to the area of all non-urban land that are converted into urban land is calculated in a city (Figure 8). Comparing Figure 8a–d, the first opening of HSR has enabled most cities to achieve urban expansion by converting cultivated land to urban land. The proportion of vegetation cover converted to urban land ranks second, showing that large areas of ecosystems such as forests and grassland are converted into urban areas. The proportion of barren land and water body converted to urban land is the lowest and does not exceed 1%. Cities with a large proportion of barren land converted to urban land are concentrated in Xinjiang and the Inner Mongolia autonomous region. Urban expansion in these areas is mainly based on the occupation of vegetation cover and barren land, while the occupation of cultivated land is lower (Figure 8c–d). The reason for this result may be due to the geographical location of these regions, with expansive areas of deserts, barren land, and grassland but limited areas of cultivated land. The development opportunities brought by HSR led these cities to expand into barren land and vegetation cover land. China has proposed a rural revitalization strategy. Cultivated land is the main source of industrial development for residents in northwestern China and Inner Mongolia. Even the first opening of HSR, which has a significant impact on urban expansion, has not prompted a large amount of cultivated land to be converted to urban land. Comparing Figure 8c,d, we can see that the conversion area of vegetation cover land to urban land in the cities in northeastern China is more apparent. In some cities, the proportion of vegetation cover and cultivated land conversion to urban land is roughly equal. The reason for this trend may be that the Northeast region is the area with a relatively large scale of grain production. Although the opening of HSR will cause some cultivated land to be converted, for the sake of national food security, urban expansion in Northeast China needs to expand into vegetation cover land to meet the needs of urban development. It can be seen from Figure 8c that the first opening of HSR in the southern cities has caused less conversion of vegetation cover land than that in northern cities. This trend is opposite to the patterns of vegetation cover between northern and southern China. The reason for this result may be that China is paying increasing attention to the ecological and environmental importance of vegetation cover. However, much of the vegetation cover in the north is of little significance to the ecological environment, so the first opening of HSR has prompted urban expansion in the north to occupy more vegetation cover land. Figure 8 was conducted with ArcGIS 10.5.1 software.






4. Discussion


This study explores the impact of HSR on urban expansion in China and discusses the heterogeneous impact of HSR opening and HSR frequency for different regions.



4.1. Discussion of Results


Compared with previous research [29,41,42,43], this study shows that the opening of HSR has a less significant role in promoting urban expansion in China, regardless of the different districts and city groups of different sizes. For example, in the results of this paper, none of the regression coefficients with the opening of HSR are significantly less than 0.01. This result contrasts with studies such as [42], who found that the opening of HSR is often associated with regression coefficients less than 0.01. In addition, Table 2 shows that HSR have a negative impact on urban expansion several years after the operation of HSR, while the results of Zhu et al. [41] and Deng et al. [43] show that the opening of HSR has a positive effect on urban expansion several years after the opening of HSR. The reasons for the difference between these results may be:




	(1)

	
The data source. We used the European Space Agency land use data, and different data sources may have different divisions of urban land and different accuracy. For example, different data sources have different criteria for dividing urban land. In addition, the accuracy of the data of the European Space Agency is about 71% [51], and the accuracy of other data sources may be higher or lower. Moreover, selecting the difference of the old and new research period may also be a reason. Niu et al. [42] adopted night-time light data, and the research area of this paper is relatively new (the research period is from 2010 to 2019). China’s expressways and civil aviation systems are also developing, meaning that the speed advantage of HSR may no longer be as significant as before. Therefore, the impact of the emergence of HSR on urban expansion is also weakening today.




	(2)

	
In addition, major national policies and the delineation of new economic zones may have a more significant role in promoting urban expansion than the emergence of HSR. Compared with previous studies [3,29,41,42,43], this research on the impact of HSR on urban expansion is not limited to urban land but further explores the impact of the opening of HSR on the conversion of different types of non-urban land to urban land. The results confirm that the first opening of HSR has significant regional differences in the impact of various types of non-urban land that are converted to urban land. The results can provide valuable information for urban land planning and management in the cities that are about to open HSR.









Some progress has been made in the European case of the impact of HSR on urban land use. European research results tend to be refined analyses within a certain buffer zone of HSR stations or corridors [13,14,28,35], while the results of this research are based on the macro-scale of cities. Shen et al. [28] found that HSR stations in Madrid had improved regional accessibility and promoted urban expansion. Our results in Table 1 show that the opening of HSR has promoted urban expansion, which has certain similarities. Shen et al. [14] found that HSR changes the accessibility and has a completely different impact on the land development of large cities and small cities. However, our research results show that no matter whether it is the opening of HSR or HSR frequency, there is no significant difference in the impact of urban expansion between large cities and small cities. The reason may be related to the number of samples, or the city size has different standards in different countries. Wenner et al. [35] found that HSR stations at different distances from the city center have different urban land distribution intensities within the buffer zone. Our results also found that the opening of HSR and HSR frequency have a heterogeneous impact on urban expansion of different urban agglomerations and cities of different sizes. In general, compared with the European case, our research did not consider the accessibility of cities, and the research scale was more macroscopic, but we also obtained some similar conclusions.




4.2. Limitations


The limitations of this research are as follows:




	(1)

	
Our research only considered the first opening of HSR. However, China will build multiple HSR lines and stations in the future, and many cities have already opened multiple HSR routes. Therefore, the opening of multiple HSR lines may cause a difference to the impact of the first opening of HSR on urban expansion, and there may be regional differences. For example, an HSR line can be taken as an example to compare urban expansion differences between the cities with other HSR lines opening and the cities without new HSR lines opening.




	(2)

	
The national HSR transportation system has already formed a network, and an HSR network can be built based on passenger flow. We can analyze the changes in the importance of each city in the national HSR network and then analyze the potential impact of related indicators (such as the centrality) on urban expansion. The transportation of HSR between cities provides spatial connections between cities, that is, urban interaction. It is precisely because of the HSR interaction between cities that all HSR cities in the country form an HSR network. Some cities have strong HSR interactions with other cities, and some cities are relatively weak, and as a result they have various statuses within the HSR network. This factor is a potential impact factor in the case of urban expansion, and it should be taken into consideration in future related studies on the evolution of HSR and urban expansion.




	(3)

	
The impact of HSR on refined land use is also a potential direction. As data on multiple types of urban land are difficult to obtain, most of the current research focuses on urban land, but the types are too single. The land use within the city includes education, commerce, residence, leisure, open space, and other types, and even mixed types such as commerce + leisure, education + residence, etc. Some studies in recent years have shown that HSR has a certain influence on the industrial structure of the station area/city and the distribution of advantageous industries. Then, it can be inferred that the spatial distribution and overall area of different types of industrial land are potentially related to HSR, which is a future research direction.




	(4)

	
The impact of HSR on urban expansion in this study was quantified based on the area of urban expansion. However, urban expansion may lead to a higher-density urban population, leading to aggravation of the heat island effect. Future research can explore the relationship between HSR and the deep-seated results (such as the heat island effect) that are linked to urban expansion.




	(5)

	
The resolution of land use remote sensing data is 300 m in this study. If higher resolution (i.e., 30 m) remote sensing data are used, more accurate results may be produced.




	(6)

	
The stations may have a more significant effect on urban expansion within a certain buffer zone, and the attenuation effect of geographic distance plays an important role in it. This study only studied the impact of HSR on the overall scale of the city and lacks its micro-study on the evolution of urban land use in different scales of the station buffer zone. In addition, this in-depth study may reflect the multi-scale impact of the HSR transportation hub on the spatial changes (area, expansion direction) of the surrounding urban land. In the era of HSR, the new laws of spatial distribution of land rent in the area near the station area, the new form of industrial structure, and the urban morphology planning around stations, vegetation coverage, and water protection in the station area made by government are different from the overall scale of the city. Therefore, the micro-analysis of urban expansion of the station area, the same way as the European case, is to be carried out further.




	(7)

	
The consideration of the regional heterogeneity in this research still needs to be in-depth: this research uses the statistical/survey data of the population of each city to classify when dividing the city sizes. Although the classification is based on official sources in China, with the development of time and drastic economic and social background changes, it has become difficult to accurately classify whether a city is a large or a moderate city with a single population indicator. However, GDP, tourism economy, entity economy, innovation strength, and the number of talents may all be the basis for the classification of cities. In different districts, a more detailed understanding of the changes of it on urban land is of certain significance. Today, HSR lines have covered many cities in the west, such as Lanzhou, Chongqing, Kunming, etc., and many cities have hub stations, which play an important role in communicating multiple lines. Therefore, in the context of the continuous growth and expansion of the HSR network in the west, what changes will happen to the expansion of cities in the west due to its continuous opening? What is the relationship between its expansion and other factors in the city? This study did not analyze the differences between the east, middle and the west, and the study of those is closely related to the revitalization of industries in the west and the high-quality construction of a city.




	(8)

	
In addition, this study only uses urban area as a dependent variable for analysis, while the expansion pattern of urban land and other landscape laws has not been analyzed in depth. For example, the compactness of urban land is closely related to the intensive development of urban land, which is important for land resources. It is more important for cities that have a large conflict with population size. In the time of high-speed traffic, how to ensure the growth of the scale of cities and the efficient use of land require further research.










4.3. Policy Implications


This study discussed the impact of HSR on urban land expansion in China and subdivided the scales as much as possible to analyze the heterogeneous impact. For example, this study found that the opening of HSR and HSR frequency have different effects on the Beijing–Tianjin–Hebei and Yangtze River Delta urban agglomerations, and HSR frequency only has a negative impact on the expansion of small cities. Therefore, the overall planning of urban agglomerations should grasp the heterogeneous impact of HSR on urban expansion of cities of different sizes and their own urban agglomerations. For example, when the planning departments make the plan of the urban land area for each city in an urban agglomeration, it is necessary for them to fully consider the impact of the new power of HSR, analyze and predict the potential impact of HSR on the growth of urban land in cities of different sizes, and continuously adjust planning to achieve coordinated development.



In addition, in the era of HSR, each city should also timely revise its land use planning and the scale of urban land development, including the direction, total amount, and limit of urban land expansion. For a city, the government can add the analysis of multiple time nodes in the planning, construction, and opening of HSR, for example, the time of publication of the HSR line planning documents, the start time of the construction of the HSR line, the time of its completion and opening, and the number of years after its opening and operation, then predict the change trend of the urban land area in their own city based on the situation of urban expansion in nearby cities before and after the opening of HSR. When compiling the new version of the city’s master plan, the overall scale of urban construction land should be budgeted according to the different time nodes of HSR.



It is necessary to seize the opportunities brought by the construction and opening of HSR to push urban construction and development and to control the expansion of urban land, to prevent the excessive expansion of urban land from causing waste of construction land and excessive occupation of other kinds of land (such as vegetation cover). In the process of government dynamic monitoring of urban land use, high-resolution remote sensing images should receive more attention. Due to the geographical attenuation law, HSR stations have a significant impact on the surrounding land use. At this time, in order to more accurately calculate and simulate the area, direction, center of gravity, and gradient effects of urban land expansion, high-resolution remote sensing images will provide great help.



In addition to considering the opening of HSR and HSR frequency, this study did not consider other factors about HSR. When the government conducts micro-analysis of urban expansion, it should also consider the impact of the location characteristics of HSR stations on urban expansion, such as the distance to the central area of the county/city. In addition, the successive opening of multiple HSR lines will have different impacts on urban expansion in different time periods.



In addition to the study of a single object of urban land use, the government should also specifically consider the occupation of different types of non-urban land by urban land in the context of HSR in national land and space planning and urban land management. With the continuous improvement and update of remote sensing image classification technology, the classification accuracy of remote sensing images has been improved, and the types of land use have become increasingly diverse. This study has only carried out the conversion of four types of non-urban land to urban land. In fact, the land use structure of various regions varies greatly and the management policies for non-urban land are not completely the same, for example, the proportion of barren land and vegetation cover in the total land use in the northeast and northwest regions is quite different. Therefore, in the context of HSR, each city should combine its own land use characteristics to control the transfer of different types of non-urban land to urban land. For example, in western China, where vegetation cover is abundant, the vegetation cover should continue to be classified in more detail, which will rely on artificial intelligence to improve the efficiency of the remote sensing image interpretation process. Then, hierarchical management of the vegetation cover with better or general ecological environmental benefits will be carried out. Then, the government will prioritize the delineation of vegetation cover areas with weak ecological and environmental benefits and include them in the detailed planning.



Similarly, the government should strengthen monitoring of the conversion of non-urban land to urban land during the different time periods of planning, construction, and operation of HSR lines. For other HSR lines that will be opened in the future, the government can forecast the source scale of urban expansion, that is, the scale of the transformation of various types of non-urban land to urban land and delineate the spatial scope of urban expansion in urban planning in advance.





5. Conclusions


This study used a multi-stage DID model to analyze the impact of HSR on urban expansion in China, including the opening of HSR, HSR frequency, and other socio-economic factors. Taking into account the strong heterogeneity between different regions of China, the discussion was divided into five urban agglomerations and three sizes of city clusters. The conversion of various types of non-urban land to urban land was analyzed for cities in the opening year and the previous year of HSR. Some master conclusions were acquired, as follows:




	(1)

	
China’s urban land growth rate was relatively fast in the periods of 2010–2013 and 2016–2019, and there was a short period with slower rates of growth from 2013–2016. The growth speed of urban land area in different urban agglomerations (Beijing–Tianjin–Hebei, the Yangtze River Delta, the Pearl River Delta, Chengdu–Chongqing, and the middle reaches of the Yangtze River) has different characteristics.




	(2)

	
Under certain socio-economic conditions, the first opening of HSR has a significant function in promoting urban expansion of Chinese cities. However, several years after opening, HSR no longer plays a role in promoting urban expansion, and the impact diminishes gradually over time. The first opening of HSR has a more significant effect in promoting urban expansion than HSR frequency.




	(3)

	
The opening of HSR only has a significant role in promoting urban expansion in Beijing–Tianjin–Hebei, and HSR frequency does not promote urban expansion in this urban agglomeration. The reason for this result may be that there is a vast difference in strength level between the various cities in this urban agglomeration. HSR frequency has a significant influence in promoting urban expansion in the Yangtze River Delta, which is likely related to the small gap in development levels of the cities in this region and the advantages of the coastal location.




	(4)

	
The opening of HSR has no significant impact on urban expansion of cities of different sizes. HSR frequency has a significant negative impact on urban expansion of small cities. The reason for this result may be that small cities are affected by the siphoning effect of medium or large cities, resulting in a significant loss of production factors and a lack of motivation for urban expansion.




	(5)

	
From a national perspective, the first opening of HSR led to urban expansion that was dominated by the occupation of cultivated land and vegetation cover, of which cultivated land is the main object of occupation in the procedure of urban expansion. After the first opening of HSR, cities in Xinjiang and the Inner Mongolia autonomous region mainly converted barren land and vegetation cover to urban land, and only a small proportion of cultivated land was converted. After the first opening of HSR in Northeast China, urban expansion converted roughly equal areas of vegetation cover and cultivated land, which is related to this region being a main producer of food. The first opening of HSR in cities in southern China results in less conversion of vegetation cover to urban land than in northern China. The reason for the pattern may be that vegetation in the south of China is more important to the ecological environment than in the north of China.









The conclusions of this study have the following practical significance: First, the regional heterogeneity of the opening of HSR and HSR frequency on urban expansion is obtained. In the era of HSR, it provides empirical results for predicting the future growth of urban land. In further research, what should be undertaken is paying full attention to the regional heterogeneity impact of HSR on urban expansion, comprehensively considering the location of the city, scale changes and other location conditions, resource endowments, administrative status, etc., and establishing a comprehensive model. This model will quantitatively predict the potential impact of HSR on the scale of urban land use in different cities and provide a decision-making reference for urban land resource management. Second, this study provides preliminary empirical results for the conversion of non-urban land to urban land influenced by HSR. These conclusions will help city governments to dynamically grasp the different types of non-urban land influenced by HSR and facilitate the maintenance of the urban environment and the rational development of natural resources and other refined management. Similarly, in the era of HSR, it is necessary to fully consider the impact of the heterogeneous characteristics of cities on its own conversion of non-urban land to urban land. Combined with the opening of HSR, HSR frequency, and other factors, what can be studied in the future is the quantitative prediction of the impact of the future role of HSR on the scale of conversion of non-urban land to urban land.
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Figure 1. HSR network in China (2019). 
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Figure 2. The distribution of land use in China (2019). 
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Figure 3. The distribution of urban land in China. 
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Figure 4. The distribution of five urban agglomerations in China. 
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Figure 5. The growth rate of urban land area of overall China and five urban agglomerations in China. 
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Figure 6. Parallel trend test. 
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Figure 7. The area of non-urban land converted to urban land in the cities that first opened HSR during 2010 to 2019. (a) The area of barren land converted to urban land; (b) the area of water body converted to urban land; (c) the area of vegetation cover converted to urban land; (d) the area of cultivated land converted to urban land. 
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Figure 8. The proportion of non-urban land converted to urban land in the cities that first opened HSR during 2010 to 2019. (a) The proportion of barren land converted to urban land; (b) the proportion of water body converted to urban land; (c) the proportion of vegetation cover converted to urban land; (d) the proportion of cultivated land converted to urban land. 
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Table 1. The introduction and description of all variables.
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Variables Type

	
Name

	
Code






	
Dependent variable

	
urban land area

	
ln(urbanarea)




	
Dummy variable

	
whether to open HSR

	
openingHSR




	
Control variables

	
regional GDP

	
GDP




	
per capita GDP

	
perGDP




	
the proportion of secondary industry added value in GDP

	
added value of the secondary industry




	
the proportion of tertiary industry added value in GDP

	
added value of the tertiary industry




	
the total retail sales of consumer goods

	
retail




	
the total profits of industrial enterprises above designated size

	
industry




	
HSR frequency

	
HSR frequency











[image: Table] 





Table 2. The overall impact of HSR on urban expansion in China.






Table 2. The overall impact of HSR on urban expansion in China.





	
Variables

	
ln(Urbanarea)

	

	




	

	
(1)

	
(2)

	
(3)






	
openingHSR

	
0.016

(0.010)

	
0.013

(0.010)

	
0.026 **

(0.012)




	
openingHSR_1

	

	
−0.427 ***

(0.015)

	




	
openingHSR_2

	

	
−0.374 ***

(0.013)

	




	
openingHSR_3

	

	
−0.320 ***

(0.011)

	




	
openingHSR_4

	

	
−0.252 ***

(0.009)

	




	
openingHSR_5

	

	
−0.196 ***

(0.007)

	




	
openingHSR_6

	

	
−0.166 ***

(0.007)

	




	
openingHSR_7

	

	
−0.161 ***

(0.007)

	




	
openingHSR_8

	

	
−0.084 ***

(0.004)

	




	
openingHSR_9

	

	
−0.030 ***

(0.006)

	




	
GDP

	

	

	
0.087 *

(0.052)




	
perGDP

	

	

	
0.004

(0.010)




	
added value of the secondary industry

	

	

	
−0.003

(0.005)




	
added value of the tertiary industry

	

	

	
0.002

(0.004)




	
industry

	

	

	
−0.0002

(0.006)




	
HSR frequency

	

	

	
−0.022 **

(0.011)




	
constant

	
−88.333 ***

(3.359)

	
5.899 ***

(0.011)

	
−86.598 ***

(3.311)




	
City (fixed effect)

	
yes

	
yes

	
yes




	
Year (fixed effect)

	
yes

	
yes

	
yes




	
Observations

	
2300

	
2300

	
2300




	
R2

	
0.756

	
0.767

	
0.760








Note: ***, **, and * respectively mean that p-value of the variable is less than 0.01, 0.05, and 0.1.
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Table 3. The impact of HSR on urban expansion in five urban agglomerations in China.
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Variables

	
ln(urbanarea)

	

	

	

	




	
Urban Agglomeration

	
(4)

Beijing–Tianjin–Hebei

	
(5)

Yangtze River Delta

	
(6)

Pearl River Delta

	
(7)

Chengdu–Chongqing

	
(8)

Middle Reaches of the Yangtze River






	
openingHSR

	
0.045 *

(0.024)

	
−0.034

(0.024)

	
0.0003

(0.026)

	
−0.017

(0.024)

	
−0.024

(0.018)




	
GDP

	
0.018

(0.035)

	
−0.236 ***

(0.084)

	
−0.082

(0.060)

	
0.200

(0.142)

	
−0.126

(0.192)




	
perGDP

	
−0.059

(0.053)

	
0.022

(0.022)

	
0.010

(0.007)

	
−0.164

(0.108)

	
−0.021

(0.024)




	
added value of the secondary industry

	
0.003

(0.023)

	
0.001

(0.017)

	
−0.006

(0.009)

	
0.044 **

(0.193)

	
−0.002

(0.002)




	
added value of the tertiary industry

	
0.015

(0.010)

	
0.009

(0.010)

	
−0.007

(0.005)

	
−0.038

(0.023)

	
−0.009

(0.017)




	
industry

	
−0.008

(0.004)

	
0.035 *

(0.018)

	
−0.024

(0.019)

	
−0.038

(0.023)

	
0.064 ***

(0.021)




	
HSR frequency

	
−0.030 **

(0.013)

	
0.048 *

(0.028)

	
−0.010

(0.011)

	
−0.003

(0.017)

	
0.020

(0.015)




	
constant

	
−61.368 ***

(9.135)

	
−121.766 ***

(8.736)

	
−55.122 ***

(8.412)

	
−90.871 ***

(10.535)

	
−95.929 ***

(6.031)




	
City (fixed effect)

	
yes

	
yes

	
yes

	
yes

	
yes




	
Year (fixed effect)

	
yes

	
yes

	
yes

	
yes

	
yes




	
Observations

	
130

	
400

	
90

	
100

	
240




	
R2

	
0.856

	
0.853

	
0.823

	
0.875

	
0.916








Note: ***, **, and * respectively mean that p-value of the variable is less than 0.01, 0.05, and 0.1.
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Table 4. The impact of HSR on urban expansion of the cities of different sizes in China.
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Variables

	
ln(Urbanarea)

	

	




	

	
(9) Small Cities

	
(10) Medium-Sized Cities

	
(11) Large Cities






	
openingHSR

	
0.035

(0.025)

	
−0.007

(0.014)

	
0.021

(0.019)




	
GDP

	
−0.027

(0.206)

	
−0.375 **

(0.162)

	
0.023

(0.036)




	
perGDP

	
−0.014

(0.023)

	
0.058 *

(0.031)

	
0.017 *

(0.010)




	
added value of the secondary industry

	
−0.00005

(0.005)

	
0.014

(0.009)

	
−0.005

(0.010)




	
added value of the tertiary industry

	
−0.007

(0.016)

	
−0.002

(0.003)

	
0.003

(0.005)




	
industry

	
−0.032

(0.041)

	
0.081 ***

(0.028)

	
−0.000

(0.006)




	
HSR frequency

	
−0.069 **

(0.034)

	
0.015

(0.022)

	
−0.012

(0.012)




	
constant

	
−94.189 ***

(7.279)

	
−91.348 ***

(0.022)

	
−80.386 ***

(4.953)




	
City fixed effect

	
yes

	
yes

	
yes




	
Year fixed effect

	
yes

	
yes

	
yes




	
Observations

	
740

	
760

	
800




	
R2

	
0.768

	
0.826

	
0.752








Note: ***, **, and * respectively mean that p-value of the variable is less than 0.01, 0.05, and 0.1.
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Table 5. The result of robustness test.
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Variables

	
ln(Build-Up Areas)




	

	
−12






	
openingHSR

	
0.009




	
−0.013




	
openingHSR_1

	
−0.418 ***




	
−0.017




	
openingHSR_2

	
−0.348 ***




	
−0.016




	
openingHSR_3

	
−0.296 ***




	
−0.015




	
openingHSR_4

	
−0.243 ***




	
−0.014




	
openingHSR_5

	
−0.199 ***




	
−0.012




	
openingHSR_6

	
−0.138 ***




	
−0.011




	
openingHSR_7

	
−0.088 ***




	
−0.009




	
openingHSR_8

	
−0.056 ***




	
−0.007




	
openingHSR_9

	
−0.025 ***




	
−0.004




	
constant

	
4.825 ***




	
−0.015




	
City fixed effect

	
yes




	
Year fixed effect

	
yes




	
Observations

	
2290




	
R2

	
0.636








Note: *** means that p-value of the variable is less than 0.01.
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Table 6. The impact of the first opening of HSR on the conversion of non-urban land to urban land.
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	Variable
	(13)

The Area of Barren Land Converted to Urban Land
	(14)

The Area of Water Body Converted to Urban Land
	(15)

The Area of Vegetation Cover Converted to Urban Land
	(16)

The Area of Cultivated Land Converted to Urban Land





	openingHSR
	−0.138 ***

(0.050)
	−0.057 **

(0.029)
	0.007

(0.030)
	0.104 *

(0.062)



	constant
	−0.508 ***

(0.033)
	−0.383 ***

(0.019)
	−0.132 ***

(0.019)
	−0.080 **

(0.040)



	City (fixed effect)
	yes
	yes
	yes
	yes



	Year (fixed effect)
	yes
	yes
	yes
	yes



	Observations
	2300
	2300
	2300
	2300



	R2
	0.013
	0.001
	0.000
	0.003







Note: ***, **, and * respectively mean that p-value of the variable is less than 0.01, 0.05, and 0.1.
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