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Abstract

:

Highway infrastructure construction is regarded as one of the effective policy tools used to promote the flow of production factors and upgrade the industrial structure in China, and it may also be an important precondition to improving Cultivated Land Use Efficiency (CLUE). This paper uses a slack-based model (SBM) based on provincial-level panel data from China from 2004 to 2017 to measure CLUE. Then a dynamic spatial Durbin model and a panel threshold regression model were established to analyze the spatial spillover effect and threshold effect of highway infrastructure construction on CLUE. The results showed that the CLUE of China has a fluctuating but overall rising trend. The dynamic spatial Durbin model demonstrated that the Chinese government’s policy of supporting highway infrastructure construction has played an important role in promoting CLUE by spatial spillover effects, and the driving effect of expressways and first–second highways on CLUE is particularly significant in this regard. More interestingly, the results of the panel threshold regression indicated that there is a single threshold effect in the influence of highway infrastructure construction on CLUE. This paper suggested that the spatial correlation between regions should be considered in the construction of regional highway infrastructure and land use planning to improve CLUE. Moreover, the planning of highway infrastructure construction should be balanced according to the actual demand of economic and agricultural development, so as to promote the full flow and reasonable allocation of cultivated land use factors among regions.
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1. Introduction


Cultivated land is often mentioned as the foundation of food production and human survival, which is directly related to national food security, ecological security, and social stability [1,2]. In 2017, the total area of cultivated land in China was lower than the global level [3]. The shortage of cultivated land is particularly problematic given China’s steadily increasing population. There is, therefore, a pressing need to improve cultivated land use efficiency (CLUE) as an effective way to ensure national food security. As far as cultivated land use efficiency is concerned, growth is due, to a large extent, to changes in the input factors [4]. Since 2009, in order to alleviate the negative impact of the 2008 Financial Crisis, the Chinese government has taken transportation infrastructure construction as an important part of government investment policy. Within this, highway infrastructure construction has become one of the key undertakings of the Chinese government to “grasp people’s livelihood, strengthen security, and increase well-being” and constitutes an important part of transportation infrastructure construction. China has made outstanding achievements in the field of highway infrastructure construction. According to China Transportation Yearbook, the mileage of China’s highways has increased from less than 100,000 km in 1949 to more than 5 million kilometers in 2020. With the support of China’s unique land ownership system and the fact that Chinese local governments attach great importance to road infrastructure construction, China’s highway infrastructure construction has an easier time obtaining land resource use rights than those of other countries. The occupation of cultivated land for highway infrastructure construction is one of the reasons for the decrease in the amount of cultivated land. Despite this, highway infrastructure construction also facilitates the transfer of input factors for CLUE between regions and upgrades the industrial structure [5,6]. Therefore, highway infrastructure construction may affect the CLUE.



CLUE reflects the rationality of the allocation of various resources invested in cultivated land space and the degree to which the value of cultivated land production output is realized [4]. At present, much research has been conducted on CLUE, and most of these studies make use of data envelopment analysis (DEA) [7,8], the sequential generalized directional distance function (SGDDF) [9], and the slack-based model (SBM) [10,11,12,13] to quantify the cultivated land use efficiency. Using these tools, scholars have analyzed the key factors that affect CLUE from different perspectives, such as farmers’ behavior [14], government intervention [15], land pricing [16], and economic transition [17].



Existing studies have also explored the driving forces of CLUE. The primary forces driving improvements in CLUE are the increase of material input, the progress of agricultural technology, the realization of agricultural economies of scale, and the reductions of economic inefficiency [18]. Among the driving factors of CLUE, highway infrastructure construction is an important precondition [19,20]. As a material input, modernized highway infrastructure construction could promote the regional flow of labor and goods and the spread of technology and knowledge.



Existing studies have summarized the specific ways in which highway infrastructure construction affects CLUE into two aspects. First, highway infrastructure construction could affect CLUE by shortening the travel time between urban and rural areas and promoting the non-agriculturalization of agricultural labor [21,22,23]. Second, highway infrastructure construction is conducive to the widespread use of agricultural technology, especially agricultural machinery. Mottaleb et al. [24] surveyed 814,100 farmers in Bangladesh and found that road infrastructure affects the availability of agricultural machinery and affects farmers’ decision to purchase agricultural machinery and equipment. As a typical labor-saving technology, agricultural machinery can reduce total worker hours and improve CLUE [25,26,27]. On this basis, scholars have empirically verified the impact of highway infrastructure construction on the CLUE. For example, Mamatzakis et al. [28] pointed out that outdated highway infrastructure construction is an important factor that restricts the improvement of CLUE. Zhang [29] demonstrated that the inconvenience of highways has a negative impact on CLUE by increasing the highway transaction cost of farmers and hindering the dissemination of information. Branco et al. [30] proposed that reasonable highway infrastructure construction of Brazil could increase the output of corn and cotton by 66%.



As can be seen above, previous studies have carried out research on the impact of highway infrastructure construction on CLUE. However, this work still needs to be further improved and deepened. On the one hand, the similarity of natural conditions such as precipitation, temperature and the mobility of factor input in a certain region may cause the spatial convergence of cultivated land use. Meanwhile, the network characteristics of highway infrastructure construction make it possible for a region to construct a highway which results in spatial spillover effects that impact CLUE in neighboring regions [31,32,33]. If the spatial spillover effects are not considered, it may not be possible to accurately determine the impact of highway infrastructure construction on CLUE. On the other hand, most of the existing literature assumes that there is a linear relationship between highway infrastructure construction and CLUE [30,34]. However, some research found that the impact of highway infrastructure construction on social and economic development has significant non-linear characteristics. Lin et al. [35] pointed out that the influence of highway infrastructure on effective energy services in the context of income heterogeneity shows a nonlinear rising characteristic. Wang et al. [36] proposed that highway infrastructure construction positively affects industrial energy efficiency only when a certain threshold is exceeded. In the field of cultivated land use, although most studies proposed that highway infrastructure construction has a positive impact on CLUE, some studies have also put forward different views. Bongalia [37] examined Italy as a region and found that the highway infrastructure did not significantly promote cultivated land output. Fan et al. [38] found that the contribution of highway infrastructure construction to cultivated land output was negative based on the data from the China Agricultural Census. Therefore, the nonlinear characteristics of the impact of highway infrastructure construction on cultivated land use efficiency need to be verified.



Above all, this paper mainly solves two problems: (1) Does highway infrastructure construction have spatial spillover effects on CLUE? (2) Is there a threshold effect on the impact of highway infrastructure construction on CLUE? In order to solve these two problems, this paper firstly used a slack-based model (SBM), based on data from China’s provincial panel from 2004 to 2017, to quantify CLUE. Then, a dynamic spatial Durbin model was used to study the spatial spillover effect of highway infrastructure construction on CLUE. Lastly, a panel threshold model that considered the spatial spillover effects of highway infrastructure construction was built to analyze the nonlinear relationship between highway infrastructure construction and CLUE.




2. Materials and Methods


2.1. Mechanism Framework


2.1.1. The Effects of Highway Infrastructure Construction on CLUE


CLUE essentially refers to obtaining as much output as possible with as little resource input as possible. Under the realistic background of limited arable land resources which are occupied and turned into construction land to support urban development, improving the CLUE is the “key pulse” of agricultural development. According to the theory of spatial econometrics [39], the impact of highway infrastructure construction on CLUE can be divided into the direct effect on the local unit and the spatial spillover effect on the surrounding unit. This paper summarizes the effect of highway infrastructure construction on CLUE with the following aspects (Figure 1).



	(1)

	
Direct effects of highway infrastructure construction on CLUE







Highway infrastructure construction affects CLUE by promoting changes in rural land use patterns. Firstly, China’s urban development has created a large number of non-agricultural employment opportunities. The construction of a highway infrastructure has changed the travel conditions of rural labor and promoted the non-agricultural transfer of agricultural labor. Subsequently, the non-agricultural transfer of rural labor has increased labor costs, and farmers will use agricultural machinery, chemical fertilizers or other agricultural technical means to replace labor. Modern technologies such as agricultural mechanization could also significantly improve CLUE [33]. Meanwhile, the occupation of cultivated land for highway infrastructure construction reduced the amount of cultivated land, which could also promote farmers to change the factor input structure. Additionally, the construction of highway infrastructure linearly cuts the cultivated landscape, aggravating the fragmentation of the land. Land fragmentation increases the cost of labor commuting between plots and is not conducive to the use of agricultural machinery and equipment. From this perspective, land fragmentation caused by road infrastructure construction may inhibit the improvement of CLUE.



The construction of highway infrastructure also boosts the development between urban and rural areas and affects the CLUE. Highway infrastructure shortens commuting distances between urban and rural areas, which creates favorable conditions for bringing urban capital and technology to the rural areas. Driven by urban capital and technology, rural agricultural production methods and land management methods will be further innovated. At the same time, the construction of highway infrastructure is also conducive to the immediate transportation of rural agricultural products to urban markets for sale and promotes market competition. Farmers will also improve the utilization of cultivated land by using modern technical means, reduce production costs and obtain more benefits, thereby affecting CLUE.



	(2)

	
Spatial effects of highway infrastructure construction on CLUE







The spatial location adjacency of cultivated land strengthens the spatial correlation between the cultivated land use of multiple cultivated land plots. Due to the adjacent positions of each swath of cultivated land, the use of chemical fertilizers and pesticides by farmers in one plot could affect the surrounding cultivated land plots under the influence of natural factors such as wind and water flow. Additionally, if the farmers in the surrounding plots have used modern technology to improve the CLUE, then the farmers in the local plots may also adopt the same methods. These instances improve the spatial linkage of cultivated land use efficiency.



There are “imitation effect” and “demonstration effect” of policies among local governments. At present, under the incentives of fiscal benefits, taxation and political promotion, Chinese local governments are willing to learn from the successful experiences of neighboring governments in the process of formulating public policies [40,41,42]. Therefore, the government of surrounding units has improved the CLUE and achieved economic growth through the reasonable formulation of highway infrastructure construction planning and land use policy, and the government of local units may also formulate similar development strategies. As a result, the spatial correlation of the impact of highway infrastructure construction on the CLUE may also be enhanced.



Highway infrastructure construction has driven factor mobility. The input factor system and output factor system coexist in the cultivated land space in the process of cultivated land use. The highway infrastructure has network attribute. Relying on highway infrastructure construction, various elements can flow across regions in geographic space. Specifically, the construction and improvement of highway infrastructure improves the accessibility of rural areas, which creates convenient conditions for agricultural machinery cross-regional services. The cross-regional service of agricultural machinery has also caused agricultural machinery to affect the cultivated land use in surrounding areas [43,44]. Meanwhile, the process of highway infrastructure construction promoting agricultural machinery cross-regional services is also accompanied by the flow of agricultural labor. Agricultural labor exchanges knowledge and technology of farmland use and management, realizing knowledge spillover and technology diffusion [36,45]. As a result, by promoting agricultural labor mobility, highway infrastructure construction has indirectly improved the farmland operation and management methods in surrounding areas, and thus realized the improvement of CLUE.



Above all, this paper proposes that while highway infrastructure construction has a direct effect on the CLUE in local units, it also has a spatial spillover effect on the CLUE in surrounding units.




2.1.2. Threshold Effect of Highway Infrastructure Construction on CLUE


Whether public investment activities, including highway infrastructure construction, could lead to permanent economic growth or temporary growth has always been the subject of discussion by scholars [35,46]. Scholars proposed that the increase in productive public capital investment could lead to a short period of high investment, and as time goes by, investors’ return on capital and investment motivation will further decline, leading to a slowdown in capital accumulation and economic growth [46]. Highway infrastructure construction has a positive impact on the CLUE by promoting the flow of factors in such a way as to realize the rational allocation of factors [29,30]. However, when highway infrastructure construction reaches a certain level, policy, culture, economy, technology and other deep factors will promote the CLUE more significantly than highway infrastructure construction [47]. Moreover, with limited government financial support, excessive highway infrastructure construction needs to reduce rural education, medical, health and other types of rural capital investment [48]. This is not conducive to the improvement of CLUE.



Therefore, this paper proposes that as highway infrastructure construction reaches a certain value, the promotion effect of highway infrastructure construction on CLUE will be weakened. That is to say, the impact of highway infrastructure construction on CLUE is non-linear.





2.2. Indicators and Variable Selection


2.2.1. Explained Variable—CLUE


CLUE is operatively linked to the ratio of developed land area to the number of resident inhabitants [49]. Previous studies have established a relatively complete and mature evaluation index system for CLUE [11,12]. The measurement of CLUE could be divided into two parts: input and output (Table 1). Land, labor and material production factors are generally regarded as the most basic input factors of CLUE. Specifically, cultivated land area is used to represent land input; the number of agricultural laborers is used to represent labor input; the input of material production factors includes agricultural machinery, chemical fertilizer, pesticide, agricultural plastic film, the total power of agricultural machinery, the amount of chemical fertilizer applied, the amount of pesticide used, and the amount of agricultural plastic film used. Output refers to the economic benefits generated by cultivated land use. For this study, the total output value of agriculture and the total output of grain are used to represent the output.




2.2.2. Key Explanatory Variable


Due to the fact that highway infrastructure construction is more widely distributed in China’s rural areas than railways, water transport, and air transport, highway infrastructure construction has become the main flow carrier of the production factors of cultivated land use and agricultural products [34]. For this reason, this paper mainly explores the impact of highway infrastructure construction on CLUE.



Highway infrastructure construction is represented by highway density (highway mileage in km/land area in administrative area in km2.), this index makes it possible to compare the level of highway infrastructure in different provinces regardless of size [50,51]. Moreover, highway infrastructure density can more accurately reflect the convenience of highway infrastructure than simple highway mileage or highway infrastructure investment can. Highways in China also differ in pavement quality and traffic capacity. On this basis, highways can be divided into expressways, first highways, second highways, third highways and fourth highways (Table 2).



In order to facilitate the calculation, we combined the mileage of the first highways and the second highways into one category (first–second highway), and the mileage of the third highways and the fourth highways into one category (third–fourth highway). This study calculates the densities of these classes separately to better analyze their impact on CLUE. As there is no mileage data on third–fourth highways in the statistical yearbook, the following formula was used to estimate it [52]:


  t  f  i t   = c  h  i t   −   e m   i t   −   f s   i t    



(1)







In the formula,   t f   denotes third–fourth highway mileage;   c h   denotes total class highway mileage;   e m   denotes expressway mileage;   f s   denotes first–second highways;  i  represents province; and  t  represents year.




2.2.3. Control Variables


Control variables include the main factors affecting CLUE. These are:



Agricultural Agglomeration: Agricultural agglomeration refers to the process of agglomerating agricultural production resources to a specific range; which could reflect the main characteristics of the centralization of factor distribution and production intensification. Agricultural agglomeration promotes CLUE through sharing; matching; and learning [53]. The average degree of geographical agglomeration of the agricultural industry could measure the regional agricultural agglomeration level and reflect the agricultural agglomeration degree. Thereby; this paper chooses the average degree of geographical agglomeration of the agricultural industry to measure agricultural agglomeration. This measure is calculated as follows:


   A i  =  1 m    ∑  j = 1  m      P  i j      P j       



(2)







In the formula,    A i    represents the average degree of geographical agglomeration of the agricultural industry;    P  i j     represents the output of agricultural production in a particular province;    P j    represents the output of agricultural production for the whole country; and  m  represents the type of agricultural production (i.e., rice, wheat or corn).



Non-agricultural employment: The non-agriculturalization of agricultural labor forces farmers to use agricultural machinery and agricultural technology to replace agricultural labor, thereby affecting the CLUE [29]. This is calculated as


  n  a  i t   =   r  e  i t   − a  e  i t     r  e  i t      



(3)







In the formula,   n a   denotes the level of non-agricultural employment;   r  e  i t     denotes the number of rural employees; and   a  e  i t     denotes the number of agricultural employees.



Regional economic development level: The regional economic development level is represented by the per capita GDP.



Multiple crop index: The multiple crop index is calculated as the ratio of the planting area of crops to the total cultivated area. This variable can reflect the influence of natural geographical conditions on CLUE [12]. The ratio of crop sown area to cultivated land area is used to represent it.





2.3. Methods


2.3.1. Slack-Based Model (SBM)


One of the mainstream tools used to quantify CLUE is data envelopment analysis (DEA). However, the DEA model mainly measures CLUE from radial or depth, and it does not consider the relaxation of input–output. Therefore, the results of DEA are not accurate [54]. The Slack-Based Model (SBM) effectively solves the above problems, as a result of two characteristics. First, the results of efficiency measurements are not affected by the units used to measure input and output items. Second, the differences between the efficiency value and each input and output are monotonically decreasing [55]. The SBM model quantifies the efficiency of DMU    (   x 0  ,  y 0   )    with  n  inputs and  s  outputs. The basic form of the SBM model is as follows:


   ρ *   = min    1 −  1 n    ∑  k = 1  n    s k −  /  x  i o       1 +  1 s   (    ∑  r = 1  s    s r +  /  y  r o      )     



(4)







In the formula, the value range of the objective function    ρ *    is [0, 1].    s k −   ,   s r +    are the total input and output of the    i 0   -th decision-making unit, respectively. For a specific evaluated unit, when    s k −  = 0  ,   s r +  = 0  , that is to say, the CLUE is effective when    ρ *  = 1  . On the other hand, when at least one of    s k −   ,    s r +    is not equal to zero, the CLUE is inefficient, and it is necessary to improve input–output.




2.3.2. Dynamic Spatial Durbin Model


The main purpose of the study is to analyze the spatial spillover effects of highway infrastructure construction on CLUE. Existing research mainly investigates the spatial spillover effect of highway infrastructure construction by constructing a spatial Durbin model [32,56]. However, the methods of cultivated land management may be influenced by the past experience of farmers [52], and the existing spatial Durbin model cannot reflect the dynamics in time. A dynamic spatial Durbin model with time and spatial lag terms for the explained variables is the best method for exploring such a system [57]. The dynamic spatial Durbin model has no restriction on the model setting form of the potential spatial spillover effect. The dynamic spatial Durbin model of CLUE is set as follows:


     C L U  E  i t   = α C L U  E  i , t − 1   + β  w  i j   × C L U  E t  + φ h i g h w a  y  i t   + λ  w  i j   × h i g h w a  y  i t       + η  z  i t   +  μ i  +  γ t  +  ε  i t       



(5)







In the formula,  i  represents province;  t  represents year;   C L U  E  i t     represents cultivated land use efficiency;   C L U  E  i , t − 1     represents the first-order lag of cultivated land use efficiency;    w  i j   C L U  E  i t     represents the spatial lag of CLUE;   h i g h w a y   represents key explanatory variables—highway density;    w  i j   × h i g h w a  y  i t     represents the spatial lag of the key explanatory variables;    w  i j     denotes the spatial weight matrix;    μ i    denotes the individual effect of province  i ;    γ t    denotes time effects; and    ε  i t     denotes the random error term.



However, results from the spatial Durbin model cannot directly represent the marginal influence of explanatory variables. If one wants to compare and analyze the different effects of each explanatory variable, one should calculate the direct effect and indirect effect using the method of partial differential solution based on the spatial Durbin model [57]. It should be noted that the direct effect reflects the influence of highway infrastructure construction on CLUE in a specific local province. The indirect effect, also known as the spatial spillover effect, reflects the impact of highway infrastructure construction in a particular province on the CLUE in neighboring provinces. The total effect is the sum of the direct and indirect effects. Meanwhile, the effects can be divided into long-term effects (LE) and short-term effects (SE) across the time dimension [39]. Thereby, the effects of the dynamic spatial Durbin model can be divided into six parts: LE_direct, SE_direct, LE_indirect, SE_indirect, LE_total and SE_total.




2.3.3. Panel Threshold Regression Model


According to the above theoretical analysis, the impact of highway infrastructure construction on the CLUE may show a non-linear relationship due to the difference in the level of highway infrastructure construction; that is, there is a threshold effect. The threshold effect is a phenomenon that causes a sudden change in the direction or quantity of another economic parameter after the economic output reaches a certain critical value [58]. This critical value is the threshold value. The panel threshold model proposed by Hansen has become an important model tool for scholars to explore the threshold effect [10,59]. Meanwhile, this paper considers that highway infrastructure construction may have spatial spillover effects on CLUE. Therefore, the sum of highway density and the spatial lag of highway density in other provinces were chosen as threshold variables and as threshold explanatory variables. According to the research of Hansen [58], the model is as follows:


    C L U  E  i t   =  α i  +  β 1    ′  ( h i g h w a y +  w  i j   × h i g h w a y ) I ( h i g h w a y +  w  i j   × h i g h w a y <  λ 1  )     +  β 2    ′  ( h i g h w a y +  w  i j   × h i g h w a y ) I (  λ 1  ≤ h i g h w a y +  w  i j   × h i g h w a y <  λ 2  )     +  β 3    ′  ( h i g h w a y +  w  i j   × h i g h w a y ) I ( h i g h w a y +  w  i j   × h i g h w a y ≥  λ 2  ) + η  z  i t   +  μ i  +  ε  i t      



(6)







In the formula,  α ,  β  denote the estimated coefficient;   h i g h w a y +  w  i j   × h i g h w a y   represents the threshold variable;    λ 1   ,    λ 2    represents threshold values;   I ( · )   represents the specified objective function;  μ  could be used to reflect the unobserved characteristics of an individual; and    ε  i t     denotes random disturbance.





2.4. Data Resources


The research time of this paper is from 2004 to 2017, and the following factors are mainly considered: (1) from 1995 to 2004 (Figure 2), the total mileage of China’s highways was basically maintained within 1 to 2 million kilometers, and the total mileage of highways increased by 6.16% annually. However, as the “Tenth Five-Year Plan” (2001–2005) proposed to improve a smooth, safe, and convenient modern comprehensive highway system, China’s highway infrastructure construction has entered into a period of rapid development since 2004. By the end of the Tenth Five-Year Plan (2005), China’s total highway mileage increased from 1.698 million kilometers in 2001 to 3.3452 million kilometers. Therefore, this paper chooses 2004 as the starting year of the study. (2) Cultivated land area is one of the main evaluation indicators of cultivated land use efficiency. The current China Rural Statistical Yearbook has been updated to 2019, but even in the 2019 China Rural Statistical Yearbook, only the area of cultivated land in 2017 can be obtained. Therefore, the end year of this study is 2017.



Thirty-four provinces, municipalities, and autonomous regions make up China. Based on the availability of data, this paper takes 31 Chinese mainland provinces as research units for the period from 2004–2017 (Taiwan, Hong Kong, and Macau, important parts of China, are not included in this study). The data used in this study came from the China Statistical Yearbook, China Rural Statistical Yearbook and China Traffic Statistics Yearbook for the years 2004–2017. The descriptive statistics of these variables are shown in Table 3.





3. Results and Discussion


3.1. The Results of CLUE


With the help of the SBM-oriented module in the DEA solver Pro 5 software, the value of CLUE was obtained for each province of China (Figure 3). With regard to time, the CLUE shows an overall rising trend, but with some fluctuation (there was a slight downward trend in 2006, 2009 and 2014). Above all, with the development of social economy and the improvement of farmland use technology, the average index of CLUE increased from 0.59 in 2004 to 0.88 in 2017, with an average annual growth rate of 3.34%.



When the data is examined at the province level (Table 4), it is found that from 2004–2017 nearly all provinces saw an increase in CLUE to some degree. The exceptions are Inner Mongolia (where CLUE decreased slightly) and Jilin and Guizhou (where CLUE remained the same). Tianjin, Zhejiang, Hubei and Beijing are the provinces with the fastest efficiency improvements, with respective increasing ranges of 0.58, 0.57, 0.51 and 0.50. Meanwhile, in most years, the CLUE in Shanghai, Jilin, and Tibet stayed DEA effective. The CLUE also shows certain spatial agglomeration characteristics. For instance, the geographically adjacent provinces of the middle and lower reaches of the Yangtze River (such as Shanghai, Jiangsu, Zhejiang, Jiangxi) have a high degree of spatial agglomeration of CLUE.




3.2. Initial Estimates


Based on the data of 31 provinces in China from 2004 to 2017, we weighted the highway density of the 30 provinces other than each province through the spatial weight matrix and constructed the spatial lag term of highway density. The scatter and linear fitting results of highway density vs. CLUE and of highway density spatial lag vs. CLUE are shown in Figure 4 and Figure 5, respectively. The slope coefficient of the fitting line between highway density and CLUE was found to be 0.07, while the slope coefficient of the fitting line between the spatial lag of highway density and CLUE is 0.19. This means that the increase of highway density within a province may have a more significant effect on the CLUE of the surrounding provinces than the local province. This also indicates that there may be a significant spatial spillover effect of highway infrastructure construction on CLUE.




3.3. Regression Analysis of the Dynamic Spatial Durbin Model


The results of the dynamic spatial Durbin model are shown in Table 5. The results of the dynamic panel fixed effect model, without considering the spatial spillover effect, are also in Table 5 for purposes of comparison. The regression coefficient of   C L U  E  t − 1     is positive and significant at the level of 1%. It can be inferred that there is significant time inertia in CLUE, the previous production experience and economic and environmental conditions have a significant impact on the current CLUE. Furthermore, the results of the dynamic panel fixed effect model indicate that highway density has no significant effect on CLUE, while the dynamic spatial Durbin model shows that the coefficient of the spatial lag term of highway density is significantly nonzero at the level of 5%. This means that if one does not consider the spatial correlation of highway infrastructure construction on CLUE, then the impact of highway infrastructure construction may be underestimated.



The direct and indirect effects of highway density on CLUE were also calculated. It could be found that the effect of highway density on CLUE is positive, but the SE_indirect and LE_indirect of highway density on CLUE are more significant than the SE_direct and LE_direct, and the estimated coefficient value of the indirect effect is also higher. The reason is that highway infrastructure construction has significant network effect, which could greatly promote the flow of agricultural machinery, agricultural labor and agricultural technology. Therefore, the spatial spillover effect of highway infrastructure construction on CLUE efficiency is more significant than the direct effect. This result is consistent with the research of Tong et al. [34], Luo et al. [52], and Konno et al. [32].



Meanwhile, the regression coefficient of the LE_indirect effect is higher than that of the SE_indirect effect. The reason for this is that with the increase in highway density in the later period, the characteristics of the highway infrastructure network were also constantly improved, which could further reduce the transaction cost of agricultural production in neighboring areas [6,60].



Columns 4–6 of Table 5 report the estimated effects of expressway, first–second highway and third–fourth highway density, respectively. All regression coefficients for expressway are significantly positive. The estimation coefficients of the SE_direct and LE_direct of first–second highways’ and third–fourth highways’ density are not significant. Meanwhile, the SE_indirect and LE_indirect of first–second highways’ density are significantly positive, while the SE_indirect and LE_indirect of third–fourth highways’ density are significantly negative. It could be inferred that the higher the level of a highway, the more significant a role it has in promoting CLUE. The mileage of third–fourth highways accounts for more than 60% of China’s total highway mileage. This means that the low-grade highways, accounting for the majority of China’s highway mileage, do not significantly improve CLUE. This is consistent with the research results of Liu et al. [61]. The third–fourth highways are mainly used to serve as the connection between the county and the village and between the villages. Due to limited construction costs and topographical conditions, the traffic capacity is lower than that of higher-grade highways, and they cannot meet the traffic demand of large-scale agricultural machinery [62,63]. Therefore, third–fourth highways do not significantly promote CLUE.



Furthermore, the indirect effect is largely responsible for the total effect of highway infrastructure construction on CLUE, as indicated by the significantly positive spatial lag term   w × C L U E  . Among all classes of highways, the SE_direct and LE_direct of first–second highways are the highest. For each percentage point increase in first–second highway density, the CLUE increases by 0.24 percentage points in the short term and 0.65 percentage points in the long term, respectively. Although the expressway mileage only accounts for 3% of the total mileage, each increase of 1 percentage point in density will lead to an increase of 0.23 percentage points and 0.45 percentage points of CLUE, respectively, in the short term and the long term.




3.4. Threshold Regression Results


In this study, the sum of the highway density and the spatial lag of highway density in other provinces was selected as the threshold variable. This formed the basis of the panel threshold regression model of the influence of highway infrastructure construction on CLUE. Table 6 reports that the F value corresponding to the single threshold regression model is significant at the level of 1%, but the double threshold model fails to pass the significance test. This could mean that the impact of highway infrastructure construction on CLUE has nonlinear characteristics and a significant threshold effect.



Meanwhile, it can be seen from Table 7 that the sum of highway density and the spatial lag of highway density in other provinces has a significant impact on CLUE in the single threshold regression model, reaching a significance value of 1%. The value of the single threshold is 2.4152. When the sum of highway density and the spatial lag of highway density in other provinces is lower than the threshold value of 2.4152, the acceleration of highway infrastructure construction can lead to an improvement in CLUE, whereas if the sum is higher than the threshold value of 2.4152, this effect is significantly reduced. On this basis, the study samples were divided into two sections: low level (sum of highway density and the spatial lag of highway density in other provinces < 2.4152) and high level (sum of highway density and the spatial lag of highway density in other provinces ≥ 2.4152). In order to reflect the interval change and to take into account the current highway situation, this study divides the intervals according to the average highway density of each province over time and the highway density in 2017 (Shown in Figure 6).



With regard to the average highway density, the provinces with high-level density are all in Eastern China. The provinces in Central China and Western China have low-level highway density. This indicates that the impact from highway construction on CLUE is asymmetric between developed regions and developing regions, with the latter standing to gain the most promotion in terms of CLUE [64]. In 2017, most of the provinces with high-level density were also located in Eastern China. Six provinces (Beijing, Tianjin, Shandong, Jiangsu, Shanghai and Zhejiang) of Eastern China reached high-level density in 2017. Anhui, Henan and Hubei provinces in Central China, which generally have better agricultural production conditions, also reached a high level of density in 2017. However, in Western China, only Chongqing had a high level of density in 2017. With the rapid development of highway construction in developed Eastern China, the highway density is becoming more and more concentrated and saturated. Highway infrastructure construction is no longer a vital factor impacting agricultural development and cultivated land use [63,65], and its role in promoting CLUE has declined. Central China is an important region of China’s grain production, the construction and improvement of highway infrastructure construction provide favorable conditions for promoting the cross-regional service of agricultural machinery and the flow of agricultural labor in Central China. Meanwhile, its geographical location makes Central China the highway “transit station” for China’s agricultural products, which promotes the optimal allocation of elements and the improvement of CLUE. Western China is in a vital period of development and construction, and the role of highway infrastructure construction in the improvement of CLUE is gradually increasing.



More interestingly, among the provinces with high-level density, Shandong, Jiangsu, Henan, Hubei and Hunan are also provinces in China’s major grain production areas. This could indicate that for these provinces in the major grain production areas, the role of highway infrastructure construction in improving CLUE has declined. Therefore, policy and technologies should be adopted to improve the CLUE.





4. Discussion


The CLUE defined by this paper refers to obtaining the largest possible output, including food, agriculture, forestry, animal husbandry and fishery, with as little input of labor and material production materials as possible on a certain area of cultivated land. China is a country with a large population. China feeds about 22% of the global population with 9% of the world’s cultivated land [65]. China is also a big agricultural country. The utilization of limited cultivated land resources also bears the burden of China’s social and economic development. On the one hand, people rely on farming to obtain food and economic sources. On the other hand, China’s industrialization and urbanization have been promoted by converting a large amount of arable land into construction land [66,67]. This reflected in current important measures to realize the sustainable development of China, that is, to improve CLUE. Through the study of China’s CLUE to summarize China’s cultivated land use model and to study the influencing factors of CLUE to share China’s experience, one can provide an important reference for the development of other underdeveloped countries or countries with scarce cultivated land resources.



This paper focus on analyzing the impact of highway infrastructure on CLUE from the perspective of the spatial spillover effect and threshold effect and broadens the research perspective of highway infrastructure construction and land use. Without doubt, China’s highway infrastructure construction plays a significant role in promoting sustained and rapid rural economic growth [61]. The results of this paper demonstrate that the construction of highway infrastructure provides favorable conditions for realizing the rational utilization of cultivated land, improving the utilization value of cultivated land and improving the CLUE. The findings of this paper have some policy implications for highway infrastructure construction and cultivated land use. First, as shown by Yang et al. [68] and Luo et al. [52], the impact of regional highway infrastructure on CLUE is not spatially independent. If the spatial dependence between regions is ignored, it may lead to the wrong conclusion for the formulation of rural development policies and the construction of regional highway infrastructure [69]. Therefore, in the construction of highway infrastructure, the Chinese government should promote interregional cooperation and strive to realize the interregional interconnection of highways. In this way, the connectivity between regions and the full flow of agricultural production factors among regions can be improved, and the spatial coordination of CLUE can be realized.



Meanwhile, it was found that expressways and first–second highways play a significant role in improving CLUE, while the promotion of third–fourth highways needs to be improved. In recent years, the Chinese government has accelerated the construction of third–fourth highways, and the mileage of third–fourth highways has also increased. However, the highway width of the third-fourth highways is narrow, and the poor connectivity with high-grade highways limits the effect of the third–fourth highways on CLUE. Therefore, combined with the needs of rural development, the Chinese government should expand the width of the third–fourth highways and improve the connectivity with high-grade highways. Even in the case of some of the third–fourth highways with large traffic volumes, the Chinese government can upgrade them to higher-class highways.



In particular, the threshold characteristics also require that different regions should further reasonably plan the construction of new highway infrastructure according to the current status of their own highway infrastructure. For provinces with high highway density, the government should use developed highway infrastructure to promote cross-regional services of agricultural machinery and other agricultural production technologies. Meanwhile, on the basis of ensuring basic grain output, the government should implement a strict farmland protection system to ensure that the quality of cultivated land does not decline. At present, the Chinese government should continue to increase construction in Western China where highway infrastructure construction is relatively lagging behind and speed up the connection inside the region. While Eastern China and Central China should increase construction of highway infrastructure in remote areas and adjust and control various cultivated land use factors through system design and improved cultivated land use policies to promote CLUE. Through these methods, the country can enhance the regional synergy between road infrastructure construction and cultivated land use.



The impact of highway construction on the land environment, especially the change in cultivated land, has always been an important topic in the analysis and research of highway construction projects [70]. It is worth noting that the research in this paper empirically tests the positive impact of highway construction on the improvement of CLUE, but there are also studies that focus on the negative impact of highway construction, such as Małgorzata Dudzi’nska et al. [71], which found that highway construction reduced large areas of arable land. The policy formulation and implementation of land consolidation projects provide direction in considering the impact of highway construction on improving CLUE and determining appropriate measures to make up for or eliminate the losses caused by highway construction. In China, land consolidation activities centered on the development, utilization and transformation of land resources have always accompanied China’s rural construction [72]. The technical projects of land consolidation mainly include land projects such as land leveling and soil improvement, infrastructure projects such as farmhouse consolidation and road construction, environmental projects such as landscape greening and sanitation improvement, and ecological projects such as water body treatment and mine restoration. As a result, land consolidation work has played an important role in guiding infrastructure construction, reducing the fragmentation of cultivated land, and improving CLUE [73,74,75]. Whether it is the formulation of agricultural sustainable development policies in various countries or the research on the impact of highway infrastructure construction on CLUE, continuous attention should be paid to this in the future.



However, more research needs to be implemented. One possible direction for future work is to use more detailed county data, even township data. Another research direction is to explore the impact of railway and waterway infrastructure on cultivated land use efficiency.




5. Conclusions


Based on interprovincial panel data from China from 2004 to 2017, this study used a slack-based model (SBM) to measure CLUE, established a dynamic spatial Durbin model to explore the spatial spillover effect of highway infrastructure construction on CLUE and a panel threshold regression model to analyze the threshold effect. It primarily draws the following three conclusions: (1) The average CLUE index of China increased from 0.59 in 2004 to 0.88 in 2017, showing a steady rising trend, albeit with some fluctuations, and there are significant differences in spatial distribution. (2) Highway infrastructure construction significantly and positively promoted CLUE, among which expressways and first–second highways have the most significant promoting effect on CLUE. The promotion effect on CLUE has a spatial spillover effect. (3) The results of panel threshold regression indicate that there is a single threshold effect on the effect of highway infrastructure construction on CLUE. When the sum of highway density and the spatial lag of highway density in other provinces is lower than the threshold value of 2.4152, the acceleration of highway infrastructure construction can lead to an improvement in CLUE. On the other hand, if the sum is higher than the threshold value of 2.4152, the promotion effect of highway infrastructure construction on CLUE is significantly reduced. Highway infrastructure construction is related to production and development as well as residents’ quality of life and social welfare. With China entering a period of high-quality economic development [76,77], China has accelerated the construction of all kinds of highway infrastructure. By the end of 2018, the mileage of rural highways in China was 4.205 million kilometers, an increase of 0.16 million kilometers over the previous year. The policy of highway infrastructure construction has created better conditions for the transfer of labor force, capital, land, and other cultivated land use factors. The Chinese government’s policy of supporting highway infrastructure construction has played an important role in promoting CLUE, and the promotion effect is mainly realized through the spatial spillover effect; therefore, by promoting inter-regional cooperation in highway infrastructure construction and strengthening inter-regional highway connectivity, the government can help improve CLUE. In this process, different regions should rationally plan the construction of new highway infrastructure according to their own highway infrastructure.
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Figure 1. Spatial spillover effects of highway infrastructure construction on CLUE. 
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Figure 2. Highway mileage change trend. 
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Figure 3. The changing trend of CLUE. 
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Figure 4. Scatter diagram of the linear fitting between highway density and CLUE. 
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Figure 5. Scatter diagram of the linear fitting between the spatial lag of highway density and CLUE. 
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Figure 6. Distribution of interval division by highway density. (a) Average of highway density, (b) highway density in 2017. 
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Table 1. The indicators of CLUE.
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System

	
Sub-System

	

	
Indicators






	
CLUE

	
input

	
Land

	
Cultivated land area




	
Labor

	
Number of the agricultural labors




	
Machinery

	
Total power of agricultural machinery




	
Chemical Fertilizer

	
The amount of chemical fertilizer applied




	
Pesticide

	
The amount of pesticide used




	
Agricultural plastic film

	
The amount of agricultural plastic film used




	
output

	
Total output value of agriculture




	
Total output of grain











[image: Table] 





Table 2. Classification of highways in China.
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	Class
	Driving Requirements
	Annual Average Daily Design Traffic Requirements





	Expressways
	For cars to drive in different directions and lanes, and control access to the whole road.
	More than 15,000 passenger cars



	First highways
	For cars to drive in different directions and lanes, and access can be controlled as needed
	More than 15,000 passenger cars



	Second highways
	two-lane road for cars
	5000–15,000 passenger cars



	Third highways
	Two-lane highway for mixed vehicular and non-vehicle traffic
	2000–6000 passenger cars



	Fourth highway
	Two-lane or single-lane highways for mixed vehicular and non-vehicle traffic
	Two-lane–four-lane highway with less than 2000 passenger cars; single-lane four-level highway with less than 400 passenger cars
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Table 3. Descriptive statistics of the data.
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	Variables
	Indicators
	Marks
	Maximum
	Minimum
	Mean
	Std. Dev





	Cultivated Land Use Efficiency
	Seen in Section 3
	CLUE
	1
	0.28
	0.39
	0.19



	Highway infrastructure construction
	highway density
	HD
	2.10
	0.04
	0.77
	0.48



	Agricultural Agglomeration.
	    A i  =  1 m    ∑  j = 1  m      P  i j      P j        
	AA
	11.23
	0.06
	3.24
	2.65



	Non- agricultural employment
	   n  a  i t   =   r  e  i t   − a  e  i t     r  e  i t       
	NAE
	0.99
	0.40
	0.44
	0.18



	Regional economic development level
	per capita GDP
	ECO
	14,0211
	4215
	38,920.76
	25,715.92



	Multiple crop index
	ratio of crop sown area to cultivated land area
	MCI
	2.28
	0.57
	1.26
	0.36
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Table 4. The results of CLUE in major years.






Table 4. The results of CLUE in major years.















	Province
	2004
	2010
	2017
	Province
	2004
	2010
	2017





	Beijing
	0.49
	0.70
	1.00
	Hubei
	0.49
	0.59
	1.00



	Tianjin
	0.42
	0.51
	1.00
	Hunan
	0.69
	0.78
	0.78



	Hebei
	0.38
	0.52
	0.69
	Guangdong
	0.56
	0.72
	1.00



	Shanxi
	0.39
	0.40
	0.57
	Guangxi
	0.49
	0.59
	0.78



	Inner Mongolia
	1.00
	0.61
	0.73
	Hainan
	0.62
	0.56
	0.80



	Liaoning
	0.55
	0.65
	0.92
	Chongqing
	0.76
	0.64
	0.82



	Jilin
	1.00
	0.80
	1.00
	Sichuan
	0.76
	0.74
	1.00



	Heilongjiang
	0.77
	0.82
	1.00
	Guizhou
	1.00
	0.51
	1.00



	Shanghai
	0.62
	0.89
	1.00
	Yunnan
	0.42
	0.41
	0.55



	Jiangsu
	0.59
	0.75
	1.00
	Tibet
	0.85
	0.82
	1.00



	Zhejiang
	0.43
	0.56
	1.00
	Shaanxi
	0.57
	0.69
	1.00



	Anhui
	0.46
	0.53
	0.76
	Gansu
	0.32
	0.33
	0.41



	Fujian
	0.55
	0.66
	1.00
	Qinghai
	0.54
	0.61
	1.00



	Jiangxi
	0.60
	0.70
	1.00
	Ningxia
	0.92
	0.76
	1.00



	Shandong
	0.37
	0.51
	0.72
	Xinjiang
	0.43
	0.62
	0.72



	Henan
	0.51
	0.66
	1.00
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Table 5. The regression results of dynamic spatial Durbin model.
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	Fixed-Effect
	Highway
	Expressway
	First-Second Highway
	Third-Fourth Highway





	highway
	−0.07

(0.04)
	0.02

(0.04)
	0.05 **

(0.03)
	−0.02

(0.03)
	−0.01

(0.06)



	w × highway
	-
	0.31 **

(0.15)
	0.25 ***

(0.07)
	0.30 ***

(0.09)
	−0.57 ***

(0.15)



	w × CLUE
	-
	0.18*

(0.10)
	0.29 ***

(0.11)
	0.16 **

(0.11)
	0.20 *

(0.11)



	CLUEt−1
	0.40 ***

(0.07)
	0.64 ***

(0.04)
	0.60 ***

(0.04)
	0.63 ***

(0.04)
	0.62 ***

(0.04)



	SE_direct
	-
	0.01

(0.04)
	0.04 *

(0.03)
	−0.03

(0.03)
	0.00

(0.05)



	SE_indirect
	-
	0.27 **

(0.12)
	0.19 ***

(0.06)
	0.27 ***

(0.09)
	−0.49 ***

(0.13)



	SE_total
	-
	0.28 **

(0.12)
	0.23 ***

(0.06)
	0.24 ***

(0.09)
	−0.49 ***

(0.13)



	LE_direct
	-
	0.00

(0.11)
	0.09 **

(0.07)
	−0.09

(0.09)
	0.05

(0.14)



	LE_indirect
	-
	0.64 *

(0.1)
	0.36 ***

(0.14)
	0.65 ***

(0.23)
	−1.11 ***

(0.32)



	LE_total
	-
	0.64 *

(0.35)
	0.45 ***

(0.13)
	0.54 **

(0.24)
	−1.06 ***

(0.33)



	Control variables
	YES
	YES
	YES
	YES
	YES



	R²
	0.56
	0.73
	0.74
	0.49
	0.47



	log-likehood
	1000.23
	2779.57
	2795.97
	2457.18
	2399.89







* represents < 10%, ** represents < 5%, and *** represent < 1%, respectively. Value in parentheses is the standard error value.
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Table 6. Threshold effect test results.






Table 6. Threshold effect test results.











	
	F-Value (p-Value)
	Threshold-Value
	95% Confidence Interval





	Single threshold
	50.73 (0.0167)
	1.0398
	[0.9947; 1.0406]



	Double threshold
	16.74 (0.3100)
	0.9835; 2.4152
	[0.9634; 0.9912]; [2.3816; 2.4252]
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Table 7. Threshold effect test results.






Table 7. Threshold effect test results.





	

	
Regression Coefficient

	
t-Value






	
Sum < 2.4152

	
0.35 ***

	
8.36




	
Sum ≥ 2.4152

	
0.21 ***

	
10.93




	
Control variables

	
YES

	
YES




	
R²

	
0.6425








*** represent < 1%, respectively.
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