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Highway construction is vital in agricultural production, directly influencing food security and public health. This study utilized the Epsilon-based measurement-global-Malmquist-model (EBM-GML) and the spatial econometrics model with 31 Chinese provinces’ panel data from 2002 to 2020 to investigate the impacts and the mechanisms of low-grade and high-grade highways on the agricultural green total factor productivity ([image: image]). Research findings indicated that (1) low-grade and high-grade highway construction significantly promote the [image: image] through technological progress, and the high-grade highway exerts a significant positive spillover effect on the adjacent areas’ [image: image]. (2) The mechanisms of low-grade and high-grade roads on the [image: image] are heterogenous. Low-grade roads could improve the [image: image] by encouraging the rationalization of the agricultural industry structure. High-grade highways promote the [image: image] by upgrading the industry structure. And each-grade road could promote the [image: image] by stimulating the integration of planting and breeding. (3) Both low-grade and high-grade highways improved the [image: image] in non-main-grain-producing areas but inhibited it in main-grain-producing areas. Therefore, this study provided practical policy recommendations for green development in China’s agricultural sector and valuable insights for other developing countries.
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1 Introduction

Agriculture is the primary sector of the national economy, and its sustainable development is highly related to the citizens’ food security and economic growth (Fu and Zhang, 2022; Babu et al., 2023). Specifically, China’s agriculture provides food for 22% of the world’s population, with only 10% of the arable land worldwide (Chen et al., 2021), which is crucial in the global economy. China has made remarkable achievements in agricultural growth in the past 40 years, with an average annual growth rate of 4.6% (Gao et al., 2022). However, China’s agricultural development under the circumstance of high resource consumption for a long time caused severe waste and environmental pollution (Su et al., 2020; Koondhar et al., 2021), such as excessive fertilization, water pollution, which seriously restricts the agricultural green development (Chen et al., 2021; Liu et al., 2021). Moreover, these pollutants also account for a large proportion of the world’s pollution. For example, the ratio of China’s agricultural carbon emissions (CO2) in total volume worldwide was 17%, which was the world’s largest source in 2019 (Gao et al., 2022). Therefore, analyzing the measures to promote green production in China’s agriculture is extraordinarily urgent and significant for sustainable development worldwide and has become the focus of governments and academic circles (Song et al., 2022; Luo et al., 2023). Agricultural green total factor productivity ([image: image]) is an indicator to measure the sustainability level of agricultural development, considering the economic output and environmental outputs simultaneously (Liu and Feng, 2019; Ye et al., 2023).

Many scholars have calculated the [image: image] and explored the influencing factors (Chen et al., 2021; Liu et al., 2021). Generally, there were two kinds of methodology commonly used to calculate [image: image], which are data envelopment analysis ([image: image]) and stochastic frontier analysis ([image: image]) (Li and Yang, 2018). Compared with the method of [image: image], [image: image] has the advantage of non-parameter estimates without setting the actual production function (Razzaq et al., 2019). Besides, the methodology of [image: image] could consider multiple inputs and outputs simultaneously (Emrouznejad and Yang, 2018), so it was often combined with the Malmquist index to calculate agricultural production efficiency (Coelli and Rao, 2005; Tipi and Rehber, 2006; Rezitis, 2010). However, the traditional [image: image] approaches are radial models, requiring the input and output to change in the same proportion. Besides, this method could only consider desired output, not include undesired parts. To overcome these problems, Tone (2001) built a non-radial slack-based measurement ([image: image]) model to calculate efficiency. Many researchers used the SBM-DEA model to measure [image: image] (Liu et al., 2020; Pishgar-Komleh et al., 2021). For example, Liu et al. (2020) estimated the eco-efficiency in the agricultural sector ([image: image]) by utilizing the super-[image: image] model in China from 1978 to 2017, and the results showed that the [image: image] increased from 0.405 to 0.713, with an increase of around 76%.

The above agricultural productivity studies primarily utilized radial or non-radial measurements, which could overestimate or underestimate the efficiency improvements. Tone and Tsutsui (2010) constructed the epsilon-based measure ([image: image]) model to consider the radial and non-radial characteristics comprehensively, which measures the efficiency more accurately (Wu et al., 2019). Then, this model was widely used in calculating the eco-efficiency of the city (Zhang Y.Z. et al., 2022), transportation carbon efficiency (Zhao et al., 2022), industrial [image: image] (Wang and Wang, 2023), etc. Although the [image: image] model has been utilized to calculate the efficiency in various research fields, it has rarely been used in measuring the efficiency in the agricultural sector.

Expect measuring [image: image], the influencing factors analysis of it is another research question that scholars have been widely concerned about. Some research proposed that technological progress is an essential factor in promoting [image: image] (Bachewe et al., 2018; He et al., 2021; Shi et al., 2023). However, Hamid et al. (2023) proposed that technical efficiency restricts the [image: image]. Therefore, strengthening the research inputs in agricultural science and technology is essential for promoting the [image: image] (Liu et al., 2021). Additionally, some researchers found that the government is critical in improving agricultural production efficiency. Xu L. Y. et al. (2023) proposed that financial support helps raise the [image: image]. However, Deng et al. (2023) found that fiscal expenditures significantly increased the [image: image] mainly through enhancing rural infrastructure. Meanwhile, the environmental regulation proposed by the government is also effective in promoting the [image: image] (Liu Z. et al., 2023; Liu G. J. et al., 2023; Tang et al., 2023). Moreover, it is also essential for the government to help transform and upgrade the industrial structure in the agricultural sector to solve the factor misallocation problem for improving the [image: image] (Lei et al., 2023). In addition, some socioeconomic factors are also considered the critical factors influencing the [image: image], such as urbanization, human capital, digital development level, etc. (Fu and Zhang, 2022; Shen et al., 2022; Li L. et al., 2023; Li X. H. et al., 2023).

Moreover, some researchers proposed that transportation development is vital for agricultural production (Limi, 2022). First, highway construction helps agricultural production materials flow into rural areas, such as seeds, chemical fertilizers, pesticides, etc., thereby directly promoting agricultural production efficiency (Gollin and Rogerson, 2014; Aggarwal, 2018; Shamdasani, 2021). Second, highway construction can also encourage agricultural technicians to come to rural areas for guidance, promoting the level of technology (Teng and Li, 2020). Thirdly, highway construction also helps surplus rural labor transfer to urban areas, improving agricultural productivity (Liu et al., 2015; Zhang et al., 2021). However, highway construction also adversely affects agricultural production, such as land fragmentation (Bacior and Prus, 2018). Li et al. (2015) proposed that road expansion brought about the total carbon stock loss in the Democratic Republic of Congo, with 316 Tgc. Zhou et al. (2021) discovered that rural road construction negatively affects the environmental sustainability in China’s regional agriculture due to the overuse of fertilizers. Therefore, the influence of highway construction on the [image: image] is uncertain and deserves further exploration.

The current literature has fully explored the [image: image] and its influencing factors, which gives a deep understanding of the [image: image] and provides some practical policy implications for the sustainable development of agriculture. However, this kind of research still has some limitations. For example, based on the heterogeneity characteristics of transportation, limited literature has analyzed the influence mechanism of different grades of transport on agricultural production. Besides regional heterogeneity in the natural environment and economic development level, the highway’s impact on agricultural production is heterogeneous; however, there is limited research analyzing the different effects among various regions. This study’s theoretical contribution mainly contains three aspects.

First, analyze the heterogenous effect and mechanism of the low-grade and high-grade highway on the [image: image]. Although existing literature has attached importance to the influence of highway construction on agricultural production (Tong et al., 2013; Aggarwal, 2018; Shamdasani, 2021), there is limited study on its effect on [image: image]. Meanwhile, there is a lack of research to analyze the heterogeneous influence and mechanism of the different grades of highways on agricultural production. The path of the effect of low-grade and high-grade highways on agriculture is different. The low-grade road is an important channel to connect the city and countryside, directly affecting agricultural production. Meanwhile, the high-grade road indirectly affects agricultural production by strengthening regional correlations. Thus, it is essential to distinguish each grade highway’s influence and mechanism on the [image: image].

Second, empirically analyzing the spillover effects of the highway construction on the [image: image]. Previous literature explored the influence of rural road and expressway connectivity on the local area’s agricultural production (Aggarwal, 2018; Teng and Li, 2020), but there is a lack of analysis of the impacts of highway construction on the other areas. Generally, highway construction aims to shorten the distance and strengthen the connections between regions; the increased communication is likely to stimulate the spatial impact on the adjacent areas and is worth analyzing. Therefore, we constructed the spatial econometrics model to investigate highway construction’s direct and spillover effects on [image: image].

Thirdly, we compared the heterogenous effect of highway construction on the [image: image] in the main-grain-producing and non-main-grain-producing areas. Existing literature mainly focused on the impact of highway construction on agricultural production in the main-grain-producing area (Luo et al., 2020; Liu and Xiao, 2021), with less attention on the non-main-grain-producing regions and a lack of comparative analysis between them. Given the differences in natural conditions and production tasks in the various areas, it is also necessary to compare the heterogeneous effect of highway construction on each production area for formulating the targeted policy for different regions.

The specific research objectives of this study were to explore the direct and spillover effects of different highway construction on the sustainable development of agriculture in China. Specifically, we calculated [image: image] by utilizing the EBM-GML model to measure the sustainability level of agriculture, which has consistency with the method in the most current studies. Firstly, we theoretically analyzed the different influence mechanisms of low-grade and high-grade highways on the [image: image]. Then, we utilized the spatial econometrics model to analyze the direct and spillover effect of highway construction on [image: image]. Moreover, we examined the mechanism of highway construction on [image: image] by using the mediation effect model. Finally, we explored the heterogeneous impacts on the various producing areas. This study provides valuable empirical evidence for the Chinese government to conduct a rational transportation plan to realize sustainable agricultural development. Meanwhile, the heterogeneity analysis of [image: image] in different regions could also provide significant references for developing countries in various stages of agricultural development.



2 Mechanism analysis


2.1 Highway construction and AGTFP


2.1.1 Low-grade highway construction and AGTFP

Generally, constructing transportation infrastructure is essential for reducing transportation costs and promoting market transaction efficiency (Holl, 2016; Ghani et al., 2017). The low-grade highway is an important channel connecting urban and rural markets and reducing transportation costs, which promotes transaction efficiency in their factor and product markets to a certain extent (Dorosh et al., 2012; Aggarwal, 2018).

For the factor market, low-grade highway construction provides convenience for labor, capital, and technology flow in urban and rural markets. First, constructing low-grade roads promotes the surplus rural labor flow into the urban industrial sector, thereby improving agricultural production efficiency (Lewis, 1954). Then, the reduction of transaction costs brought about by the low-grade highway construction also promotes the inflow of capital into the agricultural sector and directly invests in agricultural production to improve agricultural technical efficiency. Moreover, the low-grade highways also greatly facilitate agricultural technicians to guide the farmers (Luo and Peng, 2016; Teng and Li, 2020), thus improving production technology levels.

For the product market, the low-grade roads have promoted the flow of industrial products, such as fertilizers, pesticides, seeds, etc., into the agricultural sector, directly encouraging agricultural production efficiency (Limi, 2022). Besides, constructing low-grade highways reduces the intermediate loss of agricultural products transported to the city, which expands the agricultural products market (Gollin and Rogerson, 2014) and promotes its production efficiency.

Overall, low-grade highway construction has improved agricultural production efficiency and technical level by promoting the flow of factors and products, which could further boost the [image: image]. Therefore, we proposed the Hypothesis 1:


Hypothesis 1 (H1): Low-grade highway construction could promote the AGTFP
 



2.1.2 High-grade highway construction and AGTFP

The construction of high-grade highways promotes the connection between cities, improving the transaction efficiency of a broader range of factor and product markets, significantly impacting [image: image]. For the factor market, constructing a high-grade highway promotes the mutual exchange of labor, capital, and technology among cities, stimulating the optimal factor allocation among regions (Morando, 2023). For the product market, the construction of high-grade highways promotes the trade of agricultural products between cities, which helps each area carry out specialized production according to its comparative advantages (Adamopoulos, 2011), thus improving agricultural production efficiency. Therefore, strengthening high-grade highway construction could promote the optimal allocation of factors and product structure between regions to improve agricultural production efficiency and achieve efficient agricultural production. Thus, we proposed Hypothesis 2.


Hypothesis 2 (H2): High-grade highway construction could promote the AGTFP
 

The high-grade highway construction has also increased regional communication and produced a spatial spillover effect. First, high-grade highways facilitate people’s flow, transferring knowledge and technology from developed regions to surrounding areas (Shamdasani, 2021). The reason is that local farmers could conveniently move to developed areas for agricultural technology training (Aggarwal, 2018). Then, the construction of high-grade highways will also help more advanced agricultural production materials flow into surrounding areas, thereby promoting the overall sustainable development of agriculture. Thus, we proposed Hypothesis 3.


Hypothesis 3 (H3): High-grade highway construction could exert spatial spillover effects on the adjacent areas.
 




2.2 Highway construction, agricultural industry structure, and the AGTFP

The reduction of transportation costs caused by highway construction also impacts the production decision-making and planning of farmers and policymakers and then has a specific impact on [image: image].

For farmers, the decline in transportation costs will affect their decision to adopt modern agricultural production modes (Damania et al., 2017; Shamdasani, 2021). On the one hand, there are some costs of converting from traditional to modern agricultural production mode, including purchasing agricultural equipment and learning new technologies. On the other hand, modern agriculture will improve production efficiency to a certain extent, such as mechanization production, thus increasing farmers’ income. With the reduction of transportation costs, the conversion cost of farmers will also decrease, which will encourage farmers to adopt modern agricultural production modes. Modern agriculture could promote the reduction of intermediate consumption, realize the upgrading of the agricultural industry structure, and affect production efficiency. Therefore, we proposed Hypothesis 4a.


Hypothesis 4a (H4a): Highway construction could promote AGTFP by stimulating the upgrade development of the agricultural industry structure.
 

Policy planners aim to maximize the benefits of the whole region’s agricultural sector. Regional agricultural development costs include production costs of each product and transportation costs to reach the market (Jacoby, 2000; Helmstädter, 2010). Due to the characteristics of each agricultural product, its transportation cost has specific differences. The continuous improvement of highway construction also exerted heterogeneity in reducing the transportation costs of various products. Therefore, policy planners need to change their production layout based on the extent of the reduction of transportation costs for different agricultural products to adjust the distance of each product to the market to maximize the overall benefit (Rivera-Padilla, 2020). Adjusting the agricultural industry structure layout could bring about optimal resource allocation in the spatial scope and improve agricultural production efficiency. Thus, we proposed Hypothesis 4b.


Hypothesis 4b (H4b): Highway construction could promote AGTFP by stimulating the rationalization of agricultural industry structure.
 

Policymakers also usually consider how to promote the integration of various industrial sectors to achieve overall benefits. Highway construction has enabled the integration of various agricultural sectors (Huang et al., 2020). Before integrated development, highway construction reduced the communication cost between different industrial sectors and improved their integration efficiency. During the integrated development, highway construction could not only strengthen the connection of the entire industrial chain and reduce uncertainty but also promote the sharing of resources among various industrial sectors to reduce agricultural production costs and promote efficiency (Jiang et al., 2023). Therefore, we proposed the Hypothesis 4c.


Hypothesis 4c (H4c): Highway construction could promote the AGTFP by promoting the integrated development of agricultural industry sectors.
 



2.3 Heterogenous effects of highway construction on the AGTFP

There are five temperature zones in mainland China, and it has different agricultural production environments. Meanwhile, China’s economic development gap exists between the North-South and the East-West (Yin et al., 2022). Therefore, the influence of highway construction on agricultural production in various areas will also be different. According to the natural production conditions in China, the government categorized 13 provinces as the main-grain-producing regions. Thus, because of its natural environment, which is suitable for agricultural production, this area undertakes more grain production tasks (Zhang et al., 2021). For this area, highway construction has promoted the agricultural machinery operating cross-region, which has realized large-scale agricultural production and increased total grain output value (Luo et al., 2018). However, large-scale production activities will produce much environmental pollution in this area, which inhibits [image: image] (Zhang et al., 2019).

Meanwhile, because most main-grain-producing areas have a relatively low economic development level, the negative environmental output of their growth will vastly exceed the economic effect, which will have a side effect on the local [image: image]. However, highway construction will bring in more agricultural production resources for non-main-grain-producing areas, which could help them expand the production scale, and it is also conducive to improving their technology due to their developed economic status, thereby promoting the continuous rise of the [image: image]. Thus, we proposed Hypothesis 5.


Hypothesis 5 (H5): Highway construction exerts a heterogenous effect on the AGTFP in different production areas.
 

According to the analysis above, we drew the mechanism analysis framework in Figure 1.

[image: Figure 1]

FIGURE 1
 Mechanism analysis framework.





3 Method and variables


3.1 Study area

The scope of this research is 31 provinces in mainland China. At the same time, China has divided 13 main-grain-producing provinces to adapt to the new grain production and distribution pattern changes so that these areas can take advantage of their geographical resources. Therefore, this study also compared the heterogeneity of highway construction’s impact on the [image: image] in different regions. Figure 2 presents the specific division of the study area.

[image: Figure 2]

FIGURE 2
 Study area.




3.2 Econometric model


3.2.1 Fixed-effect regression model

To investigate the relationship between highway construction and [image: image], we first constructed the fixed-effect regression model by taking the [image: image] as the dependent variables, highway construction as the core independent variable, and financial support, urbanization, and other variables directly impact the [image: image] as the control variables. Then, we utilized the fixed effect regression model to analyze the impacts by simultaneously controlling the individual (province) fixed and time (year) fixed effects. We first fixed some regional variables that do not change with time, such as regional farming culture, terrain characteristics, etc. These variables are difficult to measure and do not vary over time, so we controlled the individual effects. Then, we added the time effect to fix the influence of factors that change over time, such as macroeconomic situations and national policy shocks. Controlling the above two effects could reduce the missing variable bias, and the model is represented as Eq. (1).

[image: image]

where [image: image] is the dependent variable, which denotes the [image: image] in province [image: image], year [image: image]; [image: image] represents the highway construction; [image: image] is the vector of control variables; [image: image] reflects the influencing coefficients of each factor; [image: image] and [image: image] are the individual and time-fixed effects; [image: image] reflects the error term.



3.2.2 Spatial econometrics model

We utilized spatial econometrics to explore the impacts of highway construction on the [image: image] by considering the spillover effect. Generally, the spatial Durbin model ([image: image]) is the general form of the spatial econometrics model, including the spatial interaction of dependent and independent effects simultaneously (LeSage and Pace, 2008). When the model only exists the spatial lag effect of the dependent variable, it will transform into the spatial autoregression model ([image: image]). Moreover, if the model only has the spatial error effect, it will change into the spatial error model ([image: image]). The [image: image] model is represented as Eq. (2):

[image: image]

where [image: image] is the spatial weight matrix reflecting the spatial correlations among regions; [image: image] and [image: image] represent spatial lag effect coefficients of [image: image] and highway construction, respectively.

Two kinds of spatial weight matrices were utilized in this paper. The first is the geographic distance matrix ([image: image]), with the element [image: image] representing the geographical distance between the two provinces. According to Liu and Lin (2019), the distance is calculated by the latitude and longitude of the provincial capital city. The second is the economic distance matrix ([image: image]). Based on Cai et al. (2022), the economic distance is calculated by the per capital GDP gap between two provinces.

In addition, Elhorst (2010) proposed that the model can be applied to decompose the spillover effect in the spatial econometrics model. Eq. (3) shows that we could decompose the coefficients of each factor into direct and indirect effects.

[image: image]

Then, the partial derivatives of the [image: image]-th independent variable are shown in Eq. (4):

[image: image]

When the explanatory variables in Eq. (3) change, it will drive the explained variable change, generate a direct effect, and affect the dependent variables of other units to exert a spillover effect.



3.2.3 Mediation effect model

The previous discussion of the mechanism of highway construction may affect the [image: image] by upgrading the agricultural industry structure, promoting the rationalization of the agricultural industry structure, and integrating agricultural sectors. To test the mediation effects, we constructed the following models referring to Baron and Kenny (1986) and Gao et al. (2023) to investigate the mechanism of the influence of highway construction on the [image: image] carefully.

[image: image]

[image: image]

Considering the inter-regional linkages brought about by the highway construction, it may exert a spillover effect on the inter-regional agricultural industrial structure. Therefore, we added the spatial lag variable of mediation variables in the Eq. (5) to construct a spatial econometric model. [image: image] is the mediation variable, [image: image] is the spatial lag variable of [image: image]. The coefficient [image: image] in Eq. (2) illustrates the total effect of the highway construction on the [image: image], and the coefficient [image: image] in Eq. (5) means the effect of highway construction on the mediation variable. When the coefficient [image: image] is significant, indicating that highway construction promotes the mediation effect and vice versa. After that, we put the mediation variable, core independent variable, and their spatial lag variables in the Eq. (6) while considering the spillover effects caused by the highway construction. The coefficient [image: image] in the Eq. (6) is the direct effect of highway construction on the [image: image]. The coefficients [image: image] in Eq. (6) represents the coefficient of the mediating effect. When the coefficients [image: image], and [image: image] are significantly positive, representing that a mediation effect exists.




3.3 Variables selection


3.3.1 Dependent variable

Generally, DEA is a kind of methodology for assessing efficiency with multiple inputs and outputs. Charnes et al. (1978) first constructed the CCR DEA model with a fixed-scale returns assumption based on the concept of boundary proposed by Farrell (1957). Then, Banker et al. (1984) extended the premises to reveal a BCC model to calculate technical and scale efficiency. However, CCR and BCC models are radial DEA, ignoring non-radial slacks. Tone (2001) utilized a difference variable to measure the slack in the input and output and a scalar in the non-radial estimation methods called the slack-based measurement ([image: image]) method. However, this model failed to consider the parts with the same radial proportions. To solve these problems, Tone and Tsutsui (2010) constructed the method of [image: image], which integrated the radial and non-radial parts of the distance function and could reflect the ratio of objective and actual value and the difference between various inputs and outputs simultaneously. The development path of DEA is presented in Figure 3.

[image: Figure 3]

FIGURE 3
 The advantages and disadvantages of the DEA method.


Meanwhile, considering the agricultural sector’s long cycle and continuous production process, we utilized the global Malmquist Luenberger ([image: image]) to calculate the [image: image]. The Malmquist index was calculated to represent the dynamic productivity during one period (Malmquist, 1953). Combined with the DEA model, this index was set to represent the changing productivity trend over time (Färe et al., 1992). However, the ML index is limited to noncircular geometric averages and linear programming infeasibility. Thus, Pastor and Lovell (2005) employed the GML index to solve this problem. Therefore, we measured the [image: image] by constructing the EBM-GML model using 31 provincial data in China from 2001 to 2020. The detailed calculation process is as follows:

Step 1: Applying the EBM method to calculate the agricultural green production efficiency. The Eq. (7) is:

[image: image]

[image: image]

where [image: image] reflects the value of green production efficiency; [image: image], [image: image], and [image: image] represent the matrices of the input, desirable output, and undesirable output, respectively; [image: image] and [image: image] are the parameters of the radial part; [image: image], [image: image], and [image: image] denote the slack-based variable of the related inputs or outputs; [image: image] is the weight; [image: image], [image: image], and [image: image] represent the relative weight of [image: image], [image: image], and [image: image]; [image: image], [image: image], and [image: image] are the weight of the non-radial part.

Step 2: Calculating the [image: image] index, which is shown in Eq. (8):

[image: image]

where [image: image] represents the change rate of the green production efficiency for each province. And we could get the [image: image] according to the global baseline production possibilities set. In particular, [image: image] indicates the improvement of the green production situation, and [image: image] means the deterioration of the green production situation. Then, we decomposed the [image: image] index into the combination of the global production technology set with the [image: image] index according to Oh (2010), and the formula is presented as follows:

[image: image]

where [image: image] denotes the technological progress, [image: image] represents the technical efficiency.

As for the indicators for measuring [image: image], there are some differences among the current studies. Most researchers selected land, labor, and capital as the input variables (Deng et al., 2023; Luo et al., 2023), which are the traditional production factors. In particular, the machinery is commonly considered as the capital factor (Wang et al., 2017). Meanwhile, fertilizer, agricultural film, and pesticides are also crucial inputs in agricultural production (Huang et al., 2022; Liu Z. et al., 2023; Liu G. J. et al., 2023). And some scholars added resource factors in the input indicator system, such as water (Huang et al., 2022; Liu Z. et al., 2023; Liu G. J. et al., 2023). As for the desired output, agricultural production output is widely considered (Coluccia et al., 2020; Wu et al., 2020). However, the undesired part has not formed the consensus. Some researchers have chosen nonpoint source pollution as the undesired output (Zhang et al., 2023). However, most scholars selected agricultural CO2 as the undesired output (Lei et al., 2023; Shen et al., 2023). Zhang Z.X. et al. (2022) simultaneously utilized the agricultural CO2 and nonpoint source pollution as the undesired outputs, comprehensively measuring [image: image]. This study selected the relevant input and output variables according to the existing literature and the situation. As for input variables, this paper selected traditional factors, namely labor, land, and capital, and considered energy, water resources, and climate factors. As for agricultural pollution, according to the research of Yu et al. (2023), we considered nonpoint source pollution and CO2 simultaneously. In addition, the detailed introduction of the selected input and output variables for measuring the [image: image] is depicted in Table 1 and Figure 4.



TABLE 1 Variables of input and output.
[image: Table1]

[image: Figure 4]

FIGURE 4
 Input and output variables.




3.3.2 Core independent variables

In this study, the core independent variable is the situation of highway construction. Due to the different roles and tasks of the various grade highways, we explored each grade highway’s effect. Referring to “Technical Standards for Highway Engineering, China” (JTG B01-2014), the road could be divided into five grades: expressway, first-grade highway, secondary road, tertiary highway, and township road, and detailed information is shown in Table 2.



TABLE 2 The definition of high-grade and low-grade highway.
[image: Table2]

In particular, the main task of expressways and first-grade highways, denoted as high-grade highways, is to connect the cities. The tertiary and township roads are low-grade highways, which mainly strengthen the relationships between city-rural and rural–rural areas. Besides, the secondary road connects with the rural road, enhancing the relationship between the city and rural areas. Therefore, we also regard the secondary road as a low-grade highway directly affecting agricultural production. The proxy variable of highway construction is low-grade and high-grade highway density, calculated by using the proportion of the length of the road and the provincial area.

In addition, because the Ministry of Transport of China does not disclose the data on graded roads in prefecture-level cities and counties, only some provinces (such as Shanxi, Henan, Hunan, etc.) have published the statistics on graded roads in prefecture-level cities. Thus, the statistical caliber is inconsistent, with many missing values. Considering data acquisition and quality, this paper selects provincial data for empirical analysis.



3.3.3 Mediator variables


3.3.3.1 Rationalization of agricultural industry structure

The rationalization of the agricultural industry structure reflects the degree of coordination of each internal sub-industry (Jin and Jin, 2020; Cao and Nie, 2021). According to the literature of Yang et al. (2022), we chose the portion of cash and grain crops, the percentage of beef and mutton to total meat output, the rate of aquaculture output to the whole agricultural sector’s production, and the ratio of the output value of forestry, animal husbandry, and fishery to the total output value of the entire agricultural industries, and utilize the methodology of entropy weight to standardize each variable. The weighted summation is the indicator that reflects the rationalization of the agricultural industry structure.



3.3.3.2 Upgrading of agricultural industry structure

The essence of transitioning from traditional to modern agriculture is increasing production efficiency. According to the literature of Yang and Qiao (2021), we selected the proportion of value-added of the whole agricultural industries and intermediate consumption to represent their respective production efficiencies. After that, we also applied the methodology of entropy weight to standardize the indicators and use the weighted summation as the variable for denoting the upgrading of the agricultural industry structure.



3.3.3.3 Integration of planting and breeding

Combining planting and breeding is the focus of agricultural industry integration development, essential for green growth. Regarding the measurement method of Li (2022), we selected the level of integration of planting and animal husbandry. The specific measurement method is the coupling coordination degree of the gross production value of planting and animal husbandry. The calculation equation of coupling coordination degree is:

[image: image]

where [image: image] represents the coordination degree of the planting and animal husbandry; [image: image] is the coupling degree; [image: image] denotes the coordination degree; [image: image] and [image: image] are the total output in the planting industry and animal husbandry industry, respectively; [image: image] and [image: image] are the sector’s importance in the system, and we set [image: image] with considering their equal importance.




3.3.4 Control variables

With the reference of the existing studies, we have controlled some variables that affect [image: image] (Wu et al., 2020; Fang et al., 2021; Song et al., 2022) to avoid the missing variables bias, such as economic development level ([image: image]), industrialization ([image: image]), urbanization ([image: image]), trade openness ([image: image]), human capital ([image: image]), financial support ([image: image]), and disaster ([image: image]). The detailed information is presented in Table 3.



TABLE 3 Variable names and definitions.
[image: Table3]

Previous research indicated that socioeconomic factors are the critical variables that influence sustainable agricultural development. We selected four factors to reflect the socio-economic level: economic development, industrialization, urbanization, and trade openness. (1) Economic development level ([image: image]), we measured by using agricultural production value per capita. Generally, the developed areas usually receive more financial support, directly affecting technological progress and infrastructure improvements (Sadorsky, 2013). (2) Industrialization ([image: image]), we calculated by the proportion of industrial added value and gross regional product value. Industrialization could directly improve rural production and living equipment, essential in promoting agricultural economic development (Guo et al., 2020). (3) Urbanization ([image: image]), we measured by using the ratio of the urban population to the total population. Urbanization stimulated the flow of rural surplus labor force to the city, which helped to promote resource allocation efficiency (Fang et al., 2021). (4) Trade openness ([image: image]), we utilized the percentage of the sum volume of the import and export in each province and regional GDP to measure. With the strengthening of openness, the exchange of agricultural products in the market could promote technical interactions between regions to improve the local agricultural technology level and help each area boost resource allocation efficiency based on their comparative advantage (Xu L.Y. et al., 2023).

Additionally, some studies found that education significantly impacts agricultural production. Adnan et al. (2018) pointed out that farmers with higher education levels could easily accept new technologies and promote green production in agriculture. Therefore, this study selected human capital ([image: image]) as one control variable, measured by average years of education per capita (Fang et al., 2021). Moreover, government plays a critical role in agricultural production. Financial support could provide the capital for the farmers to improve their production equipment and promote technological progress, directly benefiting sustainable agricultural development (Song et al., 2022). We used the percentage of the fiscal support for agriculture in the total budgetary expenditure to represent the financial support level ([image: image]). Also, natural disasters often influence agricultural production (Khanal et al., 2021). Suresh et al. (2021) also found that natural disasters will hurt the farmers’ enthusiasm, which could hurt agricultural technological progress and productivity. Therefore, we controlled the influence of disaster ([image: image]), which was measured by the percentage of the area influenced by the disaster and crop planted area.



3.3.5 Data source

The data for calculation of the [image: image] is from the “China Rural Statistical Yearbook,” the relevant data on highways is sourced from the “China Transportation Statistical Yearbook,” and the data on regional economic development is collected from the “China Regional Statistical Yearbook.” Table 4 shows the basic descriptive statistics for each variable.



TABLE 4 Basic descriptive statistics of variables.
[image: Table4]





4 Empirical results


4.1 Benchmark empirical results

Table 5 represents the benchmark econometrics results of the influence of different grades of highways on the [image: image]. First, the model (1) to (2) tabulates the fixed effect results, which presents both the low-grade and high-grade highways that promote the [image: image], with coefficients of 0.3315 and 0.3557, respectively. The results mean that the road density of low-grade and high-grade highways will increase by 1%, and the [image: image] will improve by 33.15% and 35.57%, respectively. In this model, we controlled the province and year fixed effect to reduce the influences from the individual variables, such as farming culture, and some impacts from the variables change with time, such as economic condition and policy shock. These variables significantly affect agricultural production but are challenging to measure. Therefore, we controlled the province and year-fixed effect simultaneously, which could reduce the missing variable error. However, this model has ignored the spatial correlations within regions, which would lead to the inaccuracy of the estimated coefficients. Then, we constructed the spatial econometrics models, and the results are represented in the model (3) to (4). The robust [image: image] tests show no spatial error effect but have the spatial lag effect; thus, we chose the spatial autocorrelation regression ([image: image]) model to analyze the influence of highways on the [image: image]. The results also represent a positive effect of highways on the [image: image] at the 1% significance level.



TABLE 5 Benchmark empirical results.
[image: Table5]

However, the coefficients have some changes compared to the fixed effect results; the coefficient of a low-grade highway (0.3642) is slightly higher, but the coefficient of a high-grade highway (0.2149) is lower. The proper reason is that the high-grade highway construction also exerts a spillover effect on the other areas. All the results verify the Hypothesis 1 to 2. To find detailed information about the mechanism of the impacts of highway construction on the [image: image], we analyzed its effects on the technological progress ([image: image]) and the technical efficiency ([image: image]), and the regression results are presented in Table 6. It indicates that both the low-grade and high-grade highways improved the [image: image] through the improvement of technological progress. Meanwhile, we could find that the spatial autocorrelation coefficient is also significantly positive, which means surrounding areas’ [image: image] will affect the local [image: image]. Therefore, the regions need to strengthen the relationships to realize coordinated development in the agricultural sector.



TABLE 6 Empirical results of the impacts of highway construction on [image: image] and [image: image].
[image: Table6]



4.2 Spatial spillover effects analysis results

From Table 5, we found a spatial autocorrelation effect of the [image: image]. Besides, this study also analyzed each grade of highway’s direct, indirect, and total impact on the [image: image] (see Table 7). It shows that low-grade highway significantly impacts the local [image: image], but the spillover effect is insignificant. However, the direct and indirect impacts of high-grade highways are positive. The possible reason is that the high-grade road mainly connected the cities, which could spill over the advanced experience and technology to the adjacent areas.



TABLE 7 Direct, indirect, and total effects.
[image: Table7]

Moreover, we also found that except for the tertiary highway and township road, the other three kinds of road (expressway, first-grade highway, secondary road) directly and indirectly affect the local area’s [image: image] and the adjacent area’s [image: image]. From the description of grade roads above, we could find that the role of expressways and first-grade highways is to connect the big cities, and secondary roads connect the urban and rural areas, which could spill the effect to other regions through factors and product exchange. Therefore, we also verified Hypothesis 3 that the high-grade highway exerts a positive spillover impact on the neighboring areas’ [image: image]. Besides, we also found that it is essential to construct high-grade roads to connect the regions and realize the sustainable agricultural development of the whole region.

Moreover, this study also analyzed the spillover effects of different geographical distances. In this paper, regarding Wu et al. (2021) and Cai et al. (2022), the distance threshold is set based on the geographical distance spatial weight matrix, with 200 km as the initial value and 200 km as the step length. When the geographical distance of the provincial capital city is within the threshold range, the weight element is set to 1; otherwise, it is 0. Table 8 shows that the scale of the indirect impact of high-grade highways is around 1,000 km. Meanwhile, the value of the spillover effects presents a U shape in geographical distance.



TABLE 8 The effects of different spatial distances.
[image: Table8]



4.3 Mechanism analysis results

In addition, we also analyzed the internal mechanism of highway construction on the [image: image] by constructing the mediation effect model; the results are shown in Tables 9, 10. The internal mechanism differs entirely from the low-grade and high-grade highways on the [image: image].



TABLE 9 Mediation effect analysis results of the low-grade highway.
[image: Table9]



TABLE 10 Mediation effect analysis results of the high-grade highway.
[image: Table10]

From Tables 9, 10, we found that the coefficients of the low-grade and high-grade highways on the [image: image] are significantly positive, indicating highway construction could improve the rationalization of industrial structure. However, the coefficients of the [image: image] are just considerably positive in the econometric model of low-grade highway construction, representing that the mechanism test only passes in the effect of low-grade highway construction on the [image: image]. Besides, the results show that low-grade and high-grade highway construction could promote advanced development in the agricultural sector. Meanwhile, the mechanism test only passes in the effect of the high-grade highway. Based on the results above, we concluded that low-grade highway construction promotes the [image: image] by adjusting the industrial structure for rationalized development in the agricultural sector; high-grade highway construction promotes the [image: image] by upgrading the agricultural industry structure. The possible reason is that low-grade highways mainly strengthen the relationships among rural areas in a single region. However, the high-grade road is a significant channel for the developed regions to modernize agricultural production equipment or technology in the developing areas, which promotes the upgradation of agricultural industry structures in the whole region.

In addition, we also analyzed the mechanism of integrating planting and breeding and found that the low-grade and high-grade highways could promote the [image: image] through this mechanism. The results indicate that highway construction is vital in providing knowledge and information to rural areas, causing the farmers to adopt the new production mode for sustainable development in the agricultural sector.



4.4 Robustness test

In addition, we made the following tests to ensure the robustness of the empirical results: replace the dependent variable and the spatial weight matrix (see Table 11). First, we utilized the slack-based measurement ([image: image]) method to calculate the [image: image] and set it as the explained variable to investigate the influence of highway construction on the [image: image]. Second, we used the economic spatial weight matrix to reflect the spatial relations between regions and explore the effect of highway construction on the [image: image]. Table 11 shows that both the low-grade and high-grade highway construction positively affect the [image: image], which is the same as the results in Table 5, and verified the results above are robust.



TABLE 11 Robustness test results.
[image: Table11]



4.5 Endogeneity test

The spatial econometric model could solve endogeneity problems brought about by the spatial correlation among regions, but it cannot solve the issue caused by reverse causality. Generally, areas with completed highway construction have better economic and agricultural development conditions. Considering the endogeneity between highway construction and [image: image], this study selected the following instrumental variables to solve the endogenous problem: highway construction lagging by one stage and the product of geographical distance (Jiang and Huang, 2020; Li et al., 2020; Fu and Zhang, 2022). Since the geographical distance does not change with time, this study multiplies the distance and time by calculating the instrumental variables. Table 12 shows the endogeneity test results. Models (1) and (3) represent the regression results of the first stage of the effect of instrumental variables on constructing low-grade and high-grade highways. It indicates that the lag variable of highway construction and the instrumental variable significantly impact the highway construction variable. The Cragg–Donald Wald F value of the first stage is much larger than 10, indicating no weak instrumental variable. In addition, the Sargan test result showed that the p-value is more significant than 0.1, and the coefficients of Anderson LM tests were significant, indicating that there was no over-identification issue and the instrumental variable was rigorously exogenous. Moreover, the coefficients of highway construction in all the regressions are significantly positive, verifying that the results are robust.



TABLE 12 Endogeneity test results.
[image: Table12]



4.6 Heterogenous analysis results

Agriculture is highly dependent on natural resources, and various natural endowments will lead to heterogeneous agricultural production modes, leading to different effects on the [image: image]. In addition, each production area has its own development goals and tasks; thus, the role of highway construction is different in various regions. Therefore, we explored the influence of highway construction on the [image: image] in the areas of main-grain-producing and non-main-grain-producing (see Table 13).



TABLE 13 Heterogeneous analysis results in main-grain and non-main-grain-producing areas.
[image: Table13]

Table 13 shows that the impact of the low-grade highway on the [image: image] is adverse but insignificant in main-grain-producing areas, and high-grade road negatively impacts the [image: image] in this area. In addition, low-grade and high-grade highways negatively affect the [image: image] of the adjacent regions. The results indicate that although a high-grade road strengthens the regional connection and stimulates agricultural production, the expanded scale brings more negative environmental output, inhibiting the [image: image]. Besides, the improvement of transportation accessibility brought about by the highway construction also exerts a siphoning effect on the surrounding areas.

However, the results are different in non-main-grain-producing areas. Table 13 represents low-grade and high-grade highway construction that could promote the [image: image]. Moreover, each grade of highway positively affects the adjacent areas’ [image: image]. These results illustrate that highway construction is vital in stimulating green production in non-main-grain-producing areas. Meanwhile, this study also compared the coefficient difference between the two groups, and the p-value was obtained by Bootstrap 1,000 times. The result in Table 13 shows a significant difference in the impact of low-grade and high-grade highway construction on [image: image] in main-grain-producing and non-main-grain-producing areas.

The heterogeneity analysis results indicate that highway construction has opposite effects on main-grain-producing and non-main-grain-producing areas’ [image: image]. The following part analyzes the possible reasons for the results. Table 14 represents the effect of highways on the economic and environmental output in different areas. Table 15 is the mechanism analysis of the main-grain-producing and non-main-grain-producing areas.



TABLE 14 The effects of heterogeneous analysis.
[image: Table14]



TABLE 15 Heterogeneous mechanism analysis results in different areas.
[image: Table15]

As for economic production, low-grade roads negatively affect each area. The mechanism analysis above indicates that low-grade highways are significant in rationalizing the structure of the agricultural industry. The result demonstrates that low-grade roads will stimulate the farmers to adjust their agricultural industry structure, such as soybean replacing corn, which causes the total output to decrease. Meanwhile, the low-grade highway reduces non-point source pollution and CO2. Whereas the adverse economic effects are more significant than the environmental effects, causing the decline of the [image: image] in the main-grain-producing area.

However, Table 14 also shows that the high-grade highway significantly increased the economic output in the whole region. The high-grade road is vital for modern agricultural development, which enlarges agricultural production. Meanwhile, the high-grade highway also brings a large amount of agricultural pollution to the main-grain-producing area, causing a decrease of [image: image]. Meanwhile, Table 15 also shows that the high-grade highway stimulates the upgrading of the agricultural industry in the main-grain-producing area, which inhibits the [image: image]. Therefore, the main main-grain-producing area must focus on adjusting the agricultural industry structure to reduce the opposite effect of the highway construction.

In non-main-grain-producing areas, low-grade highways have brought about the adjustment of the proportion of agricultural industrial structure, the decline of the total agricultural output value, and the reduction of non-point source pollution. As seen from Table 14, the total effect of the decrease in economic output is smaller than that of the decline of non-point source pollution. In addition, the impact of reducing economic output comes from the direct effect. In contrast, the effect of the reduction of non-point source pollution comes from the indirect effect, which is the effect of other areas in the non-main-grain-producing areas. The possible reason for this result is that for non-main-grain-producing areas, small-scale production exists in most areas, and there will be a “diseconomy of scale” in terms of fertilizer input efficiency, resulting in a direct positive effect in some areas. Although some areas have reduced emissions due to the adjustment of agricultural industrial structure, the overall positive and negative effects have offset, resulting in no significant direct environmental effects. For the whole region of non-main-grain-producing areas, the internal interlinkages will bring scale effects and reduce environmental output, showing that the indirect effect coefficient from environmental production is negative.



4.7 Discussion

From the results of the above analysis, highway construction promotes the [image: image]. Furthermore, some aspects deserve further discussion. From the perspective of influence mechanisms of different grades of highways on the [image: image], low-grade and high-grade highways have exerted the heterogeneous influence path. Generally, the low-grade highway promotes resource integration in rural areas, making each region adjust the structural proportion based on their own resource endowment and market demand, benefiting the rationalization of resource allocation, which could promote the [image: image] (Lei et al., 2023). Meanwhile, high-grade highways strengthen the connections between regions, providing the opportunity to spill over the advanced technology of developed areas to the surrounding areas and then improve the overall technology level to promote agricultural production efficiency. The above findings could provide detailed information for the government to set the transportation plan for promoting the sustainable development of agriculture.

Then, we found that agricultural industry structure adjustment is significant in promoting green production in agriculture, including rationalization and upgrading of agricultural industrial structure. This finding is consistent with the findings of many other studies (Lei et al., 2023; Liu Z. et al., 2023; Liu G. J. et al., 2023). However, the heterogeneous analysis results indicate that upgrading the agricultural industry structure could inhibit the [image: image] in the main-grain-producing area, one path where a high-grade highway has negatively affected the [image: image]. The possible reason is that the reduced transportation cost brought by high-grade highways has stimulated the cross-regional operation of agricultural machinery, which reduces the intermediate consumption value of agricultural production and brings large-scale production (Liu et al., 2021). However, large-scale production would exert environmental pollution (Luo et al., 2020) and then inhibit the green development of agriculture in main-grain-producing areas. The results showed that upgrading the agricultural industrial structure could not always promote the [image: image], which should be under the reasonable production scale.




5 Conclusion

This study aimed to analyze highway construction’s impact on the [image: image] and its internal mechanism. First, we used the EBM-GML method to calculate the [image: image] based on data from 31 Chinese provinces from 2002 to 2020. Then, we utilized spatial econometrics to explore the direct and indirect effects of low-grade and high-grade highways on the [image: image]. Moreover, we constructed the mediation effect model to verify the mechanisms empirically: rationalization of agricultural industry structure, upgrading agricultural industry structure, and integration of planting and breeding. After that, we analyzed the heterogenous effect in the main-grain-producing provinces and other regions. According to the above analysis, we drew the following conclusions.

(1) Both low-grade and high-grade highway construction significantly promotes the [image: image] through stimulating technological progress. Meanwhile, high-grade highway construction also exerts a positive spillover effect on the adjacent areas, meaning that the high-grade highway construction could also promote green production in the agricultural sector of the surrounding areas and the geographical distance scale of 1,000 km.

(2) The mechanism of low-grade and high-grade highways promotes the [image: image] was heterogeneous. In detail, a low-grade highway raises the [image: image] by improving the level of rationalizing the agricultural industry structure, and a high-grade road promotes the [image: image] by stimulating the upgrading of the agricultural industry structure. Moreover, low-grade and high-grade highway construction could encourage the integration of planting and breeding to realize green production.

(3) Highway construction significantly exerted a positive direct and indirect impact on the [image: image] in non-main-grain-producing areas. However, low-grade and high-grade highway construction inhibits the [image: image] in the main-grain-producing area. For further exploration, it was found that the low-grade highway negatively affects agricultural production by adjusting the agricultural industry structure, which negatively affects the [image: image]. Moreover, the high-grade highway construction brought much agricultural pollution through promoting modern agriculture’s development and inhibited the [image: image].

Through the above analysis, we found that highway construction has adversely affected the [image: image] in main-grain-producing areas in China. Thus, the government needs to take measures to achieve the overall sustainable development of Chinese agriculture. First, it is essential to enhance cooperation within main-grain-producing areas and encourage all regions to give full play to their comparative advantages and achieve specialized production. For one thing, large-scale production could promote production efficiency. For another, talent gathering could promote the technical level. Then, the government should set the corresponding policy support to the main-grain-producing areas to rationalize the agricultural industry structure. The above conclusions also provide some policy references for developing countries at a low economic development level but with abundant agricultural resources.

The above findings contribute to a better understanding of the influence of highway construction on the [image: image]. However, there are still some limitations in this study, and they need to be further analyzed in the future. First, this study only focused on China’s agricultural green development without considering other countries because the data has no consistent source in the global aspect. Thus, in the future, it is necessary to find valuable data to evaluate the effect of highway construction on agricultural green development in different countries and give detailed measures for each country. Besides, we mainly analyzed the effect and mechanism of highway construction on the [image: image] based on the macro aspect. However, it is more accurate to understand the impact of highway construction on farmers’ choice of production mode from the micro level. In the future, with the continuous improvement of survey data of rural residents in China, we could further discuss the impact of highway construction on agricultural production from the micro level. Third, considering the difficulty of data acquisition and the rationality of provincial data utilization, this paper adopts provincial panel data for empirical analysis. However, the municipal or county level could accurately reflect the factor or product flow between urban and rural areas. In the future, more granular levels of data could be used for analysis when China’s statistics continue to improve.
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