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In order to promote the green transformation of agricultural development, we used a partial linear function coefficient panel model to measure the impact of environmental regulations in 30 provinces and cities in China on agricultural green technology innovation and agricultural green total factor productivity. The advantage of this model is that it can take into account the heterogeneity of regional economic development levels, that is, by introducing variables that are functions of regional economic development levels as coefficients of environmental regulation. The research results show that: when the level of regional economic development is low, environmental regulation has a limited impact on agricultural green technology innovation and agricultural green total factor productivity, but as the level of regional economic development gradually increases, environmental regulation has a more significant impact on the two. And environmental regulation has a greater impact on agricultural green total factor productivity than on agricultural green technology innovation. Based on the research results, policy recommendations are suggested.
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1 INTRODUCTION
The rapid development of China’s agriculture is also accompanied by the emergence of environmental problems (Zhou and Li, 2021). An article in China Guangming Daily reported, The Institute of Geographical Sciences and Natural Resources Research released the research results of its Key Laboratory of Land Surface Pattern and Simulation (Xu et al., 2020), there is a 21.49 percent soil heavy metal spot in the main grain-producing areas of China, according to the Chinese Academy of Sciences. There were 13.97% of moderate pollution, 2.50% of heavy pollution, and 5.02% of very heavy pollution. Considering that soil pollution is often irreversible, the future cost of treatment and ecological pressure will be considerable. In this context, over the course of the “13th Five-Year Plan,” the word “green” was identified as the “development concept” for the first time, and one of the key sectors to achieve green growth Agriculture and rural areas are the top priority. General Secretary Xi Jinping has also repeatedly emphasized the need to fully realize the green transformation of agricultural development. In September 2021, China’s first special plan for agricultural green development was issued by six national ministries and commissions, the “14th Five-Year Plan for National Agricultural Green Development,” Showing China’s determination and courage to fully realize the comprehensive green transformation of agricultural development. At present, China’s economy has progressed from a stage of high-speed growth to a stage of high-quality development (Hao et al., 2021; Rauf et al., 2021; Abbasi et al., 2022). China has been highly valued by government departments in terms of green development. Figure 1 is a summary of the environmental vocabulary that appeared in the work reports of the provincial governments in China from 2009 to 2019. Low carbon, “carbon dioxide,” “sulfur dioxide,” “chemical oxygen demand,” “environmental protection,” “environmental protection,” “emission reduction,” “air,” “green,” “energy consumption,” “pollution,” “Ecology,” “Pollution,” a total of 15. According to Figure 1, the country’s attention to the environment is increasing overall. While lamenting the country’s urgent attention to green development, it is impossible not to think deeply about how to achieve the coordinated development of economic growth and environmental protection (Du et al., 2021). Balsa-Barreiro et al. (2019) can help us realize how was coupled the economic model of China with the emissions, and how in the last years these factors were decoupled. In this study, the study examined the location of the centers of gravity of four basic indicators over the period 1960–2016: GDP, CO2 emissions, total population, and urban population. As an important sector of green development, agriculture and rural areas, in the event that agricultural economic growth and ecological environment are coordinated, the green transformation of China’s agricultural development relies heavily on environmental regulation.
[image: Figure 1]FIGURE 1 | The total number of environmental vocabularies in the work reports of the provincial governments from 2009 to 2019.
Many previous studies by scholars have confirmed the important role of environmental regulation in the environmental field, but most of the literature studies only focus on a single indicator, the role of environmental regulation in promoting agricultural development’s green transformation comes from agricultural green technology innovation and agricultural green total factor productivity (Yu et al., 2022). Therefore, the paper integrates environmental regulation, agricultural green technology innovation, and agricultural green total factor productivity into a research framework, which enriches the current research and is of great significance.
In agricultural production, green technology innovation reduces pollution emissions from fossil fuels and increases the use of clean energy. Green total factor productivity balances agricultural production efficiency without exceeding environmental carrying capacity, this indicator measures the transformation of China’s agricultural green development. However, environmental regulation is controversial in the research on agricultural green technology innovation and agricultural green total factor productivity. The specific manifestations are as follows.
At present, Academic circles disagree on the impact of environmental regulation on green innovation (Liu et al., 2022). Some scholars such as (Porter, 1991) believe that environmental regulation can enable enterprises to avoid penalties due to environmental problems, update technical equipment, and expand R&D investment. As a result, many scholars have confirmed the “Porter Hypothesis” (Pang et al., 2019; Yu et al., 2019; Zhou et al., 2019; Zhang et al., 2020; Xie et al., 2021). Several scholars believe that environmental regulation is important, it makes enterprises increase their investment in environmental inspections and fines at a limited cost, which will squeeze corporate resources, reduce corporate R&D investment, and inhibit regional green innovation (Gollop and Roberts, 1983; Grey and Shadbegian, 2003; Ambec et al., 2013; Li et al., 2019).
Among the many factors affecting agricultural green total factor productivity, one of the simplest and most straightforward ways to address the issue of excessive factor use and the externality of environmental damage is through environmental legislation. There is conflicting evidence in the literature regarding whether environmental regulation affects agricultural green total factor productivity, and if so, whether it has a positive or negative impact. According to some studies (Cochard et al., 2005; Shadbegian and Gray, 2005), environmental regulation will have a negative impact on agricultural green total factor productivity. However, according to other studies (Jorge et al., 2015; Ye et al., 2018), environmental regulation is conducive to improving agricultural green total factor productivity. Still other researchers noted that environmental regulation did not significantly affect agricultural green TFP (Liang et al., 2012a).
Secondly, most of the research literature on environmental regulation only regards environmental regulation as a control variable in the empirical test, and pays no attention to how the internal environmental regulation system affects the production of green total factor in agriculture; and the existing literature only uses linear regression. The model is used to test the relationship between the two. In fact, with the dynamic change of regulatory intensity, environmental regulations’ effects on agricultural green TFP may also exhibit nonlinear traits. However, both the linear regression model and the nonlinear model research may be biased. Therefore, this paper uses a partial linear function coefficient model that takes into account both linear and nonlinear characteristics to describe the method by which environmental legislation affects agricultural development’s transition to a more sustainable model.
In addition, restricted by the level of economic development, there may be regional variations in how environmental legislation affects the development of agricultural green technologies and the productivity of agricultural green total factors (Liu et al., 2021a). Specifically, Investment in resources is crucial for the development of agricultural green technology. For areas with low levels of economic growth, due to limited resources, innovation and research and development will face greater challenges. Conversely, there are more resources and expertise available for R&D in areas with higher economic development levels. In addition, agricultural machinery is a necessary material and equipment for agricultural modernization, but it will also cause energy consumption and increase agricultural carbon emissions due to its large-scale use. Therefore, in order to reduce pollution, ER will inevitably affect the efficiency of agricultural production. In areas with low economic development levels, enterprises producing these machines may be squeezed out of the market due to ER, It will ultimately have an impact on the increase in productivity of the green total factor in agriculture (Yu et al., 2022). Figure 2 depicts the evolution of the real PGDP per capita log distribution across Chinese provinces. As can be seen from Figure 2, the differences in the level of economic development among provinces are quite significant however, the level of regional economic development as a whole is rising. Therefore, considering the different levels of economic development in different provinces, In this research, the heterogeneity of ER’s effects on the development of agricultural green technologies and agricultural green total factor productivity will be examined (Yu et al., 2022).
[image: Figure 2]FIGURE 2 | Kernel density evolution of lnGDP in various provinces.
The following is a summary of the study’s major contributions: First, using the two key indicators of agricultural green technology innovation and agricultural green total factor productivity (Yu et al., 2022), this paper thoroughly analyzes the impact of agricultural environmental regulation (ER) on the green development of agriculture in 30 provinces and cities in China (Zhou and Li, 2022), which contributes to more Clear and more comprehensive understanding of the important role of ER in the transition of agricultural development to green. This is not studied in the previous literature and enriches the current research. Secondly, this paper examines the hypothesis that whether the favorable Different levels of regional economic growth will have different effects on how environmental regulations affect the green transition of agricultural production, which is rarely studied in the current agricultural literature. Third, In order to examine the nonlinear link between ER and two green development indicators, this paper makes use of Mr. Du Kerui’s partial linear function coefficient panel model. The model can guard against model miscalculation and improve the accuracy of the estimation outcome.
The following describes the paper’s organizational structure: the introduction is the first section, which introduces the research background, etc.; in the second part, it summarizes the related literature of agricultural environmental regulation and its relationship with agricultural green technology innovation and agricultural green total factor productivity (Yu et al., 2022). Section 3 provides a description of the models, variables, and data sources used in this study. Analyses and empirical findings are presented in Section 4. Conclusion and policy repercussions are presented in Section 5.
2 LITERATURE REVIEW
2.1 Research on environmental regulation and agricultural green technology innovation
Du et al. (2021) think that many scholars at home and abroad have confirmed the positive role of environmental regulation in the field of energy and environment. Such as green efficiency (Galloway and Johnson, 2016; Curtis and Lee, 2019; Wang et al., 2019; Su and Zhang, 2020; Du et al., 2021), carbon emissions (Zhao et al., 2020a; Zhao et al., 2020b; Wang and Wei, 2020; Du et al., 2021), Environmental regulation plays a beneficial role in the fields of energy and the environment, according to numerous academics domestically and internationally (Li et al., 2022). For instance, carbon emissions (Zhao et al., 2020a; Zhao et al., 2020b; Wang and Wei, 2020); green efficiency (Curtis and Lee, 2019; Wang et al., 2019; Su and Zhang, 2020; Du et al., 2021); energy efficiency (Liu et al., 2018).
In different studies, Different studies have come to different findings about how environmental regulation affects technological innovation. Many academics think that environmental regulation can encourage innovation. For instance, researchers (Brunnermeier and Cohen, 2003) demonstrate that greater environmental innovation will result from an increase in pollution reduction spending; (Turken et al., 2020) believes that due to the promotion effect of green technology, Industry should prioritize investing in green technology. However, some scholars believe that environmental regulation can only take effect under certain conditions. According to Borsatto and Amui (2019), there is no consistent connection between environmental legislation and green innovation. According to Song et al. (2018), businesses can only attempt to raise the caliber of their workforce and continue to pursue green innovation by putting strong environmental rules into place.
Based on the above literature research, it is evident that there is ongoing disagreement on the research finding regarding the impact of environmental regulation on the development of green technologies (Wang and Yan, 2022). However, for the green technology innovation in the agricultural field, this indicator has not been utilized by any academics to evaluate the success of agricultural green development.
2.2 Environmental regulation and agricultural green total factor productivity
The Chinese governments have developed a number of environmental regulation measures to achieve the green transformation of agricultural development in line with the idea of agricultural green development. (Picazo-Tadeo et al., 2011; Deng and Gibson, 2019; Liu et al., 2021b; Iqbal et al., 2021; Irfan et al., 2021; Jiang, 2022). At present, the factors impacting agricultural green total factor productivity have been the subject of much investigation by both domestic and foreign academics. Agricultural pollution is one of many influencing elements that greatly jeopardize agricultural ecological efficiency (Irfan and Ahmad, 2022).
The most immediate and efficient factor is environmental regulation. However, there are not many studies looking at the effects of environmental regulation on agricultural green TFP. Moreover, there is conflicting evidence in the available research on the link between environmental legislation and agricultural green TFP. A fair agricultural environmental regulation, according to certain studies, can increase agricultural green total factor productivity (Zhan and Xu, 2019), and while believe that the impact of agricultural environmental regulation on agricultural green total factor productivity is that with the continuous increase of the threshold value (Yu et al., 2022), some scholars (Liang et al., 2012b) believe that the impact of ER on agricultural green total factor productivity is negative, the negative impact factors are gradually reduced (Yu et al., 2022). Environmental regulation is frequently used as a control variable in literature. This study examines environmental control as a significant explanatory factor.
In addition, the selection of environmental regulation variables varies greatly among different scholars. For example, the number of agricultural environmental protection policies is used to measure environmental regulation; (Zhan and Xu, 2019) using agricultural command and control (Xie et al., 2021) use agricultural carbon emissions and pollution emissions to measure. It is clear that there is still a significant gap in the literature on the two’s relationship.
3 RESEARCH MODELS, VARIABLES, AND DATA
3.1 Research model
In order to study the impact of environmental regulation ER on agricultural green total factor productivity and agricultural green innovation, this paper first considers the linear model shown below
[image: image]
Among them, Xit − 1 represents the ER level of environmental regulation in the ith city at t − 1. In order to consider the lag of environmental regulation, the key explanatory variable ER is lagged by one period. The variable Zit − 1 is a control variable, in order to avoid being affected by t − 1 At the same time, the influence of explanatory variables makes the empirical results biased, so the control variables are also lagged by one period. δi represents the unobserved individual effect and μit is the random error assumed to be i.i.d (0, σμ2).
However, considering that the impact of ER on agricultural green development may be affected by the level of economic development, most scholars may construct an interaction term between the level of economic development and environmental regulation ER, but this strategy may lead to model errors and estimation biases. For details, refer to (Du et al., 2020a; Du et al., 2020b; Du et al., 2021). Therefore, this paper introduces the variable coefficient Uit − 1 for the model. Uit − 1 specifically refers to the level of regional economic development in this paper, that is, PGDP. Part of the variable coefficient panel model is as follows:
[image: image]
The heterogeneity effect of different regional economic development levels on my country’s agricultural green transformation is expressed as γ(Uit − 1). Based on the nonparametric kernel method, (An et al., 2016) further extended the model, and extended the cross-sectional model to a partial linear variable coefficient panel data model with fixed effects using the series method. Specifically, please refer to the research methodology (An et al., 2016; Du et al., 2021).
First, use the difference to eliminate the fixed effect δ
[image: image]
Second, the substitution function coefficients γ(Uit − 1) are approximated by a linear combination of the k basis functions:
[image: image]
where p(Uit − 1) is a k × 1 basis function, and θ is an unknown parameter of k × 1. When k is large enough, there is a linear combination of pi(Uit − 1) that can approximately replace any smoothing coefficient γ(Uit − 1), and the mean square error MSE is the smallest. Eq. 4 can be rewritten as:
[image: image]
Among them, the error term [image: image].
Finally, the least squares estimate:
[image: image]
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 Furthermore, the coefficient function γ(•) is estimated as:
[image: image]
Therefore, based on the research of (An et al., 2016) and with reference to (Du et al., 2020c) to estimate the partial linear panel model of the function coefficients, the Stata software package estimates the following models. The specific estimation equation in this paper is set as follows with reference to the reference model Eq. 2:
[image: image]
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Among them, the following table i and t are the corresponding 30 provinces in China and the corresponding year, t − 1 is the corresponding year with a lag period, there are two explained variables in this paper, namely agricultural green total factor productivity (GTFP) and agricultural green For innovative GP, considering the lag of the impact of environmental regulation on ER, the key explanatory variable ER lag one period is expressed as ERit − 1, And γ(lnPGDPit − 1) is the function coefficient of ERit − 1. The variable Zit − 1 is the control variable, including HUMAN, EG, DR, TRA, MAC, and IND, Which are expressed as: the level of rural human capital, the intensity of environmental pollution control, the degree of disaster, the density of agricultural machinery, the gap between urban and rural income distribution, and the level of rural economic openness. Considering the consistency of the explanatory variables, there is also a lag of one period.
3.2 Research variables
3.2.1 Explained variable
The BMLPI (Biennial Malmquist-Luenberger productivity index) proposed by Pastor et al. (2011), Wang (2011) is used to measure the agricultural green total factor productivity of the explanatory variables in this paper, that is, the two-period Manquist-Luenberger productivity index. GMLPI (Global MLPI), that is, the similarity of the global Manquist-Luenberger productivity index, is to solve the problem of unfeasible solutions for measuring green productivity with undesired output. Although GMLPI can solve the problem of infeasible solutions, when new data is added, for example, when data is added every year, the entire frontier needs to be rebuilt, and the overall technology changes accordingly. And miscellaneous, the model calculation number is not stable. However, BMLPI is different. It is a productivity index that can be used as a production technology to calculate efficiency and variables every two periods. Therefore, there is no need to repeat the calculation for each additional year of data. The already calculated data will not change, only the newly added data will be calculated. Once, its additional advantage is that it can take into account technological regressions, which are much looser than the harsh assumptions of previous models. Therefore, the BMLPI model formula for calculating agricultural green total factor productivity based on DDF is as follows:
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The software for calculating agricultural green total factor productivity is the latest version of Stata17, which cannot be calculated in previous versions of Stata. The input indicators of the productivity are as follows: X1 represents the input of chemical fertilizers, which is measured by the amount of agricultural chemical fertilizers calculated by the pure method; X2 represents the input of agricultural machinery, which is measured by the total power of agricultural machinery; X3 represents the agricultural irrigation Input, this indicator is measured by the effective agricultural irrigation area; X4 represents land input, which is measured by the sown area of crops; X5 represents labor input, which is measured by the employees of agriculture, forestry, animal husbandry and fishery. The output indicators include the expected output expressed by the total output value of agriculture, forestry, animal husbandry and fishery, which takes 2000 as the base period to calculate the constant price; the non-expected output indicator is the measurement method of agricultural carbon emissions. Refer to Section 3.2.2 for the calculation method.
Another explanatory variable in this paper, agricultural green innovation, is expressed by the number of agricultural green patents (GP) in each province. The IPC classification number of the number of agricultural green technology patents is based on the “IPC Green Inventory” guidelines formulated by the IPC Committee1, obtained with reference to the agricultural part of the green patent list issued by the World Intellectual Property Organization (WIPO), and obtained through screening in the Patent Search and Analysis System (PSS-System) of the China Intellectual Property Office. Since patent examination takes a long time and there is a time lag in patent granting, the number of green patents is the sum of the data of invention patents and utility patent applications, rather than the data of patent grants.
3.2.2 Explanatory variables
The key explanatory variable studied in this paper is environmental regulation (ER). At present, scholars measure various types of environmental regulation variables. Specifically, some scholars in the field of agriculture use the number of agricultural environmental protection policies at the end of each year in each province in my country. In the same way, agricultural carbon emissions are used to measure the intensity of environmental regulation. The calculation method is based on. The formula for calculating carbon emissions is as follows:
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In the formula, ER is the total amount of agricultural carbon emissions, and Ei is expressed as the emissions of six carbon sources, including the use of chemical fertilizers, pesticides, agricultural film, and diesel in agricultural production, as well as ploughing (measured by the actual sown area of crops) and The amount of carbon emissions produced by the use of machinery and equipment in the agricultural production process due to irrigation, Ti is the amount emitted by each carbon source, and δi is the coefficient of each carbon emission, which are fertilizers (0.8956 kg kg−1), pesticides (4.9341 kg kg−1), agricultural film (5.18 kg kg−1), diesel oil (05927 kg kg−1), tillage (312.6 kg km−1), agricultural irrigation (25 kg hm−1), but according to Li Bo’s calculation method of agricultural irrigation carbon emissions, this paper uses the data of China Statistical Yearbook from 2015 to 2019 to calculate the actual average thermal power coefficient of 0.7316, and the final calculation of the actual coefficient of agricultural irrigation is 18.291 kg hm−1.
3.2.3 Control variables
According to the current situation of agricultural development in my country, the control variables selected in this paper are as follows:
1) The level of rural human capital (HUMAN). In general, the higher the level of rural labor culture, the more conducive to the mastery of agricultural production technology and the rational use of pesticides, fertilizers and other factors, so theoretically, it will have a positive impact on agricultural green innovation and agricultural total factor productivity. This article is based on the calculation method of (Qiao, 2018) Human = prim × 6 + midd × 9 + high × 12 + univ × 16, of which 6, 9, 12, and 16 are the primary, junior high, and high schools for workers in agricultural production, respectively. The number of years of education of secondary school and college education above, prim, midd, high, and univ respectively represent the proportion of residents aged six and above in each education stage.
2) Environmental pollution control intensity (EG). The quality of rural agricultural environment is closely related to the intensity of local environmental governance, so it is measured by the proportion of environmental pollution control investment in GDP.
3) Agricultural production environment (DR). In general, the more serious the agricultural disaster in a certain area is, the greater the damage to the local agricultural production environment. Therefore, this paper uses the proportion of the affected area of land in regional agricultural production to the total sown area of crops to measure.
4) Agricultural Machinery Density (MAC). Generally speaking, the higher the density of agricultural machinery may lead to an increase in carbon emissions and affect the way of local agricultural green transformation. Therefore, this paper uses the proportion of the total power of agricultural machinery to the sown area to measure.
5) Urban-rural income ratio (IND). Generally speaking, the size of the income gap between urban and rural residents indicates the degree of support of the local government for agricultural development. Therefore, this paper uses the ratio of the per capita net income of urban residents to rural residents in the region to measure this indicator.
6) Rural economic opening level (TRA). Generally speaking, the trade status of agricultural products in the region will affect the agricultural production environment, which in turn affects the green development of local agriculture. Therefore, this paper uses the proportion of the total import and export of agricultural products in the region to the total agricultural production to measure this indicator.
3.3 Research data
The main explanatory variable in this paper is agricultural green total factor productivity, which is calculated based on the data of “China Statistical Yearbook” and “China Rural Statistical Yearbook” and takes 2000 as the base period. Search and analysis system (PSS-System) screening. The data from 2001 to 2020 are selected for the two explained variables, and the environmental regulation and control variables are calculated using the data from 2000 to 2019. The data sources are China Statistical Yearbook, China Rural Statistical Yearbook, and China Population and Employment Statistical Yearbook. “China Agricultural Yearbook,” “China Environmental Yearbook,” and “China Agricultural Products Trade Development Report” and so on.
In addition, in order to study whether there is heterogeneity in the impact of environmental regulation on agricultural total factor productivity and agricultural green technology innovation under different economic development levels, this paper uses per capita GDP to represent the level of economic development (PGDP). And the base period is 2000. Except for the environmental regulation (ER) variable, all other variables are logarithmic, and the descriptive statistics of all variables are shown in Table 1.
TABLE 1 | Descriptive statistics of each variable.
[image: Table 1]4 EMPIRICAL RESEARCHE
4.1 Estimation results of the linear panel model
The panel model estimation results with fixed effects in Eq. 1 are shown in Table 2. The ER estimated coefficients on both lnGP and lnGTFP are positive and significant, suggesting that if environmental regulation increases by 0.01, GP and GTFP will increase by 0.065% and 0.023%, respectively. These results preliminarily show that environmental regulation contributes to the green transition of agricultural development. On the one hand, environmental regulation can promote green technology innovation in the field of agricultural production and stimulate the application of green technology; on the other hand, environmental regulation can promote the improvement of agricultural green total factor productivity. As far as control variables are concerned, the significance of the effects of control variables on lnGP and lnGTFP in the previous period is basically the same. The estimated result in Table 2 is the impact of environmental regulation ER on the green development of agriculture without considering the level of economic development. In the next section, this paper will discuss the heterogeneity of two important indicators of ER in the development of agricultural green transformation at different levels of economic development.
TABLE 2 | Estimated results of the fixed effects panel model.
[image: Table 2]Among the control variables, the variable of interest, the level of rural human capital (HUMAN), has a negative coefficient on both lnGP and lnGTFP. Theoretically, the higher the education level of farmers, the more favorable the development of green transformation in rural areas, but in fact, during the early development of China, the government focused more on economic development at the expense of environmental protection, and the phenomenon of “pollution first and treatment later” emerged. In recent years, however, the government has begun to pay more attention to environmental protection and the concept of green water and green mountains has begun to take root in people’s minds. It is believed that in the near future, the positive effects of human capital will be brought into full play. In fact, the coefficients of agricultural machinery density on lnGP and lnGTFP are both significantly positive, meaning that the higher the degree of agricultural mechanization, the more it contributes to the green transformation of agriculture. As the degree of agricultural mechanization increases, agricultural development is scaled up and resource utilization is maximized, reducing carbon emissions from agricultural production as the efficiency of agricultural production increases, thus protecting the ecological environment.
4.2 Estimation results of the partial linear panel model with function coefficients
This section analyzes the impact of environmental regulation ER on agricultural green technology innovation and agricultural green total factor productivity under different economic development levels based on a partial linear panel model with functional coefficients. The estimation results of Eqs 2, 3 are shown in Table 3. Figures 3, 4 show the heterogeneous effects of environmental regulation of ER at different levels of economic development, that is, the impact of ER on agricultural green technology innovation and agricultural green TFP will vary with different levels of economic development. The 95% confidence interval indicates that the effect of ER in these intervals is significant and positively contributing. As far as the control variables are concerned, the coefficient of agricultural production environment (DR) is negative, and the deterioration of agricultural environment inhibits the development of lnGP and lnGTFP; therefore, it is necessary to develop ecological agriculture and disaster-avoidance agriculture to change the disadvantage into advantage and promote the green transformation of agricultural development. In addition, the coefficient of environmental pollution control intensity (EG) on lnGTFP is insignificant in Table 2, while it is significant in Table 3, but the coefficient is negative, increasing the strength of environmental control has a positive role in promoting green development, but in the early stage, with the increase of investment in green industries, there is an inhibitory effect on the development of green economy, but with the concept of universal energy conservation as well as ecological and environmental protection gradually It is believed that the development of green economy will be actively promoted in the future.
TABLE 3 | Estimated results of the linear part of partially linear function-coefficient panel models.
[image: Table 3][image: Figure 3]FIGURE 3 | The functional coefficient of environmental regulation ER to agricultural green technology innovation.
[image: Figure 4]FIGURE 4 | The functional coefficient of environmental regulation ER on agricultural GTFP.
For agricultural green technology innovation, when the level of economic development is relatively low, the implementation of environmental regulation ER has an inhibitory effect, which is not conducive to the development of green innovation. However, with the further development of my country’s high-quality economy and the strong awareness of people’s environmental protection, the inhibitory effect will gradually weaken. When economic development reaches a higher level, ER will play a positive role, and people will begin to actively save energy and reduce emissions, green environmental protection, and low-carbon life. Therefore, the innovation of agricultural green technology can promote the realization of environmental protection in agriculture and rural areas, and there are always clear waters and lush mountains.
For agricultural green total factor productivity, when the level of economic development is low, environmental regulation ER not only has a crowding-out effect on economic development, but also has a crowding-out effect on non-green R&D companies because of increased R&D costs. Energy industry technology will be limited due to environmental regulation ER, so in the initial stage, agricultural green total factor productivity will be inhibited. However, with the continuous improvement of the level of economic development and the enhancement of people’s awareness of environmental protection, ER will instead stimulate the innovation and development of green production technology, improve environmental protection capabilities, product quality, and ultimately improve agricultural green productivity, so that the social economy and the environment can develop harmoniously.
4.3 Statistics by province
This section will explore the impact of ER on agricultural green development based on the heterogeneity of economic development levels in each province. Referring to (Du at al., 2021), for the classification of the economic development level of each city in China, this paper divides 30 provinces and cities in China into three categories based on the average value of real per capita GDP. It shows the impact of ER on agricultural green technology innovation and agricultural green total factor productivity in three different time periods, 2001-2002, 2009-2010, and 2018-2019.
It can be seen from Figure 5A that in 2001-2002, for most provinces with low and medium levels of economic development, the impact of ER on agricultural green technology innovation and agricultural green TFP was not significant. In a few provinces with low levels of economic development, ER has a significant impact on agricultural green total factor productivity, but hardly contributes to agricultural green technology innovation. For most provinces with a high level of economic development, ER can significantly promote agricultural green technology innovation and agricultural green total factor productivity.
[image: Figure 5]FIGURE 5 | Functional coefficients of ER with respect to lnGP. (A) Function coefficients of ER in 2001-2002. (B) Function coefficients of ER in 2009-2010. (C) Function coefficients of ER in 2018-2019. Note: Squares indicate when real PGDP is low; triangles indicate when actual PGDP is moderate; circles indicate when actual PGDP is high. Red indicates that the effect of ER on lnGTFP and lnGP is not significant; yellow indicates that ER has a significant effect on lnGTFP; blue indicates that ER has a significant effect on lnGP; green indicates that ER has a significant effect on both lnGTFP and lnGP.
It can be seen from Figure 5B that in 2009-2010, for most provinces with low and medium economic development levels, the contribution of ER to agricultural green technology innovation and agricultural green TFP increased. For provinces with a higher level of economic development, the positive effect of ER on the impact of the two is also increasing.
From Figure 5C, in 2018-2019, in almost all provinces with higher economic development levels, ER can significantly promote agricultural green technology innovation and agricultural green total factor productivity. Due to the balance between the east and west of my country’s economic development level, there are still many provinces with low economic development levels. The impact of ER on agricultural green technology innovation and agricultural green total factor productivity is not significant. The pulling effect of technological innovation and agricultural green total factor productivity is increasing.
From Figures 5A–C, we can tell that, as time goes by, the economic role of ER’s agricultural green transition is increasing, and the impact is becoming more and more prominent. From 2000 to 2019, the economic development level of each province has been continuously improved, which verifies that the green transformation of my country’s agricultural development is affected by the level of economic development. A higher level of economic development will help ER play a more active role in agricultural green technology innovation and agricultural green total factor productivity, and promote the green transformation of my country’s agricultural development.
5 CONCLUSION AND POLICY IMPLICATIONS
5.1 Conclusion
Agricultural green technology innovation and agricultural green total factor productivity are the two main indicators for the green transformation of agricultural development, while environmental regulation is a key measure to prevent and control pollution as well as agricultural green sustainable development goals.
Taking into account the differences in regional economic development levels, this paper adopts a partial linear panel model with functional coefficients to study the heterogeneous impact of environmental regulation on agricultural green technology innovation and agricultural green total factor productivity. The main conclusions are as follows: 1) With the improvement of the level of economic development, the role of environmental regulation in promoting agricultural green technology innovation and agricultural green total factor productivity has been significantly enhanced, and environmental regulation has played an increasingly active role. The impact of total factor productivity is more significant than that of agricultural green technology innovation. 2) This paper takes 2001-2002, 2009-2010, and 2018-2019 as examples, and empirically analyzes that with the passage of time, the role of environmental regulation in promoting the green transformation of agricultural development has become more and more prominent. . From the initial period of 2001-2002, only a few provinces with a relatively high level of economic development did environmental regulation significantly promote the development of agricultural green technology innovation and agricultural green total factor productivity. In lower provinces, the contribution of environmental regulation is not obvious.
5.2 Policy implications
The above empirical results show that under different levels of economic development, environmental regulation has different effects on agricultural green technology innovation and agricultural green total factor productivity. Therefore, agricultural green environmental protection policies should be adapted to regional economic development, so that relevant supporting policies can be promulgated to cooperate with the implementation of environmental regulations.
First of all, in order to better promote the innovation of agricultural green technology, the differences in the level of economic development in different regions should be considered. For regions with low economic development levels, appropriate policy support should be given to stimulate the innovation of agricultural green technology. The tools of policy regulation and gradual transformation of environmental regulation have changed from imperative to incentive. For example, the government provides financial support for agricultural green technology innovation and research and development capabilities, increases compensation for environmental protection, increases investment in agricultural green development from different channels, enhances the power of green technology to develop agriculture, and reduce the constraints of energy saving and emission reduction clean and environmental protection technologies. At the same time, strengthen regional cooperation and give full play to the spillover effect of technological innovation in regions with high economic development levels.
Secondly, the difference in the level of economic development makes the impact of environmental regulation on agricultural green total factor productivity heterogeneous. Going back to the past development experience, the green development of my country’s agriculture should avoid maintaining growth at the expense of the environment, and formulate a prudent and appropriate agricultural Green environmental protection policies, regulations and standards, vigorously promote green ecology, enable agriculture to develop circularly, and continuously increase the development and subsidies of agricultural green production behaviors. For example: replacing chemical fertilizers with organic fertilizers, promoting the development of green and energy-saving agricultural machinery, reducing energy consumption in agricultural production, developing comprehensive planting and breeding, aquaponics and other green measures to make the production model greener. Design a market-oriented operation system for environmental protection and ecological construction in line with the green development of agriculture, and at the same time cooperate with the government’s “visible hand” to jointly promote energy conservation, emission reduction, green and low carbon in the agricultural and rural sectors. An important part of carbon neutrality. Ultimately, the comprehensive green transformation of agricultural development will be achieved.
Finally, in order to promote the large-scale development of agricultural green planting technology, the government should take incentive measures to encourage relevant green planting enterprises to join in the promotion of green agricultural planting technology, further expand the development of import and export trade of agricultural products, increase farmers’ income, and strengthen The training on green production technology for agricultural and rural producers will increase the production and income of agricultural farmers, improve the efficiency of various agricultural production factors, save energy and reduce emissions, and accelerate the transformation and development of my country’s agriculture to green (Galloway and Johnson, 2016; Liu et al., 2018; Xiao et al., 2022).
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