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Dairy farming has become one of the most important industries for China’s national economic development, but the dairy farming process emits large amounts of greenhouse gases, which accelerate the greenhouse effect. Improving green production efficiency is important for the harmonious development between dairy farming and environmental protection. This paper explores the evolutionary characteristics of China’s GMLMI (Green total factor productivity of dairy farming) in terms of scale heterogeneity based on data from 2007 to 2018 from 27 major dairy-producing provinces (municipalities directly under the central government) in China, considering negative output indicators and using the super-efficient SBM-GML index model. The results show that 1) China’s GMLMI in 2007–2018 is highest in the medium scale, followed by the large scale, and lowest in the small scale. The regional distribution is highest in the central region, followed by the eastern region, and lowest in the western region. 2) China’s GMLMI shows a positive increasing trend from 2007 to 2018, and the decomposition indicators of the three scales (small, medium, and large) perform differently, indicating that there are differences in the ways to enhance the GMLMI of the three scales. 3) The results of the meta Frontier surface are different from those of the group Frontier surface, with the meta Frontier surface GMLMI being lower and the group Frontier surface GMLMI being overestimated. Finally, this paper proposes policy recommendations on how to improve the overall GMLMI of dairy cattle environmental farming in China.
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INTRODUCTION
In recent years, with the improvement of living standards and the change of consumer preferences, milk products have become an important animal nutrition consumer product for residents (Handford et al., 2016; Karaj and Deci, 2017; Adelson and Dahl, 2020), Dairy farming has also become an important pillar in the development of agricultural modernization (Priyanka and Soedjana, 2015; Brito et al., 2021; de Almeida et al., 2021). However, the rapid growth of dairy farming has also significantly increased carbon emissions and contributed to the greenhouse effect (Rotz, 2018; Brito and Silva, 2020). In 2021, China’s milk production is 36.83 million tons, according to a report by AgResearch, China emits 1.68 kg of CO2 for each kg of milk produced (MacDonald et al., 2007). Data from a report released by The World Resources Institute (WRI) 2020 shows that the livestock sector accounts for about 15% of total global carbon emissions, and dairy farming accounting for 61% of overall livestock emissions.
At present, the development of dairy farming has damaged the ecological environment, leading to frequent agricultural natural disasters, threatening farmers’ economic income and people’s living standards, (Abbas et al., 2021; Pata, 2021; Rehman et al., 2021), and has become a part of environmental governance focus and positive change (Forney et al., 2018; Lima et al., 2019). Therefore, to reduce carbon emissions and achieve harmonious development between dairy farming and ecological protection, it is necessary to study the green production of dairy farming (Gavrilova and Fedorova, 2020; Alem, 2021; Zhu and Oude Lansink, 2022). Based on this, this paper measures the green total factor productivity (TFP) of dairy farming.
There are different sizes of dairy cattle farming, depending on the number of cows farmed, the farming scale can be divided into small, medium, and large scale (Mosheim and Lovell, 2009; Toda et al., 2020). Different farming scales using different environmental treatments will have different pollutant dissipation indices (Schiano et al., 2017; Adenuga et al., 2019). The different farming scale has different allocation efficiency of production factors, and the utilization of natural resources is different (Espinoza-Ortega et al., 2007; Sefeedpari et al., 2019). Therefore, this paper uses the super-efficient SBM-GML model from the perspective of scale heterogeneity to comprehensively evaluate the changes in green TFP in China’s dairy farming industry from 2007 to 2018 by applying the meta Frontier and group Frontier, this is important to improve the green production efficiency of dairy farming in China.
The second part of this paper analyzes the research in related literature, the third part introduces the research methodology, the fourth part explains the selection of indicators and the data sources, the fifth part conducts the empirical analysis, and the sixth part gives the conclusion and policy recommendations based on the empirical results. The content framework of this paper is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The content framework of the paper.
LITERATURE REVIEW
Currently, research on the efficiency of dairy farming has focused on two main areas.
The TFP of Dairy Farming
On the one hand, the research on dairy farming was from the perspective of TFP. Rae et al. (2006) decomposed TFP into technical efficiency (EC) and technological progress (TC), and the study found that 1980 to 1990 was a transitional stage that changed the production structure of China’s livestock industry, as shown by the decrease in TC progress EC. Conradie et al. (2009) measured the agricultural TFP in South Africa and found that there are differences in the development of agricultural TFP between the eastern and western regions. TFP in the western region shows a rapid positive growth trend while TFP in the eastern region shows stagnant or even negative growth. Armagan and Nizam (2012) conducted a 100-item survey of 1,429 dairy farms in Turkey and found that 206 dairy farms had labor resource wastage imagined, with external manifestations of an inverse relationship between farm size and TFP. Ohlen (2013) believed that in the Indian dairy processing industry, technical efficiency can lead to higher TFP growth than scale efficiency and that India can use the European model as a benchmark for building farm-scale and processing dairy products. Čechura et al. (2014) investigated the development of agricultural TFP in 24 EU member states and found that more member states showed positive growth in TFP, in which the contribution of technological innovation was more obvious. Moreira and Bravo-Ureta (2016) argued that increasing TFP on dairy farms through TC is more effective than EC, and concluded that TFP growth is independent of the size of dairy farming. Ningbo and Larue (2016) argued that improvements in technical efficiency can reduce production costs on Canadian dairy farms and that scale effects are the primary vehicle for TFP growth on Canadian dairy farms.
Recently, Madau et al. (2017) argued that internal technology upgrading on dairy farms in EU countries will not help much in improving TFP, while external factors will play a greater role in improving TFP. Galloway et al. (2018) believed that a sustainable dairy farm must achieve maximum TFP with a minimal environmental cost. Using concentrates and farm-produced hay effectively to reduce environmental costs, reduce the carbon footprint of cows, and improve nutrient uptake efficiency of cows is the way to maximize TFP and maximize profitability. Rada et al. (2019) analyzed the relationship between dairy farming size and TFP using data from three Brazilian agricultural censuses, and the results showed a U-shaped relationship between TFP and farming size. Omar (2020) measured the TFP of dairy farms in 27 Egyptian governorates, and the results showed that eight governorates had low TFP, and he suggested technological modifications to improve production efficiency. Olagunju et al. (2022), the study found that farm size and capital investment could enhance TFP on dairy farms, while feed expenditure and cow age had a significant negative effect on TFP. In summary, few scholars have studied dairy farming from a green TFP perspective.
The Measurement Methodology of Dairy Farming
On the other hand, there was research on the methodology of TFP measurement in dairy farming. Solow (1957), Jorgenson and Griliches (1967), Denison (1967) proposed to calculate TFR by the production function method. Farrell (1957), Moorsteen (1961), Hicks (1961), Färe et al. (1994) uses the idea of the exponential method to calculate TFP. However, in the process of practice, Coelli and Rao (2005), Zúniga-González (1979), Headey et al. (2010) found that because of the institutional system, social development, and other factors, many countries, especially developing countries, have difficulty in meeting the allocation effectiveness assumptions of the production function method and the index method, so these two methods cannot accurately calculate the TFP in agriculture. Stochastic Frontier Analysis (SFA), represented by Aigner et al. (1977), Meeusen and van Den Broeck (1977), Battese and Coelli (1995), was proposed to overcome the shortcomings of the production function method and the exponential method in measuring TFP in agriculture. SFA is a parametric approach for a multi-input, single-output portfolio, but agricultural production is a multi-input, multi-output portfolio. Therefore, in contrast to SFA, scholars were more likely to use the non-parametric data envelopment approach (DEA) proposed by Charles et al. (1978) and its extensions to measure agricultural TFP. Due to the shortcomings of various measurement methods, scholars and experts continued to optimize and extend the DEA measurement methods.
Tone (2001) proposed the Slack Based Measure (SBM) model, he has put the input-output slack variables directly into the objective function, solving the input-output slackness problem of the traditional DEA model and the bias of the efficiency measurement caused by the slackness problem. Andersen and Petersen (1993) proposed the super-efficient DEA model to avoid the problem that the traditional DEA model cannot evaluate the Decision-Making Unit (DMU) in order because of the efficiency of multiple DMUs ends up as 1. Tone (2002) and Tone and Sahoo (2003) proposed the Super-efficient SBM (SSBM) model after combining the two methods to achieve the complete ranking of decision units.
As the research on green TFP continues to grow, the measurement of green TFP based on the DEA model is gaining more and more attention. Green production efficiency includes not only desired outputs but also undesired outputs. Tone and Sahoo (2003) improved on the traditional SBM model by proposing an SBM model that included undesired outputs, which appropriately dealt with undesired outputs. However, these DEA models can only measure TFP at a single point in time, agricultural production is a continuous process. To remedy this aspect, Färe et al. (1992), Färe et al. (1994), Färe et al. (1997) combined the Malmquist index with DEA theory and decomposed the Malmquist index into technical efficiency change and technology level change in two periods, explaining the composition of productivity and its dynamic trend. Chung et al. (1997) refined the Malmquist index and proposed the Malmquist-Luenberger (ML) index to deal with problems related to undesired outputs. Oh (2010) constructed the Global Malmquist-Luenberger (GML) index which addresses the shortcomings of the ML index such as the lack of circular transferability and the unsolvability of linear programming. Based on the above advantages, the SSBM-GML index model is chosen to measure the green TFP of dairy farming containing non-desired outputs.
There are three innovations in this paper. 1) In terms of research topics, there is less literature on the green farming of dairy cattle in the existing TFP studies. 2) In terms of research methodology, out of scale heterogeneity perspective, an SSBM-GML index model is constructed to evaluate GMLMI of different scales on the meta Frontier surface and group Frontier surface. 3) In terms of indicator selection, negative output indicators were included considering the ecological damage caused by dairy farming.
METHODOLOGY
SSBM Model
Tone and Sahoo (2003) proposed the SSBM, which both ranks all effective DMUs and includes undesired outputs. The dairy farming process consumes energy and generates environmentally depleting pollutants. Considering this issue, this paper chooses the SSBM model that includes non-desired outputs to measure the efficiency values of all DMUs. The model assumes that there are y DMUs in the production system, [image: image] and each produces by inputting n types of A to obtain m types of desired outputs B as well as z types of undesired outputs C. Among them, [image: image] are A > 0, B > 0, C > 0. Then, in period“t”, with the desired and undesired outputs, the set of all possible products can be expressed as Eq. 1.
[image: image]
[image: image] SSBM model predicated on desired versus undesired outputs can be expressed as Eq. 2.
[image: image]
Among them, [image: image] is used as the objective function, the numerator represents the average value of the distance from the input to the production front surface, and the denominator represents the average value of the distance from the output to the production front surface. [image: image], [image: image], [image: image] denote the slack variables for inputs, desired outputs, and non-desired outputs, respectively. [image: image] is used to represent a certain combined weight of n DMUs. The larger the value of the objective function, the higher the efficiency value of the DMU. When [image: image],
[image: image], DMU efficiency is effective; when [image: image] at least one of them ([image: image], [image: image], [image: image])is not zero, DMU is below the Frontier and inefficient, at this time, reducing inputs, lowering undesired outputs, or expanding desired outputs can bring the DMU to the efficient Frontier. Ruttan et al. (1980) proposed a meta Frontier model with an envelope nature (shown in Figure 2), which can compare the differences in production technology and production efficiency of different groups. To form a comparable standard for the measured technical efficiency of production, this paper constructs a meta Frontier production function with the envelope property (as shown in Figure 3) by referring to Ruttan’s idea. Definition of production efficiency ([image: image]): in the framework of multi-factor production, when the production activity reaches the optimal production efficiency, the ratio of the potential (minimum) input to the actual input is the production efficiency. The slack variables on the meta Frontier and group Frontier surfaces are denoted as, [image: image] and the actual farming input quantity is denoted as.
[image: Figure 2]FIGURE 2 | Meta Frontier structure.
[image: Figure 3]FIGURE 3 | L Meta Frontier model considering group differences.
Thus, the productivity of the meta Frontier surface is expressed as Eq. 3.
[image: image]
Thus, the productivity of the group Frontier surface is expressed as Eq. 4.
[image: image]
According to Yang et al. (2015) the productivity values of meta Frontier and group Frontier can be measured by the following model. See Eqs 5,6.
[image: image]
[image: image]
Among them, the meta Frontier surface is denoted as the group Frontier surface is denoted as t means time, [image: image], [image: image] represent the number of DMUs on the meta Frontier and group Frontier surface. In this article, [image: image] small scale middle scale, large scale, [image: image] and η are the intensity variable at the meta Frontier level versus the group Frontier level.
Global-Malmquist-Luenberger Index
Oh (2010) constructed the GML index on the global production set with the total set of production technologies for all study periods as the reference set, which can more objectively and accurately reflect the changes in green TFP of dairy farming. Oh defines the global production technology set [image: image], through it, a production Frontier is constructed, which is used to measure the gap between the productivity of DMUs and the productivity of the Frontier surface for each period. In this paper, the GML index is defined as the green TFP of dairy farming and its expression is as Eq. 7.
[image: image]
The functional expression for the GML indicator of green TFP of dairy farming in the meta Frontier plane is as Eq. 8.
[image: image]
The functional expression for the GML indicator of green TFP of dairy farming in the group Frontier plane is as Eq. 9.
[image: image]
The GML index represents the change of green TFP of DMU from period t to t + 1. A GML index greater than 1 represents green TFP growth, less than 1 represents green TFP decline, and equal to 1 means green TFP remains unchanged.
According to Hoang and Coelli (2011) [image: image] G can be decomposed into a global technical efficiency change index ([image: image]) and a global technical change index ([image: image]), the functional expressions are as Eqs 10–12.
[image: image]
[image: image]
[image: image]
When [image: image], it means that this DMU is closer to the production Frontier than the previous period, and the technical efficiency is improving; when [image: image] it means that the technical efficiency remains the same; when [image: image], it means that this DMU is moving away from the production Frontier than the previous period, and the technical efficiency is decreasing. When [image: image] it means that the technical level of this DMU has improved compared with the previous period; when [image: image] it means that the technical level remains unchanged; when [image: image] it means that the technical level of this DMU has regressed compared with the previous period.
INDICATORS AND SAMPLES
Index Selection
According to the characteristics and some previous studies (Madau et al., 2017; Han et al., 2020) of dairy farming, this paper selects four input indicators and two output indicators to construct the GML index system, as shown in Table 1.
(1) Concentrate feed is the main source of nutrition for dairy cows. The higher the quality of concentrate feed and the more reasonable the feeding ratio, the better the absorption rate of nutrients, the lower the carbon emission, and the higher the production capacity of cows, and this index is measured by the weight of concentrate feed.
(2) Roughage is the second most important source of nutrition for dairy cows and has a large impact on their productivity as well as their carbon footprint, which is measured by the cost of roughage.
(3) The amount of labor input is one of the important factors affecting the overall productivity of dairy farming, and this indicator is measured by the number of labor days invested, which includes the number of labor days invested by the farming subject’s own family and also the number of days invested by hired workers.
(4) Capital, as the main factor affecting the productivity of dairy farming, contains four costs of depreciation of fixed assets, repair and maintenance, tools and materials, and medical and epidemic prevention, which is the total amount of funds for the four costs.
(5) Milk, the main product produced by dairy farming, is a measure of the desired output.
(6) Carbon emissions are accounted for as a negative output indicator of dairy farming with [image: image] generated by cow burping and farting. [image: image] and [image: image] are generated by manure management and disposal processes. The calculation formula is as Eqs 13–15.
[image: image]
[image: image]
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TABLE 1 | GML indicator system.
[image: Table 1]Among them, [image: image] is the average feeding capacity of dairy cattle, which is expressed as year-end dairy cattle stock. [image: image] is emission factor. According to the greenhouse gas emission factors published by the IPCC, the value of [image: image] ([image: image], [image: image]) is 68 (16, 1) and the unit is kg per head.
In this paper, after taking into account the conversion factors in the Agriculture Organization of the United Nations (FAO) database, the emissions of and are converted into equivalents using global warming potentials. ([image: image], [image: image]). This is used as the standard for accounting for carbon emissions. The calculation formula is as Eq. 16. Indicators’ descriptive statistics are shown in Table 2.
[image: image]
TABLE 2 | Descriptive statistics of a variable.
[image: Table 2]According to the definition of scale in the “National Compilation of Agricultural Cost-Benefit Information”, this paper is divided into three farming scales: small scale (10 < Q ≤50), medium-scale (50 < Q ≤500), and large scale (≥500), Q is the number of cows raised.
Sample Selection
The data of Guizhou, Hainan, Jiangxi, and Tibet are missing in large quantities, so this paper excludes these four provinces from the sample selection and selects the remaining 27 provinces as samples for the study. The specific division is shown in Table 3.
TABLE 3 | Descriptive statistics of a variable.
[image: Table 3]RESULTS AND DISCUSSION
This paper specifically measures the GMLMI of three different scales (small, medium, and large) in China from 2007 to 2018, and based on this, analyzes the evolutionary trends and characteristics of the GMIMI.
Time-Varying Characteristics of GMLMI
Figure 4 shows the GMLMI and its decomposition indicators GMLEC and GMLTC of the small, medium, and large scale in the meta Frontier surface from 2007 to 2018. In the meta Frontier surface, China’s GMLMI showed a decreasing trend until 2010, when the minimum value of GMLMI was 0.93888. After 2010, it showed a fluctuating increasing trend, and the maximum value of GMLMI was 1.06756 in 2016.
[image: Figure 4]FIGURE 4 | GMLMI and its decomposition index under meta Frontier surface from 2007 to 2018.
The “Melamine Event” in 2008 brought a serious impact on the development of China’s dairy industry, which affected urban and rural residents’ confidence in consuming domestic milk products, interrupting the rapid growth of China’s dairy consumption and limiting the development of China’s dairy farming industry. China’s dairy farming industry has been in the doldrums for the next 2 years and started to recover in 2011, but it has not yet recovered to the pre-event level. After the “Melamine Event,” the enthusiasm of small-scale dairy farmers was greatly dampened, and the model of medium-scale farming communities and large-scale farms was actively developed, and dairy farming in China developed to a new stage in terms of farming scale, yield, and quality level. The increase in scale is driven by both food safety events and a necessary stage in the development of the industry. The entry of large amounts of capital into the dairy farming industry has driven the increase in the level of scale in China’s dairy farming industry. From 2011 to 2018, the GMLMI showed an overall upward trend. It is worth noting that in 2013, the impact of factors such as dairy epidemics and increased slaughter due to rising beef prices forced the accelerated withdrawal of small-scale farmers, and in 2016, due to the full implementation of China’s “two-child policy,” the market capacity of milk products was increased, and the industrial pattern of the large and medium scale was again enhanced. In recent years, as the scale of China’s dairy farming industry has increased year by year, the amount of mechanized technology inputs has increased. The use of mechanized technology has not only reduced labor input and improved breeding efficiency but also reduced labor costs and reduced man-made pollution in the breeding process, which has played a role in promoting the development of dairy farming.
At present, China’s large-scale farm milking link has been mechanized, but in a large number of small and medium-sized farms, as well as other aspects of dairy farming, the level of mechanization still needs to be improved, the future of China’s dairy farming industry mechanization technology should be further enhanced in depth and breadth of use.
Figure 5 shows the GMLMI and its decomposition indicators GMLEC and GMLTC of the small, medium, and large scale in the group Frontier surface from 2007 to 2018. The group Frontier GMLMI has the same growth trend as the meta Frontier GMLMI. The GMLMI shows a decreasing trend until 2010 and a fluctuating growth trend after 2010. They have the same peak time but different peaks. In the group Frontier surface, the minimum value of GMLMI is 0.93221 (2010), but the maximum value is 1.07467 (2016).
[image: Figure 5]FIGURE 5 | GMLMI and its decomposition index under group Frontier from 2007 to 2018.
The development and progress of China’s dairy farming industry are mainly due to a large number of inputs of production factors such as labor, land, and capital, but it is worth noting that China is relatively short of resources and the inputs of production materials such as expanding the scale of breeding, increasing investment, and purchasing machinery and equipment in the dairy farming process can lead to serious environmental pollution. How to balance the relationship between large-scale breeding and environmental protection has become one of the problems of China’s dairy farming industry and one of the key issues that restrict the development of dairy farming. The government and related departments should improve the construction of related facilities, introduce and train talents in related fields, and actively seek a green and sustainable development path for the dairy farming industry.
It should be noted that the meta Frontier surface was constructed concerning all dairy farming sizes and the group Frontier surface was constructed concerning different dairy farming sizes, so the overall 12-year average data for the two will differ. The GMLMI, GMLEC, and GMLTC of the meta Frontier (group Frontier) surface are 1.00704 (1.01046), 1.01840 (0.02302), and 1.00608 (1.00359), and it is obvious from the data that the GMLMI of the group Frontier surface is overestimated.
As shown in Figure 6, the trends of GMLMI changes in the meta Frontier and group Frontier are the same at the same scale. The average GMLMI at the meta Frontier (group Frontier) face is 0.9908 (1.0014), 1.0167 (1.0171), and 1.0093 (1.0063) for the three scales of the small, medium, and large, respectively. It is worth noting that the small-scale GMLMI values of the meta Frontier surface are less than 1, while the small-scale GMLMI values of the group Frontier surface are higher than 1. This fully illustrates the scientific nature and necessity of including scale heterogeneity in the analysis of GMLMI. The small-scale GMLMI fluctuates more, has the lowest overall level, and shows positive growth in a comprehensive 12-year view; the medium-scale GMLMI fluctuates the most, has the highest overall level, and shows positive growth in a comprehensive 12-year view; the large-scale GMLMI fluctuates more moderately, has the middle overall level, and does not show an obvious growth or decline trend in a comprehensive 12-year view.
[image: Figure 6]FIGURE 6 | Three-sized GMLMI and its decomposition index from 2007 to 2018.
Different farming scales have different production efficiency under the influence of capital, policy, management, and other factors, and the differences in production material inputs, farming methods, and technology levels also make different farming scales show different development trends, and technical efficiency and factors affecting efficiency are the causal factors that lead to differences in developmental trajectories. In addition, there are also differences in the level of investment in environmental management and environmental protection among different farming scales. Large-scale farming is relatively stable because large-scale dairy farming is less constrained by resources and capital and has higher technical efficiency, management capacity, and manure elimination index, while small and medium-scale farming is more influenced by capital costs, equipment, labor, and expertise, resulting in large fluctuations. But not the larger the scale, the more advantageous the GMLMI growth, large-scale farming produces the highest total carbon emissions, so there are more stringent pollution abatement requirements for large-scale dairy farming, the larger the scale, subject to higher environmental constraints, the heavier the impact on development, so from the growth trend, large-scale dairy farming GMLMI has not shown a significant growth or decline trend, the growth rate has slowed down across the board.
It is worth mentioning that, in the context of internationalization, China’s milk imports continue to increase, the pressure of international competition for domestic milk products is increasing, small-scale dairy farming dairy production technology, production scale, and pr, productivity is relatively low, has gradually failed to meet the needs of dairy farming and dairy products consumption, the transition from small-scale dairy farming to medium and large-scale dairy farming has become an inevitable trend in the development of the dairy farming industry.
As shown in Figure 7, the technology fall-off rate (TGR) in the meta Frontier framework is expressed as the ratio of the efficiency value at the meta Frontier level to the efficiency value at the group Frontier level, which reflects the gap between the technological level of the group Frontier and the meta Frontier, i.e., the gap between the production efficiency at each scale and the potential optimal production efficiency. A larger TGR indicates that the actual production technology utilized is closer to the potential production technology level; a smaller TGR indicates that the actual production technology utilized is further away from the potential technology level. The TGR of the small, medium and large scale are 0.8688, 0.8899, and 0.9445 respectively, with the highest TGR of large scale, followed by medium-scale and finally small scale. This indicates that the large-scale production technology is most in line with the potential optimal production technology level and is the most suitable for the development trend of Chinese dairy farming.
[image: Figure 7]FIGURE 7 | Three-sized TGR from 2007 to 2018.
The effective use and allocation of dairy farming production factors is always an important way to improve production efficiency, and the factor market can be reformed through the implementation of agricultural resource integration in rural areas to ensure adequate and efficient allocation of resources in dairy farming. Currently, the pollution generated by dairy farming has become the main source of pollution in rural areas of animal husbandry, and the disharmony between the development of the ecological environment and the development of dairy farming is becoming more and more prominent, so the environmental constraints must be considered in improving production efficiency. Large-scale farming has a higher level of pollution absorption than small and medium-scale farming because of the larger total amount of emissions. Large-scale waste utilization rate, pollutant consumption rate, water utilization rate are higher than small and medium-scale, accelerate the transformation of small-scale to medium and large-scale can not only improve the production efficiency of dairy farming but also reduce the damage to the environment.
Spatial Variation Characteristics of GMLMI
Figure 8 shows the combined GMLMI of small, medium, and large scales under the meta Frontier surface and the scale Frontier. Nationally, the GMLMI of the meta Frontier surface (0.73248) is lower than that of the group Frontier surface (0.73579). In terms of provinces, the GMLMI is relatively higher in the meta Frontier surface Hubei (1.15223), Guangxi (1.14320), Chongqing (1.08816), Yunnan (1.05222), and Zhejiang (1.04769), and the GMLMI in the group Frontier surface Hubei (1.15318), Guangxi (1.15182), Shanghai (1.06702), Chongqing (1.06152), Zhejiang (1.04881) GMLMI is relatively high, among the 27 provinces, Hubei, Guangxi, Chongqing and Zhejiang ranked within the top five of both Frontier surfaces.
[image: Figure 8]FIGURE 8 | Average GMLMI in each province.
The significant disparity in the development of dairy farming among Chinese provinces has led to the overall low level of GMLMI, and different provinces have different situations in terms of regional industrial structure, the urbanization process, and environmental regulations, and these different situations have led to the varying development status of dairy farming in each province. Summarizing the farming advantages of the higher-ranked provinces, it can be found that these provinces have convenient transportation, sufficient resources, a high degree of herd breeding, high dairy cattle yields, and a leading level of modernization of dairy farming in the country. These provinces are well-equipped to manage carbon emissions and have more mature management measures, and the strict constraints on carbon emissions have achieved the coordinated development of energy-saving and emission reduction and production. The provinces that rank low are generally constrained by capital, technology, labor, and other factors. With the development of secondary and tertiary industries, rural areas have lost a large amount of labor force, a serious shortage of professional and technical personnel, and backward farming technology. Especially in the context of increased pressure on environmental protection, the efficiency of resource allocation of factors in dairy farming in most provinces has declined, there is a waste of resources, and the level of technical efficiency is low. Therefore, improving resource allocation efficiency and narrowing the pollution index gap between provinces in dairy farming is an important way to effectively improve the overall level of GMLMI nationwide.
Figure 9 shows the different sizes of dairy farming in different regions. The GMLMs of the central, eastern, and western regions of the meta Frontier are 1.00437, 0.99717, and 0.95440, and the GMLMI of the three regions of the group Frontier are 1.00699, 1.00131, and 0.94813. After comparison, the spatial GMLMI shows a decreasing trend in the middle, east, and west in order. The highest is in the central region, the eastern region, and the lowest in the western region.
[image: Figure 9]FIGURE 9 | Three-sized average GMLMI and its decomposition index in different regions.
The most critical reason for these results is that the construction efforts in the western region are too small. From the corresponding supporting facilities for dairy farming to the mechanization penetration rate to the marketing channels, all these aspects need to be built and improved with greater efforts to improve the GMLMI of dairy farming. The east and the center are more coordinated in terms of production factors than the west. However, due to the national strategy to promote the rise of the Central Plains, the central region has slowly emerged a large number of excellent dairy enterprises, and technological progress is more ideal, promoting the development of the central region. Although the eastern region has superior resource endowment, due to the rapid development at the end of the twentieth century, the dairy farming industry has slowed down after entering the twenty-first century, and the technical efficiency has not performed well, so the performance of the eastern region is not as good as that of the central region. It is worth mentioning that the GMLMI of the three regions showed an increasing trend both in the meta Frontier plane and in the group Frontier plane, which indicates that the national dairy farming industry has good prospects for development.
In the meta Frontier three scales (small, medium and large) the average GMLMI was 0.99079, 0.96695, 1.00927, the average GMLEC was 1.00136, 0.97009, 1.02501 and the GMLTC was 0.98025, 0.96089, 1.00230. In the group Frontier three scales (small, medium and large) the average GMLMI was 0.99548, 0.96730, 1.00628, mean GMLEC was 1.01318, 0.98022, 0.99948, and mean GMLTC was 0.98631, 0.95049, 1.01491.
Whether in the meta Frontier plane or the group Frontier plane, the average GMLEC of small-scale is greater than 1, the average GMLTC is less than 1, showing a rise in efficiency and technical regression, indicating that the technical efficiency of the small-scale farming model has reached a high level under the current level of technology, with limited room for further improvement, and slow technological progress is the main reason that hinders the productivity of this farming model. The average GMLEC and GMLTC of the medium-scale farming model in both frontiers are less than 1, showing a double decline in technology and efficiency, indicating that there is a more optimistic potential productivity of this farming model, whether in the field of technology to make progress or in the field of efficiency to make progress in the production capacity have been significantly improved. The average GMLMI of large-scale under both frontiers is higher than that of small- and medium-scale, and the average GMLTC of both frontiers is greater than 1, and GMLEC is greater than 1 in the meta Frontier and less than 1 in the group Frontier, showing a decline in the efficiency of technological progress, indicating that the large-scale farming model has reached a higher level of technology, but the level of technical efficiency lags behind that of technological progress due to more stringent environmental regulations. How to reduce environmental pollution while improving technical efficiency is the problem that needs to be solved in this mode of farming under this level of technology. These circumstances fully demonstrate that large-scale farming has obvious advantages in optimizing the structure of factor inputs and outputs and that improving the level of organization and scale of the national dairy farming industry is the way to promote the development of modern agriculture.
Figure 10 shows the TGR of the three farming scales (small, medium, and large) in the three major regions of East, Central, and West. The average TGR of the three major regions, East, Central, and West, were 0.86023, 0.88655, and 0.84467 for small scale, 0.83494, 0.88899, and 0.92958 for medium scale and 0.96077, 0.91397, and 0.94812 for large scale.
[image: Figure 10]FIGURE 10 | Three scales of TGR in three regions.
After comparison, it can be found that the mean TGR of the large-scale farming model is the highest in all three regions, indicating that the expansion of the farming scale is conducive to technological progress. The highest TGR (0.96077) for the large-scale breeding model in the eastern region indicates that the environmental breeding technology in the eastern region is more advanced and the dairy farming industry in this region can be closest to the potential low-carbon technology. Due to geographic and national policy factors, the eastern region, as the Frontier of China’s reform and opening up, is more conducive to receiving and introducing advanced technologies from home and abroad, and generally, advanced foreign technologies are introduced through the eastern region and then spread to the mainland. In general, advanced foreign technologies are introduced through the eastern region and then spread to the mainland. The eastern region is in the leading position in the country in terms of independent innovation capability and management mode. Due to geography, national policies, and other factors, the central and western regions have obvious technological disadvantages compared to the eastern regions of the eastern region, which can narrow the technological gap between regions through technology spillover and technology diffusion to achieve technological convergence and realize coordinated development between regions to promote the overall level of GMLMI.
CONCLUSION AND POLICY RECOMMENDATIONS
Based on the SSBM model, this paper constructs a GML index considering negative output and measures China’s GMLMI from 2007 to2018, and draws the following conclusions: 1) 2007–2018 China’s GMLMI in medium-scale is the highest, followed by large scale and small scale is the lowest. In terms of regional distribution, the overall GMLMI is highest in the central region, followed by the eastern region, and lowest in the western region. 2) China’s GMLMI shows positive growth overall from 2007 to 2018, and the analysis of decomposition indicators reveals that improving technology level can improve small-scale GMLMI, upgrading technology level and improving technical efficiency can both improve medium-scale GMLMI. And improving technical efficiency can improve large-scale GMLMI. 3) The results of the meta Frontier surface are different from those of the group Frontier surface. The GMLMI of the three scales (small, medium, and large) of the group Frontier surface are greater than 1, while only the GMLMI of the medium and large scales of the meta Frontier surface is greater than 1. The GMLMI of the group Frontier surface is overestimated. The TGR of the three scales (small, medium, and large) showed an increasing trend in order, and the TGR of large-scale dairy farming was the highest.
Based on the above findings, the following policy recommendations are made.
(1) Develop moderate-scale farming and promote the layout of advantageous areas. Large-scale farming is an important means to increase green total factor productivity, but not to blindly expand the scale of farming, the government or relevant departments should encourage the main body of farming to more advanced technology, energy-saving equipment is more adequate, manure management is more perfect as the standard to expand the scale of farming. In addition, the layout of areas with superior resource endowments should be reasonably adjusted to bring into play regional comparative advantages, combine their resource advantages and economic conditions, optimize the structure of factor inputs and outputs, take advantage of special resource conditions, strengthen the construction of factor resources, introduce and cultivate dairy breeds that are conducive to local farming areas, develop regionalized dairy development and support programs, and improve the productivity of the overall dairy farming industry nationwide.
(2) Improve scientific and technological training and promote differentiated production strategies. There are differences in the improvement of green all-factor production rates in the three scales (small, medium, and large). Improving the quality of services provided by science and technology extension personnel in dairy farming technology and strengthening farmers’ awareness of scientific and rational dairy farming are fundamental ways to enable the rational development of different scales of farming. On the one hand, we should promote scientific and technological innovation research and transformation of results to improve the contribution of science and technology in the development of the dairy industry; on the other hand, technical training and extension should be improved to enhance the efficiency of utilization of existing technologies, and both initiatives should go hand in hand to improve total factor productivity of raw milk. Implement differentiated technology promotion strategies according to the different needs of different farming scales for dairy farming technologies.
(3) Accelerate industrial science and technology innovation to improve the level of environmentally friendly breeding production. Technological progress has a significant role in promoting green total factor productivity in the dairy farming industry and is a source of power for its growth. The current level of technology in the national dairy farming industry as a whole is not ideal, and both the development of dairy farming and environmental protection cannot achieve dual progress. The government or relevant departments should be aware of the lack of low-carbon technology level in dairy farming, promote scientific and technological innovation research, improve technological innovation mechanisms, increase funding for technological innovation in low-carbon dairy farming, train and introduce talents in this field, and vigorously promote regulations for carbon emissions from dairy farming to curb carbon emissions from the dairy farming industry, thus improving green total factor productivity in the national dairy farming industry.
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