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Abstract

Agricultural eco-efficiency is a crucial indicator for measuring the green and sustainable 
development of agriculture. This study utilizes provincial panel data from 2006 to 2019 to measure 
agricultural eco-efficiency while integrating carbon emissions and carbon sinks. A two-way fixed effect 
model and a nonlinear quadratic term model are utilized to investigate whether expanding farmland 
management scale contributes to enhancing agricultural eco-efficiency. The research results indicate 
that agricultural eco-efficiency is at a moderate level and exhibits a positive trend with an average 
annual growth rate of 1.28%. The relationship between farmland management scale and agricultural 
eco-efficiency is characterized by an inverted U-shaped nonlinear association. Appropriate management 
scale is essential for promoting green development of agriculture and is validated even after conducting 
endogenous and robustness tests. The research identified a significant moderating effect of service 
outsourcing, where a higher degree of service outsourcing results in a flatter inverted U-shaped curve 
mentioned above. Moreover, the non-linear relationship between the scale of agricultural land and 
agricultural eco-efficiency has become more significant after the reform of “separation of the three 
rights” and in the east and central regions. Finally, based on the above conclusions, the paper provides 
specific recommendations for improving agricultural eco-efficiency.
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Introduction

In recent years, since the release of, China’s 
agricultural development has made significant progress 
owing to the implementation various policies and 
reforms [1-3]. However, China still faces practical 
challenges such as “more people and less land” as well 
as land fragmentation. Historically, agricultural growth 
in China has relied heavily on the excessive use of 
chemicals [4, 5], resulting in problems related to over-
cultivated of land and inadequate utilization of waste 
resources. Unfortunately, these issues have persisted, 
further exacerbating challenges to the ecological 
environment of agricultural [6, 7]. Since the 18th CPC 
National Congress, the CPC Central Committee and 
the State Council have highlighted the importance of 
the green development of agriculture. In order to deal 
with agricultural non-point source pollution, declining 
cultivated land quality, over-management, ecological 
degradation and other issues, the state has successively 
issued a number of policies and regulations, placing 
agricultural green development at the forefront of future 
development and construction, with gradual increases 
in policy innovation and system supply. In recent years, 
China’s No.1 Central Document has made relevant 
arrangements for the green development of agriculture. 
Since 2016, the document has proposed to enable the 
green development of agriculture by strengthening 
pollution prevention, reducing resource use and restoring 
impacted ecological systems. The Law of the People’s 
Republic of China on Promoting Rural Revitalization, 
which came into effect in June 2021, put forward clear 
requirements and development goals for government 
at all levels to carry out agricultural non-point source 
pollution prevention and control from the legal level. 
In 2022, the report of the 20th National Congress of 
the Communist Party of China clearly proposed to 
accelerate the green transformation of development 
methods, and continued to promote green development, 
circular development, and low-carbon development. 

Specifically, there are two main ways to promote 
green agricultural development. First, change the 
management mode, which will improve the efficiency 
of resource utilization by carrying out efficient 
and intensive management. Second, strengthen the 
management of inputs, so that we can better understand 
the relationship between prevention and control by 
adopt advanced technologies. Land is an input factor 
for agricultural management and deeply affects the 
business behavior of farmers. The development of 
moderate scale agricultural management is the direction 
of modern agriculture. China’s No.1 Central Document 
in 2023 pointed out that it is necessary to guide the 
orderly transfer of land management rights and develop 
moderate scale agricultural operations. According to 
data from the agricultural and rural sectors, by the end 
of 2019, the circulation area of household contracted 
farmland in China is 555 million acres, accounting  
for 35.9% of the total household contracted farmland 

area, with the majority of areas transferred to 
farmers (312 million mu), followed by cooperatives  
(126 million mu). On the other hand, the scale of 
farmland management in China has increased from 
0.476 hectares per person in 2006 to 0.890 hectares per 
person in 2021, an increase of 1.870 times. Agricultural 
eco-efficiency is an important indicator for measuring 
the level of green development in agriculture. 

There are great differences in production efficiency 
among different farmland management scales, and 
their influences on farmers’ green production decisions 
and behaviors are also different. Agricultural eco-
efficiency is an important index to measure the level 
of agricultural green development [8, 9]. Then, will the 
expansion of farmland management scale inevitably 
improve agricultural eco-efficiency? Some scholars 
believe that, with the expansion of business scale, 
production factors can be fully utilized, scale effect 
can be better utilized, and it has a positive impact on 
agricultural environment [10, 11]. At the same time, the 
expansion of farmland management scale is conducive 
to the realization of clean agricultural production, and 
can increase the recycling of waste and reduce the use 
of agricultural materials [12]. For example, Wu et al. 
(2018) pointed out that for every 1% increase in average 
household planting area, the application amount of 
chemical fertilizer and pesticide per hectare decreased 
by 0.3% and 0.5% respectively, and the application 
amount of chemical fertilizer per unit area decreased 
with the increase of planting area management scale 
[13]. However, it has also been pointed out that due to 
the influence of capital-driven and free resources, large-
scale agricultural materials are often over-invested in the 
pursuit of output, resulting in an increase in agricultural 
non-point source pollution [14]. At the macro level, once 
the land management right is transferred, the pressure 
on agricultural ecosystem will increase due to various 
factors such as mechanization substitution and planting 
structure adjustment [15].

The aforementioned studies hold significant 
academic value in assessing the multifaceted effects 
resulting from the magnitude of agricultural activities. 
Furthermore, they offer valuable insights and serve as 
a solid foundation for the analysis of the impacts of 
relational agricultural operations and agroecological 
efficiency in this paper. However, it is crucial to 
acknowledge that the existing literature has not yet 
reached a consensus on this matter. This lack of 
consensus can be attributed to substantial regional 
disparities in resource allocation, variations in human-
land interactions, and a limited focus on linear 
perspectives. It is worth noting that the relationship 
between farm operation scale and agricultural eco-
efficiency may not be a simple linear relationship, 
that is, positive or negative impacts as mentioned 
above [16]. From an economic perspective, due to the 
diminishing marginal returns and internal uneconomic 
factors, in a certain range, the scale of farmland 
management may have a positive correlation with the 
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promotion of agricultural eco-efficiency. However, 
after a certain range, the expansion of cultivated 
land management scale cannot continuously improve 
agricultural ecological efficiency, and even inhibit 
the improvement of agricultural ecological efficiency 
because it stabilizes agricultural eco-efficiency  
at a certain level. On the other hand, due to the 
comparative advantage of service scale and the strong 
support of the Chinese government, farmers will 
choose to outsource the agricultural production process  
in order to realize service scale operation. In view of 
this, this paper further brings service outsourcing into 
the research framework, and investigates the nonlinear 
relationship between farmland management scale 
and agricultural eco-efficiency, trying to reveal the 
regulatory role of service outsourcing. This corresponds 
to the current actual situation, and the findings of the 
study can help guide the policies related to land transfer.

Based on this, this paper explores the nonlinear 
relationship between the expansion of farmland 
management scale and agricultural eco-efficiency, 
and further argues for the moderating role of service 
outsourcing in it. This study’s contributions are in 
the following three aspects: First, there are still some 
imperfections in the measurement of agricultural eco-
efficiency in the existing research, which are mainly 
reflected in the fact that agricultural carbon sink has 
not been included in the model, and the measurement 
index system of agricultural carbon emissions 
needs to be improved. This paper presents a more 
accurate measurement of agricultural eco-efficiency 
by integrating agricultural carbon emissions and 
agricultural carbon sink, which sets the groundwork 
for exploring the nexus of farmland operation scale 
with agricultural economy and environment. Second, 
this study breaks through the hypothesis of linear 
relationship between farmland management scale 
expansion and agricultural eco-efficiency in previous 
literature, and examines the nonlinear relationship 
by incorporating the quadratic term of farmland 
management scale into the research framework. This 
approach better characterizes the mechanism of the 
impact of farmland management scale expansion, and 
expands the research literature on the mechanism of 
the relationship between farmland management scale 
expansion and agricultural eco-efficiency. Finally, this 
paper introduces a service outsourcing perspective and 
analyzes its regulatory role in the nonlinear relationship 
between farmland management scale expansion and 
agricultural eco-efficiency. This broader examination 
of the relationship between land scale and service 
scale in agricultural eco-efficiency provides a basis for 
relevant policy formulation. This issue holds theoretical 
and practical significance in promoting sustainable 
agricultural development in the context of land transfer 
promotion.

The rest of the study is arranged as follows. Section 
2 presents literature review and the research hypothesis; 
section 3 proposes the data and methods used in this 

paper; section 4 is an empirical analysis; and section 5 
discusses the conclusions and policy implications.

Literature Review and Research Hypothesis

Measurement of Agricultural Eco-Efficiency

Eco-efficiency was initially defined as the ratio of 
added value of economic activities to environmental 
load, and its core idea is to get the maximum economic 
output with the minimum resource consumption and 
pollution emission [17]. At present, the idea of eco-
efficiency is widely used at the regional, industrial 
and individual levels [18-20]. Agriculture has the dual 
attributes of carbon emission and carbon sink. Under the 
goal of “carbon neutrality and carbon peaking”, it is the 
general trend to reduce agricultural carbon emission and 
increase agricultural economy and carbon sink output. 
More and more researchers pay attention to agricultural 
ecological efficiency, and get as much expected 
agricultural output as possible by minimizing resource 
consumption and environmental pollution as possible, 
thus realizing the coordination of economic benefits and 
environmental benefits [8].

There are more studies on measurement of 
agricultural efficiency, and the methods mainly include 
parametric stochastic frontier analysis (SFA) and 
nonparametric data envelopment analysis (DEA), but 
these methods ignore the resource and environmental 
constraints, and it is difficult to objectively reflect the 
true performance level of agricultural development, 
and only by incorporating resource and environmental 
variables into the evaluation model can the true 
effectiveness of agricultural green development be 
examined. In the model construction, the treatment of 
agricultural pollution elements is an important part. 
There are two main ideas in existing studies: one is as 
an input and the other one is as a non-desired output. 
From the perspective of production, the latter is more 
reasonable and more widely used. While the SFA model 
can only use one output and it is difficult to take non-
desired outputs into account, the non-radial, non-angle 
SBM-DEA model has the ability to deal with non-
desired outputs and is widely used in agricultural eco-
efficiency measurement [3]. For example, Chen et al. 
(2021) considers carbon emissions and agricultural 
surface pollution as non-desired outputs and explores 
the green total factor productivity of agriculture in 30 
Chinese provinces [21]. Most studies chose agricultural 
carbon emissions as a poor output and applied the SBM 
model to comprehensively measure environmental 
efficiency, and the results generally reflected that the 
current agricultural green production efficiency is not 
high and there are obvious regional differences, but 
the general trend shows an increase. However, under 
the goal of carbon peaking and carbon neutrality, most 
studies only consider the undesired output of carbon 
emissions and ignore the carbon sink in crop growth. 
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Agriculture has the dual attributes of carbon sink and 
carbon source, and China’s agriculture exhibits the 
outstanding characteristics of net carbon sink [22, 23]. 
Therefore, agricultural carbon sinks and agricultural 
carbon emissions need to be included in the same 
framework in order to measure agricultural eco-
efficiency more scientifically.

Relationship Between Farmland Management 
Scale and Agricultural Eco-Efficiency

The expansion of farmland management scale has 
the potential to influence agricultural eco-efficiency 
in several ways. First, the expansion of farmland 
management scale can improve the previous fragmented 
and scattered land management model by making 
the land contiguous [24, 25]. This in turn can help 
resolve the issues associated with land fragmentation, 
by dividing land” according to people, contracted by 
households, and matching fat and thin”, which will 
enable economic scaling, and thus help improve the 
output of farmland [26, 27]. Secondly, larger-scale 
land management leads to a significant reduction in 
chemical fertilizer usage [28], thereby contributing to 
the mitigation of agricultural carbon emissions [29], 
and improve the efficiency of environmentally friendly 
agricultural practices. This is partly due to the fact that 
certain technologies used as alternatives to chemical 
fertilizers can only be applied on a larger scale area 
[30]. Furthermore, the adoption of advanced agricultural 
technologies necessitates a certain level of fixed capital 
investment, and the cost of this investment can be spread 
out as the land area increases. Research also indicates 
that scale management can serve as a means of resource 
integration, as it encourages the optimal utilization of 
agricultural machinery and irrigation facilities. This 
not only enhances resource efficiency but also improves 
the quality of cultivated land [31]. Third, under 
market and government influence, land transfer from 
business households to efficient business households 
becomes more feasible [32]. This incentivizes farmers 
to professionalize their operations, allowing those 
with comparative advantages to acquire more land 
and specialize their labor accordingly [33]. These new 
agricultural business entities often have high technical 
literacy and environmental awareness, and tend to 
adopt agricultural green technology and advanced 
management methods to reduce the application of 
chemical fertilizers and pesticides and improve the 
level of agricultural mechanization, thus improving 
agricultural business performance [34, 35]. In addition, 
the expansion of farmland management can realize 
the rational distribution of land among different crops 
by optimizing the industrial structure, thus improving 
agricultural eco-efficiency. 

Research has indicated that expanding the scale of 
arable land operation can enhance the agroecological 
environment, but it may also have adverse 
environmental impacts. It should be noted that farmers 

may unintentionally alter the business structures or 
mismanage pollutants, which can lead to an increase 
in agricultural non-point source pollution and the 
diseconomy of scale [36, 37]. Scholars suggest that 
the relationship between farmland management scale 
and agricultural eco-efficiency is not strictly linear, 
but demonstrates an inverted U-shaped function that 
increases initially and then subsequently decreases 
[16]. Zhao et al. (2021) have further confirmed that the 
relationship between management scale and fertilizer 
application intensity is not purely linear, but exhibits 
a positive “U-shaped” relationship that decreases 
initially and afterward increases [38]. In summary, 
this paper argues that there is a nonlinear relationship 
between farmland management scale and agricultural 
eco-efficiency. Specifically, when the positive effect 
of farmland operation scale expansion is stronger than 
the negative effect, the positive effect brought by scale 
effect and profit maximization claim is greater, and 
farmland operation scale expansion may promote the 
improvement of agricultural eco-efficiency. However, 
under the influence of the law of diminishing marginal 
returns, when the scale of farmland operation expands 
to a certain extent, the marginal returns of agricultural 
production start to diminish, and operators may increase 
chemical inputs to hedge risks, thus inhibiting the 
improvement of agricultural eco-efficiency. As a result, 
the following research hypothesis is proposed.

Hypothesis 1 (H1). There is an inverted U-shaped 
relationship between the scale of farmland management 
and agricultural eco-efficiency.

The Moderating Effect of Service Outsourcing

Existing studies show that agricultural scale 
operation has two main meanings: one is the scale of 
farmland and the other is the scale of services. With the 
accelerated urbanization in China and the continuous 
transfer of rural labor to cities and non-agricultural 
industries, outsourcing of services has become 
increasingly common, becoming an effective form of 
solving the fragmentation of farmland and realizing 
large-scale operation.

The impact of service outsourcing on agricultural 
eco-efficiency can be mainly viewed reflected two 
aspects. Firstly, from the supplier’s perspective, the 
establishment of agricultural service organizations is 
advantageous achieving lean management, which in 
turn leads to reduced agricultural material inputs and 
improved production efficiency. Micro-empirical studies 
have demonstrated that agricultural social services 
can also positively influence farmers’ production and 
management behaviors. For instance, these services can 
encourage farmers to reduce their use of fertilizers and 
pesticides, adopt environmentally friendly production 
techniques, and increase their willingness to engage 
in sustainable agricultural practices [39, 40], thus 
improving agricultural eco-efficiency. Secondly, from 
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In the formula, t and i represent time and the 
province, Aeeit represents agricultural eco-efficiency, 
Lnscaleit and Lnscaleit

2 represent farmland management 
scale and the quadratic term of farmland management 
scale, Controlsit represents a series of control variables, 
λ and μt represent regional fixed effect and time fixed 
effect, εit is the random perturbation term.

In order to test whether service outsourcing can 
regulate the scale of farmland management and 
agricultural eco-efficiency, this study introduced the 
primary and secondary terms of service outsourcing and 
farmland management scale into the econometric model 
as follows:
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Variable Selection

Explained Variable

In order to comprehensively measure the agricultural 
eco-efficiency, this paper constructs the following 
indicator system from the perspective of input and output. 
In the process of agricultural production, the expected 
outputs (such as economic benefits and agricultural 
carbon sequestration) are always accompanied by some 
bad outputs, such as agricultural carbon emissions 
[43, 44]. Under the background of “carbon peaking 
and carbon neutralization”, it is necessary not only to 
achieve high efficiency of agricultural production, but 
also to promote green and low-carbon development of 
agriculture [8]. Therefore, referring to the practice of 
scholars, this paper treats agricultural carbon emissions 
and agricultural carbon sinks as non-desired and desired 
outputs, respectively, and constructs a model including 
non-radial and non-angular Super-SBM to measure 
agricultural eco-efficiency [3, 23, 45]. The specific 
model is as follows:
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the demanders’ perspective, the advantages of service 
outsourcing can be analyzed through the lens of the 
theory of division of labor economy. This approach 
effectively alleviates the labor and technological 
constraints faced by farmers during the agricultural 
production and operation process. Moreover, it 
compensates for the efficiency loss associated with 
small-scale operations, particularly in the context of 
labor outflow and inadequate resource provision [41].

Service outsourcing has a positive impact on 
agricultural eco-efficiency and plays a moderating 
role in the inverted U-shaped relationship between the 
expansion of farmland operation scale and agricultural 
eco-efficiency. Specifically, when the scale of farmland 
operation is small, the degree of fragmentation and 
decentralization of farmland is high. Although service 
outsourcing exerts the scale effect to a certain extent, 
it will weaken the positive effect of farmland operation 
scale expansion on agricultural eco-efficiency because 
the scale of outsourcing market is underdeveloped and 
there are speculative behaviors of service organizations, 
instead of promoting agricultural reduction [42]. When 
the scale of farmland operation is higher, on the one 
hand, the demand for outsourcing services is greater 
and the market is more competitive, forcing service 
outsourcing organizations to provide better quality 
services; on the other hand, the expansion of farmland 
operation scale brings greater scale effect, and the 
human, capital and technological advantages of service 
outsourcing can be better utilized. As a result, the 
following research hypothesis is proposed.

Hypothesis 2 (H2): The regulation of service 
outsourcing flattens the inverted U-shaped curve even 
more.

Research Methods and Data

Econometric Model

Referring to previous studies, the panel data  
were tested by Hausman test, and the results rejected 
the original hypothesis, so the fixed effect model  
was adopted. Previous studies have shown that there  
is a nonlinear relationship between farmland 
management scale and agricultural eco-efficiency. Since 
the impact of farmland management scale on agricultural 
eco-efficiency is likely to be nonlinear, so this paper 
adds a quadratic term of farmland management scale 
into the model to verify whether there is a nonlinear 
relationship between farmland management scale on 
agricultural eco-efficiency. The econometric model is as 
follows:
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Where ρ is the value of agricultural eco-efficiency; 
x, yg and yb represent the matrix corresponding to input, 
expected output and unexpected output respectively; 
When ρ≥1, the agricultural eco-efficiency is effective; 
when ρ<1, the agricultural eco-efficiency does not reach 
the effective state, and the input or output is redundant 
or insufficient.

Considering that agriculture in a broad sense 
includes planting and crop farming, forestry, animal 
husbandry, fish farming and sideline activities, there 
are great differences among the different sub-industries. 
The term of agriculture is limited to the category of the 
plantation industry for the purposes of this paper. The 
evaluation index system of agricultural eco-efficiency 
was constructed according to relevant research [3, 
44, 46]. The input index in this study encompasses 
three dimensions of labor, land, and resources. The 
labor factor is expressed by the number of agricultural 
employees, which is equal to the number of people 
employed in the primary sector in the region multiplied 
by the share of value added in agriculture in value added 
in the primary sector. The land indicator is represented 
by the planting area of crops, which can better reflect 
the situation of multiple cropping in different regions. 
The input of resource elements is represented by total 
mechanical power, fertilizer usage, and effective 
irrigation area. The expected output index selects the 
agricultural total output value (constant price in 2006) 
and agricultural carbon sequestration (whole-life carbon 
uptake of major plant species, including rice, wheat, 
maize, pulses, and vegetables, etc.); and the unexpected 
output selects agricultural carbon emissions, which are 
measured by agricultural materials, rice fields, and soil 
carbon emissions. On the one hand, agriculture has the 
dual effect of contributing to both carbon emissions and 
sequestration, carbon emission enhances the greenhouse 
effect and is a real pollutant, so temperature control and 
emission reduction are consistent with the development 
of green and low-carbon agriculture; on the other hand, 

there are many polluting behaviors in agricultural 
production, but it is difficult to measure them 
scientifically, and most of them produce greenhouse 
gases. Carbon emissions as a non-desired output can 
indirectly quantify many problems.

Explanatory Variable

Some scholars use the per capita cultivated land 
area to measure farmland management scale, but to 
factor in issues such as idle land, multiple cropping and 
rural labor transfer, we use the per capita sown area 
to measure management scale [16], This index cannot 
only reflect the degree of agricultural intensification 
and the scale of agricultural production, but also reflect 
the actual utilization rate of cultivated land. Therefore, 
this paper uses the average sown area per laborer to 
characterize farmland management scale. Take the 
natural logarithm to represent.

Adjusting Variable

Considering the more widespread use of agricultural 
machinery in agricultural production, thus replacing 
the traditional human and animal production methods. 
Drawing on existing studies [47, 48], this paper uses the 
ratio of the area of machinery outsourcing services to 
the total area of crops sown in five segments: tillage, 
seeding, irrigation, plant protection, and harvesting.

Control Variables

In addition to the core variables of farmland 
management scale, we also selected the control variables 
of disaster degree (Disa), agricultural industrial structure 
(Indus), income structure (Ins), trade dependence 
(Trade), labor culture level (Edu), and financial support 
for agriculture (Fina) [22, 49, 50]. Table 1 shows 
descriptive statistics of the main variables.

Table 1. Variable descriptive statistics.

Type Variable name Variable definition Mean SD Min Max

Explained variable Aee Consider carbon emission and carbon sinks. 0.762 0.248 0.409 1.211

Explanatory variable Lnscale Natural logarithm of crop area sown per capita. 1.250 0.581 0.517 4.113

Control variables

Disa The proportion of affected area of crops. 0.201 0.147 0.000 0.696

Indus The proportion of grain sown. 0.662 0.137 0.357 0.971

Ins Proportion of urban and rural per capita disposable 
income. 2.803 0.531 1.845 4.593

Trade Proportion of total import and export trade of 
agricultural products in agricultural GDP. 0.294 0.787 0.003 6.071

Edu Average years of education in rural areas. 7.646 0.667 5.489 9.941

Fina The proportion of government funds supporting 
agriculture and rural areas. 0.106 0.034 0.018 0.190

Adjusting variable Services Extent of agricultural productive service outsourcing. 0.427 0.177 0.041 0.811
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Data Sources

This paper takes 30 provinces in China as the 
research subject and analyses the available data, 
excluding Hong Kong, Macao and Taiwan and Tibet. 
According to the Chinese Statistical Division Standard, 
the study provinces are divided into three regions. 
It is important to note that a milestone in agricultural 
development occurred in 2006 and overlaps with the 
sample interval set (2006-2019): the abolition of the 
Agricultural Tax Regulations in and the complete 
abolition of agricultural tax. The total import and export 
volume of agricultural products comes from the Monthly 
Statistical Report of Import and Export of Agricultural 
Products in China; and other data come from the 
China Statistical Yearbook, the China Agricultural 
Yearbook, the China Rural Statistical Yearbook, the 
China Population and Employment Statistical Yearbook,  
the China Agricultural Machinery Industry Yearbook 
and statistical yearbooks of various provinces  
and cities. The missing data are filled via the 
interpolation method.

Results and Discussion 

The Estimates of Agricultural Eco-Efficiency

Following the Super-SBM model, Matlab2020b 
software is used to measure the agricultural  
eco-efficiency per province in China from 2006 to 2019. 
The specific results are shown in Fig. 1 and Table 2.

Overall Analysis of Agricultural Eco-Efficiency

From 2006 to 2019, agricultural eco-efficiency 
showed an upward trend, with the efficiency value 

increasing from 0.720 in 2006 to 0.843 in 2019, and an 
average annual growth rate of 1.28%. The median and 
mean values of agricultural eco-efficiency are in the 
range of 0.6 to 1.0, with the maximum value fluctuating 
down and then stabilizing between 1.1 and 1.3, and the 
minimum value fluctuating up between 0.4 and 0.5. 
Although overall efficiency needs to be improved, the 
growth rate accelerated after 2013 as a matter of fact. 
This shows that with the implementation of the rural 
revitalization strategy, agricultural and rural reforms 
have made great strides to improve the agricultural 
environment and production efficiency.

Regional Differentiation Analysis 
of Agricultural Eco-Efficiency

According to the regional divisions of the National 
Bureau of Statistics, there are significant differences in 
agricultural eco-efficiency across the eastern, central, 
and western regions according to the results in Table 2.

From 2006 to 2019, the average efficiency in the 
eastern region was the highest (0.885), which was much 
higher than the national average (0.762), followed by the 
central region (0.697) and the western region (0.686). 
This is primarily due to the fact that the eastern region 
possesses a strong policy environment and superior 
resource conditions and economic foundations. The 
eastern region therefore has greater support in the green 
transformation of agricultural production, and benefits 
from the effects of new technology on improving 
agricultural production most clearly. Compared with 
the eastern region, the efficiency of agricultural green 
production in the central and western regions is still 
relatively low. The regions struggle with a great demand 
for agricultural resources, and agricultural technology 
lags behind, so agriculture needs to be further 
transformed to encourage intensification. 

Fig. 1. Box line diagram of agricultural eco-efficiency in China from 2006 to 2019.
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There are obvious differences in efficiency across the 
regions. From the perspective of provincial efficiency, 
only Beijing, Liaoning, Jilin, Heilongjiang, Shanghai, 
Guangxi, Hainan and Xinjiang all have efficiency values 
greater than 1 from 2006-2019, which indicates a stably 
achieved DEA efficacy status. This shows that the 

allocation of agricultural production resources in these 
provinces is reasonable, and environmental pollution 
emissions can be reasonably controlled. At the same 
time, there are still 22 provinces that have not reached 
the effective state, mainly in the central and western 
regions, among which Ningxia and Shanxi show a rising 

Table 2. Agricultural eco-efficiency per provinces in major years.

Area 2006 2009 2012 2015 2018 2019 Mean

Beijing 1.167 1.188 1.147 1.155 1.079 1.048 1.146

Tianjin 0.587 0.608 0.630 0.699 1.060 1.062 0.746

Hebei 0.572 0.617 0.643 0.636 0.740 0.692 0.645

Shanxi 0.454 0.409 0.499 0.460 0.603 0.544 0.484

Inner Mongolia 0.582 0.647 0.635 0.665 0.797 0.739 0.648

Liaoning 1.008 0.892 1.038 1.052 1.086 1.111 1.031

Jilin 1.107 1.054 1.083 1.117 1.113 1.153 1.106

Heilongjiang 1.044 1.087 1.121 1.143 1.158 1.171 1.115

Shanghai 1.132 1.138 1.125 1.084 1.088 1.033 1.105

Jiangsu 0.716 0.732 0.776 1.013 1.029 1.004 0.842

Zhejiang 0.608 0.600 0.634 0.644 1.081 1.101 0.744

Anhui 0.478 0.503 0.530 0.536 0.549 0.529 0.509

Fujian 0.607 0.665 0.674 0.691 1.005 1.025 0.736

Jiangxi 0.538 0.530 0.533 0.616 0.678 0.640 0.579

Shandong 0.651 0.720 0.722 0.750 1.007 0.833 0.751

Henan 0.694 0.745 0.719 0.736 0.890 0.843 0.750

Hubei 0.545 0.498 0.510 0.532 0.561 0.528 0.517

Hunan 0.521 0.531 0.530 0.513 0.519 0.494 0.515

Guangdong 0.781 0.724 0.770 0.789 1.017 1.027 0.828

Guangxi 1.147 1.205 1.149 1.088 1.129 1.114 1.131

Hainan 1.178 1.181 1.165 1.154 1.140 1.146 1.165

Chongqing 0.529 0.633 0.648 0.670 0.688 0.659 0.643

Sichuan 0.628 0.639 0.667 0.646 0.699 0.661 0.657

Guizhou 0.567 0.497 0.478 0.490 0.561 0.551 0.510

Yunnan 0.698 0.735 0.682 0.643 0.752 0.720 0.704

Shaanxi 0.597 0.574 0.572 0.577 0.606 0.603 0.584

Gansu 0.503 0.475 0.539 0.530 1.000 0.665 0.563

Qinghai 0.491 1.001 0.449 0.422 0.484 1.044 0.579

Ningxia 0.423 0.463 0.454 0.460 0.558 0.509 0.461

Xinjiang 1.054 1.104 1.085 1.079 1.059 1.050 1.068

East 0.819 0.824 0.847 0.879 1.030 1.007 0.885

Central 0.673 0.670 0.691 0.707 0.759 0.738 0.697

West 0.656 0.725 0.669 0.661 0.758 0.756 0.686

Average 0.720 0.746 0.740 0.753 0.858 0.843 0.762
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trend in agricultural eco-efficiency, but the overall 
efficiency value is still relatively low, and the average 
value is below 0.5. Overall, China’s agricultural eco-
efficiency is on the rise, but the overall level is still 
not high, regional differences are large, and the task of 
agricultural development transformation and upgrading 
is still arduous.

Impacts of Expanding Farmland Operations 
on Agricultural Eco-Efficiency 

Benchmark Regression Analysis

The regression results of the hypotheses are reported 
in Table 3. In column (1), the core explanatory variables 
are included while controlling for year and region, 
revealing an initial indication of a potential non-linear 
association between the expansion of agricultural 
eco-efficiency and agricultural eco-efficiency itself.  
The addition of control variables in columns (2) and (3), 
which account for time fixed effects and time and region 
fixed effects, respectively, did not alter the direction or 
significance of the explanatory variables. Furthermore, 
the R2 value increased, indicating a better fit of the 
model. The regression coefficients are 0.365 and -0.070 
respectively, both significant at the 1% statistical 
level, which proves the inverted U-shaped relationship 
between farmland operation scale and agricultural eco-

efficiency, and this result confirms the effectiveness 
of playing a variety of moderate scale operation on 
green development, and hypothesis 1 is confirmed. 
This is consistent with Ma et al. (2019) [16] and Wang 
et al. (2017) [51]. The value of farmland operation scale 
at the inflection point is 1.356 ha/person, which has  
a significant positive relationship with agricultural 
eco-efficiency when the farmland operation scale is 
smaller than this value; when the farmland operation 
scale exceeds the inflection point, it inhibits the 
growth of agricultural eco-efficiency. This indicates 
that the expansion of farmland operation scale helps  
to realize resource integration and effective division of 
labor, and promotes the improvement of agricultural 
eco-efficiency. However, the scale of farmland operation 
should not be large, and at the same time, farmland 
transfer will also lead to changes in the structure 
of agricultural inputs. Farmers simply increase the 
application of chemical resources such as chemical 
fertilizers and pesticides in pursuit of high yields, which 
will intensify the environmental load of agroecosystems. 
Zhang et al. (2022) noted that the expansion of farmers’ 
operation scales does not necessarily improve their 
allocative efficiency, but increases their input of 
chemical fertilizer and other elements, which may 
lead to agricultural non-point source pollution [52]. 
Therefore, H1 is validated.

Table 3. Results of benchmark regression.

Variables (1) (2) (3)

Lnscale 0.428**

(2.630)
0.365***

(7.686)
0.365***

(3.024)

Lnscale2 -0.076**

(-2.430)
-0.070***

(-7.329)
-0.070***

(-2.781)

Disa — 0.002
(0.180)

0.002
(0.238)

Indus — -0.033
(-0.900)

-0.033
(-0.313)

Ins — -0.019***

(-2.620)
-0.019

(-0.876)

Trade — -0.025***

(-6.846)
-0.025*

(-1.840)

Edu — 0.001
(0.226)

0.001
(0.137)

Fina — 0.309***

(3.662)
0.309

(1.663)

_cons -0.073
(-0.348)

0.085
(0.949)

0.085
(0.437)

Fixed province YES NO YES

Fixed year YES YES YES

Obs 420 420 420

R-sq 0.859 0.886 0.886

t statistics are in parentheses ***p<0.01, **p<0.05, *p<0.1
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Endogeneity Test

Although the expansion of farmland operation 
scale has an impact on agricultural eco-efficiency, 
agroecology will also improve due to the development 
of industry and technology, which will also promote 
the expansion of operation scale by operators. In other 
words, the expansion of farmland operation scale may 
be the reason for the improvement of agricultural 
production efficiency, that is, reverse causality. In 
addition, there are omitted variables that affect the 
expansion of farmland operation scale and agricultural 
eco-efficiency.

This section aims to establish a causal relationship 
between the expansion of farmland operation scale 
and agricultural eco-efficiency, by incorporating 
instrumental variables to mitigate the possible issues of 
reverse causality and omitted variables. Following the 
prior literature [53], this study selects as an instrumental 
variable the product of the proportion of households 
implementing the joint production responsibility system 
in each province in 1983 and the proportion of urban 
population in each province in each year. On the one 
hand, the historical data of the proportion of households 
implementing the joint production contract responsibility 
system in 1983 in each province will not have an impact 
on the agricultural eco-efficiency in recent years and is 
exogenous. On the other hand, this variable has a high 
correlation with the scale of farmland operation and the 
progress of the implementation of the joint production 
contract responsibility system in the early years, to a 
certain extent, reflects the local land policy tendency 
and has an impact on the current change of farmland 
transfer policy, which in turn The scale of farmland 
operation is affected. Considering that this indicator 
is cross-sectional data, the product of this indicator 
and the proportion of urban population is used as the 
instrumental variable. Table 4 reports the results of the 
test, with model (1) as the first stage of the instrumental 
variable model and model (2) as the second stage. 

In the first stage, the scale of farmland operation is 
highly correlated with the instrumental variable. In the 
second stage, there is still a highly significant inverted 
U-shaped relationship between farmland operation scale 
and agricultural eco-efficiency, which indicates that the 
baseline regression results are still robust after excluding 
endogeneity.

Robustness Test

In order to further test the robustness of the above 
results, this paper carries out the following robustness 
tests: First, select sub-samples. Considering that 
the agricultural form and administrative status of 
Beijing, Tianjin and Shanghai are different from those  
of other regions, it may cause errors to include them 
in the regression results. The data on Beijing, Tianjin 
and Shanghai has been deleted, and the samples of 
the remaining 27 regions are used for the analysis,  
the results are shown in column (3) of Table 4. Second, 
considering that agricultural eco-efficiency is greater 
than 0, which is a restricted dependent variable, the 
Tobit model is used to construct an econometric model 
of the impact of farmland management operations, and 
the results are shown in column (3) of Table 4. The 
results show that no matter what tests are taken, there 
is a significant inverted U-shaped relationship between 
both farmland operation scale and agricultural eco-
efficiency, which proves that the conclusions obtained in 
this paper are robust.

Heterogeneity Analysis 

1. Heterogeneous impact before and after the reform 
of the separation of ownership rights, contracting rights 
and management rights (abbreviated “separation of the 
three rights “). The reform of “separation of the three 
rights” implemented in China in 2014 has promoted 
the transfer of farmland to a large extent and expanded 
the scale of farmland management. To examine 

Table 4. Endogeneity test and robustness analysis.

Variables (1)
Landscale

(2)
Aee

(3)
Aee

(4)
Aee

Landscale — 0.949***

(4.275)
0.207**

(2.194)
0.360***

(7.819)

Landscale2 — -0.184***

(-4.212)
-0.045*

(-2.034)
-0.068***

(-7.422)

IV 5.188***

(4.573) — — —

Control variables YES YES YES YES

Fixed effects YES YES YES YES

Obs 420 420 378 420

R-sq 0.998 0.984 — 0.986

t statistics are in parentheses ***p<0.01, **p<0.05, *p<0.1
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whether the impact of farmland management scale on 
agricultural eco-efficiency differs before and after the 
reform, this study adopts 2014 as the cut-off year for 
the regression analysis. Results from models (1) and 
(2) in Table 5 reveal a significant inverted U-shaped 
relationship between farmland management scale and 
agricultural eco-efficiency. However, the non-linear 
effect of farmland management scale on agricultural 
eco-efficiency is larger and more significant after the 
reform of “separation of the three rights”, based on 
regression coefficients and their significance. After 
the separation of the three rights, the efficiency of 
agricultural investment and agricultural production has 
been improved [54]. These findings suggest that clear 
property rights create a more stable market for farmland 
transfer, which can give better play to the advantage of 
scale and thus promote the improvement of agricultural 
eco-efficiency. 

2. The effect of inter-regional heterogeneity. 
Given the vast geographical size of China, there exist 
significant regional differences in terms of topography, 
natural climate, and other resource endowments, 
thus necessitating regression analysis conducted by 
region to account for this variation. As the findings  
in Table 5 reveal, the relationship between farmland 
operation scale and agricultural eco-efficiency varies 
considerably across regions. Specifically, in the east 
and central regions, a significant inverted U-shaped 
nonlinear relationship between farmland operation 
scale and agricultural eco-efficiency, which strongly 
passes the significance test at the 1% level. In the 
western region, the impact results are not significant. 
The possible reason for this is that the east and 
central regions have the advantages of technology and 
resources, and the market for farmland transfer is more 
well developed, which has a more significant effect on 
agricultural eco-efficiency.

Testing the Moderating Effect 
of Service Outsourcing 

As previously mentioned, the top-level development 
of rural policy clearly requires the development of 

multiple forms of moderate scale operation, which is 
both supportive of promoting the scale operation of 
farmland and aims to achieve a response of service 
scale operation through service outsourcing, and 
strengthening social services have become a strategic 
focus to promote agricultural modernization. With the 
advancement of socialized agricultural services, the 
degree of adoption of various service outsourcing by 
farmers has been increasing. Therefore, this study seeks 
to investigate whether the impact of farmland operation 
scale on agricultural eco-efficiency change under the 
regulation of service outsourcing, and test hypothesis 2 
regarding the moderating effect of service outsourcing. 
To achieve this, the paper introduces a cross-product 
term to the model for analysis, and the results are 
presented in Table 6.

Based on the results, it is evident that the inverted 
U-shaped relationship between farmland operation scale 
and agricultural eco-efficiency remains significant even 
after integrating the product terms of the primary and 
secondary terms of service outsourcing and farmland 
operation scale. Further analysis reveals that the 
regression coefficients of the product terms are -0.480 
and 0.100, respectively, both of which are statistically 
significant at the 1% level. The findings suggest that 
the moderating effect of service outsourcing makes the 
inverted U-shaped relationship less steep. In essence, 
a high degree of service outsourcing can enhance 
the positive impact of farmland operation scale on 
agricultural eco-efficiency and the negative impact of 
expanding farmland transfer scale on agricultural eco-
efficiency. The reason is that socialized agricultural 
services integrate the needs of scattered farmers, 
effectively achieve economies of scale and scope, 
share the investment risk of agricultural technology or 
equipment, and can promote farmers’ green agricultural 
production [39]. In addition, as the results of Chen 
(2022) [55], agricultural social services can significantly 
reduce the carbon intensity of agriculture by providing 
multiple services. In addition, receiving external 
training services can also increase farmers’ willingness 
to produce green [56]. Therefore, H2 is validated. 

Table 5. Heterogeneity analysis.

Variables (1)
2006-2013

(2)
2014-2019

(3)
East

(4)
Central

(5)
West

Landscale 0.171**(2.248) 0.332***

(3.624)
0.966***

(4.566)
0.352***

(5.630)
0.091

(1.234)

Landscale2
-0.038**

(-2.167)
-0.058***

(-3.410)
-0.194***

(-3.993)
-0.062***

(-5.405)
-0.023

(-1.576)

Control variables YES YES YES YES YES

Fixed effects YES YES YES YES YES

Obs 240 180 154 112 154

R-sq 0.898 0.841 0.851 0.983 0.968

t statistics are in parentheses ***p<0.01, **p<0.05, *p<0.1
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Conclusions and Policy Implications

Conclusions

Using panel data of 30 provinces in mainland  
China from 2006 to 2019, this paper empirically analyzes 
the nonlinear relationship between farmland operation 
scale and agricultural eco-efficiency on the basis of 
measuring agricultural eco-efficiency considering 
agricultural carbon emissions and agricultural carbon 
sinks, and examines the moderating role of service 
outsourcing in it. The results conclude as follows:  
First, China’s agricultural eco-efficiency shows an 
upward trend with an average annual growth of 
1.28%, but the overall efficiency level is still not high  
and there is still much room for improvement. Second, 
the scale of farmland operation and agricultural  
eco-efficiency shows a significant inverted U-shaped 
relationship non-linear relationship, and the scale  
of farmland operation at the inflection point is  
1.356 ha/person. Third, outsourcing of services plays a 
significant moderating effect, and the higher the degree 
of outsourcing of services, the flatter the curve of the 
above inverted U-shaped relationship. Fourth, the non-
linear relationship between the scale of agricultural 
land and agricultural eco-efficiency has become more 
significant after the reform of “separation of three 
rights” and in the east and central regions.

Policy Implications

According to the above research conclusions, the 
following policy suggestions are put forward:

First, the promotion of the green development of 
agriculture as a whole is paramount. At present, the 
agricultural eco-efficiency in China is not high overall. 
Considering the goal of “carbon neutrality and carbon 
peaking”, all localities should measure carbon emissions 
in agricultural production, continuously increase the 
application of agricultural green technologies, and 
vigorously encourage the shift toward green ecology. 
Moving forward, all localities must necessarily respect 
the law of agricultural green development, optimize 
their assessment systems for agricultural development, 
consider the economic and environmental effects of 
green development, and give full play to developing 
agricultural versatility. All localities should combine 
resource endowment, industrial base and carbon 
emission reduction potential, should formulate 
differentiated agricultural industry development 
policies, make proper use of various policy tools, and 
pay close attention to policy implementation. The 
eastern region, especially, should play an active role in 
the “demonstration effect” by sharing their successful 
practices, while the central and western regions should 
strengthen their focus on the “catch-up effect”, minimize 
their lag in green production efficiency in comparison 
to the eastern region, avoid the recurrence of “pollution 
first, then treatment”, and concertedly choose green and 
efficient agriculture.

Second, we should promote the orderly transfer 
of rural land. Promoting farmland circulation is an 
effective way to begin solving the problems of low 
agricultural production efficiency and challenging 
management of resources and climate. With the 
migration of the urban and rural population and the 
evolution of village attributes, there is still room for 
improvement in the proportion of rural land transfer 
in China. The market-oriented transfer mechanism is 
imperfect, and some rural land transfer remains in the 
state of spontaneous transfer between farmers, which 
affects the improvement of agricultural eco-efficiency. 
We must continue to deepen the reform of the rural land 
system, implement the “Administrative Measures for 
the Transfer of Rural Land Management Rights”, ease 
the institutional constraints on the orderly transfer of 
farmland, consolidate and expand land confirmation, 
and effectively improve the ability to trade farmland. It is 
also necessary to improve the rural land transfer trading 
market, develop the relevant system of “separation of 
powers”, realize the diversification of transfer methods 
and business entities, and amplify the efficiency of 
agricultural green production. Finally, future policy and 
government action should aim to strengthen rural land 
remediation and high-standard farmland construction, 
guide qualified areas to carry out “exchange and 
land consolidation”, create centralized contiguous 
fields, improve infrastructure such as farmland water 
conservancy, and consolidate the foundation of green 
and efficient agricultural management.

Third, we should promote the outsourcing of 
agricultural production services. According to the 

Table 6. Results of the test for moderating effects.

Variables (1)
Aee

(2)
Aee

Landscale 0.365***

(3.024)
0.567***

(3.308)

Landscale2 -0.070***

(-2.781)
-0.112***

(-3.370)

Servcices — 0.568*

(1.736)

Servcices×Landscale — -0.480*

(-1.878)

Servcices×Landscale2 — 0.100*

(2.039)

_cons 0.085
(0.437)

-0.161
(-0.613)

Control variables YES YES

Fixed effects YES YES

Obs 420 420

R-sq 0.886 0.891

t statistics are in parentheses ***p<0.01, **p<0.05, *p<0.1
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previous study, service outsourcing has a significant 
moderating effect on the inverted U-shaped relationship 
between farmland operation scale and agricultural eco-
efficiency, and the inverted U-shaped curve becomes 
flatter under the moderating effect of service outsourcing, 
that is, the high level of service outsourcing expands 
the scope of the positive effect of farmland transfer 
scale on agricultural eco-efficiency and alleviates the 
inhibiting effect of expanding farmland transfer scale 
on agricultural eco-efficiency. Therefore, it is necessary 
to play the role of policy regulation to support various 
subjects to vigorously develop agricultural productive 
services; at the same time, it is necessary to focus 
on meeting the business needs of small farmers and 
new agricultural business subjects, ensuring dynamic 
matching with the size of business scale, and focusing 
on supporting productive services that make up for 
the shortcomings of modern agricultural construction 
as well as providing green technology and sustainable 
resource utilization.

Limitations and Prospects 
of Research

Although this study has made some progress, there 
are still shortcomings to the research. First, due to the 
limitations of data collection, this paper analyses the 
data from 2006 to 2019 only. In follow-up research, we 
will carry out a wider breadth of empirical analysis. 
Second, this paper mainly carries out empirical analysis 
from the macro level, but fails to explore the impact 
from the micro perspective. Follow-up research will be 
carried out from the perspective of farmers’ behavior to 
address this gap.
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