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Abstract: Based on the factor endowment theory and the agriculture-induced technological inno-
vation theory, this study examines the impact of high-standard farmland construction (HFC) on
agricultural ecological efficiency (AEE) and sustainable agricultural development. Using empirical
data from 30 provinces in China between 2005 and 2022, it explores how high-standard farmland
construction techniques can enhance AEE, considering factor endowment preferences and geographi-
cal characteristics. Empirical research indicates that high-standard farmland significantly enhances
AEE, particularly in the eastern region, the main grain-producing areas, and the regions with less
geographical fluctuation. Additionally, agricultural innovations, capital accumulation, and land
circulation reinforce the benefits of such construction, whereas labor mobility has a moderating effect.
Quantile regression analyses show that the impact of HFC on AEE initially increases and then dimin-
ishes, potentially due to inadequate post-management and maintenance. Consequently, the study
recommends that the government enhance policy support and supervision for high-standard farm-
land projects, integrate agricultural technology with capital accumulation, optimize human resource
allocation, guide labor mobility, and reform land transfer systems to boost AEE and sustainability.

Keywords: high-standard farmland construction; agroecological efficiency; factor endowment theory;
agricultural sustainable development

1. Introduction

Facing the growing population and changing climate conditions, how to achieve high
yield, efficient, and environmentally-friendly agriculture has become a major global issue.
Considering both resource-carrying capacity and environmental sustainability, many coun-
tries are now striving to promote the green transformation of agriculture by improving
agroecological efficiency (AEE). For example, the United States encourages farmers to
improve the long-term productivity of their land through agricultural subsidies and land
conservation programs, such as the Conservation Reserve Program (CRP) [1]. Germany
implements the “Land Consolidation Law” to promote agricultural land consolidation
and efficient green agriculture and develop efficient and pollution-free agricultural ma-
chinery [2]. Japan’s Agricultural Modernization and Stable Operation Law supports the
construction of land consolidation and farmland water conservancy facilities to boost
agricultural productivity [3]. Similarly, the European Union promotes land consolidation,
ecological agriculture, and sustainable development through the Common Agricultural
Policy (CAP) [4]. These policies have promoted the use of green production technologies,
the reduction of chemical fertilizers, and the reduction of agricultural carbon emissions,
bringing significant social, economic, and ecological benefits [5].

Nevertheless, there are numerous obstacles to the process of agricultural green de-
velopment, including farmers’ lack of ecological awareness, the irrational distribution of
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production resources, the inadequate application of environmental laws, etc. [6]. Conse-
quently, it is necessary to involve third parties in creating a multi-linkage and interactive
policy mechanism that engages the government, markets, and farmers [7]. In recent years,
many countries have attempted to improve arable land quality and AEE through high-
standard farmland construction planning, which has become an important experience for
the sustainable development of global agriculture.

Compared with these countries, China has both commonalities and differences in AEE.
The commonality is that China attaches equal importance to the green transformation of
agriculture by improving AEE and has also adopted a series of policy measures to promote
HFC to improve the quality of cultivated land and AEE. The difference is that China’s
agricultural development faces special challenges such as uneven distribution of land
resources and poor soil in some areas. In addition, China has historically relied on a labor-
and capital-intensive development model [7], but with the development of the market
economy and the advancement of urbanization, the continuous reduction of agricultural
labor force, the reduction of arable land, and the emergence of the “non-food” phenomenon,
the traditional development model is no longer sustainable [6]. Therefore, high-standard
farmland construction has become an important way to improve labor efficiency and
maximize land use in developing countries such as China. Further, careful research on
the impact of HFC on AEE has important theoretical and practical value for formulating
scientific agricultural policies, optimizing agricultural resource allocation, and promoting
agricultural modernization.

Current research on AEE mainly focuses on three areas. First, from the perspective
of agricultural policies and subsidies, researchers explore how policy tools, such as or-
ganizational governance [8], financial support [9], and environmental regulations [10],
affect AEE and how policy adjustments can promote green development and efficient
resource utilization. Second, from the perspective of agricultural resource allocation and
management, researchers analyze how the allocation of agricultural science and technology
input [11], agricultural land transfer [12], agricultural resource misallocation [13], and labor
transfer [14] can improve AEE by optimizing resource allocation and management. Thirdly,
from the perspective of environmental impact and ecological transformation, researchers
study the impacts of agroecological regional differences [15], agricultural non-point source
pollution [16], climate change [17], and other factors on AEE and how to improve AEE and
reduce environmental impact through ecological transformation and sustainable develop-
ment practices.

While these studies provide valuable insights, however, few studies directly examine
the specific impact of high-standard farmland construction on AEE. In fact, according to
the top-level policy design, ecological benefits are an important basis for evaluating the
implementation effect of HFC, which are as important as economic benefits. However,
there has been a limited comprehensive assessment of both the ecological and economic
advantages of these strategies [18]. In addition, most existing studies are limited to case
analysis in specific regions [19,20], which lacks broad representation. Thus, evaluating the
effect of HFC on AEE still requires careful consideration and a wider perspective.

Most scholars believe that HFC can not only ensure sustainable land use and improve
land yield but also enhance resource utilization by optimizing irrigation systems, soil
management, and crop structures [4]. Nonetheless, other academics dispute this, arguing
that the pursuit of high-standard farmland building to “connect fields and canals” may
alter the land’s natural topography, potentially undermining agricultural output [21]. In
fact, the effectiveness of HFC is influenced by a combination of factors, including regional
natural resource endowments and topography [22], which requires localized approaches to
achieve comprehensive improvements in AEE [23].

According to the theory of Agricultural Induced Technological Innovation [24], differ-
ent countries or regions with varied agricultural factor endowments will exhibit differences
in production objectives, capacities, and the adoption of new technologies. Even with
the implementation of HFC, the outcomes will vary depending on traditional agricultural
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practices, the quality of the agricultural workforce, and regional topography, leading to
differing levels of production efficiency and ecological impact. Obviously, when technolog-
ical progress is consistent with the structure of local production factors, local endowment
advantages can be effectively utilized to avoid redundancy of factor input, thereby im-
proving both production efficiency and environmental benefits [25]. In addition, adequate
financial support is fundamental for agricultural production. In areas with abundant capital
resources, it is easier to implement advanced agricultural technologies, green fertilizers,
and agricultural services that boost environmental protection and land use efficiency. In
summary, abundant agricultural factor endowments such as technology, capital, and skilled
human resources play a positive role in regulating the impact of HFC on AEE. Therefore, it
is of great practical significance to integrate agricultural endowment conditions into the
research framework of HFC and explore the synergistic effect between various factors and
farmland policies for comprehensively improving AEE.

China is the most populous country in the world, bearing the huge food demand
for nearly 20% of the world’s population and playing a key role in global food security.
Although China has relatively abundant agricultural resources, the uneven distribution
of land resources and the poor soil in some areas pose a great challenge to agricultural
production. Historically, China’s agricultural production relied heavily on labor- and
capital-intensive development. However, with the development of the market economy
and the promotion of urbanization, China’s agricultural factor endowment is changing,
showing the continuous reduction of the agricultural labor force, the reduction of cultivated
land, and the coexistence of the “non-grain” phenomenon, which is common in most
developing countries. Clearly, the labor- and land-intensive development model is no
longer sustainable, making HFC an essential path for developing countries to boost labor
efficiency and maximize land use. In this context, despite a late start, China has made
remarkable progress in high-standard farmland construction and cultivated land quality
management, showing remarkable development [4]. Through continuous technological
innovation and policy support, China has not only improved internal AEE but also set a
global example. Therefore, taking China as an example to discuss the impact of HFC on
AEE not only provides a scientific basis for the sustainable development of agriculture in
China but also offers valuable insights for other developing countries and even the world.

In summary, this study is structured as follows:

• Using panel data from 30 provinces in China from 2005 to 2022, it systematically
measures China’s AEE levels and HFC, employing a fixed-effect model to explore
their relationship.

• From the perspective of the factor endowment theory, it integrates HFC with factor
endowment resources (technology, capital, labor, and land) to reveal the internal
mechanism of HFC affecting AEE.

• To give a more precise foundation for regional policy formulation, the study takes into
account the distinctions between various regional categories, which further deepens
the heterogeneity analysis of HFC on AEE.

• The study decomposes AEE into agricultural technical efficiency and agricultural
technological progress and discusses the direct sources of high-standard farmland’s
contribution to AEE improvement, providing theoretical support for optimizing agri-
cultural resource allocation and enhancing sustainable development capacity.

2. Policy Evolution and Theoretical Analysis

On the basis of the above, this section discusses the policy framework guiding the
construction of high-standard farmland and analyzes its theoretical basis and practical
significance from the perspective of theory.

2.1. Policy Evolution

HFC is a significant governmental initiative aimed at increasing agricultural produc-
tivity, providing food security, improving land use efficiency, and supporting sustainable
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development. As mentioned above, countries like the United States, Germany, Japan, and
the European Union have realized the importance of HFC, and have adopted a series of
measures to improve agricultural production efficiency and sustainable development. In
China, agriculture plays a foundational role in economic development. However, due to
inefficient traditional farming practices and poor infrastructure, China faces significant
agricultural production challenges. HFC in China has a distinct policy development tra-
jectory in addition to its broad significance (Figure 1). The origin of HFC in China can be
traced back to the land reform in the 1950s, but the real systematic policy was formed after
China’s reform and opening up. In 1988, the establishment of the Land Development and
Construction Fund marked the beginning of China’s focus on developing high-standard
farmland and improving infrastructure like irrigation and roads. In 2005, the Chinese
government first put forward the concept of “HFC” in the No. 1 Document of the Central
Committee and regarded it as an important direction of agricultural development. After
2011, China began to implement HFC. For example, the Ministry of Land and Resources of
China issued the National Land Renovation Plan (2011–2015) in 2011, which emphasized
that in the next five years, China will focus on large-scale construction of basic farmland
with a high standard of guaranteed harvest in drought and flood, vigorously promote
agricultural land renovation, realize rational use of land, and improve the ecological envi-
ronment [23]. By the end of 2023, China has built more than 1 billion mu of high-standard
farmland and built a large number of high-quality farmlands with high and stable yields
even in drought and flood. It is expected that by 2030, China will plan to build 1.2 billion
mu of HFC, ultimately transforming 1.546 billion mu of permanent basic farmland into
high-standard farmland.

Land 2024, 13, x FOR PEER REVIEW 5 of 28 
 

 
Figure 1. The development track of China’s HFC [23]. 

2.2. Theoretical Analysis 
2.2.1. Direct Impact of HFC on AEE 

High-standard farmland refers to cultivated land that is compatible with modern ag-
ricultural production and management mode by taking specific measures, such as land 
leveling and supporting facilities, to improve the soil quality of cultivated land, enhance 
the ability of the farmland ecosystem to resist natural risks, achieve water and land con-
servation, ensure a high and stable yield, and maintain good ecology conditions [27]. To 
be specific, firstly, HFC maximizes land use efficiency by optimizing resource allocation 
[28]. In traditional agricultural production, the imbalance of resource allocation often 
leads to resource waste and low production efficiency. Through scientific planning and 
infrastructure improvement, such as land leveling, irrigation system optimization, field 
road construction, etc., HFC makes resource allocation more reasonable, effectively re-
duces the waste of marginal land, improves the production efficiency of unit area, and 
thus promotes the improvement of AEE. Secondly, HFC is a catalyst for the advancement 
of agricultural technology [29]. It not only includes the improvement of infrastructure but 
also includes the promotion and application of modern agricultural technology, such as 
precision agriculture technology, water-saving irrigation technology, soil improvement 
technology, and large-scale promotion of agricultural machinery. These technologies lead 
to more efficient production, reduced resource waste, and lower environmental impact. 
In addition, HFC significantly benefits ecological protection. Compared with traditional 
agriculture, high-standard farmland construction attaches great importance to the protec-
tion and restoration of the ecological environment in the planning and implementation 
process, such as the construction of farmland protection forest networks and the optimi-
zation of planting trees, which reduces soil erosion, nutrient loss, and the occurrence of 
diseases and pests [30,31]. Finally, the social effect of HFC cannot be ignored. Through 
HFC, agricultural production conditions have been improved, which contributes to the 
increase in farmers’ income [32]. In addition to increasing farmers’ enthusiasm for output, 
this improvement also improves their capacity to accept and implement new ideas and 
technologies, creating a positive social and economic cycle, advancing the advancement 
of AEE, and offering a strong basis and assurance for the development of sustainable ag-
riculture. Based on this, hypothesis 1 is proposed: 

The Chinese government has set up a land
development and construction fund,
marking the beginning of China’s
exploration of high-standard farmland.

Preliminary exploration phase Policy promotion phase Full implementation phase

1988 2005 2011 2024

The first Central document put forward
the concept of “high-standard farmland
construction” for the first time.

The Ministry of Land and Resources of China has
compiled and issued the National Land
Improvement Plan (2011-2015), marking that the
construction of high-standard farmland in China has
officially entered the stage of full implementation.

China’s Opinions on Learning and Applying the
Experience of the “Thousand Villages
Demonstration and Ten Thousand Villages
Renovation” Project to Effectively Promote the
Comprehensive Revitalization of Rural Areas.

1994
《Regulation on 
the Protection of 
Basic Farmland》

1999
Revised 《land 

management law》

1997
The Chinese government issued the Notice on 
Further Strengthening Land Administration 
and Effectively Protecting Cultivated Land.

2003
The Ministry of Land and 
Resources compiled 《The 

National Land Development and 
Consolidation Plan (2001-2010)》

2004
《No.1 Central Document》

Develop high-standard 
farmland

2021
《National High-Standard Farmland 

Construction Plan (2021-2030)》

2018
《Strategic Plan for Rural 

Revitalization (2018-2022)》
Pushed high-standard farmland

2013
《Master Plan for High-Standard 

Farmland Construction (2011-
2020)》

2014
《High-standard farmland 

construction general rules》
（GB/T30600-2014）

2012-2023
《No.1 Central Document》
All mentioned high-standard 

farmland construction related content.

2022
《 High-standard farmland 
construction general rules 》

（GB/T30600-2022）

2006
《Opinions on the 

implementation of high-
standard basic farmland 

construction during the 11th 
Five-Year Plan period》

2010
《No.1 Central Document》

To speed up the 
construction of high 
standard farmland

2008
《No.1 Central Document》

Intensify efforts to transform the 
middle-and-low-yielding fields

2008
The Third Plenary 
session of the 11th 
Central Committee 

stipulates permanent 
basic farmland

2006
《Standards for the 

evaluation of high-standard 
farmland construction》
（GB/T33130-2006）

2007
《No.1 Central 
Document》

Increase in agricultural 
comprehensive 
development

2009
《No.1 Central Document》

Promote the land management

Figure 1. The development track of China’s HFC [23].

China and other nations’ construction experiences show that high-standard farmland
construction has achieved remarkable results. The improvement of agricultural infrastruc-
ture is one of the requirements of high-standard farmland construction. Such farmland
features expanded land scale and improved mechanization, boosting agricultural efficiency,
adjusting agricultural structure, enhancing the ecological environment, and fostering sus-
tainable agriculture [26]. In addition, through measures such as land leveling, irrigation,
drainage facility construction, and soil improvement, the productive capacity and disas-
ter resistance of farmland have been significantly improved, ensuring the stability and
sustainability of food production. These accomplishments have created a strong basis for
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sustainable agricultural development, in addition to increasing agricultural production
efficiency and guaranteeing national food security.

2.2. Theoretical Analysis
2.2.1. Direct Impact of HFC on AEE

High-standard farmland refers to cultivated land that is compatible with modern
agricultural production and management mode by taking specific measures, such as land
leveling and supporting facilities, to improve the soil quality of cultivated land, enhance
the ability of the farmland ecosystem to resist natural risks, achieve water and land conser-
vation, ensure a high and stable yield, and maintain good ecology conditions [27]. To be
specific, firstly, HFC maximizes land use efficiency by optimizing resource allocation [28].
In traditional agricultural production, the imbalance of resource allocation often leads
to resource waste and low production efficiency. Through scientific planning and infras-
tructure improvement, such as land leveling, irrigation system optimization, field road
construction, etc., HFC makes resource allocation more reasonable, effectively reduces
the waste of marginal land, improves the production efficiency of unit area, and thus
promotes the improvement of AEE. Secondly, HFC is a catalyst for the advancement of
agricultural technology [29]. It not only includes the improvement of infrastructure but
also includes the promotion and application of modern agricultural technology, such as
precision agriculture technology, water-saving irrigation technology, soil improvement
technology, and large-scale promotion of agricultural machinery. These technologies lead
to more efficient production, reduced resource waste, and lower environmental impact. In
addition, HFC significantly benefits ecological protection. Compared with traditional agri-
culture, high-standard farmland construction attaches great importance to the protection
and restoration of the ecological environment in the planning and implementation process,
such as the construction of farmland protection forest networks and the optimization of
planting trees, which reduces soil erosion, nutrient loss, and the occurrence of diseases and
pests [30,31]. Finally, the social effect of HFC cannot be ignored. Through HFC, agricultural
production conditions have been improved, which contributes to the increase in farmers’
income [32]. In addition to increasing farmers’ enthusiasm for output, this improvement
also improves their capacity to accept and implement new ideas and technologies, creating
a positive social and economic cycle, advancing the advancement of AEE, and offering a
strong basis and assurance for the development of sustainable agriculture. Based on this,
hypothesis 1 is proposed:

H1: HFC is conducive to improving AEE.

2.2.2. The Regulating Effect of Agricultural Factor Endowment Conditions

According to the factor endowment theory, different regions differ in the relative
abundance of production factors such as technology, capital, labor, and land, which de-
termines their comparative advantages in economic activities. HFC needs to adapt to
the characteristics of regional endowments to exert the expected policy effect. Therefore,
agricultural endowment conditions are included in the research framework to explore the
synergistic effects of production factors and farmland policies in this process.

1. Agricultural technology innovation

Technological progress theory emphasizes that technological innovation is a key driver
for economic growth and efficiency improvement [33]. The integration of agricultural pro-
duction with technological advancements has altered the production function, optimizing
the output-to-input ratio [34]. For instance, in China, the contribution of agricultural scien-
tific and technological progress rose from 54.5% in 2012 to 62.4% in 2023 [35], demonstrating
that technological innovation is a powerful engine for modern agricultural development,
significantly impacting the efficiency and sustainability of agricultural production in devel-
oping countries. Modern agricultural technology can be integrated into HFC to promote
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ecological efficiency by reducing resource waste and pollution and improving agricultural
production precision and efficiency. Moreover, technological innovation spreads across
regions through various channels [36], and high-standard farmland areas, as test beds for
new technologies, not only transform local practices but also inspire neighboring regions
through demonstration effects, amplifying the positive impact on AEE, Finally, the diffusion
effect of technological innovation further stimulates innovation vitality in the agricultural
field, promotes the upgrading and transformation of the agricultural industry chain [37],
and leads the development of agriculture in a more intelligent, efficient, and green direction.
Based on this, hypothesis 2 is proposed:

H2: The improvement of agricultural technology innovation can strengthen the positive impact of
HFC on AEE.

2. Agricultural capital stock

From the perspective of capital deepening, the increase in agricultural capital stock is
essentially the deepening process of agricultural capital [38]. This deepening is reflected not
only in the quantity of capital but also in its quality. HFC, as a capital-intensive investment,
relies on sufficient capital stock to provide the necessary material and technical support,
and then it can realize effective resource allocation and maximize production efficiency.
Specifically, an increase in the capital stock helps to achieve economies of scale in agricul-
tural production [39]. In HFC, concentrated investment of capital can effectively reduce the
average cost per unit product and improve the diversity of services and products to achieve
the optimal allocation of resources and improve production efficiency in a wider range.
The realization of a scale economy can not only enhance the overall competitiveness of
agricultural production but also promote the long-term stable growth of AEE. In addition,
the growth of agricultural capital stock is accompanied by the progress and innovation of
agricultural technology [40]. The accumulation of capital provides the necessary financial
support for the research, development, and promotion of new technologies, and the appli-
cation of new technologies further enhances capital efficiency. In HFC, the combination
of capital and technology has fundamentally transformed agricultural practices, such as
precision agriculture and intelligent irrigation systems. These technologies not only boost
the precision and efficiency of agricultural production but also reduce resource waste and
environmental impact, thereby improving AEE. Based on this, hypothesis 3 is proposed:

H3: The increase in agricultural capital stock can enhance the positive impact of HFC on AEE.

3. Labor mobility

According to the factor endowment theory, labor outflow from the agricultural sector
directly reduces the labor supply in agriculture, thereby affecting the efficiency of agri-
cultural production [41]. The digital economy has created more flexible job opportunities,
leading many workers to seek better income outside rural areas, which makes them more
willing to leave the countryside and land. With the outflow of more capable and healthy
labor, agriculture is facing an increasingly severe shortage of human resources, resulting
in higher labor costs. In response, agriculture increasingly relies on mechanization and
automation to maintain productivity and reduce dependence on human labor [42]. While
increased investment in capital and technology can alleviate labor shortages in the short
term, over-reliance on non-renewable resources such as chemical fertilizers, pesticides,
and irrigation can lead to soil degradation and water pollution, which in turn affects the
long-term sustainability and ecological efficiency of agriculture. Additionally, although
migrant workers leave agricultural production, they often maintain part-time involvement
as a risk management strategy against non-agricultural market uncertainties [43]. Although
this mode of part-time employment provides additional security, it also limits the input of
labor in agricultural production, affecting the technical progress of agricultural production
and the effect of large-scale management. Finally, land, as an important material basis and
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symbol of social status for farmers, is often regarded as an inseparable family asset [43].
Even in the case of a large outflow of the labor force, farmers still tend to retain land
ownership rather than transfer or lease it to professional farmers, which to a certain extent
hinders the effective integration and large-scale management of land resources and thus
affects the overall productivity and efficiency of agriculture. Based on this, hypothesis 4
is proposed:

H4: The increase in labor migration will weaken the promotion effect of HFC on AEE.

4. Land circulation

Land circulation refers to the transfer and reconfiguration of land use rights among
farmers or between farmers and enterprises through market mechanisms or policy guid-
ance [44], and existing studies have proved that land circulation also has certain ecological
benefits [45]. Specifically, on the one hand, land circulation can optimize land resource
allocation and reduce land fragmentation [46]. In the traditional small-scale peasant econ-
omy, the land is scattered and small in scale, which makes it difficult to achieve large-scale
management and modern management. Through land circulation, land can be concentrated
in the hands of business entities with higher management ability and technical level to
achieve economies of scale. Large-scale operation helps to adopt advanced agricultural
machinery and technology, reduce production costs, improve production efficiency, and
reduce resource waste and environmental pollution, thus improving AEE [29]. On the other
hand, land circulation promotes specialized and cooperative management and improves
the overall efficiency of agricultural production [47]. Through specialization and coopera-
tive management, agriculture will make full use of resources and technological advantages
to achieve optimal productivity. After land circulation, large-scale management entities can
better the division of labor and cooperation, achieve specialized production and scientific
management of crops, optimize resource allocation, reduce repeated inputs and waste of
resources, and improve the ecological efficiency of agricultural production [28]. Based on
this, hypothesis 5 is proposed:

H5: The improvement of land circulation can strengthen the promotion effect of HFC on AEE.

In summary, based on the above theoretical assumptions, the research route is illus-
trated in Figure 2.
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3. Research Design
3.1. Data Selection
3.1.1. Explanatory Variables

High-standard farmland construction (HFC). Existing studies on the measurement
of HFC can be divided into two categories: one is to directly adopt the ratio of HFC
area to cultivated land area or the ratio of investment in comprehensive agricultural
development to cultivated land area as an explanatory variable [48]. The other type is
indirect from the perspective of policy implementation, using the DID model to study HFC
data as policy variables [28,49]. According to the regression model set above, the ratio of
agricultural comprehensive development investment to cultivated land area is selected as
the explanatory variable, and the ratio of HFC area to cultivated land area is selected as the
substitute variable for the robustness test. The measurement results of HFC are shown in
Figure 3. From 2005 to 2022, HFCHFC shows a steady upward trend.
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3.1.2. Explained Variables

Agroecological efficiency (AEE. AEE is an important index to evaluate the sustainable
development ability of agriculture. It covers both ecological and economic efficiency,
aiming to produce more quantity and higher quality agricultural products or services with
fewer natural resources in the process of agricultural production while having the least
negative impact on the environment and agricultural consumption [8]. Specifically, the
measure of AEE is as follows:

(1) Assumption of returns to scale. Because of the regional differences in China’s agri-
cultural development, there are significant differences in the stages of agricultural
development in different provinces, which are manifested by diminishing, constant,
or increasing returns to scale [50]. To more accurately measure the level of AEE, this
study chooses the variable return to scale (VRS) method for in-depth analysis. The
specific reasons are first, more accurate efficiency evaluation. The VRS model allows
different decision units (DMU) to differ in terms of returns to scale, which makes the
evaluation results more accurate and closer to the actual situation. In agricultural
production, changes in returns to scale are common because agricultural production
is often affected by land, climate, technology, and other factors, and changes in these
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factors may lead to changes in returns to scale. Second, flexibility and adaptability.
The VRS model provides more flexibility because it allows the model to adjust its re-
turns to scale assumptions to the specific circumstances of each DMU. This adaptation
is particularly important for agricultural production, as agricultural systems often
face changing natural conditions and operating environments.

(2) Measure model. In academic circles, the super-efficient SBM-DEA model with unex-
pected output has been widely used because of its scientificity and practicability. This
model is also selected as a tool to measure AEE in this study.

(3) The index system. Referring to the existing studies [8,51,52], this study constructed
an index system including the input index of “labor, mechanical power, chemistry,
irrigation, land, energy, and waste resource utilization”, the expected output index
of “economic output and ecological output”, and the non-expected output index of
“agricultural non-point source pollution and agricultural carbon emission”. These
indicators together constitute a comprehensive index system for measuring AEE. See
Table 1 for specific indicators. Different from most studies, this study especially in-
cluded waste recycling as one of the input indicators, which not only helps to improve
the rural environment but also realizes the recycling of resources and promotes the
sustainable development of agriculture by using the waste from the biogas digester
as a pesticide additive and fertilizer.

Table 1. Index system of AEE 1.

Primary Index Secondary Index Three-Level Index Units Author Accounting
note

Input index

Labor force Employment in agriculture Thousands of people

Ecological-economic ×
agricultural production

workers/animal
husbandry fishery

production

Mechanical power Total power of agricultural
machinery Megawatt /

Chemistry

Fertilizer application
amount, pesticide

application amount, and
agricultural film

application amount after
folding

Ten thousand tons Synthesis by entropy
weight method

Irrigation Effective irrigated area khm2 /
Land Cultivated area khm2 Crop sown area

Energy Agricultural diesel use Ten thousand tons /
Recycling of waste Biogas project Million cubic meters /

Expected output Economic Gross agricultural output
value Hundred million yuan

Based on 2005,
excluding the

interference of price
factors

Ecology Agricultural carbon sink Ten thousand tons Carbon sink coefficient
synthesis

Unexpected output
Agricultural non-point

source pollution

Fertilizer loss, ineffective
use of pesticides, residual

amount of agricultural film
Ten thousand tons

Loss coefficient and
residual factor

synthesis
Agricultural carbon

emission
Agricultural carbon

emission Ten thousand tons Carbon emission
coefficient synthesis

1 All indicators are calculated by the authors themselves.

Figures 4 and 5 clearly show the evolution of AEE in 30 provinces of China in 2005 and
2022. As can be seen from the figure, the distribution of AEE presents significant regional
differences. Specifically, during this period, the AEE value of the Beijing area is always
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at a high level, showing its excellent performance in agricultural production practices
and efficient resource utilization. At the same time, although Shanghai and Qinghai have
experienced a declining trend of AEE, their AEE development level is still in the leading
position compared with other provinces in China, which is consistent with the study of
Deng and Chao (2022) [53]. Except for the above regions, the AEE of most provinces is at a
medium level. This shows that although the AEE in these regions has made some progress,
there is still a large room for improvement. Their development is generally positive, but
there is still a need to further optimize agricultural practices, improve the efficiency of
resource use, and make agriculture more sustainable and environmentally friendly.
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3.1.3. Moderating Variables

According to the factor endowment theory, different countries or regions have dif-
ferences in the endowment of production factors, which will affect their comparative
advantages in economic activities [54]. Only when the agricultural policy is consistent with
the local production factor structure can the local endowment advantages be effectively
utilized and the redundancy of factor input be avoided. Therefore, from the four perspec-
tives of technology, capital, labor, and land, the mechanism of HFC on AEE is explored.
The variables are measured as follows:

(1) Agricultural technology innovation. Technology is one of the core driving forces
for the development of modern agriculture. This study refers to the measurement
method proposed by Cao and Wang (2024) [55] and selects the number of agricultural
patent applications to measure agricultural technological innovation. The research
data are processed as follows: First, the patents related to agriculture are selected
by the National Patent Classification (IPC) system through the State Intellectual
Property Office of China. Secondly, the patent data are divided into three types: total
agricultural patent applications (TAP), agricultural invention patent applications (IAP)
and new agricultural patent applications (NAP). Finally, the three types of data are
sorted into each province for follow-up research. Data unit: thousand.

(2) Agricultural capital stock. Agricultural capital is the important basis of agricultural
production and management activities, which plays a vital role in improving agricul-
tural production efficiency and sustainable development. Fixed capital input is one
of the key indicators to measure the actual agricultural production capacity, which
includes not only tangible assets such as land, buildings, machinery, and equipment
but also the accumulation of intangible assets such as technology and knowledge [56].
The investment of fixed capital can provide the necessary material and technical sup-
port for agricultural production to enhance the ability to resist risks and the market
competitiveness of agriculture. Therefore, based on fully considering capital depre-
ciation, the study chooses the perpetual inventory method to measure agricultural
capital (CAP) [57].{

Ki,t = Ki,t +
Ii,t
Pi,t

− Di,t

Di,t = δtKi,t−1
⇒Ki,t = Ki,t−1(1 − δt) +

Ii,t

Pi,t
(1)

Among them, Ki,t and Ki,t−1 represent the agricultural capital stock of the current
period and the agricultural capital stock of the previous period, respectively, and choose the
agricultural fixed asset investment of the current year divided by the asset investment price
index; It represents the current asset investment, and the fixed investment in agriculture,
forestry, animal husbandry, and fishery are chosen. δ represents the depreciation rate of
each year, and 5.42% is chosen for calculation. Pi,t is the asset investment price index, and
the production price index of agricultural products is chosen for the study [38].

(3) Labor mobility. In the measurement methods of existing studies [44,58,59], the ratio
of labor migration to the total outbound labor force is selected as the substitute
variable of labor flow. According to the scope of migration, the labor migration is
divided into three parts: the labor migration from outside the township and within the
county (OTWC), the labor migration from outside the county and within the province
(OCWP), and the labor migration from outside the province (OP).

(4) Land circulation. Land is the basic means of production for agriculture and provides
space for growing crops. Regarding the measurement method proposed by Zhang
et al. (2024) [60], the proportion of rural household contracted arable land transfer
area in total contracted arable land management area is selected as the substitute
variable of land circulation (LAN).
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3.1.4. Control Variables

Concerning existing studies [8,29,48], the measurement methods and units of control
variables in this study are shown in Table 2. The reasons for its selection are as follows:
(1) Labor force level (LF), which is one of the indispensable basic elements of economic
activities, and the change of its scale directly affects the level of regional economic develop-
ment and other socio-economic indicators. (2) Industrialization level (IND), a higher level
of industrialization usually means more advanced production technology and higher labor
productivity. (3) Information level (INF). With the development of information technology,
information level plays an important role in improving production efficiency and service
quality. (4) Rural household income (IRH). Changes in the income level of rural residents
may affect the choice of agricultural production mode and the investment decisions of
farmers. (5) Agricultural disaster rate (ADR), natural disasters not only cause direct losses
to agricultural production but also affect the income level of farmers.

Table 2. Control variables information.

Variable Code Definition Unit

Labor force level LF Logarithmized number of employed persons Thousands of people
Industrialization level IND The ratio of industrial production to GDP /

Informatization level INF The ratio of the total volume of post and
telecommunications services to GDP /

Rural household income IRH Per capita disposable income of rural residents Ten thousand yuan/person
Agricultural disaster rate ADR The ratio of crop damage area to sown area /

3.1.5. Descriptive Analysis

Due to the serious lack of data in Tibet, Hong Kong, Macao, and Taiwan, 30 provinces
in China from 2005 to 2022 are selected as research samples. The research data mainly come
from relevant statistical materials and annual reports such as the China Statistical Yearbook,
China Rural Statistical Yearbook, China Grain Yearbook, and China Fiscal Yearbook. In
addition, the missing parts of HFC data are manually collected and collated from provincial
government website documents and letters. Agricultural patent data comes from the State
Intellectual Property Office and is manually sorted by the author. The descriptive statistics
of variables are shown in Table 3.

Table 3. Descriptive statistics.

Variable Number Mean SD Min Median Max

HFC 540 0.0499 0.109 0.00 0.02 1.19
AEE 540 1.0308 0.424 0.41 1.05 3.84

AEE − EC 540 1.0235 0.372 0.28 1.00 5.43
AEE − TC 540 1.5265 2.009 0.68 1.07 18.95

LF 540 7.5782 0.786 5.55 7.65 8.86
IND 540 0.3378 0.086 0.10 0.35 0.56
INF 540 0.0695 0.115 0.01 0.05 2.51
IRH 540 1.0881 0.688 0.19 0.98 3.97
ADR 540 0.1859 0.145 0.00 0.15 0.94
TAP 540 2.0183 2.663 0.01 1.02 14.67
IAP 540 0.8771 1.269 0.00 0.43 8.13
NAP 540 1.1412 1.586 0.00 0.51 10.55
CAP 540 2.8251 3.678 0.01 1.24 21.63

OTWC 540 0.1143 0.128 0.02 0.11 2.92
OCWP 540 0.0970 0.144 0.02 0.09 3.35

OP 540 0.1095 0.268 0.00 0.07 6.05
LAN 540 25.1959 18.523 0.86 21.78 91.11
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3.2. Research Models

In order to explore the direct impact of HFC on AEE, the research’s baseline model is
set as follows:

AEEit = α0 + α1HFCit + α2Controlsit + µit + uit + εit (2)

In the Formula (2), AEEit is the level of AEE of province i in period t; HFCit is the
HFC level of province i in period t; Controlsit represents all the control variables used in the
study, which are labor force level (LF), industrialization level (INDIND), informatization
level (INF), per capita disposable income of rural residents (IRH) and agricultural disaster
rate (ADR). µit and uit are regional effect and time effect, respectively. εit is the random
error term. αi (i = 0, 1, 2) is the variable coefficient.

Further, based on assumptions 2–5 above, starting from the factor endowment theory,
this study explores the regulating role of factor endowments such as technology, capital,
labor, and land as moderating variables (MEC) in HFC. The moderating effect model is set
as follows:

AEEit = β0 + β1HFCit + β2MECit + β3HFCit × MECit + β3Controlsit + µit + uit + εit (3)

Different from Formula (2), Formula (3) is based on the addition of moderating vari-
able (MEC), and the interaction term between explaining variable (HFC) and moderating
variable (MEC) which carries out the mechanism test. Among them, MEC is the moderating
variable in the model, representing agricultural technological innovation (TEC), agricultural
capital stock (CAP), labor mobility (LAB) and land circulation (LAN). βi (i = 0, 1, 2, 3) is
the variable coefficient.

4. Result Analysis
4.1. Baseline Regression Results

In the regression analysis of the baseline model, the research first investigates the
regression results when only control variables are introduced without introducing fixed
effects of time and region, as shown in columns (1) and (2) of Table 4. The results show that
the regression coefficient of HFC (HFC) is significantly positive, which indicates that HFC
has a positive impact on the improvement of AEE. To improve the accuracy and reliability
of the study, regional fixed effects and time-fixed effects are gradually incorporated into
the model to more accurately capture the potential impact of these variables on the study
results. Columns (3), (4), and (5) of Table 4 respectively show the regression results of fixed
time only, fixed region only, and fixed time and region at the same time. It is found that
the regression coefficient of HFC is still significantly positive, which further validates the
important role of HFC in promoting the development of AEE. It is worth noting that with
the gradual introduction of control variables, the coefficient size of HFC remains relatively
stable, which indicates that the research results have high robustness. This is also consistent
with the study of Li et al. (2024) [18]. Hypothesis 1 is proved.

Table 4. Baseline regression results.

AEE AEE AEE AEE AEE
(1) (2) (3) (4) (5)

HFC 1.6575 *** 1.4326 *** 0.7817 *** 0.3242 ** 0.3501 *
(0.1511) (0.1811) (0.2014) (0.1616) (0.1815)

Control
variables No Yes Yes Yes Yes

Year No No Yes No Yes
Region No No No Yes Yes

N 540 540 540 540 540
Note: Standard errors in parentheses; * p < 0.10, ** p < 0.05, *** p < 0.01. The same as below.
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4.2. Robustness Test

To further verify the robustness of the previous baseline regression results, the follow-
ing four methods are adopted for verification:

First, the control variable lags one stage. Referring to the research method of Wang
et al. (2023) [61], the one-stage lag method of control variables is selected for the robustness
test, which can effectively reduce the endogeneity problem in model estimation. The test
results are shown in column (1) of Table 5. The influence coefficient of HFC on AEE is still
significantly positive at the level of 10%, and the baseline regression results are robust.

Table 5. Robustness test results.

AEE AEE AEE AEE
The Control Variable

Lags One Stage
Replace Explanatory

Variable
Replace the

Model
Add Control

Variable
(1) (2) (3) (4)

l.AEE 0.7991 ***
(0.0705)

HFC 0.3083 * 0.2650 ** 0.3421 *
(0.1738) (0.1800) (0.1764)

HFC′ 0.1993 *
(0.1191)

Control
variables Yes Yes Yes Yes

Year Yes Yes Yes Yes
Region Yes Yes Yes Yes
AR(1) 0.053
AR(2) 0.337

Hansen 0.405
N 510 540 510 540

Note: Standard errors in parentheses; * p < 0.10, ** p < 0.05, *** p < 0.01. The same as below.

Second, replace the explanatory variable. To enhance the reliability and robustness
of the study, the measurement method of HFC is changed, and the ratio of HFC area to
cultivated land area is now used as an alternative explanatory variable for supplementary
analysis. The test results are shown in column (2) of Table 5. The influence coefficient of
HFC area on AEE is significantly positive at the level of 10%. This once again verifies that
HFC has a positive effect on improving AEE.

Third, replace the model. Considering the estimation bias and endogeneity problems
that may be encountered in the traditional fixed-effect regression model, the System GMM
regression model is used as the replacement model [62], and the test results are shown in
column (3) of Table 5. The influence coefficient of HFC area on AEE is still significantly
positive at 5%, indicating that the baseline regression results are robust.

Fourth, add a control variable. By adding other possible control variables to the
model, it is possible to check whether the coefficients of the core explanatory variables
remain significant. If the coefficients and significance of the core explanatory variables
do not change significantly after the addition of the control variables, this increases the
confidence of the model results. The government’s financial expenditure is the key factor
in promoting the development of HFC, which can not only provide the necessary material
basis for agriculture but also promote the significant improvement of AEE. The ratio of the
government’s general budget expenditure to the gross regional product is used as a measure
to quantify the government’s agricultural support and is included in the baseline regression
model. The regression results are shown in column (4) of Table 5. HFC has a significant
positive impact on AEE, and its impact coefficient is significant at the significance level
of 10%. The size of the influence coefficient has no significant change compared with the
baseline regression result, which once again verifies the robustness of the regression results.
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4.3. Endogeneity Analysis

Considering the possible endogeneity problem of the model, referring to the existing
literature [63], the two methods of DID estimation and weak endogenous subsample are
selected in this study to correct the biased estimation caused by endogeneity.

4.3.1. Exogenous Impact—High Standard Farmland Construction Policy

As one of the important strategies of China’s agricultural development, the formal
implementation of HFC can be traced back to 2011. In the same year, the Chinese govern-
ment issued the National Land Improvement Plan (2011–2015), marking the full start of
HFC. The plan not only provides clear guidelines for farmland construction but also lays a
solid foundation for the sustainable development of China’s agriculture. To further study
the effect of this policy on AEE, a continuous DID model is used to analyze the effect. The
continuous DID model is set as follows:

AEEit = α0 + α1HFCit ∗ Postit + α2Controlsit + µit + uit + εit (4)

Taking 2011 as the policy time point, the interaction term (HFC ∗ Post) between the
investment amount of agricultural comprehensive development per unit area and the
virtual variable at the policy implementation time point is constructed. When t > 2010,
Postit is 1; otherwise, the value is 0.

The regression results are shown in column (1) of Table 6. The influence coefficient
of HFC policy on AEE is 0.3434 and is significantly positive at the level of 10%, which is
consistent with the baseline regression result, indicating that HFC can indeed promote the
development of AEE in China. Given the absence of a control group and experimental
group in the continuous DID model, three years before and after the policy intervention are
selected as the time window for existing studies [64], and flexible estimation is adopted for
testing. The results are shown in column (2) of Table 6: Before the implementation of the
policy, the influence coefficient of HFC on AEE was negative and not significant. However,
after the implementation of the policy, the influence coefficient of HFC on AEE is positive
and significant, which fully indicates that the policy has a positive impact on AEE.

Table 6. Endogenetic analysis.

AEE AEE AEE
DID Flexible Estimation Weak Endogenous Subsample
(1) (2) (3)

HFC 0.1820 *
(0.1030)

HFC ∗ Post 0.3434 *
(0.1753)

Pre_3 −2.1124
(0.9971)

Pre_2 −1.6770
(1.1688)

Current 1.8929 **
(0.7402)

Post_1 1.9680 ***
(0.6596)

Post_2 2.2778 ***
(0.8188)

Post_3 2.0733 **
(0.9407)

Control
variables Yes Yes Yes

Year Yes Yes Yes
Region Yes Yes Yes

N 540 540 270
Note: Standard errors in parentheses; * p < 0.10, ** p < 0.05, *** p < 0.01. The same as below.
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4.3.2. Weak Endogenous Subsample

By dividing the median AEE, the sample is divided into two sub-samples: high
AEE and low AEE, and the low AEE is selected as the weak endogenous sample for the
regression test. The rationality of this approach lies in the fact that areas with high AEE
may be affected by multiple positive factors, which may not be fully considered, thus
introducing the endogeneity problem. Areas with low AEE are also affected by multiple
factors, but these factors may not have significant impacts on AEE [65]. Therefore, the
selection of this subsample can more accurately identify the impact of HFC on AEE. The
regression results are shown in column (3) of Table 6. The impact coefficient of HFC on
AEE is significant at the significance level of 10%; that is, when only the sub-samples with
low AEE are considered, the positive impact of HFC on AEE is significant.

4.4. Heterogeneity Analysis

To further clarify the effects of HFC on AEE, the heterogeneity effects of different re-
gions, grain functional areas, topographic conditions, and quantile regression are discussed.
This not only enriches the understanding of the effects of HFC but also provides a more
refined perspective for policy making.

4.4.1. Heterogeneity of Geographical Regions

Due to the significant differences in economic development level and soil type in
different regions, the effect of HFC may be affected to different degrees [29]. Therefore, the
samples are divided into three regions: east, middle, and west to explore their different
performances. The results are shown in columns (1)–(3) of Table 7. The HFC in the eastern
region has the most significant effect on the improvement of AEE, and its impact coefficient
is significantly positive at the level of 1%. On the one hand, because the eastern region has
a higher level of economic development and advanced technology, it is easier to promote
high-quality development of the agricultural economy. On the other hand, the eastern
region is mainly plain, and HFC can play its economic utility. In contrast, the impact of
central and western regions is not significant or the effect is poor, which reflects the special
challenges and constraints faced by the central and western regions in the implementation
of HFC, such as the complex terrain in the western region, mainly hills and mountains,
high renovation costs, the existing financial investment and construction transformation,
and upgrading, which are far from reaching the threshold of “high standard”. As a result,
the improvement effect of yield and ecological efficiency is limited.

Table 7. Heterogeneity analysis.

AEE AEE AEE AEE AEE AEE AEE AEE
East Middle West PA SA PSA FLU>1 FLU≤1
(1) (2) (3) (4) (5) (6) (7) (8)

HFC 0.5910 *** 0.0292 −8.1350 *** 0.2780 * 0.6402 *** −8.6743 *** −7.7724 *** 0.5512 ***
(0.1853) (0.8584) (2.3500) (0.4358) (0.2370) (2.2015) (2.1336) (0.1598)

Control
variables Yes Yes Yes Yes Yes Yes Yes Yes

Year Yes Yes Yes Yes Yes Yes Yes Yes
Region Yes Yes Yes Yes Yes Yes Yes Yes

N 216 162 162 234 126 180 198 342

Note: Standard errors in parentheses; * p < 0.10, *** p < 0.01. The same as below. FLU is divided into the following
criteria: First, prerequisites. The altitude of 500 m is regarded as the benchmark mountain height in China. Second,
the basis for division. When the relief degree is several times of 1, it indicates the height of several reference
mountains, and when the relief degree is less than 1, it indicates the relief of less than one reference mountain. So
let us divide FLU into greater than 1 or less than 1.

4.4.2. Heterogeneity of Grain Functional Areas

According to their own agricultural characteristics and geographical conditions, vari-
ous provinces in China have formed different grain function regions, such as main grain-
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producing areas, main sales areas, and production and sales balance areas [28]. The different
agricultural function positioning in these regions determines that there may be significant
differences in the mechanism and effect of HFC. Therefore, according to the different
characteristics of agricultural functions in each province, the study divided the sample
areas into three categories: the main grain-producing area (PA), the main grain sales area
(SA) and the grain production and sales balance area (PSA) and conducted a regression
analysis, respectively. Specific regression results are shown in Table 7 (4) to (6). In major
grain-producing areas, the construction of HFC has a significant effect on the improve-
ment of AEE, and its influence coefficient is significantly positive at the level of 10%. This
indicates that in areas where grain production is the main function, HFC can effectively
promote the improvement of AEE. In contrast, the HFC in the main grain sales areas has
a more significant impact on AEE, and its impact coefficient is significantly positive at
1%. This result reflects the strong demand for efficient eco-agricultural technologies in
the main grain sales regions and the positive role of high-standard farmland in meeting
this demand. However, in the grain production and sales balance area, the impact of HFC
presents a negative effect, and the impact coefficient is significantly negative at a 1% level.
On the one hand, due to the poor natural conditions, fine cultivated land, and large altitude
difference in these regions, the existing investment intensity and transformation of HFC
are not enough, and the infrastructure has not been effectively changed and the soil fertility
conditions have not been improved, making HFC unable to play a role in promoting AEE.
On the other hand, it also shows that promoting HFC in areas with congenital insufficient
agricultural development conditions, such as hills and mountains, has a limited impact
on agriculture. In these areas, we should consider promoting other ways of agricultural
technological progress to achieve high-quality and sustainable agricultural development
according to local conditions.

4.4.3. Heterogeneity of Terrain Conditions

As mentioned above, topographic conditions may affect the positive effect of HFC
on AEE [66]. In order to further explore how terrain conditions affect the effects of HFC
on agroecological efficiency, the study refers to the measurement method proposed by Bai
and Zhang (2021) [67], selects Arc/Info software to analyze the altitude of provinces, calcu-
lates the absolute and relative fluctuation, and obtains the final geographical fluctuation
(FLU). Specifically, according to geographical fluctuation, the samples are divided into two
categories: large fluctuation (FLU > 1) and small fluctuation (FLU ≤ 1), in order to test
whether there are differences between HFC and AEE under different terrain conditions.
The results are shown in columns (7) and (8) of Table 7. In areas with large geographic
fluctuation, HFC inhibited the development of AEE, which may be because, in areas with
rugged terrain, the implementation of HFC is faced with more technical challenges, such
as increased risk in soil erosion and difficulty in irrigation system construction. These
challenges not only increase construction costs but may also diminish the potential benefits
of HFC. In the regions with small geographic fluctuation, the construction of HFC promotes
the development of AEE, and the flat or gentle slope terrain helps to implement modern
agricultural measures such as irrigation and fertilization more effectively, thus improving
crop yield and resource utilization efficiency. In addition, good topographic conditions also
help to reduce the management costs of maintaining high-standard farmland and further
improve the AEE. This is consistent with the study of Qian et al. (2024) [29].

4.4.4. Quantile Regression

Quantile regression can capture conditional effects of dependent variables at different
levels by estimating quantiles of conditional distributions to more accurately reflect the
nonlinear relationship between variables [68]. The advantage of this approach is that it
provides the distribution of the dependent variables under different conditions rather than
just focusing on the mean change. Therefore, four key quantiles of 0.2, 0.4, 0.6, and 0.8
are selected to investigate the potential effects of HFC on AEE. The results are shown in
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Table 8. At the lower quantiles (i.e., 0.2 and 0.4), the positive impact of HFC on AEE not
only exists obviously but also is statistically significant, which indicates that in areas with
low eco-efficiency, HFC can produce a significant improvement effect. However, at the
higher quantiles (0.6 and 0.8), although HFC also shows a positive effect, this effect does
not reach statistical significance, indicating that the marginal benefits brought by HFC are
relatively limited in those regions that already have high ecological efficiency.

Table 8. Quantile regression.

AEE AEE AEE AEE AEE AEE AEE AEE AEE
P15 P20 P25 P30 P35 P40 P45 P60 P80
(1) (2) (3) (4) (5) (6) (7) (8) (9)

HFC 0.1695 ** 0.1816 *** 0.1934 *** 0.1960 ** 0.1389 ** 0.1281 ** 0.0845 0.0178 0.0468
(0.0669) (0.0607) (0.0731) (0.0767) (0.0694) (0.0615) (0.0835) (0.1172) (0.2353)

Control
variables Yes Yes Yes Yes Yes Yes Yes Yes Yes

Year Yes Yes Yes Yes Yes Yes Yes Yes Yes
Region Yes Yes Yes Yes Yes Yes Yes Yes Yes

N 540 540 540 540 540 540 540 540 540

Note: Standard errors in parentheses; ** p < 0.05, *** p < 0.01. The same as below. P is a percentage, representing
different quantile levels, such as P15, representing a 15% quantile level.

Further, to understand this phenomenon more deeply, we focus on the decimal points
around 0.2 and 0.4. Through detailed regression analysis, the study finds that the influence
coefficient of HFC on AEE showed a trend of “first increasing and then decreasing”. This
finding reveals that in the process of promoting AEE, the marginal utility of HFC does
not increase linearly, but there is an optimal interval. Within this range, HFC can most
effectively promote the improvement of AEE, but its marginal utility gradually weakens
when it exceeds this range. This result has important implications for the government,
which emphasizes that the current ecological efficiency level of the region should be
considered when planning HFC projects to ensure the effective allocation of resources
and maximize benefits. At the same time, it also suggests that HFC can be used as a
powerful policy tool for ecologically inefficient areas, while for regions that have reached
high ecologically efficient levels, more diversified strategies need to be explored to promote
sustainable agricultural development.

4.5. Adjustment Effect Test
4.5.1. Agricultural Technology Innovation

The total number of agricultural patent applications, the number of agricultural
invention patent applications, and the number of new agricultural patent applications
are respectively used to characterize agricultural technological innovation, and they are
included in the model (2) as a moderating variable for testing. The test results are shown in
columns (1)– (3) of Table 9. Specifically, the interaction coefficient (HFC ∗ TAP) between the
total number of agricultural patent applications and HFC is 0.2801, which is positive at the
significance level of 1%. The interaction term coefficient (HFC ∗ IAP) between the number
of agricultural invention patent applications and HFC and the interaction term coefficient
(HFC ∗ NAP) between the number of new agricultural patent applications and HFC are
0.7749 and 0.3197, respectively, which are significantly positive at the significance level of
5%. The results verify the optimization of agricultural technology and helped to play the
role of HFC in promoting AEE. By comparing the interaction coefficient of the two types
of patents, it is found that compared with the innovation of the new type of agricultural
patent, the agricultural invention patent shows a stronger ability to promote ecological
efficiency because of its higher technical threshold and more far-reaching innovation
value. In summary, the research results are consistent with the findings of Cao and Wang
(2024) [55], that is, the improvement of agricultural technological innovation, especially the
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contribution of agricultural invention patents, has an important strengthening effect on the
improvement of AEE in HFC. Hypothesis 2 is proved.

Table 9. Technology and Capital.

AEE AEE AEE AEE
(1) (2) (3) (4)

HFC 0.1513 0.2708 0.0334 1.4025 ***
(0.2371) (0.2275) (0.2362) (0.3297)

HFC ∗ TAP 0.2801 ***
(0.0883)

TAP −0.0017
(0.0092)

HFC ∗ IAP 0.7749 ***
(0.1855)

IAP 0.0025
(0.0163)

HFC ∗ NAP 0.3197 **
(0.1543)

NAP 0.0007
(0.0154)

HFC ∗ CAP 0.4306 ***
(0.1212)

CAP 0.0380 ***
(0.0089)

Control
variables Yes Yes Yes Yes

Year Yes Yes Yes Yes
Region Yes Yes Yes Yes

N 510 540 510 540
Note: Standard errors in parentheses; ** p < 0.05, *** p < 0.01. The same as below.

4.5.2. Agricultural Capital Stock

The adjustment effect of agricultural capital accumulation is tested, and the results are
shown in column (4) of Table 9. Specifically, the interaction term coefficient (HFC ∗ CAP)
between agricultural capital stock and HFC is positive at the significance level of 1%. This
shows that when agricultural capital accumulation increases, it can effectively strengthen
the promotion role of HFC on AEE, indicating the important role of capital input in
the process of modern agricultural transformation. This not only reveals that capital
accumulation is an integral part of the transformation of modern agriculture but also
highlights its key role in enhancing agricultural infrastructure, fostering technological
innovation, and increasing overall agricultural productivity. The research results are
consistent with the findings of Chen and Peng (2024) [28]. Hypothesis 3 is proved.

4.5.3. Labor Mobility

Columns (1)–(3) of Table 10 show the moderating effect of labor mobility. Specifi-
cally, The coefficients of the interaction term between the labor migration from outside
the township and within the county the labor migration from outside the township and
within the county and HFC (HFC ∗ OTWC), the interaction term coefficient between the
labor migration from outside the county and within the province the labor migration from
outside the county and within the province and HFC (HFC ∗ OCWP), and the interac-
tion term coefficient between the labor migration from outside the province and HFC
(HFC ∗ OP) are all in the significance water of 1%. This indicates that the increase in labor
out-migration weakens the positive impact of HFC on AEE. The possible reason is that
with the advancement of urbanization, more rural workers choose to go out to work to
make ends meet. However, the flow of rural population, especially the cross-regional
flow (such as outside the county or province), reduces the local area and then leads to the
abandonment of arable land, which is unfavorable to the development of HFC. HFC usually
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requires certain human resources for maintenance and management, and the reduction of
labor force reduces the management level of these farmlands, thus weakening the positive
impact of HFC on AEE [69]. Hypothesis 4 is proved.

Table 10. Labor and Land.

AEE AEE AEE AEE
(1) (2) (3) (4)

HFC 1.3738 *** 0.3435 * −1.5317 ** 1.3796 ***
(0.2628) (0.1785) (0.7007) (0.5239)

HFC ∗ OTWC −16.1161 ***
(2.9485)

OTWC −0.4194 ***
(0.1228)

HFC ∗ OCWP −29.1912 ***
(6.5282)

OCWP −0.7826 ***
(0.1959)

HFC ∗ OP −19.0719 ***
(7.0115)

OP −0.5173 ***
(0.1973)

HFC ∗ LAN 0.0203 **
(0.0092)

LAN 0.0014
(0.0023)

Control
variables Yes Yes Yes Yes

Year Yes Yes Yes Yes
Region Yes Yes Yes Yes

N 510 540 510 540
Note: Standard errors in parentheses; * p < 0.10, ** p < 0.05, *** p < 0.01. The same as below.

4.5.4. Land Circulation

Column (4) of Table 10 shows the regulatory effects of land circulation. Specifically,
the interaction term coefficient (HFC ∗ LAN) between land circulation and HFC is positive
at the significance level of 5%. This finding means that the optimization of land circulation,
as an important means of resource allocation, can effectively promote the implementation
effect of HFC on AEE. The possible reason is that land circulation enhances the efficiency
and sustainability of agricultural production by promoting the concentration and scale
management of land resources. This trend of concentration helps to overcome the inherent
limitations of small-scale agricultural production in resource allocation and production
scale and provides a more solid foundation for HFC [23]. Therefore, the strengthening of
land circulation enables agricultural producers to make more effective use of land resources
and realizes the significant improvement of HFC on the AEE. Hypothesis 5 proved.

4.6. Extended Analysis

From the decomposition of AEE, the increase in AEE is equal to the product of changes
in agricultural technical efficiency and changes in agricultural technological progress [70].
In the AEE accounting system, agricultural technological progress is defined as the evolu-
tion of the production frontier, usually through the introduction of innovative agricultural
technologies and ideas, resulting in significant improvements in agricultural production
levels. On the other hand, the efficiency of agricultural technology is reflected in the
adoption and imitation of existing agricultural technology to improve the efficiency of
technology application, thereby increasing agricultural output and bringing the agricultural
production process closer to the optimal production frontier [70]. Therefore, the problem
of promoting AEE by HFC, whether the mechanism behind it is to optimize agricultural



Land 2024, 13, 1673 21 of 26

technical efficiency or promote agricultural technological progress, or the two “dual-track
promotions” remains to be further studied.

To further explore this issue, agricultural technical efficiency (AEE − EC) and agri-
cultural technical progress (AEE − TC) are respectively taken as dependent variables to
analyze the impact of the policy of HFC. The regression results are shown in Table 9. The
influence coefficients of HFC on agricultural technical efficiency and agricultural tech-
nical progress are both positive and pass the significance test. This indicates that HFC
can not only directly improve the efficiency of agricultural production but also stimulate
technological innovation and promote the progress of agricultural technology. There are
two possible explanations: First, HFC is a process of improving land factor quality in
various ways. When the input quantity of other factors remains unchanged, agricultural
technical efficiency will continue to improve with the improvement of land factor quality.
Second, HFC effectively connects small farmers with agricultural mechanization through
centralized contiguous management and improving agricultural disaster resistance. This
connection will not only improve agricultural technical efficiency but also promote the
promotion and application of new agricultural technologies and thus improve the level of
agricultural technological progress. By comparing the influence coefficients of agricultural
technical efficiency (AEE − EC) and agricultural technical progress (AEE − TC) in Table 11,
it is found that the influence coefficient of HFC on agricultural technical progress is greater
than that on agricultural technical efficiency; that is, the improvement path of AEE in China
at this stage mainly depends on agricultural technical progress.

Table 11. EC and TC.

AEE−EC AEE−TC
(1) (2)

HFC 0.3243 * 0.7813 **
(0.1879) (0.3857)

Control variables Yes Yes
Year Yes Yes

Region Yes Yes
N 540 540

Note: Standard errors in parentheses; * p < 0.10, ** p < 0.05. The same as below.

5. Discussion

AEE is regarded as an important indicator of agricultural economic benefit, ecological
benefit, and development quality. Among the factors influencing AEE, policy measures
receive significant scholarly attention. Enhancing cultivated land quality is central to
achieving high-quality agricultural development, prompting countries to prioritize land
protection and productivity. Both developed and developing countries are seeking a bal-
ance point for agricultural development in order to achieve the dual goals of environmental
protection and economic benefits. In the United States, for example, the CRP program,
implemented in 1985, promoted sustainable agricultural development by encouraging
farmers to protect soil health and reduce soil erosion through economic incentives. This
policy not only protects the ecological environment but also ensures the economic interests
of farmers through financial subsidies and realizes the harmonious coexistence of environ-
mental protection and agricultural development. Similarly, Pakistan in the 1950s, through
government subsidies, improved farmland infrastructure, promoted agricultural scale
management, effectively increased agricultural total factor productivity, and enhanced the
competitiveness and sustainability of agriculture. These initiatives show that while innova-
tion strategies differ from country to country, they are aimed at balancing environmental
protection and farmer well-being while promoting agricultural development.

And for China, it has made progress in the overall efficiency of agriculture. In par-
ticular, from 2017 to 2023, China’s government implemented a series of major decisions
aimed at transforming all permanent basic farmland into high-standard farmland and
achieving high-quality transformation. These include dynamic balance systems, which
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focus on protecting the quantity of cultivated land, and basic farmland planning, which
focuses on protecting the quality of cultivated land. Through these policies, China has
made progress in the overall efficiency of the agricultural economy, especially in upgrading
the quality of farmland to support high-quality agricultural development.

In this study, we construct an AEE measurement system including input index, ex-
pected output, and non-expected output. Based on the empirical data of 30 provinces in
China from 2005 to 2022, we systematically measure the time change trend of AEE in China
and verify the positive impact of HFC on AEE through empirical analysis. This shows
that HFC is one of the most effective ways to improve the sustainability of agricultural
production. Theoretically and practically, optimizing the structure and quality of agri-
cultural inputs enhances total factor productivity. HFC improves land quality, optimizes
the allocation of resources like land, water, and energy, and promotes their efficient use.
Additionally, it involves not only physical infrastructure like roads, water systems, and
electricity but also adjustments to agricultural production structures and the promotion of
green agricultural technologies, aligning with ecological requirements for sustainable de-
velopment. Therefore, in terms of sustainable agricultural development, based on China’s
experience, HFC can be promoted in developing countries.

Heterogeneity analysis shows that this construction has a particularly significant
positive impact on AEE in economically developed eastern China, while in the less devel-
oped western regions, the impact is negative (as shown in columns (1) and (3) of Table 7).
This partly explains why developed countries have taken the lead in promoting farmland
renovation policies. The transformation of high-standard farmland, the improvement of
infrastructure, and the subsequent management and maintenance require a large amount
of financial investment, which is closely related to regional economic development lev-
els. Quantile regression results further confirm that the impact of HFC on AEE follows
a “first increasing, then decreasing” trend (as shown in Table 8). This indicates that it
has a significant positive impact on AEE in the initial stage of construction, but with the
increase in input, the phenomenon of diminishing marginal benefit begins to appear. In
China’s practice, there is a phenomenon of “heavy construction, light management” in
some areas, and some HFC “shut down” after a short period of operation and did not
continue to create benefits. In essence, these are the lack of comprehensive management
ability and the performance of inefficient fund management. This also reminds us that for
developing countries, it is not appropriate to uniformly promote HFC in the whole region,
and it is advisable to first experiment in regions with sufficient construction funds and
high management and maintenance levels. Heterogeneity analysis also finds that the effect
of HFC in areas with large geographic fluctuation is poor. Only centralized contiguous
and large-scale is a basic principle in the scope design of HFC, but the mountainous and
hilly areas are obviously different from the plain areas (as shown in columns (7) and (8) of
Table 7). Therefore, this also reminds us that the appropriate scale of different regions, how
to choose the content of facility construction, and how to construct the cost, etc. need to be
based on extensive research, scientific calculation, and scientific planning to better lead the
regional HFC.

The adjustment mechanisms find that the increase in agricultural technology innova-
tion, capital accumulation, and land circulation strengthened the positive impact of HFC
on AEE, and these factors jointly promote the efficiency and modernization of agricultural
production (as shown in Table 9 and columns (4) of Table 10). However, labor mobility can
weaken these positive effects (as shown in columns (1) to (3) of Table 10). According to
new economic growth theory, technological progress boosts production efficiency, capital
investment improves agricultural infrastructure, and enhanced comprehensive agricultural
capacity increases farmers’ willingness to engage in land circulation, leading to more ef-
ficient land use. Despite these benefits, challenges such as terrain barriers, infrastructure
limitations, and insufficient technological supply can affect the success of HFC. To achieve
factor substitution, it is necessary to adapt to local conditions according to the comparative
advantage of resource endowment to achieve the expected effect.
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According to the decomposition and regression results of AEE, the construction of HFC
not only significantly improves the progress of agricultural technology but also promotes
the efficiency of agricultural technology (as shown in Table 11). The two complement
each other and jointly promote the overall improvement of AEE. Specifically, agricultural
technological progress means that the introduction of new and more efficient production
methods and technical means not only significantly improves the output efficiency per
unit of resources but also reduces the emission of pollutants and waste and promotes the
sustainability of agricultural production [71]. Improved technical efficiency in agriculture
means better allocation of resources and less wastage in the production process, enabling
higher yields and reduced environmental impact for the same inputs.

Although this study confirms the effectiveness of HFC in China on AEE, there are still
two major limitations: the constraint of data granularity and the impact of policy evaluation.
Future research can be expanded from the following two dimensions: First, the sample
data needs to be further refined. Although the provincial sample data used in this study
provide us with a macro-level analysis perspective, to more carefully explore the specific
impact of HFC policies in different geographical regions, future studies should further
refine the granularity of sample data and extend it to prefecture-level cities or even counties.
This will help us to more precisely identify and understand the differentiated effects of
policies in different geographical and economic contexts. Second, there is a lack of in-depth
evaluation of policy effects. Although the relationship between HFC and AEE has been
evaluated by the fixed effect model, the consideration of policy effects is still insufficient.
Future studies should introduce more comprehensive assessment models to explore the
long-term effects and potential impacts of high-standard farmland construction policies.

6. Conclusions and Policy Implications

Using empirical data from 30 provinces in China between 2005 and 2022, this study
explores how HFC techniques can enhance AEE, considering factor endowment preferences
and geographical characteristics. The research indicates that HFC significantly enhances
AEE, particularly in the eastern region, the main grain-producing areas, and the regions
with less geographical fluctuation. Additionally, agricultural innovations, capital accu-
mulation, and land circulation reinforce the benefits of such construction, whereas labor
mobility has a moderating effect. Quantile regression analyses show that the impact of
high-standard farmland on AEE initially increases and then diminishes, potentially due to
inadequate post-management and maintenance.

Based on the above discussions, the research policy implications are as follows:
First, strengthen policy support and implementation supervision for HFC. The gov-

ernment should not only strengthen the policy support for HFC but also refine the im-
plementation rules and supervision mechanism to form a complete legal system. By
providing incentives such as financial subsidies and tax incentives, farmers and agricul-
tural enterprises will be stimulated to participate in the construction and transformation
of high-standard farmland. At the same time, a set of strict supervision systems is estab-
lished to ensure that the construction quality meets the standards, the progress meets the
expectations, and the implementation efficiency and effect of the project are improved.

Second, promote the deep integration of agricultural technological innovation and
capital accumulation. Technological innovation and capital accumulation are the key fac-
tors to improve the effect of HFC. It is suggested that the government increase investment
in agricultural research and promote the innovation and application of green and efficient
technologies such as precision agriculture and water-saving irrigation. At the same time,
financial institutions are encouraged to develop financial products that meet the characteris-
tics of agriculture and help agricultural enterprises and farmers increase capital investment
and improve capital utilization to promote the process of agricultural modernization.

Third, optimize the allocation of human resources and guide the rational flow of labor.
Faced with the problem that the outflow of rural labor affects the development of HFC, the
government should rationally guide the flow of labor through policy optimization, such as
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providing support for returning home to start businesses and improving rural education
and medical conditions, to reduce the irrational loss of labor. In addition, it strengthens
agricultural vocational education and skills training, improves farmers’ ability to apply
science and technology, enhances the attractiveness of agriculture to talents, and achieves an
effective balance between human resources in agriculture and non-agricultural industries.

Fourth, deepen the reform of the land circulation system and innovate the land use
model. The improvement of the land circulation system is the key to improving land use
efficiency. The government should further optimize the land circulation policy, protect
farmers’ land rights and interests, encourage appropriate scale management, and promote
the healthy development of the land circulation market. Explore the combination of
land circulation and HFC, such as the implementation of land trusteeship, land share
cooperation, and other models, to improve the ecological efficiency of agriculture. At the
same time, when promoting the innovation of the land circulation system, it is necessary to
fully consider the culture and market conditions of the country to ensure that the reform
measures are both innovative and practical.
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