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Due to the extensive degree of the consumption of resources and energy by industrial
agriculture, there is a growing awareness of sustainable agriculture development that
should not only increase yield to meet people’s demands for food security, but should also
improve product quality and promote the multi-functionality of the agricultural ecosystem.
Although research and practices of sustainable agriculture have achieved remarkable
results over the past 40 years, the development of the social economy and the current
challenges of the world agriculture necessitate further research to improve the future
of agriculture. Therefore, summarizing our experiences and lessons, analyzing existing
problems, and contemplating the future of development will lead to innovations in the
realms of theories and practical methods, which will promote the practice and policy of
sustainable agriculture.

This Special Issue includes 16 articles related to the theoretical methods, policies and
systems of agricultural sustainability, as well as practical experience, focusing particularly
on the former two, with the aim to contribute to the sustainable development of agriculture
and food security.

1. Theories and Methods of Agricultural Sustainable Development

Food supply is one of the important purposes of sustainable agricultural development.
Gilmar et al. [1] used an innovative in vitro technique to increase the cultivation of micro
tubers, improve the yield and quality of seeds and crops, and ensure regional food supply.

With the objective to examine how to assess the sustainability of agricultural devel-
opment, Wang et al. [2] constructed a comprehensive system of evaluation indexes for
cropland–livestock systems from three aspects: arable land, animal husbandry, and the
environment. They used a coupling coordination degree model to evaluate the coupling
coordination relationship between cropland and livestock and its influencing factors in
31 provinces in China during 2000–2020. Their results clarified that reducing the decou-
pling of cultivated land and animal husbandry can reduce agricultural non-point source
pollution, and that the combination of cultivated land and animal husbandry can promote
agricultural sustainability. Yu et al. [3] proposed that an accurate measurement of agri-
cultural total factor productivity (AGTFP) is crucial to measure the level of sustainable
agricultural development, and that the inclusion of agricultural carbon sink in the AGTFP
is more conducive to improving green total factor productivity, reducing carbon dioxide in
agricultural production and improving the carbon sink capacity of farmland.

In addition, in terms of research methods, Wang et al. [4] used a novel hybrid model
by integrating the Fuzzy set, Delphi, and the Grey theory, among others, to calculate the
relationship between various factors in agricultural green supply chain management so as
to grasp the relationship and key factors between each link, promote the reform of supply
chain management, and promote agricultural sustainability. Based on the data gathered
in 2016, from the China Family Panel Studies (CFPS) and from a variety of econometric
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models, Wang et al. [5] clarify that digital technology can promote land circulation (land
leasing behavior), integrate fragmented land, reduce land abandonment, and achieve
sustainable livelihoods for farmers.

2. Policies of Agricultural Sustainable Development

Abandonment is a major problem which is faced by the development of modern agri-
culture. Based on the survey data of 12 rural provinces in China, Xue et al. [6] analyzed the
relationship between agricultural machinery harvesting services and abandonment, and
proposed that agricultural machinery harvesting services can reduce cropland abandon-
ment, which provides suggestions for policymakers to reduce cultivated land abandonment
and ensure food security. Xue et al. [7] examined the relationship between financial literacy
and farmland abandonment in Ghana, and found that the financial literacy of rural resi-
dents (especially low-income farm households and female farmers) is low, and pointed
out that the lower the financial literacy, the more serious the phenomenon of cultivated
land abandonment. Hence, the authors proposed that agricultural sustainability can be
promoted by increasing the financial literacy training of rural households.

In addition, the development of circular agriculture is also an important system to
ensure the sustainable development of agriculture. By measuring the efficiency and changes
in the agricultural economy in 31 provinces and cities in China from 2017 to 2020, Guo
et al. [8] pointed out that the implementation of a rural revitalization strategy can improve
the efficiency of agricultural circular economy, promote rural economic development, social
progress and ecological protection, and realize rural modernization. Finally, this Special
Issue also assesses two livestock development policies.

By examining the impact of the implementation of the Converting Food Crops to
Forage Crops Policy (CFFP) in the pilot counties of Hebei Province from 2010 to 2020 on the
development of the herbivorous livestock industry, Zhang et al. [9] clarified that the CFFP
can produce high-quality feed, improve the productivity of animal husbandry, and promote
the sustainable development of agriculture and animal husbandry. Moreover, Li et al. [10]
systematically reviewed the relevant theoretical and practical research of grassland eco-
compensation in China, summarized the five characteristics and shortcomings of grassland
ecological compensation, and point out that future work should focus on the response
mechanism of herdsmen’s families and the improvement of compensation measures.

3. Practical Experience of Agricultural Sustainable Development

Different agricultural production technologies or models have been created around
the world, effectively ensuring the sustainable development of regional agriculture. Marta
M. Moreno et al. [11] analyzed the degradation of biodegradable (BD) plastic mulch with
different compositions in different soil types, and proposed that different compositions of
biodegradable (BD) plastic mulch should be selected for different soils. Taking Limpopo
Province as an example, Tlou E. Mogale et al. [12] evaluated the productivity of different
species of sorghum intercropping at different cowpea densities, and proposed that the
combination of intercropping and no-tillage can improve crop yield and productivity,
thereby promoting agricultural sustainability. Taking the rice–fish coculture system in
Jingning, Qingtian, and Yongjia counties of Zhejiang Province as an example, Ye et al. [13]
compared and evaluated the effects of various aquaculture and rice–fish coculture systems
on the genetic diversity of aquatic animals, and proposed that the implementation of the
rice–fish coculture system can improve the genetic diversity and food security of aquatic
species, thereby promoting agricultural sustainability.

For business entities, it is necessary to pay attention to the capacity building of small-
holder farmers on the one hand, and the synergy between small-scale and large-scale
farming systems on the other. Bader Alhafi Alotaibi et al. [14] analyzed the views and
opinions of 193 rice farmers in Pakistan with regard to the government’s public extension
services and improving rice production efficiency, and concluded that Pakistan’s public
extension services lack attention to small-scale rice farmers. The authors proposed that
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small-scale rice farmers are the main body of agricultural production and yet lack mod-
ern agricultural technology and knowledge; therefore, the government should pay more
attention to and train small-scale farmers to ensure national food security and promote agri-
cultural sustainability. From the perspective of system dynamics, Mary Scholes et al. [15]
analyzed and evaluated the small-scale and large-scale farming systems of mangoes and
nuts in the Vhembe district of Limpopo South Africa, and found that small-scale and
large-scale farming systems can work together to achieve food security at all levels. They
also proposed that large-scale and small-scale farming systems work collaboratively rather
than independently.

Lastly, taking Pakistani farmers as an example, Rabia Mazhar et al. [16] investigated
the effects of three contract-farming regimes—long-term, medium-term, and short-term
contracts—on the land-improvement investment, productivity, and technical efficiency of
contract farmers in Punjab, Pakistan. Additionally, the authors clearly proposed that the
implementation of long-term contract-farming regime is important for sustainable land
development and management.

In summary, this Special Issue provides a comprehensive overview of the theories,
methods, policies, and practices of sustainable agricultural development, with the aim at
providing new insights and contributions to sustainable agricultural development, modern
agriculture, and rural revitalization. The papers in this Special Issue represent some of
the latest and most promising research results in this field, and we are confident that
this Special Issue will facilitate further research. Here, the invited editors would like to
express their heartfelt gratitude to all the contributors, authors, and reviewers who have
contributed to the high-level research presented in this Special Issue.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Land-tenure security is integral to local communities’ socioeconomic development. It
has been a center of debate in academia and for legislators and advocates to implement reforms to
enhance efficient and sustainable development in land management. Yet, knowledge gaps remain in
how various contract-farming regimes contribute to land-improvement investment and technical
efficiency. This study used a data set of 650 farm households collected through a two-stage stratified
sampling to investigate the influence of three contract-farming regimes: long-term, medium-term,
and short-term contracts, on the land-improvement investment, productivity, and technical efficiency
of contract farmers in Punjab, Pakistan. The study used multivariate probit and ordinary least square
regression models to examine the posit relationships. The findings highlight that farmers with long-
term land contracts have higher per hectare yield, income and profit than those with medium-term
and short-term contracts. The results confirm that farmers with medium- and long-term contracts
tend to invest more in land-improvement measures, i.e., organic and green manure. Further, the study
findings demonstrate that long-term land tenures are more effective when farmers make decisions
regarding the on-farm infrastructure, like tube-well installation, tractor ownership, and holding farm
logistics. Last, the study results confirm that long-term contracts are more robust regarding technical
efficiency. Moreover, the findings support the Marshallian inefficiency hypothesis and extend the
literature on contract farming, land-improvement investment, and land use policy, and offer coherent
policy actions for stakeholders to improve farmers’ productivity, technical efficiency, and income.

Keywords: contract-farming regimes; land-improvement investment; land-use policy; productivity;
technical efficiency; organic farming

1. Introduction

The vast prevalence of insecure land-use rights is a primary impediment to developing
organic farming in Pakistan. Myriad farmers do not have proper land-use titles and
are vulnerable to lease termination, eviction, and seizure at any time [1,2]. Unstable
land-tenure arrangements protect farmers from investing in land-improvement measures
and farm investment discourages them from switching to sustainable land-management
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practices [1]. Previous studies have rigorously explored the impact of contract farming
on technical efficiency [3–9], the uptake of sustainable farm practices [10], and farmers’
income [11–13]. Yet, no research examined the impact of various contract-farming regimes
(e.g., one, three, and five-year contracts) on land-improvement investment and efficiency.
The country has enormous potential for organic farming [14]; knowledge gaps remain in
how various contract-farming regimes contribute to land-improvement investment and
technical efficiency. By analyzing the impact of different contract-farming regimes, this
study offers valuable insights into the role of contract length in determining farmers’ land-
improvement investment behavior and the performance of contract farming in the country.

Contract farming can economically contribute to Pakistan’s economy [14]. Organic
agriculture needs fewer external inputs, like pesticides, chemical fertilizers, and herbicides.
Thus, on the input side, it can reduce costs and potentially contribute to farm profit [15]. Or-
ganic farming generates numerous employment opportunities; it can help local and remote
communities thrive through income generation and employment. It can help instigate a
series of organic-related processes that start from the production, processing, marketing,
and distribution to the local and far-off markets [16,17], thereby shedding far-reaching
impacts on the country’s exports and foreign income earned. Progress toward organic
farming encourages adopting sustainable land-management practices and improves land
productivity. Hence, it translates into improved per hectare yield and higher income [18,19].
Likewise, evidence shows that organic farming promotes rural development strategies
by providing the livelihood of rural communities and upscale farmers’ livelihood strate-
gies [14,20]. It encourages the development of farming entrepreneurs and clusters, bringing
more significant economic benefits through value-addition and improving rural–urban
vertical linkages [10,21]. Thus, organic farming has enormous potential to economically
contribute to developing economies by increasing productivity, rural development, and
supporting a sustainable development agenda [22].

Many researchers noted that land-use rights are crucial to enhancing contract farm-
ing [6,23,24]. Organic farming needs longer term contract security to ensure the investment
payoff of investors since they need to improve soil health, which takes a couple of years.
However, investors or farming entrepreneurs need strong landlord commitment for con-
tract longevity due to the financial risks associated with their investments [8,25]. Given this,
secure land arrangements encourage entrepreneurs to invest in farms and apply sustainable
land-management techniques and measures to enhance soil health and productivity [26].
In Pakistan, about 38% of the land is owned by absentee landlords, usually considered rent
seekers. These absentee landlords operate through third parties without connections to
farming and agriculture [27]. Most of them lend their land to small farmers or local commu-
nities on short-term (one-year), medium-term (less than three years), and long-term (above
five years) contracts. Most short-term contracts are highly insecure and informal, under
which farmers cannot decide how to use the land in the short-term [28]. Organic farming
demands secure land rights for employing measures like composting, organic manure,
green manure, crop rotation, and agroforestry, leading to a sustainable farm ecosystem.
Further, secure land-tenure arrangements encourage farmers to invest in farm infrastruc-
ture and participate in farm cooperatives to apply innovative technologies to improve
productivity and income [29]. Likewise, studies find that land-tenure security is positively
related to access to farm credit. Thus, it makes it easier for farmers to provide collateral on
loans and offer them the financial ability to invest in organic-promoting practices [30].

Land-tenure security has an enormous role in the development of organic farming.
Organic agriculture has environmental implications and ensures the socioeconomic well-
being of farmers and local communities [29]. However, the absence of secure land rights
disincentivizes farmers to switch to organic farming, which restricts its development [31]
and limits opportunities for sustainable development [27]. Secure land tenure can pro-
mote sustainable development in agriculture, which contributes to food security, poverty
reduction, and climate-change mitigation [31–33].
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Given the above debate, the following research questions arise on the role of three
operational contract-farming regimes: short term, medium term, and long term. Do
characteristics of farmers vary across land-tenure regimes? Do farmers with long-term
contracts have higher land-improvement investments? Do various land-tenure regimes
have significant variations in farm yield? Do long-term contracts have higher technical
efficiency? By answering these questions, the study contributes to the literature on contract
farming, land-tenure security, land-improvement investment, and sustainable land-use
practices in developing countries.

2. Landscape of Current Land-Use Rights in Pakistan

The following are current land-use arrangements being practiced in Pakistan (the
data were obtained online from the Government of Punjab Land Record Website: https:
//landportal.org/library/resources/guide-land-and-property-rights-pakistan, accessed
on 15 June 2023).

1. Ownership: Four ownership categories are recognized at the national level: public,
private, common, and cooperative. A system of property laws and customary practices
governs land ownership. Ownership, however, could also be impacted by regional or
local traditions and practices;

2. Leasing: Short and long-term leases are frequently employed in Pakistani agriculture.
Most leases are likely to be informal and based on verbal agreements; however, there
are some situations when formal legal contracts are used;

3. Tenancy: Many farmers in Pakistan own a small plot and work as sharecroppers or
under unofficial agreements with landowners; they are frequently tenants rather than
landowners. Tenants’ rights to the property and decision-making authority are mostly
restricted and landowners often make crucial choices about the preparation of the
land, the choice of crops, and the sale of the products made there;

4. Land redistribution: Instead of being proprietors, many farmers in Pakistan are
tenants who frequently cultivate small plots as sharecroppers or under the terms of
unofficial agreements with landowners. Tenants frequently have limited rights to
control the land and decision-making authority, with landlords having the final say in
crop selection, land preparation, and the sale of goods made on the property;

5. Land disputes: In Pakistan, unfortunately, disagreements about property rights,
inheritance, and boundary lines sometimes result in land disputes. Farmers, especially
those marginalized or without political clout, may struggle to secure land-use rights
because of these disagreements.

Pakistan’s land-use rights require further reforms to promote agricultural growth and
long-term food security. Additionally, there are several reasons why Pakistan’s current
system of land-use rights is not conducive to the development of organic farming [15]. The
leading cause is that most of the fertile land was given to large-scale, commercial farmers
that employ cutting-edge technology to grow crops and increase earnings. To get high
yields, these farmers frequently use chemical fertilizers, pesticides, and herbicides, which
makes it challenging for organic farmers to secure suitable land [34].

In rural locations, landlords typically possess small parcels of land that they lease to
tenants for short periods, usually a few years or less. These leases are only temporary, which
prevents farmers from making the long-term expenditure required for organic farming [2].
Low levels of external inputs, such as chemical fertilizers, are needed in organic farming.
However, it takes time for such procedures to show results, reducing the incentive for
landlords to permit their renters to use the property this way. Likewise, poor farmers
find it challenging to adopt sustainable agricultural techniques due to a lack of access to
capital, training, and extension services [35–37]. Without sufficient technical understanding,
farmers may not have the abilities and knowledge to utilize organic farming methods to
their fullest potential. Farmers who want to transition to organic farming face another
obstacle: a shortage of institutional financing [17]. Most banks and financial organizations
are still reluctant to lend money to farmers without some form of collateral. Therefore,
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farmers with short-term contracts are more insecure are discouraged from embracing
innovative agricultural practices that improve soil health, the environment, and local
communities’ incomes [36,38].

Research Gap

Many studies have explored different dimensions of contract farming. Barret et al. [39]
explored the determinants of contract-farming participation and noted that contract partici-
pation improves household welfare. Likewise, Fialor et al. [3] studied the effect of contract
farming on productivity and illustrated that contract participation improves crop produc-
tivity. Further, contract farming enhances the uptake of improved inputs that, in turn, boost
productivity and income. Dubert et al. [4] examined the relationship between contract-
farming participation and the uptake of sustainable farm practices. The findings indicate
that contract farmers use more sustainable farm practices than conventional farmers.

Studies have also explored the interplay between contract farming, ecological change,
and reciprocal social transformation [6]. The literature rigorously explored the connec-
tion between contract farming and productivity [12,40,41], farmers’ income [12,13,42,43],
sustainable production [4,5,44,45], loan repayment [36], market integration [7,11,46], and
welfare [47,48]. Recent studies have examined the relationship between contract farming
and production risk-management strategies [49,50]. No research has examined the im-
pact of various contract-farming regimes (e.g., short, medium, and long-term contracts)
on land-improvement investment and efficiency in developing countries. Hence, this
study contributes to bridging the literature gap between contract-farming regimes, land-
improvement investment, and the efficiency of contract farmers in a developing country
context. Through rigorous empirical analysis and comprehensive data collection, this
research aims to contribute to the existing literature on contract farming and provide
evidence-based recommendations for policymakers and stakeholders in Pakistan’s agricul-
tural industry.

3. Materials and Methods

3.1. Sample and Data Collection

The study was conducted in Punjab, Pakistan. Six of nine rice-growing districts in the
province (refer to Figure 1) were purposely selected for data collection since these districts
account for 80 percent of the total basmati rice production. The data-collection stage took
place between January and March 2022, with the target population being the farmers in
the “Kalar track”, a specialized geographically indicated area renowned for basmati rice
production and export. Wheat and vegetable crops are produced in the region, yet rice is
the dominant cash crop.

We selected the farmers using an equal-size stratified (two-stage) cluster design.
The nine ‘kallar track’ districts embodied the first cluster, followed by the village (the
second stage). We used probability proportion to size (PPS) to allocate villages across
the selected districts based on the area under rice production. Thus, it ensures equal
sampling proportion in each cluster. Next, systematic PPS was adopted to select the
villages within each district using published information on the total number of households
in each village. In total, 34 villages from six districts were selected from high-intensity rice
districts in Punjab. Following the first stage of selected villages, we randomly selected
rice farmers. Based on the prior research and surveys conducted in Punjab (Pakistan
Integrated, Household Survey, 1991 (PIHS 1991) of the World Bank (Online available:
https://microdata.worldbank.org/index.php/catalog/543, accessed on 15 June 2023)),
we set the nonresponse rate at 33% for the second-stage selection. Thus, we adapted
and prescribed 30 farmers from each village, of which 20 were finally selected for the
final interview. Questionnaires with missing entries were discarded and the final data set
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of 650 households was obtained for further analysis. We used the following formula to
calculate the sample size in this study (see Equation (1)).

n =
N

1 − N(e2)
(1)

where n is the sample size, N represents the population, and e denotes the expected error.,
There are approximately 100,000 rice growers in the sampled districts. Thus, we used
this number as the total population to calculate the sample size by taking the value of the
expected error to be 4 percent.

We adopted inclusion criteria for respondents based on three prescribed factors. The
criteria were: being an export-oriented rice farmer, engaging in organic rice farming for
at least 5 years, and knowing about contract-farming participation. Further, we tested the
normality of the dependent variable (see Supplementary Materials S1).

Figure 1. Location of the selected districts.

3.2. Conceptual Framework

This study examines the impact of land-rights arrangements on agricultural produc-
tion efficiency and investment in land enhancements and yield improvements. The study
adapts and builds on the model developed by Akram et al. [28]. The analysis includes a
farm-level production function that accounts for fixed factors, such as given below:

y = f (x, t, n, ; z) (2)

where labor (x), land (t), input(s) (n), and y represent the yield, which is dependent on given
factors such as investments in land-enhancing activities. Various variable inputs include
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green and organic manure, usually from poultry and farm animals, whereas z denotes the
farm household characteristics.

Profit maximization is the primary goal of farmers; herein, it is measured by output
prices (p), unit labor costs (w), and land costs r(θ, δ), which are given as:

π = max
x,t,n

[py(x, t, n; z)− wx − r(θ, δ)− cn] (3)

This study presents three distinct regimes of land rights, including short-term, medium-
term, and long-term contracts, and calculates the cost of land based on these factors, as
given below:

r(θ, δ) = (1 − θ)r + θδpy (4)

where the shared output ratio ( δ), for short-term stands θ = 1, while for the medium term it
is θ = 0. Likewise, short-term land cost is py, and long-term contracts is r.

Using the following function, profit maximization can be indicated as price function,
household endowments, and the three forms of land-use rights given by θ and δ, as given
below:

π = π(p, w, c, z, θ, δ) (5)

By directly applying the profit function, as shown in Equation (3).

y = y(p, w, c, z, θ, δ) (6)

Equation (6) illustrates farmer characteristics and prices that influence the demand for
inputs.

3.3. Empirical Specifications

The empirical estimation used is the simple and formal specification form of Equation (6),
representing inputs, outputs, and productivity. Initially, the paper compares the farmers’ char-
acteristics (e.g., land size, per acre yield, and profit) across the given land-tenure regimes. Next,
the study provides empirical estimates on the impact of various contract-farming regimes on
land-improvement investment m (green manure G, organic manure M) using a multivariate
probit model. This estimation assesses the possible substitutability and complementarity in
the investment as an instrument variable. Hence, it helps determine the distinctive effect
of land-tenure regimes on per hectare yield, profit, and investment, including farm and
farmer-specific characteristics.

Given the land-improvement investment decision, probit specifications were applied
to cover the investment for various measures, as follows:

Jim = BimQim + γimZim + μim

Jim

{
Jim i f Jim > 0
0 otherwise

m = M, G
(7)

Here Jim indicates the anticipated profit for farmer i that invests in land improvement
m. The term Jim refers to measures of observed variables representing land-improvement
investment; otherwise, it assumes a value equal to zero. Likewise, the term μim refers to
errors that may have identical distribution. Vector Qim denotes land-tenure regimes and
terms θ and δ represent that land is operated under long-term, medium-term, or short-term
contracts. Further, the vector Zim represents household and family characteristics like age,
education, and farm size.

4. Results and Discussion

4.1. Farm-Level Characteristics

This section compares the various characteristics of farmers based on the three contract-
farming regimes, namely long-term (up to five years or more), medium-term (up to three
years), and short-term contracts (one year). Table 1 compares the various characteristics

10



Agriculture 2023, 13, 1651

of contract farmers, including yield, profit, income, farm size, and other variable inputs
used among long-term and short-term contracts. The independent sample t-test is used to
compute the statistical significance between the means of characteristics of farmers under
these two contract regimes.

Table 1. Characteristics of farmers under long-term and short-term contracts.

Variables
Long-Term Short-Term

T-Value
Mean Mean

Yield (kg/ha) 2381.83 2147.26 4.16 ***
Income per ha 317,200.28 291,675.71 2.29 **
Profit per ha 109,542.71 89,617.29 6.14 ***

Farm size (ha) 7.73 3.81 4.63 ***
Public–private partnership 0.19 0.03 0.38 ***

Farming experience 8.09 4.39 1.75 *
Subsidy financial incentive 0.68 0.57 1.83 *

Organic manure application 0.76 0.53 3.48 ***
Green manure application 0.87 0.83 2.89 ***

Improved seed 5.93 4.27 1.87 *
Hired labor 20.16 15.73 3.57 ***
Family labor 6.39 5.94 1.12

Livestock holding 2.18 3.27 1.26
Household-head age 39.43 43.83 2.18 **

Household-head education 9.17 8.43 2.36 **
Formal credit received 0.53 0.39 1.81 *

Crop rotation 0.87 0.48 1.71 *
Tube-well ownership 0.78 0.48 0.56

Farm advisory 0.59 0.48 0.82

Note: * p < 0.10, ** p < 0.05, *** p < 0.01.

Among others, farmers with long-term contracts differ from short-term ones in terms
of per hectare yield, income per hectare, profit, farm size, and farming experience. Com-
paratively, it indicates that farmers with long-term contracts have higher mean values.
Further, farmers with long-term contracts also have higher green and organic manure
values than short-term contracts. Interestingly, public–private partnerships and subsidies
or financial incentives exist in long-term contracts. It indicates long-term contracts offer
more flexibility and freedom in farming decision-making and entails economic incentives
for farmers than short-term contracts. Thus, under long-term agreements, farmers tend to
apply more land-improvement measures, like organic manure and green manure, because
they can harvest the economic gain of such practices in the longer run.

Table 2 compares the various characteristics of farming under medium-term and short-
term contracts. It compares varying factors, including yield, profit, income, farm size, and
other variable inputs used in long-term and short-term contracts. t-test is used to compute
the statistical significance between the means of characteristics of farmers under these two
contract regimes.

The t-test results indicate that, among others, farmers with medium-term contracts
are different from short-term contracts in terms of per hectare yield, income per hectare,
and farm size. Regarding the farm size, it inculcates that farmers tried to operate on
relatively large farms under medium-term contracts. One of the reasons might be farming
experience and realizing the presence of economies of scale. Likewise, mean subsidy
or economic incentives values are significantly higher for medium-term contracts. It
highlights that farmers feel more secure in medium-term contracts than in short-term
ones. Further, farmers with medium-term contracts also have higher values of organic
manure than short-term contracts and adopt improved seeds and availed formal credit.
Medium-term contracts offer more flexibility to realize economies of scale and expand
production and profit.
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Table 2. Characteristics of farmers under short-term and long-term land use contracts.

Variables
Medium-Term Short-Term

T-Value
Mean Mean

Yield (kg/ha) 2196.72 2147.26 1.83 *
Income per ha 299,524.27 291,675.71 1.57 *
Profit per ha 93,748.72 89,617.29 1.08

Farm size (ha) 5.72 3.81 2.35 **
Public–private partnership 0.07 0.03 1.07

Farming experience 4.08 4.39 0.37
Subsidy financial incentive 0.57 0.38 1.87 *

Organic manure application 0.42 0.53 2.27 **
Green manure application 0.87 0.83 1.04

Improved seed 5.31 4.27 2.98 ***
Hired labor 15.32 15.73 1.06
Family labor 5.81 5.94 1.03

Livestock holding 0.73 0.79 0.93
Household-head age 42.17 43.83 1.13

Household-head education 8.24 8.43 1.18
Formal credit received 0.61 0.39 1.78 *

Crop rotation 0.76 0.71 1.24
Tube-well ownership 0.61 0.48 1.87 *

Farm advisory 0.54 0.48 3.40 ***

Note: * p < 0.10, ** p < 0.05, *** p < 0.01.

Table 3 compares the various characteristics of farmers based on the two contract-
farming regimes: long-term (up to five years or more) and medium-term (two years or
more) contracts. Table 3 compares the various characteristics of contract farmers, including
yield, profit, income, and farm and production-related variable inputs used among long-
term and medium-term contracts. A t-test is used to compute the statistical significance
between the means of characteristics of farmers under these two contract regimes.

Table 3. Characteristics of farmers under long-term and medium-term land-use contracts.

Variables
Long-Term Medium-Term

T Value
Mean Mean

Yield (kg/ha) 2381.83 2196.72 4.17 ***
Income per ha 317,200.28 299,524.27 1.69 *
Profit per ha 109,542.71 93,748.72 1.98 *

Farm size (ha) 7.73 5.72 1.78 *
Public–private partnership 0.19 0.07 3.94 ***

Farming experience 8.09 4.08 1.95 *
Subsidy financial incentive 0.68 0.57 2.54 **

Organic manure application 0.76 0.42 4.64 ***
Green manure application 0.87 0.83 3.17 ***

Improved seed 5.93 5.31 1.08
Hired labor 20.16 15.32 5.18 ***
Family labor 6.39 5.81 1.21

Livestock holding 2.18 0.73 1.02
Household-head age 39.43 42.17 1.45

Household-head education 9.17 8.24 1.24
Formal credit received 0.53 0.53 0.98

Crop rotation 0.78 0.76 1.24
Tube-well ownership 0.78 0.49 2.67 **

Farm advisory 0.59 0.54 1.87 *

Note: * p < 0.10, ** p < 0.05, *** p < 0.01.

The results in Table 3 reveal that farmers with long-term contracts differ from medium-
term contracts in per hectare yield, income per hectare, profit, farm size, and farming
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experience. It indicates that farmers with long-term contracts have higher mean values for
the above characteristics than medium-term contracts. Further, farmers with long-term
contracts also have significantly higher green and organic manure values than short-
term contracts. Remarkably, there also exist public–private partnerships and subsidies or
financial incentives in long-term contracts, lacking under medium-term contracts. Likewise,
farmers under long-term contracts have higher values for improved seed, formal credit,
and participation in farm advisory services. Further, farmers with long-term contracts have
installed on-farm tube wells and used hired labor. It indicates that under such contracts,
farmers tend to invest more in farm infrastructure to seek longer run benefits arising from
such investments. It reinforces that long-term contracts entail greater economic security,
providing farmers with freedom in decision-making and improving on-farm investment,
increasing farm productivity and income. Moreover, it enhances the investment in land-
improvement measures, like organic and green manure.

4.2. Econometric Estimations for Land Investment

In this section, we used a multivariate probit model to estimate the effects of various
land-tenure regimes on demand for various production-related variable inputs. For this
purpose, we study the impact of two land-improvement measures: organic manure and
green manure. Further, we used the output delivery function to capture the impact of
various land-tenure regimes. Given this, the model assumes a volatile instrument approach
and accounts for the contract-farming regimes endogenous to tenure agreements.

4.2.1. Land-Tenure Regimes and Land-Improvement Investment

The first regression phase for land-tenure regimes was based on Equation (4), while
the second-phase results represent the instruments used for land-tenure regimes (Table 4).
We eliminated one of the three contract-farming regimes—short-term contract—to employ
a linear probability model for further estimation. The connection between household char-
acteristics and various land-tenure regimes was calculated. Regarding the key instrument
variable, farm location and market connection have a significant and positive relationship
with the uptake of long-term land-use contracts. In contrast, the distance to the market
has a negative connection with the uptake of both medium and long-term contracts. These
instruments identify the collective impact of farm location, market information, and dis-
tance on the uptake of various contract regimes. These findings are aligned with prior
studies [3,50,51]. Among other factors, farm size, public–private partnership, farm advi-
sory service, agricultural subsidy/economic incentives, farm logistics, livestock holding,
farmer-based organizations (FBO) membership, tractor ownership, and organic farming
experience are positively associated with the uptake of long-term tenure. These results
indicate that land plots near input–output markets are more likely to rent under medium-
and long-term contracts. More informed farmers are likely to choose long-term agreements.
These findings endorse the prior studies [5,52], advocating that contract farming is a more
common phenomenon in areas near big cities and commercial zones.

Interestingly, public–private partnerships and subsidies positively influence the uptake
of long-term contracts, which implies that these encourage farmers’ prolonged stay in the
agriculture business. Moreover, investment in agriculture-allied businesses, like livestock
holding, tractor ownership, and farm logistics, tends to induce the prevalence of long-term
contracts. These findings support existing evidence on the determinants of contract farming
in developing countries [5,6,36,52].

Table 5 reports the consequences of the second phase of investments in land-improvement
measures using Equation (5). Considering Marshall’s theory of inefficiency [53], the third
land-tenure regime, the ‘short-term contract’ was deleted. Further, we assessed the effect of
farmers’ characteristics, production-related inputs, land-tenure regimes, and organizational
factors on land-improvement investment. According to the results, the correlation coefficient
(p) is significant and uncorrelated with land-improvement investment, complementing the
suitability of the probit model used herein. We extracted the insignificant residual variables
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from the first-stage regression—RESO and RESF—for long-term and medium-term contract
participation. The results reported herein nullify the presence of inconsistent coefficients
and concurrency in variation [54]. Further, Wald test statistics confirm the consistency and
robustness of the estimates and model through a residual vector, which is given in Table 5.

Table 4. Estimates of land-use rights using the probit model: marginal effects.

Variables
Medium-Term Long-Term

Coefficient Coefficient

Farm size 0.127 ** 0.164 ***
Public–private partnership 0.106 0.217 *

Tube-well ownership 0.085 *** 0.138 ***
Farm advisory 0.083 ** 0.156 ***

Subsidy/financial incentive 0.0128 0.148 ***
Distance to market −0.067 ** −0.125 **

Farm location 0.206 0.178 ***
Market connection 0.173 0.149 ***

Farm logistic 0.097 0.115 ***
Household size 0.037 0.039

Household-head age 0.036 0.064
Household-head education 0.065 0.046

Livestock holding 0.116 0.201 ***
FBO membership 0.126 * 0.174 **
Tractor ownership 0.089 *** 0.075 ***

No. of tillage operations 0.043 0.031
Mechanical harvesting 0.078 0.056

Organic experience 0.043 ** 0.106 ***
R2 0.47.82

Adjusted R2 0.46.17
Breush–Pegan Test (χ2) 11.53 0.001

Goodness of fit (χ2) 78.27 0.006

Note: * p < 0.10, ** p < 0.05, *** p < 0.01.

The results show that the residual of both contract-farming regimes—long term and
medium term—the equation is equivalent to zero, thus validating individual t-test results.
These results support the exogenous theory of land-contract regimes [55]. Table 5 presents
the coefficients of land-improvement investment, including long-term and medium-term
land contracts. In this estimation, we controlled farm-specific characteristics to improve
the robustness of the estimates. The results indicate that long-term contracts enhance
the investment in organic and green manure, while medium-term contracts are only re-
lated to investment in organic manure. It advocates that long-term contracts induce more
significant investment in land-improvement measures. These results align with previ-
ous studies [56,57], advocating that improving longer-term contract security would foster
land-improvement investment and promote sustainable land-use practices in develop-
ing countries.

Farming experience, public–private partnership, FBO membership, and provision of
subsidies or financial incentives are related to organic and green manure investment. It
inculcates that organizational factors hold significant potential for improving land man-
agement and sustainable development in agriculture. Given this, providing targeted
subsidies to contract farmers and enhancing public–private partnerships can help fos-
ter land-improvement investment vis-à-vis smallholder contract farmers’ land-use effi-
ciency, income, and sustainability in developing countries. These findings support the
empirical work of [15], complementing that institutional factors promote sustainable land-
management practices in smallholder agriculture.

Among the farmer and farm wealth factors, livestock holding, tractor ownership,
logistic ownership, and organic farming experience are related to investment in organic
and green manure. These findings relate to previous studies [58–60]. This implies that
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more wealthy, resourceful, and experienced farmers tend to invest more in sustainable land-
management measures, which reflect through investment in organic and green manure
application.

Table 5. Farmers’ investments in land-improving measures: probit model results (marginal effects).

Variables Organic Manure Green Manure

Long-term tenure 0.382 *** 0.235 ***
Medium-term tenure 0.162 * 0.025

Farm size 0.261 0.173
Farming experience 0.126 ** 0.184 *

Tube-well ownership 0.028 0.073
Public–private partnership 0.195 *** 0.153 ***

Farm advisory 0.108 * 0.083
Market distance 0.075 −0.138

FBO membership 0.237 ** 0.114 ***
Subsidy/financial incentive 0.217 ** 0.107 *

Household size 0.093 0.117
Training participation 0.037 ** 0.112 *
Household-head age 0.136 0.157
Market connection 0.035 0.075

Household-head education 0.183 *** 0.136 ***
Livestock holding 0.205 ** 0.183 **
Tractor ownership 0.158 *** 0.276 ***

Farm logistic 0.145 * 0.096
No. of tillage operations 0.362 0.283
Mechanical harvesting 0.082 0.236

Organic experience 0.381 *** 0.425 **
RESF 0.213 0.157
RESO 0.194 0.237

R2 47.59
Cross equation correlation (pMG) 0.237 ***

Joint statistics χ2 132.13 (0.001)
Breush–Pegan Test (χ2) 28.72 (0.007)

Goodness of fit (χ2) 75.65 (0.016)

Note: * p < 0.10, ** p < 0.05, *** p < 0.01.

4.2.2. Land-Tenure Regimes and Yield

Table 6 reports the determinants of farm yield. It illustrates the impact of contract-
farming regimes, farm, farmer-related, and other variables on farm productivity. Using
the probit model, we controlled farm and farmer-related variables and used instruments
following the previous section. Thus, the instrument covers the medium-term contract
as farm distance increases from the market. It implies that if the farm distance from the
market is less, the chances of a medium- or short-term contract are less likely. In either
situation, the owner is likely to operate the farm or chooses to engage in a longer-term,
more stable contract. We used control variables exogenous to contract-farming regimes and
inserted the predicted value of first-phase regression results to compute farm productivity.
The findings support the previous studies [1,28,59]. The results indicate that long-term
and medium-term contracts positively affect farm productivity. It implies that farmers
have more per hectare yield under these contracts than short-term contracts. These results
support the previous section’s results, reinstating that longer-term land contracts are more
efficient regarding farmers’ efficiency and farm yield. Likewise, the results align with the
Marshallian inefficiency hypothesis [53], complementing that short-term contracts are the
least effective among the given land-contract regimes. The presence of a public–private
partnership and subsidies or economic incentives primarily encourages long-term and
medium-term farmers’ engagements in agriculture and land-improvement investment.
Farm size, farming experience, tube-well ownership, FBO membership, training partici-
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pation, livestock holding, tractor ownership, and mechanical harvesting significantly and
positively affect farm yield per hectare.

Table 6. Determinants of farm yield: OLS estimates.

Variables Coefficient T-Value

Long-term tenure 0.137 *** 4.81
Medium-term tenure 0.712 ** 2.46

Farm size 0.621 *** 3.39
Farming experience 0.274 * 1.74

Tube-well ownership 0.136 ** 2.18
Farm advisory 0.155 0.09

Market distance 0.028 0.78
FBO membership 0.125 *** 3.98
Household size 0.093 0.73

Training participation 0.083 ** 2.17
Household-head age 0.092 0.37
Market connection 0.093 1.06

Household-head education 0.027 0.93
Livestock holding 0.671 * 1.78
Tractor ownership 0.127 ** 2.45

Farm logistic 0.194 0.87
No. of tillage operations 0.383 0.14
Mechanical harvesting 0.138 *** 4.28

Organic experience 0.183 0.91
Public–private partnership 0.129 ** 0.164 ***

FBO membership 0.148 * 1.83
Constant 0.26 4.62

R2 0.561
Adjusted R2 0.546

p-Value 0.000
Breush–Pegan Test (χ2) 14.27 0.035

Goodness of fit (χ2) 81.93 0.048
Note: * p < 0.10, ** p < 0.05, *** p < 0.01.

Table 7 presents the technical efficiency scores and production performance levels of
long-term and medium-term contract farmers in Punjab, Pakistan. The results indicate that
among the unmatched samples, the efficiency score is 88.2% and 79.5% for long-term and
medium-term contracts, respectively. In the matched sample, full sample measures show
technical efficiency scores of 87.9% and 75.8% for long-term and medium-term contracts.
These indicate that farmers under long-term contracts produce more output (12.1%) than
medium-term contracts. Simultaneously, the results illustrate that 12.1% of the potential
yield per hectare is lost due to technical inefficiency, which might be due to inefficient
inputs. It confirms that improving the state of land-tenure regimes through contract security
and long-term stability would help realize higher productivity and economic benefits to
the farmers. Likewise, improving the efficiency of crop inputs would help realize the
minimization of losses due to technical inefficiency. These results follow prior studies
on contract security and technical efficiency [3,5,60], implying that longer-term contract
security plays the foremost role in productivity and technical efficiency.

Table 7. Mean and standard deviation technical efficiency in PSM matching estimations.

Long-Term Medium-Term
Difference in Means t-Test

Mean Mean

TE—Probit Model (n = 450)

Unmatched 0.882 0.795 0.019 3.87 ***
ATT 0.879 0.758 0.027 3.68 ***

Note: *** p < 0.01.
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Table 8 illustrates the technical efficiency scores and levels of production performance
of long-term and short-term contract farmers. In the matched sample, full sample measures
show technical efficiency scores of 86.2% and 74.6% for long-term and short-term contracts.
These indicate that farmers under long-term contracts produce more output (11.8%) than
short-term contracts. Simultaneously, the results illustrate that 13.8% of the potential yield
per hectare is lost due to technical inefficiency. It confirms that improving the state of land-
tenure regimes through contract security and long-term stability and improving the input
use efficiency would help realize higher productivity and economic benefits to the farmers.
Further, the two-sample t-test confirms that long-term, medium-term, and long-term and
short-term contract regimes statistically differ regarding technical efficiency. It reinstates
the findings that a longer term contract is more secure and improves productivity, technical
efficiency, and investment in land-improvement measures.

Table 8. Mean and standard deviation of technical efficiency in PSM matching estimations.

Long-Term Short-Term
Difference in Means t-Test

Mean Mean

TE—Probit Model (n = 400)

Unmatched 0.873 0.755 0.031 4.13 ***
ATT 0.862 0.746 0.022 3.77 ***

Note: *** p < 0.01.

5. Conclusions, Policy Implications, and Way Forward

Land-tenure security plays an integral role in the socioeconomic development of
local communities. It has been a center of debate in academia and for legislators and
advocates to implement reforms to enhance efficiency and sustainable development in
land management. Likewise, in the face of mounting challenges of climate change and
productivity, it has been crucial to validate the policy reforms on the role of land-tenure
length and current land-tenure regimes in developing countries. This study investigates
the influence of three contract-farming regimes, long-term, medium-term, and short-term
contracts, on the land-improvement investment, productivity, and technical efficiency of
contract farmers in Punjab, Pakistan. The study used a data set of 650 farm households
gathered through face-to-face interviews. The study provides interesting insights into the
role given contract-farming regimes and offers practical policy suggestions for stakeholders.

The findings of the study are fourfold. First, the results suggest that farmers with
long-term land contracts have higher per hectare yield, income, and profit than those with
medium-term and short-term contracts. Likewise, findings demonstrate that farmers have
higher PPPs and subsidies or financial incentives under longer-term contracts. Second, the
results confirm that farmers with medium- and long-term contracts tend to invest more in
land-improvement measures, i.e., organic and green manure. Further, under these contracts,
farmers have more yield and higher demand for crop- and land-improvement measures,
i.e., hired labor and improved seeds. The findings support the Marshallian inefficiency
hypothesis and reinstate that short-term land tenure is more inefficient than a long-term
contract. Third, the study findings demonstrate that long-term land tenures are more
effective when farmers make decisions regarding the investment in land-improvement
measures (e.g., organic and green manure application) and on-farm infrastructure, like
installation of a tube well, tractor ownership, and holding a farm logistic. Last, the study
results confirm that long-term contracts are more robust regarding technical efficiency.
Hence, the empirical evidence supports the notion that farmers with long-term and secure
land-use rights tend to invest more in land-improvement measures. Likewise, it reinstates
that long-term contracts are more fruitful regarding yield, productivity, and economic
efficiency. Further, the findings clarify that long-term lease agreements offer higher institu-
tional incentives to farmers and encourage the adoption of the latest technology to boost
productivity and farm income.
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Based on the study findings, the following policy actions are suggested to improve
land-use rights, land-improvement investments, and sustainable development in develop-
ing countries. First, there is a need to enhance land-use rights. Land-use reform could be
integral to turning the current land-use regimes into robust lease agreements. This could
be accomplished by clearly defining the land-use rights under various contract and lease
agreements and protecting and enforcing such laws. This would help promote longer term
land-improvement investment and sustainable development. Second, complex regulations
need to be simplified and streamlined. For that purpose, there is a need to revisit current
bureaucratic complexities, which are the foremost barriers to land-improvement invest-
ment. A robust and efficient set of land regulations would help navigate investors toward
land-improvement investment by reducing the costs and related complexities. Third, there
is a dire need to improve land-tenure security, particularly for medium and short-term
contract farmers. Short contracts are extremely insecure and hinder land investment in
developing countries. Since investment needs a more extended payoff period, the govern-
ment should reform land lease arrangements that protect the rights of land investors for the
broader interests of the local communities and society. Four, a public–private partnership
(PPP) has enormous potential to harness a significant investment in land-improvement
measures. The government can encourage investors by easing regulatory and legal frame-
works and financial incentives, like tax relief, to promote sustainable land management
and the broader interests of society. Moreover, promoting sustainable land-use practices by
incentivizing through subsidizing green-promoting farm implements would help realize
minimal risks to the environment and local communities. In sum, implementing these
actions can help foster land-improvement investment, promote economic activities for local
communities, and support efforts for sustainable development in developing countries.
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Abstract: In 2018, the Chinese government proposed the Rural Revitalization Strategy with the
objective of bolstering economic development, social progress, and ecological protection in rural areas,
thereby achieving rural modernization. This paper employs the Data Envelopment Analysis (DEA)
method and the Malmquist index model to measure the efficiency and changes of the agricultural
circular economy in 31 provinces and cities in China from 2017 to 2020. Using Tobit regression,
we further examine the correlation analysis in the context of the rural revitalization policy. The
study reveals that the efficiency of China’s agricultural circular economy continued to grow between
2017 and 2020. The policy of the rural revitalization strategy significantly impacts the efficiency of
the agricultural circular economy. Government financial support has a significant positive influence
on the efficiency of the agricultural circular economy. Based on the research findings, we proposed
several constructive suggestions.

Keywords: agriculture; circular economy; efficiency; rural revitalization; DEA; Malmquist; Tobit

1. Introduction

1.1. China Agricultural Circular Economy

In the fifth plenary session of the 16th Central Committee of the Communist Party
of China held in 2005, it was explicitly proposed that China should develop a circular
agricultural economy. “An ecological agricultural model based on the circular economy
contemplates the coordination of various production elements in rural areas such as soil,
water, seeds, fertilizers, pesticides, electricity, oil, firewood, and grains, facilitating holistic
planning, systemic conservation, and comprehensive development. This model encourages
the recycling and extensive utilization of waste products from rural agricultural and
livestock activities, as well as waste generated by urban industries and rural enterprises
that use agricultural products as raw materials. This results in the transformation of
waste into useful resources, generating significant economic, social, and environmental
benefits. The model aims to continuously improve the productivity of various resources
in agricultural production and the overall agricultural production capacity, leading to an
increase in farmers’ income. The circular economy-oriented ecological agriculture promotes
the acceleration of agricultural technological progress, facilitates the adjustment of rural
industrial structures, transforms agricultural growth modes, expands the scale of modern
agriculture, extends the industrial chain, and broadens the employment space in urban and
rural areas [1]”. The development of this type of ecological agriculture not only produces
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safe and high-quality agricultural products, but is also beneficial for soil improvement and
resource conservation, and promotes the sustainable development of agriculture.

In conclusion, the focus of the circular economy is the enhancement of production
efficiency, that is, achieving the maximum output with the minimum input. The study
by Wu et al. considers efficiency as a key factor in evaluating the level of the circular
economy [2]. The inputs of the agricultural circular economy include the aforementioned
production factors such as “soil, water, seeds, fertilizers, pesticides, electricity, oil, fire-
wood, and grains”. Improving the efficiency of the agricultural circular economy implies
increasing output while effectively controlling emissions and environmental pollution
during the production process, thus achieving sustainable development. In their research
on the agricultural circular economy, Xin et al. [3] evaluated the level of development of the
agricultural circular economy by constructing efficiency models. Their research findings
indicate an upward trend in the level of agricultural resource recycling, economic benefits,
and ecological benefits, but the effect of controlling the reduction of agricultural resource
usage is less than ideal. Ul Haq et al. employed efficiency as a measure to evaluate the
circular economy efficiency of tea gardens in Turkey [4]. Similarly, when assessing the level
of development of the circular economy in China, Fan et al. also centered their evaluation
around the concept of efficiency [5]. Shahbaz and colleagues also utilized efficiency as a
metric to study the level of agricultural circular economy in Pakistan [6].

1.2. Rural Revitalization Strategy

The Rural Revitalization Strategy of China is a significant strategic initiative proposed
by the Chinese government in 2018. It aims to stimulate economic development, social
progress, and ecological protection in rural areas, realizing the harmonious and integrated
development of urban and rural regions. “Rural revitalization represents a comprehensive
revitalization encompassing the rejuvenation of industries, talents, culture, ecology, and
organizations. The overarching goal of implementing the rural revitalization strategy is
the modernization of agriculture and rural areas. The primary guideline is to prioritize the
development of agriculture and rural areas. The overall requirements are the prosperity of
industries, ecological livability, civilized ethos, effective governance, and affluent life. The
institutional guarantee is the establishment of a sound urban-rural integration development
system, mechanism, and policy framework [7]”. The implementation of this strategy aims
to resolve numerous issues faced by rural areas, such as population outflow, rural poverty,
underdeveloped infrastructure, and the deterioration of the ecological environment.

To achieve this objective, the Chinese government has implemented a series of policies
and measures. The first is the financial guarantee supported by policies, which includes
direct fiscal expenditure, tax incentives, financial support, and land policies. These policies
and measures aim to encourage participation in rural revitalization from all sectors and
provide the necessary financial guarantees. From 2016 to 2019, the national general public
budget allocated a cumulative expenditure of CNY 16.07 trillion related to agriculture and
rural areas, with an average annual growth of 8.8%, higher than the average increase in the
national general public budget expenditure [8]. In 2023, further increases were made to the
scale of the central fiscal subsidies for promoting rural revitalization, with CNY 175 billion
allocated, representing an increase of CNY 10 billion from the previous year [9]. These
policies include the following:

Rural Infrastructure Construction: The government has increased its investment in
rural infrastructure construction, including improvements in rural roads, water supply,
electricity, and communication. This contributes to enhancing the accessibility of trans-
portation and living conditions in rural areas, promoting industrial development, and
facilitating employment and entrepreneurship among farmers [10,11].

Industrial Upgrading in Rural Areas: This pertains to facilitating the adjustment
and transformation of the rural industrial structure and accelerating the modernization
of agriculture on a large scale. In December 2018, the “Guidance of the State Council
on Accelerating the Transformation and Upgrading of Agricultural Mechanization and
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Agricultural Machinery Equipment Industry” [12] was promulgated, emphatically stipu-
lating the steady implementation of agricultural machinery purchase subsidy policies to
maximize policy benefits. Moreover, the government has been encouraging the develop-
ment of new business models, such as rural characteristic industries, modern agriculture,
and rural e-commerce. The industrial upgrading also manifests in vigorously promoting
the corporatization and industrialization of agriculture. In 2022, the Chinese government
officially issued the “Notice of the State Council on Printing and Distributing the ‘14th
Five-Year Plan’ for Promoting Modernization of Agriculture and Rural Areas”, explicitly
proposing to accelerate the modernization process of agriculture and rural areas with
Chinese characteristics [13].

Development of Social Undertakings: This strategy entails bolstering support for rural
education, healthcare, culture, and other social undertakings to enhance public service
levels in rural areas. This includes constructing rural schools, healthcare institutions,
and cultural facilities; improving rural educational and medical conditions; and raising
the educational level and quality of life of farmers. The government has also begun to
adopt a service procurement approach, purchasing services such as sanitation, public legal
assistance, public cultural activities, public sports programs, medical and health services,
educational services, disability assistance, elderly care, and youth services, to support the
development of the rural revitalization strategy [14].

Protection of Rural Ecological Environment: The government has intensified efforts
towards the protection of the rural ecological environment and the promotion of greener
and sustainable agricultural production methods [7]. These efforts encompass the advocacy
for organic agriculture, ecological agriculture, and circular agriculture; strengthening of
farmland water conservancy construction; improving the quality of the rural environment;
and protecting the integrity and stability of rural ecosystems.

2. Literature Review and Objectives of This Paper

2.1. Research Related to Agricultural Policy and Efficiency

The foundation of the agricultural circular economy is predicated on the moderniza-
tion of agricultural production. The primary objective of the rural revitalization strategy
is to establish aesthetically pleasing, economically prosperous, and habitable rural com-
munities, ultimately achieving rural modernization. However, the relationship between
agricultural modernization and rural modernization, particularly the overlapping process
where agricultural modernization expands into rural modernization, is inherently complex.
This complexity can be attributed to the law of diminishing returns on land, as proposed
by Malthus [15].

Contrasting the transition process from industrialization to urbanization, Scott [16]
demonstrated that industrial modernization catalyzes the agglomeration of industrial
elements, subsequently fostering urbanization. Urbanization, through its induced ag-
glomeration of industrial elements and deepening division of labor, further stimulates
industrialization, culminating in a mutually beneficial and reciprocally enhancing relation-
ship between industrialization and urbanization. This premise is also validated by the
research conducted by Hubendick [17] and others on the interplay between industrializa-
tion and urbanization.

The progression from agricultural socialization to rural modernization presents a
different narrative. Agricultural modernization, which is an extension of industrial mod-
ernization, results in the agglomeration of industrial elements [18]. This trajectory, however,
does not entirely align with the goals of agricultural modernization. For instance, while
agricultural modernization enhances production efficiency, in accordance with Malthus’s
law of diminishing returns, the dual action of diminishing returns and increasing efficiency
inevitably results in a requisite reduction in the scale of inputs. This subsequently triggers
a decrease in rural employment opportunities and an increase in unemployment rate [19].
Conversely, escalating the agriculture-related inputs may potentially lead to a decrease in
production efficiency [20].
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Although the law of diminishing returns was not traditionally accepted by main-
stream economists in China, it has been increasingly recognized in recent years. Jiang and
Wang [21] explored the relationships among industrialization, urbanization, and agricul-
tural modernization in Jilin. They posited that the improvement in the level of agricultural
modernization could facilitate the transfer of surplus labor, gradually enlarging the demand
scale for agricultural means of production, and advancing the level of urbanization. How-
ever, the elevation of urbanization levels often signifies a decline in rural modernization.
Additionally, Yao and Liu [22], in their research on China’s grain production, suggested
that even in developing China, the law of diminishing returns is in effect. They assert that
long-term growth in grain yield must be achieved through efficiency improvements.

Countries often adopt increased government investment and subsidies in their efforts
to support agriculture, and rural revitalization strategies likewise emphasize government
financial backing. Nevertheless, due to the law of diminishing returns and the effect of
diminishing marginal returns, financial support faces potential risks of reducing production
efficiency. For instance, de Jorge et al. found a correlation between the subsidies received by
R&D companies and low efficiency in their study of Spanish manufacturing. They advised
caution when using subsidies to stimulate enterprise innovation efficiency [23]. In China,
Yao and Leng et al. [24] found that even within strategic emerging industries receiving
strong government support and subsidies, fiscal subsidies had a significant inhibitory
effect. They recommended adjustments in the direction of fiscal subsidies to enhance their
benefits. Gao et al. [25] discovered that since China intensified fiscal and financial support
in 2004, the direct effect of fiscal and financial support on agriculture has improved, but
the spatial spillover effect turned from positive to negative. Kumbhakar and Lien [26]
studied unbalanced panel data of Norwegian grain farms from 1991 to 2006, finding that
agricultural subsidies negatively impacted agricultural production efficiency. According to
the research by Guan Zhengfei et al., fiscal subsidies have a significant negative impact on
agricultural productivity growth in the Netherlands, while debt, on the contrary, promotes
productivity growth [27].

2.2. Research Objectives of This Paper

In conclusion, the development of China’s agricultural circular economy requires
agricultural modernization, whereas the goal of the rural revitalization strategy is the
modernization of rural areas. Theoretically, these two concepts are incompatible. Many
scholars have turned their attention to this issue. However, the rural revitalization strategy,
which began implementation in 2018 and was affected by the outbreak of COVID-19 in
2020, has had a relatively short duration of undisturbed execution. Consequently, studies
analyzing its influence on the overall efficiency of China’s agricultural circular economy are
rather limited. Much of the research remains at the qualitative level, with some focusing
only on particular regions or specific dimensions.

This paper aims to fill this gap. Through the use of spatial econometrics, quantitative
research and empirical analysis of the efficiency of the agricultural circular economy under
the rural revitalization strategy are undertaken. The goals are as follows:

1. To measure and assess the efficiency of China’s agricultural circular economy under
the rural revitalization strategy, and analyze its development trend.

2. To conduct empirical research on the correlation between the efficiency of the agricul-
tural circular economy and related policies of rural revitalization.

3. Materials and Methods

3.1. Data and Sources

The Rural Revitalization Strategy in China was formally proposed in 2018. Therefore,
in this study, panel data from 2017 to 2020 are chosen as the research basis to compare the
changes in the efficiency of agricultural circular economy before and after the strategy. This
study selects panel data from 31 provinces, municipalities, and autonomous regions out of
all 34 provincial-level administrative units in China.
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The three excluded provincial-level administrative units are Taiwan, Hong Kong, and
Macau, for the following reasons:

1. There are significant differences in the formulation and implementation of agricul-
tural policies.

2. The statistical calibers of relevant data vary significantly.
3. The agricultural economies of these three provinces and cities is relatively small.

Thus, including Taiwan, Hong Kong, and Macau in the research scope would interfere
with the research results and violate the consistency assumption in the DEA method. We
believe that the selected 31 provinces and cities can represent the overall picture of China’s
agricultural circular economy.

Data source: China Statistical Yearbook, China Rural Statistical Yearbook.

3.2. Research Methodology
3.2.1. Research Process

The research process of this paper is as follows:
Data Collection: Gather agricultural and rural data from 31 provinces.
Data Envelopment Analysis (DEA): Use this method to calculate the efficiency of the

agricultural circular economy. The output of this stage is the dependent variable.
Identification of Independent Variables: Include variables related to the Rural Revital-

ization Strategy, such as Degree of Financial Support for Agriculture, Degree of Agribusi-
ness Development, Percentage of Rural Population, Degree of Energy Support, Degree of
Water Infrastructure Support, and Degree of Informatization.

TOBIT Regression Model: Use this model for the correlation analysis to verify which
policies are correlated with the efficiency of the agricultural circular economy.

DEA-Malmquist Method: Use this method to calculate the index model of the agricul-
tural circular economy in China’s 31 provinces.

Analytical Evaluation: Analyze whether the efficiency of the agricultural circular
economy is improving or declining under the influence of the Rural Revitalization Strategy.

The flowchart of the study is shown below, as shown in Figure 1:

Figure 1. Research process on the efficiency and influencing factors of agricultural circular economy.

3.2.2. Measuring the Efficiency of China’s Agricultural Circular Economy Using
DEA Method

The Data Envelopment Analysis (DEA) model is a method for input–output analysis
based on relative efficiency, proposed by Charnes et al. in 1978 [28]. It does not require the
assignment of a priori weights to inputs and outputs, and can measure the relative efficiency
of decision-making units (DMUs) with multiple inputs and outputs; as a result, it is widely
used in efficiency assessment. The DEA model comprises several DMUs, each of which has
the same input and output indicators. The efficiency frontier surface is determined through
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computation, which is then used to evaluate the efficiency of each DMU. Fundamental DEA
models include the CCR model (named after its authors A. Charnes, W.W. Cooper, and E.
Rhodes) [28] and the BCC model (named after its authors R.D Banker, A Charnes, and W.W.
Cooper) [29]. The CCR model assumes constant returns to scale, and the resulting overall
technical efficiency can be decomposed into pure technical efficiency and scale efficiency.
On the other hand, the BCC model assumes variable returns to scale. The differences
between the two are minor.

Currently, the DEA method is widely adopted in economic research, particularly
in studies on the circular economy. Ul Haq et al. utilized the DEA method to evaluate
the green economy efficiency of tea gardens in the Rize province of Turkey, establishing
an efficiency model and identifying areas for improvement [4]. Zhao et al. applied the
DEA method to analyze panel data from 286 prefecture-level cities in China, conducting a
comprehensive study on China’s green economy and its driving factors [30]. Streimikis
and others also specifically examined the use of the DEA method in the green economy
and agricultural pollution scenarios, finding that the DEA method has a broad-ranging
impact [31].

The development of the DEA method has led to various models. For instance, the
super-efficiency model was proposed by Andersen and Petersen in 1993 to solve the issue
of further comparisons when multiple DMUs are on the frontier (i.e., efficiency equals
1) in the DEA model [32]. In the super-efficiency model, the super-efficiency score of a
DMU can exceed 1, making it especially suitable for comparative studies between different
DMUs [33]. However, the super-efficiency model has some drawbacks: it can often result
in infeasible solutions during computation [34]; the results may change due to alterations
in the scale of input or output data, implying it does not have scale-invariance; and it
violates the weak disposability assumption in DEA when calculating the super-efficiency
score by excluding the DMU under assessment, which could affect the model’s theoretical
consistency [35].

This study primarily analyzes the influence of policies on China’s agricultural circular
economy efficiency at a macro level. Taking into account both the strengths and weaknesses,
we chose not to adopt the super-efficiency model, but instead applied the classic basic CCR
model to measure the agricultural circular economy efficiency of 31 provinces in China.
The calculation formula for the input-oriented CCR model is as follows:

Minimize:

θ − ε × (Σ(i = 1 to n) ŝ − _i + Σ(r = 1 to s) ŝ + _r)

Subject to:

Σ(j = 1 to m) λ_j × x_ij − x_ik + ŝ − _i = 0 f or all i

Σ(j = 1 to m) λ_j × y_rj − y_rk − ŝ + _r = 0 f or all r

Σ(j = 1 to m) λ_j = 1

λ_j ≥ 0 f or all j

ŝ − _i ≥ 0 f or all i

ŝ + _r ≥ 0 f or all r

In the above formulation:
θ represents the efficiency score to be evaluated.
x_ij is the ith input of the jth DMU.
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y_rj is the rth output of the jth DMU.
λ_j are the decision variables, representing the weights for constructing a virtual

decision-making unit (VDMU).
sˆ−_i are the slack variables for inputs, representing the efficiency loss of the ith input.
sˆ+_r are the slack variables for outputs, representing the efficiency gain of the rth output.
ε is a non-Archimedean infinitesimal, employed to ensure the resolution of the

multiple-objective linear programming problem.
The aim of this model is to minimize the efficiency score (θ) and the sum of all slack

variables for inputs/outputs. The constraints ensure that the efficiency loss of all inputs
and outputs for all DMUs does not exceed their actual values in the evaluation of DMU_k.
In addition, all weights (λ) and slack variables should be greater than or equal to zero.

3.2.3. Assessment of Changes in the Efficiency of China’s Agricultural Circular Economy
from 2017–2020 Using the DEA–Malmquist Index Model

The CCR model can only evaluate the efficiency of multiple DMUs within a single
period or the efficiency of a single DMU across multiple periods. Each instance of the CCR
model is a relative measure; hence, CCR models from different periods cannot be directly
compared. Swedish economist and statistician Sten Malmquist proposed the Malmquist
index for analyzing consumer changes over time [36]. By 1982, Caves et al. first proposed
the Malmquist Total Factor Productivity Index (referred to as the Malmquist TFP index) [37].
They defined the total factor productivity index using a Malmquist input or output function.
In 1992, Färe et al. developed a nonparametric (linear programming) method for calculating
the Malmquist productivity index to evaluate the growth of total factor productivity [38].
As the Malmquist index can better analyze panel data, it can reflect the dynamic changes
in relative efficiency at different periods [39], measure dynamic continuously changing
characteristics, and analyze efficiency changes more effectively. The DEA–Malmquist
model has been widely applied in various fields, especially in the construction of efficiency
evaluation systems [40–42].

This paper employs the Malmquist index model to evaluate changes in the efficiency
of China’s agricultural circular economy. The Malmquist index model can evaluate multiple
DMUs across multiple periods, thereby deriving the change index for total factor produc-
tivity (TFPCH). TFPCH is used to measure the dynamic trend of total factor productivity
(TFP) of a DMU from time t to time t + 1, using a non-parametric distance function, that is,
the ratio of distance functions before and after the two periods.

Mt =
Dt
(

Xt+1, Yt+1
)

Dt(Xt, Yt)

Mt+1 =
Dt+1

(
Xt+1, Yt+1

)
Dt+1(Xt, Yt)

The expression for TFPCH is derived from the square root of the product of Mt and
Mt+1, denoted as Mt,t+1, and its expression form is as follows:

TFPCH = Mt,t+1 =

√√√√Dt
(

Xt+1, Yt+1
)

Dt(Xt, Yt) ×
Dt+1

(
Xt+1, Yt+1

)
Dt+1(Xt, Yt)

If TFPCH > 1, this implies an increase in the level of total factor productivity from
period t to t + 1; if TFPCH = 1, it signifies no change in the level of total factor productivity
from period t to t + 1; if TFPCH < 1, this indicates a decline in the level of total factor
productivity from period t to t + 1.
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The total factor productivity index (TFPCH) can further be decomposed into the
product of the index of technical efficiency change (EFFCH) and the index of technological
progress (TECHCH):

TFPCH = E f f ch × Techch =
Dt+1

(
Xt+1, Yt+1

)
Dt(Xt, Yt) ×

√√√√√ Dt
(

Xt+1, Yt+1
)

Dt+1
(

Xt+1, Yt+1
) × Dt(Xt, Yt)

Dt+1(Xt, Yt)
3.2.4. Study of the Factors Influencing the Efficiency of China’s Agricultural Circular
Economy Using Tobit Regression Model

Correlation research aims to determine whether there is a mutual connection between
two or more sets of data, and to carry out a quantitative analysis of any potential links.
The most common method is regression analysis. There are many methods of regression
analysis, and this study primarily analyzes the correlation between the efficiency of the
agricultural circular economy and the policy of the rural revitalization strategy. The
dependent variable chosen, i.e., the variable to be explained, is the comprehensive efficiency
of the agricultural circular economy calculated by the DEA method, whose value is between
0 and 1 [43]. Therefore, this study will employ the Tobit regression model.

The Tobit regression model was originally proposed by economist James Tobin in
1958, from which it derived its name [44]. The Tobit regression model is a type of linear
regression model characterized by the truncation phenomenon in its dependent variable.
Truncation refers to the inability to observe certain values, i.e., these values are restricted
within a certain range. The Tobit regression model can transform such truncated data into
a probability model, thereby statistically analyzing truncated data [45]. The mathematical
formula for the Tobit model is as follows:

Firstly, we define a latent variable y*, representing the true but unobserved value of
the observed variable y. We assume that y* follows a linear regression model:

y* = Xβ + ε

In this, y* is a continuous latent variable, X is a matrix containing independent vari-
ables, β represents regression coefficients, and ε is the error term. Next, we define the
observed variable y as follows:

y = max(0, y∗)
This equation implies that if y* is less than or equal to 0, the observed y value is 0;

otherwise, it equals y*. Next, to take truncation into account, a truncation variable c is
introduced. If y* is less than the truncation point c, the observed y value is c; otherwise, it
equals y*. This can be represented as:

y = max(c, y∗)

The mathematical formula for the Tobit model encompasses both a linear regression
model and the treatment of the observed value truncation. Through methods such as
maximum likelihood estimation, parameters can be estimated and inferences made in the
Tobit model.

The Tobit model offers the following advantages: it takes into account the impact
of truncated data and can effectively handle issues with such data; it uses the maximum
likelihood estimation method to estimate parameters, which provides high estimation
accuracy and credibility. There are also some drawbacks to the Tobit regression model:
the model assumes that the error term follows a normal distribution, so it may not be
applicable for data with a skewed distribution.

The DEA–Tobit combination method is extensively employed in research within
operations research, econometrics, and management science. Aldieri et al. utilized the
DEA-Tobit method to study the energy economic policies of 136 countries, providing
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beneficial recommendations for energy policy modeling [46]. Shuai et al. applied the
DEA–Tobit method to simulate the role of environmental regulations in China’s green
economy [47]. Dalei et al. examined the efficiency of refining in India using the DEA–Tobit
method [48]. The logical reasoning behind the DEA–Tobit method is quite clear: it initially
uses the DEA method to calculate the “outcome”, i.e., the level of efficiency, and then
applies the Tobit model to test associated factors or “causes”. This closed-loop research
process has led to its widespread application.

4. Results

4.1. Results of the Study on the Efficiency of Agricultural Circular Economy in 31 Provinces and
Cities in China

1. Input and output indicators
In constructing the DEA-CCR model for agricultural circular economic efficiency, we

select the number of rural personnel in each province and city to represent human capital
input. The quantity of fertilizer applied, the amount of pesticide used, and the volume
of diesel consumed represent the physical inputs. The area of crops sown serves as a
representation of land input. On the output side, the total output value of agriculture,
forestry, animal husbandry, and fishery is selected as an indicator of total agricultural
income, while per capita disposable income in rural areas represents individual rural
income. The inputs and outputs are summarized in Table 1.

Table 1. List of inputs and outputs.

Indicator Categories Indicators

Input indicators

Rural Population

Consumption of Chemical Fertilizers

Consumption of Pesticides

Consumption of Diesel Fuel

Sown area of crops

output indicators
Gross Output Value of Agriculture, Forestry, Animal Husbandry

and Fishery and Related Indices

Per Capita Disposable Income of Rural Households by Region

It is worth noting that a more reasonable model for agricultural circular economy effi-
ciency should include certain undesired output indicators, such as the amount of wastew-
ater discharged and air pollution. However, the data collection poses certain challenges.
The pollutant emission data for each province or city cannot be readily distinguished from
data for industrial or agricultural emissions, necessitating further analysis. Secondly, agri-
cultural economic efficiency itself implies achieving more output with less pesticide, diesel,
and fertilizer use. Reducing these inputs often correlates with less pollutant emissions.
Therefore, we did not choose undesired output indicators such as pollutant emissions when
selecting input and output indicators.

This study employs DEARUN software to compute the CCR model of agricultural
circular economic efficiency for 31 provinces and cities across China over four periods
from 2017 to 2020. In the CCR model results, “crste” represents overall efficiency, “vrste”
signifies pure technical efficiency, and “scale” denotes scale efficiency. A value of 1 for
these three elements indicates DEA efficiency, suggesting a relatively ideal state. “Return
of scale” represents scale returns, where a value of “CRS” signifies constant returns to scale
for the corresponding province or city, “IRS” represents increasing returns to scale, and
“DRS” denotes decreasing returns to scale.

The pure technical efficiency is presented in Table 2, the scale efficiency is shown in
Table 3, the scale returns are displayed in Table 4, and the overall efficiency is summarized
in Table 5.
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Table 2. China’s 31 provinces and cities agricultural circular economy pure technical efficiency
statistics.

vrste 2017 2018 2019 2020

Number of “1” 18 19 19 21
Mean values 0.917676056 0.927100049 0.934294486 0.942051641

Beijing 1 1 1 1
Tianjin 1 1 1 1
Hebei 0.717395847 0.800793331 0.790225422 0.786663162
Shanxi 0.625652622 0.623417207 0.620294113 0.634481269

Inner Mongolia 0.981032738 0.993619342 0.991089659 1
Liaoning 0.979851655 1 1 1

Jilin 0.679533142 0.674452166 0.671892708 0.738799541
Heilongjiang 1 1 1 1

Shanghai 1 1 1 1
Jiangsu 1 1 1 1

Zhejiang 1 1 1 1
Anhui 0.709850702 0.704738368 0.717505651 0.712786742
Fujian 1 1 1 1
Jiangxi 0.823196531 0.816229789 0.839371298 0.826546699

Shandong 1 1 1 1
Henan 0.800646469 0.801151749 0.837054209 1
Hubei 1 1 1 1
Hunan 0.913105503 0.906257436 0.980111828 0.999582155

Guangdong 1 1 1 1
Guangxi 0.901249912 0.933033675 0.937775498 0.891603519
Hainan 1 1 1 1

Chongqing 0.896524944 0.889127827 0.913959851 0.943742014
Sichuan 1 1 1 1
Guizhou 1 1 1 1
Yunnan 0.685418699 0.874419103 0.943392358 0.958876921

Tibet 1 1 1 1
Shaanxi 1 1 1 1
Gansu 0.734498958 0.722861528 0.720456486 0.71051886

Qinghai 1 1 1 1
Ningxia 1 1 1 1
Xinjiang 1 1 1 1

4.2. Empirical Study of the Factors Influencing the Efficiency of Agricultural Circular Economy

This paper carries out an empirical study of agricultural circular economic efficiency
using the Tobit model. The dependent variable is the overall technical efficiency value of
the agricultural circular economy for the 31 provinces and cities computed earlier. The
independent variables are selected considering the key policies of the rural revitalization
strategy and the ease of data accessibility, with the following variables chosen. As the
dependent variable is a dimensionless efficiency value, the selected independent variables
are also processed for dimension lessness:

Degree of financial support for agriculture: This represents the direct financial sup-
port from the government, calculated as the ratio of expenditure on agriculture, forestry,
and water to the general public budget expenditure for each province and city
(Supplementary Table S1).

Degree of agribusiness: This represents the scale and industrial transformation of
agricultural production, calculated as the ratio of the number of agricultural legal entities
to the total number of legal entities in each province and city (Supplementary Table S2).
The data on the number of agricultural legal entities for each province in 2018 are missing
and are supplemented using linear interpolation.
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Percentage of rural population: This represents the direction of the flow of human
resources, calculated as the ratio of the rural population to the total population in each
province and city (Supplementary Table S3).

Table 3. 2017–2020 China’s 31 provinces and cities agricultural circular economy scale efficiency statistics.

Scale 2017 2018 2019 2020

Number of “1” 14 15 14 14
Mean values 0.960846732 0.965154953 0.961535153 0.959233546

Beijing 1 1 1 1
Tianjin 1 1 1 1
Hebei 0.99031636 0.956360219 0.952135066 0.973404655
Shanxi 0.917604772 0.919805225 0.920142271 0.926550722

Inner Mongolia 0.974153006 0.983459883 0.983719805 1
Liaoning 0.999195714 1 0.993975762 0.97716915

Jilin 0.971682712 0.99707285 0.998150439 0.995625405
Heilongjiang 1 1 1 1

Shanghai 1 1 1 1
Jiangsu 1 1 1 0.98745086

Zhejiang 1 1 1 1
Anhui 0.998621612 0.997803217 0.981784367 0.978347235
Fujian 1 1 1 1
Jiangxi 0.995480757 0.995906898 0.988500945 0.998238031

Shandong 0.885800967 0.896802698 0.85146753 0.834198369
Henan 0.909562634 0.913604138 0.884266745 0.776282684
Hubei 1 1 1 1
Hunan 0.989602481 0.99569094 0.984981999 0.992456398

Guangdong 1 1 1 1
Guangxi 0.985197402 0.999295353 0.978909885 0.980587728
Hainan 1 1 1 1

Chongqing 0.944172535 0.980221365 0.994293388 0.999763172
Sichuan 1 1 1 1
Guizhou 1 1 1 1
Yunnan 0.98250859 0.999916476 0.997496304 0.999888668

Tibet 0.734372097 0.745466154 0.739718529 0.729462273
Shaanxi 1 1 1 1
Gansu 0.829970586 0.845979091 0.866269487 0.89128308

Qinghai 0.801390551 0.822906814 0.839865076 0.830865163
Ningxia 0.876615927 0.869512234 0.851912157 0.864666337
Xinjiang 1 1 1 1

Table 4. 2017–2020 China’s 31 provinces and cities agricultural circular economy return of
scale statistics.

Return of Scale 2017 2018 2019 2020

Number of
“CRS” 14 16 14 14

Number of
“IRS” 9 8 8 7

Number of
“DRS” 8 7 9 10
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Table 5. 2017–2020 China’s 31 provinces and cities agricultural circular economy overall technical
efficiency statistics.

crste 2017 2018 2019 2020

Number of “1” 14 15 14 14
Mean values 0.882431746 0.89561 0.89927 0.90367

Beijing 1 1 1 1
Tianjin 1 1 1 1
Hebei 0.710448844 0.765847 0.752401 0.765742
Shanxi 0.574101832 0.573422 0.570759 0.587879

Inner Mongolia 0.955675991 0.977185 0.974955 1
Liaoning 0.979063574 1 0.993976 0.977169

Jilin 0.660290607 0.672478 0.67065 0.735568
Heilongjiang 1 1 1 1

Shanghai 1 1 1 1
Jiangsu 1 1 1 0.987451

Zhejiang 1 1 1 1
Anhui 0.708872252 0.70319 0.704436 0.697353
Fujian 1 1 1 1
Jiangxi 0.819476306 0.812889 0.829719 0.82509

Shandong 0.885800967 0.896803 0.851468 0.834198
Henan 0.728238112 0.731936 0.740179 0.776283
Hubei 1 1 1 1
Hunan 0.903611472 0.902352 0.965393 0.992042

Guangdong 1 1 1 1
Guangxi 0.887909072 0.932376 0.917998 0.874295
Hainan 1 1 1 1

Chongqing 0.846474228 0.871542 0.908744 0.943519
Sichuan 1 1 1 1
Guizhou 1 1 1 1
Yunnan 0.67342976 0.874346 0.94103 0.95877

Tibet 0.734372097 0.745466 0.739719 0.729462
Shaanxi 1 1 1 1
Gansu 0.609612531 0.611526 0.624109 0.633273

Qinghai 0.801390551 0.822907 0.839865 0.830865
Ningxia 0.876615927 0.869512 0.851912 0.864666
Xinjiang 1 1 1 1

Degree of energy support: This represents the policies in the aspect of energy, which is
computed as the ratio of electricity usage in rural areas to the total electricity usage in each
province and city (Supplementary Table S4).

Degree of water support: This represents the supportive capacity of water infrastruc-
ture to agricultural production and to some extent reflects the effort in building agricultural
water facilities. It is calculated as the ratio of the area of irrigated arable land to the total
area of arable land in each province and city in a given year (Supplementary Table S5).

Degree of informatization: This represents the level of informatization in rural areas.
It is calculated as the ratio of the number of Internet access point in the rural areas of each
province and city to the total number of Internet access point in that province and city in a
given year (Supplementary Table S6).

Using the degree of financial support for agriculture, the degree of energy support,
the degree of water support, the degree of informatization, the degree of agribusiness, and
the percentage of rural population, a total of six variables as independent variables, and
the overall technical efficiency as the dependent variable for Tobit regression analysis, it
can be seen from the table above that the model formula is:

Comprehensive Efficiency = 1.179 + 0.993 × Degree of Financial Support for
Agriculture—0.043 × Degree of Energy Support—0.157 × Degree of Water

Infrastructure Construction + 0.111 × Degree of Informatization—1.044 × Degree
of Agribusiness—0.665 × Percentage of Rural Population.
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In this paper, SPSSAU software was used to construct the Tobit model, and the results
of the likelihood ratio test are as follows.

As seen in Table 6, the likelihood ratio test result of this model is p < 0.05, indicating
that the null hypothesis is rejected, meaning that the selected independent variables in this
model are valid and the construction of the model is meaningful. The Akaike Information
Criterion (AIC) is a standard proposed by the Japanese statistician Hirotugu Akaike in 1974
to measure the goodness of fit of statistical models [49]. The Bayesian Information Criterion
(BIC) was proposed by Schwarz in 1978, similar to AIC, and is used to prevent overfitting
caused by excessive model complexity during model selection [50]. The relatively small
AIC and BIC values in the likelihood ratio test of this model indicate a good relative
representativeness of the model.

Table 6. Results of the Tobit model likelihood ratio test for factors influencing the efficiency of China’s
agricultural circular economy.

Model
−2 Times the

Log-Likelihood Value
Cardinality df p AIC BIC

Intercept distance −152.395

Final model −194.017 41.622 6 0 −180.017 −160.275

The final results of the Tobit model are presented in Table 7.

Table 7. Summary of Tobit model analysis results.

Regression Coefficient

Intercept distance 1.179 ** (16.174)
Degree of financial support for agriculture 0.993 * (2.109)

Degree of energy support −0.043 (−0.427)
Degree of water support −0.157 * (−2.162)

Degree of informatization 0.111 (0.952)
Degree of agribusiness −1.044 ** (−2.860)

Percentage of rural population −0.665 ** (−4.608)
log(Sigma) −2.201 ** (−34.666)
Sample size 124

McFadden R2 −0.273

Dependent variable: crste
* p < 0.05, ** p < 0.01, z-values in parentheses.

4.3. Study on the Change Trend of Efficiency of Agricultural Circular Economy

The CCR model of the circular economy in agriculture across China’s 31 provinces and
cities, as previously calculated, is applicable only for efficiency comparison among these
provinces and cities within the same period. CCR models across different periods are not
directly comparable; for instance, efficiency values from 2017 cannot be compared directly
to those from 2018. To study the changing trends in the efficiency of the circular economy
in agriculture over different periods, the Malmquist index model must be employed. This
paper continues to use the indicators and data applied in the construction of the CCR
model for the circular economy in agriculture across China’s 31 provinces and cities. The
DEARUN software was utilized to construct CCR–Malmquist adjacent reference models for
three periods—2017–2018, 2018–2019, and 2019–2020—aiming to investigate the changing
trends in the efficiency of the circular economy in agriculture across China’s 31 provinces
and cities under the rural revitalization strategy.

The elements in the Malmquist index model include: “Effch”, which represents the
change in technical efficiency; “Techch”, the change in technological progress; “Pech”, the
change in pure technical efficiency; “Sech”, the change in scale efficiency; and “Tfpch”, the
change in total factor productivity. A value greater than 1 in any of these indicators implies
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an improvement compared to the previous period. As can be seen from Table 8, all “Tfpch”
values in the CCR–Malmquist index model across three periods from 2017 to 2020 exceed 1,
indicating that the total factor productivity of the circular economy in agriculture across
China’s 31 provinces and cities continuously improved during this period.

Table 8. Summary of CCR–Malmquist adjacent reference index model of agricultural circular econ-
omy efficiency in 31 provinces and cities of China, 2017–2020.

Period DMU Effch Techch Pech Sech Tfpch

2017–2018 Beijing 1 1.081556 1 1 1.081556
2017–2018 Tianjin 1 1.075355 1 1 1.075355
2017–2018 Hebei 1.081744 1.074394 1.117542 0.967967 1.162219
2017–2018 Shanxi 0.992801 1.051735 0.997933 0.994857 1.044163
2017–2018 Inner Mongolia 1.018594 1.08879 1.012749 1.005772 1.109036
2017–2018 Liaoning 1.023702 1.04966 1.020373 1.003262 1.074539
2017–2018 Jilin 1.016423 1.062699 0.996948 1.019534 1.080151
2017–2018 Heilongjiang 1 1.059278 1 1 1.059278
2017–2018 Shanghai 1 1.089818 1 1 1.089818
2017–2018 Jiangsu 1 1.031345 1 1 1.031345
2017–2018 Zhejiang 1 1.065401 1 1 1.065401
2017–2018 Anhui 0.997167 1.029834 0.993751 1.003438 1.026917
2017–2018 Fujian 1 1.073229 1 1 1.073229
2017–2018 Jiangxi 0.995182 1.063731 0.99266 1.002541 1.058606
2017–2018 Shandong 1.013658 1.04469 1 1.013658 1.058959
2017–2018 Henan 1.012738 1.037978 1.001169 1.011555 1.051199
2017–2018 Hubei 1 1.028943 1 1 1.028943
2017–2018 Hunan 1.00012 1.039655 0.99289 1.007282 1.039779
2017–2018 Guangdong 1 1.017633 1 1 1.017633
2017–2018 Guangxi 1.052359 1.008734 1.035134 1.01664 1.06155
2017–2018 Hainan 1 1.033159 1 1 1.033159
2017–2018 Chongqing 1.023135 1.056493 0.993506 1.029823 1.080935
2017–2018 Sichuan 1 1.039342 1 1 1.039342
2017–2018 Guizhou 1 1.102977 1 1 1.102977
2017–2018 Yunnan 1.292435 1.053826 1.273906 1.014545 1.362002
2017–2018 Tibet 0.992139 1.048887 1 0.992139 1.040642
2017–2018 Shaanxi 1 1.063093 1 1 1.063093
2017–2018 Gansu 0.999462 1.073364 0.987078 1.012546 1.072787
2017–2018 Qinghai 1.002575 1.052801 1 1.002575 1.055512
2017–2018 Ningxia 0.978936 1.087319 1 0.978936 1.064416
2017–2018 Xinjiang 1 1.122112 1 1 1.122112
2018–2019 Beijing 1 1.082752 1 1 1.082752
2018–2019 Tianjin 1 1.055464 1 1 1.055464
2018–2019 Hebei 0.989706 1.103949 0.988895 1.00082 1.092585
2018–2019 Shanxi 0.998536 1.098215 1.008736 0.989889 1.096608
2018–2019 Inner Mongolia 0.996003 1.097631 0.997685 0.998314 1.093244
2018–2019 Liaoning 0.999686 1.09312 1 0.999686 1.092777
2018–2019 Jilin 1.004196 1.108883 1.003234 1.000959 1.113536
2018–2019 Heilongjiang 1 1.109718 1 1 1.109718
2018–2019 Shanghai 1 1.092227 1 1 1.092227
2018–2019 Jiangsu 1 1.069138 1 1 1.069138
2018–2019 Zhejiang 1 1.102197 1 1 1.102197
2018–2019 Anhui 1.012681 1.097253 1.022323 0.990568 1.111167
2018–2019 Fujian 1 1.100032 1 1 1.100032
2018–2019 Jiangxi 1.025257 1.094478 1.030817 0.994606 1.122122
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Table 8. Cont.

Period DMU Effch Techch Pech Sech Tfpch

2018–2019 Shandong 0.967644 1.096541 1 0.967644 1.061061
2018–2019 Henan 1.027851 1.090147 1.045754 0.982881 1.120509
2018–2019 Hubei 1 1.090092 1 1 1.090092
2018–2019 Hunan 1.078462 1.0899 1.080877 0.997765 1.175415
2018–2019 Guangdong 1 1.12946 1 1 1.12946
2018–2019 Guangxi 0.990902 1.110025 1.00564 0.985345 1.099926
2018–2019 Hainan 1 1.103107 1 1 1.103107
2018–2019 Chongqing 1.039285 1.083151 1.029009 1.009986 1.125702
2018–2019 Sichuan 1 1.090826 1 1 1.090826
2018–2019 Guizhou 1 1.104277 1 1 1.104277
2018–2019 Yunnan 1.078133 1.07993 1.07888 0.999308 1.164309
2018–2019 Tibet 0.972491 1.070905 1 0.972491 1.041445
2018–2019 Shaanxi 1 1.084852 1 1 1.084852
2018–2019 Gansu 1.015698 1.092255 1.002747 1.012915 1.1094
2018–2019 Qinghai 0.993838 1.075644 1 0.993838 1.069016
2018–2019 Ningxia 0.9649 1.067222 1 0.9649 1.029763
2018–2019 Xinjiang 1 1.064995 1 1 1.064995
2019–2020 Beijing 1 1.03478 1 1 1.03478
2019–2020 Tianjin 1 1.052888 1 1 1.052888
2019–2020 Hebei 1.023046 1.106028 0.996327 1.026818 1.131518
2019–2020 Shanxi 1.028521 1.103685 1.02954 0.99901 1.135163
2019–2020 Inner Mongolia 1.024548 1.114029 1.008589 1.015822 1.141375
2019–2020 Liaoning 0.990719 1.078225 1 0.990719 1.068218
2019–2020 Jilin 1.098236 1.077455 1.097502 1.000669 1.183301
2019–2020 Heilongjiang 1 1.105457 1 1 1.105457
2019–2020 Shanghai 1 1.044847 1 1 1.044847
2019–2020 Jiangsu 1 1.077465 1 1 1.077465
2019–2020 Zhejiang 1 1.065462 1 1 1.065462
2019–2020 Anhui 1.001982 1.102422 0.995283 1.006731 1.104607
2019–2020 Fujian 1 1.061432 1 1 1.061432
2019–2020 Jiangxi 0.994623 1.115323 0.986843 1.007884 1.109325
2019–2020 Shandong 0.99169 1.097124 1 0.99169 1.088007
2019–2020 Henan 1.057024 1.115072 1.191705 0.886985 1.178658
2019–2020 Hubei 1 1.11242 1 1 1.11242
2019–2020 Hunan 1.027548 1.127912 1.019346 1.008046 1.158983
2019–2020 Guangdong 1 1.087595 1 1 1.087595
2019–2020 Guangxi 0.957942 1.112637 0.952254 1.005974 1.065842
2019–2020 Hainan 1 1.066561 1 1 1.066561
2019–2020 Chongqing 1.038458 1.102373 1.031424 1.00682 1.144768
2019–2020 Sichuan 1 1.15826 1 1 1.15826
2019–2020 Guizhou 1 1.124415 1 1 1.124415
2019–2020 Yunnan 1.014632 1.133587 1.016396 0.998265 1.150174
2019–2020 Tibet 0.975249 1.076658 1 0.975249 1.05001
2019–2020 Shaanxi 1 1.127938 1 1 1.127938
2019–2020 Gansu 1.006549 1.098318 0.990637 1.016062 1.105511
2019–2020 Qinghai 0.971136 1.088518 1 0.971136 1.057099
2019–2020 Ningxia 1.004343 1.089843 1 1.004343 1.094576
2019–2020 Xinjiang 1 1.119021 1 1 1.119021

5. Discussion

5.1. Agri-Circular Economy Efficiency Is Significantly Affected by China’s Rural
Revitalization Strategy

The Tobit model of Table 7 is plotted as a forest diagram in Figure 2.
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Figure 2. Tobit model regression coefficient 95% CI forest plot.

The regression coefficient of degree of financial support for agriculture is 0.993, show-
ing significance at the 0.05 level (z = 2.109, p = 0.035 < 0.05), indicating that degree of
financial support for agriculture has a significant positive effect on the efficiency of the
circular economy in agriculture. Jiao and Liu [51] confirmed a significant positive impact
of fiscal expenditure on agricultural production efficiency in northeastern China through
analysis of panel data from 1971 to 2007. Chen et al. [52] also showed that fiscal expenditure
significantly positively affected the efficiency of Henan’s agricultural circular economy,
following research on the province’s panel data from 2013 to 2019. Zhou et al. [53], in their
study using the DEA method, suggested that the government should not only strengthen
fund management but also expand the scale of fiscal support for agriculture. Wei et al.
analyzed panel data from 30 provinces and cities from 2003 to 2011, and similarly concluded
that fiscal expenditure supporting agricultural production and assisting agriculture had a
significant positive effect on agricultural modernization [54].

The regression coefficient for the degree of energy support is −0.043, but it does not
show significance (z = −0.427, p = 0.669 > 0.05), indicating that the degree of energy support
does not impact the technical efficiency.

The regression coefficient for the degree of water support is −0.157, showing signif-
icance at the 0.05 level (z = −2.162, p = 0.031 < 0.05), indicating that the degree of water
support has a significant negative effect on the technical efficiency. The rural revitalization
strategy’s policy on water support is beneficial to the development of the agricultural circu-
lar economy in the long run. However, in the short term, a large amount of investment in
water construction can directly crowd out some input resources. Therefore, the construction
of agricultural water infrastructure is necessary, but its impact on agricultural economic
efficiency is not necessarily positive. Yan et al. [55] showed that rural water resources in
China face problems such as weak rural water infrastructure, uneven spatial and temporal
distribution of rural water resources, and low investment efficiency, with the investment
efficiency of China’s rural water supply decreasing by an average of 1.2% from 2011 to
2015. When Wang et al. [56] evaluated China’s agricultural water projects, they found
that the benefits of the water construction investment scale in the eastern provinces were
decreasing, while those in the western provinces were increasing. Lei et al. found that the
supply efficiency of the national agricultural water facilities showed an overall declining
trend, following analysis of panel data from 27 provinces and cities in China from 2009 to
2018 [57].

The regression coefficient for the degree of informatization is 0.111, but it does not
show significance (z = 0.952, p = 0.341 > 0.05), indicating that the degree of informatization
does not impact the technical efficiency.

The regression coefficient for the degree of agribusiness is -1.044, presenting sig-
nificance at the 0.01 level (z = −2.860, p = 0.004 < 0.01), suggesting that the degree of
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agribusiness has a significant negative impact on technical efficiency. The variable of
corporatization degree is used to examine whether the mode of agricultural production is
shifting towards a more efficient, large-scale corporate model. It is generally believed that
fewer and larger agricultural enterprises can improve efficiency. The independent variable
reflecting the degree of agricultural corporatization in this Tobit model, which is the ratio of
agricultural legal persons to the total number of legal persons, reasonably has a negative im-
pact on the overall technical efficiency of the agricultural economy. Meena et al. found that
the cost of transition from family-based to corporatized agriculture in India was higher [58].
Motes et al. argued that modern agriculture has shown a reverse Malthusian phenomenon
of the land margin, with a continuous increase in food output, but this was due to the low
production efficiency in these areas in the past [59]. Studies by Bojnec et al. on the overall
technical efficiency of agriculture in Central and Eastern Europe also found that scaling
up improved efficiency [60]. Wang et al. empirically demonstrated that the larger scale of
production was key to enhancing productivity in China’s scaled agriculture [61]. In fact,
expanding the scale of production on limited agricultural resources, such as arable land,
often implies a reduction in the number of agricultural enterprises. Da-You et al. posited
that the presence of leading enterprises was of significant importance to the process of
agricultural industrialization in a region [62]. The Chinese government has repeatedly
expressed its intention to support leading agricultural enterprises and encouraged small
and medium-sized enterprises to merge into larger ones to enhance production efficiency.

The regression coefficient for the percentage of rural population is −0.665, showing
significance at the 0.01 level (z = −4.608, p = 0.000 < 0.01), indicating that the proportion of
the rural population has a significant negative impact on technical efficiency. An increase in
the population would increase agricultural production input. To improve the efficiency of
the agricultural circular economy, it is essential to enhance the quality of talents and release
more human resources to society. As early as 1798, the Malthusian model proposed the
negative relationship between population size and agricultural resources [15]. Kögel and
Prskawetz argued that improving agricultural productivity can escape the Malthusian trap,
but it requires institutional guidance to reduce fertility rates [63]. Bilsborrow believed that
one of the key factors to improving agricultural productivity is the decline in the population
growth rate [64].

In summary, the degree of financial support for agriculture has a significant positive
impact on technical efficiency, while the degree of water support, the degree of agribusiness,
and the percentage of rural population have a significant negative impact. However, the de-
gree of energy support and the degree of informatization do not impact technical efficiency.

5.2. Technological Advances Promote the Efficiency of China’s Agricultural Circular Economy Year
by Year

Both the DEA model and Tobit model indicate that the policies related to the rural
revitalization strategy significantly affect the efficiency of the agricultural circular economy.
What is the trend in the efficiency of the agricultural circular economy under the influence
of these policies? The dependent variable in the Tobit regression model comes from the
CCR model of agricultural circular economy efficiency, reflecting the relative situation of
the agricultural circular economy efficiency of 31 provinces in the current year, and cannot
be directly compared between different years. The CCR–Malmquist index model of China’s
agricultural circular economy measured in this paper from 2017 to 2020 can directly reflect
the change in efficiency. After analyzing statistics on the data in Table 8 to form Table 9, the
total factor productivity change rates (Tfpch) for all three periods of 2017–2018, 2018–2019,
and 2019–2020 for 31 provinces and cities were found to all be greater than 1, indicating
that the efficiency of the agricultural circular economy in these 31 provinces and cities has
improved during this period.
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Table 9. 2017–2020 China’s 31 provinces and cities agricultural circular economy CCR–Malmquist
index model statistics.

2017–2018 2018–2019 2019–2020

Number of effch < 1 6 9 6

Number of techch < 1 0 0 0

Number of pech < 1 7 2 5

Number of sech < 1 4 13 7

Number of Tfpch > 1 31 31 31

From Table 9, it is clear that the growth of the total factor productivity index (Tfpch)
in the agricultural circular economy primarily results from the technological progress
change index (Techch) for all three periods in all 31 provinces and cities being greater
than 1. This suggests that the main driving force of growth stems from technological
progress. However, some provinces and cities still have room for improvement in terms of
the technical efficiency change index (Effch).

The same evidence can be found in the analysis based on the CCR model. Table 10
presents a comprehensive statistical breakdown of the efficiency and its decomposition of
the agricultural circular economy in 31 provinces and cities from 2017 to 2020. Notably, the
number of provinces and cities achieving a technological efficiency of 1 significantly sur-
passes those achieving a scale efficiency of 1, with a steady upward trend year by year. This
conclusively demonstrates that the advancement in the efficiency of the agricultural circular
economy over these years can be attributed to technological upgrades and optimization.

Table 10. 2017–2020 China’s 31 provinces and cities agricultural circular economy efficiency and
decomposition of the results of statistics.

2017 2018 2019 2020

Number of crste’s value of 1 14 15 14 14

Mean value of crste 0.882432 0.895606 0.899268 0.903665

Number of vrste’s value of 1 18 19 19 21

Mean value of vrste 0.917676 0.9271 0.934294 0.942052

Number of scale’s value of 1 14 15 14 14

Mean value of scale 0.960847 0.965155 0.961535 0.959234

Number of CRS 14 16 14 14

Number of IRS 9 8 8 7

Number of DRS 8 7 9 10

5.3. Reasonable Policies Support the Efficiency of Agricultural Circular Economy

In conjunction with further analysis using the Tobit regression model, we believe that
a significant factor contributing to the enhancement of the agricultural circular economy’s
efficiency is appropriate government fiscal support. The Tobit model indicates that the
positive impact of the degree of financial support for agriculture on the overall technical
efficiency of the agricultural circular economy is at the 5% level. The expenditure on
agriculture, forestry, and water in all 31 provinces and cities has been increasing year by
year, and its proportion in the general public budget expenditure at the provincial and
municipal levels has also been steadily rising, as shown in Figures 3 and 4.
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Figure 3. Trends of expenditure for agriculture, forestry, and water conservancy in 31 provinces and
cities in China, 2017–2020.

 

Figure 4. Trend of the degree of financial support for agriculture in 31 provinces and cities of China
from 2017 to 2022.

The degree of water support from 2017 to 2020 is shown in Figure 5. During this period,
the degree of water support was steady with a slight increase, not blindly pursuing scale,
and did not excessively crowd out resources, affecting the efficiency of the agricultural
circular economy.

 

Figure 5. Development trend of the degree of water support in 31 provinces and cities of China from
2017 to 2020.

The degree of agribusiness has a significant negative impact on the efficiency of the
agricultural circular economy, and the development trend of socialization degree from 2017
to 2020, as shown in Figure 6. Compared with the number of corporate legal persons in
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all industries in China, the proportion of agricultural enterprises is decreasing year by
year. On the one hand, the Chinese government has made it clear that it wishes to promote
agricultural modernization, and on the other hand, the increase in the number of agricul-
tural enterprises is limited. These two are not contradictory. Instead, they indicate that
the government’s policy is more committed to the scaling up and technological upgrading
of agricultural enterprises, rather than simply pursuing an increase in quantity. This has
promoted the growth of the efficiency of the agricultural circular economy. In 2021, the
Ministry of Agriculture and Rural Affairs specifically issued the “Opinions of the Ministry
of Agriculture and Rural Affairs on Promoting the Growth and Strengthening of Leading
Enterprises in Agricultural Industrialization”, which also confirms our research results.

 

Figure 6. Development trend of the degree of agribusiness in 31 provinces and cities in China from
2017 to 2020.

The percentage of rural population also has a significantly negative impact on the
efficiency of the agricultural circular economy. The changing trend of the percentage of
rural population in China from 2017 to 2020 is as shown in Figure 7. The decreasing
trend from 2017 to 2020 supports the improvement of the efficiency of the agricultural
circular economy, indicating that the related policies of the rural revitalization strategy are
more focused on improving the quality of agricultural talents to release more labor and
improve efficiency.

 

Figure 7. Development trend of percentage of rural population in 31 provinces and cities in China
from 2017 to 2020.

In summary, the formulation and implementation of various policies under the ru-
ral revitalization strategy, considering the incompatibility of agricultural modernization
and rural modernization, are quite rational. Combined with the analysis results of the
DEA–Malmquist model, it can be seen that the annual increase in financial support does
not blindly pursue the expansion of investment scale, but is mainly used for upgrades
in agricultural technology, management level, rationality of asset structure, etc. Other
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variables with a negative impact are stable or declining, creating a favorable foundation for
the improvement of the efficiency of the agricultural circular economy.

5.4. There Are Significant Differences between the Efficiency of Agricultural Circular Economy in
31 Provinces and Cities in China

As shown in Figure 8, the distribution of the overall technical efficiency of the agri-
cultural circular economy in the 31 provinces and cities has been very stable over the
past four years, with the number of provinces having an overall technical efficiency
of 1 (i.e., DEA efficient) ranging between 14 and 15. Among these, 13 provinces and cities,
including Beijing, Tianjin, Heilongjiang, Shanghai, Zhejiang, Fujian, Hubei, Guangdong,
Hainan, Sichuan, Guizhou, Shaanxi, and Xinjiang, have maintained an overall technical
efficiency of 1 (i.e., DEA efficient) for four consecutive years. This suggests that these
provinces and cities have significantly higher levels of agricultural production technology,
management level, resource utilization rate, etc., compared to other provinces and cities.

 

Figure 8. 2017–2020 Distribution of provinces and cities in 31 Chinese provinces and municipalities
where the overall technical efficiency of agricultural circular economy reaches DEA effectiveness.

Additionally, due to geographical and climatic influences, agricultural production
varies substantially across different regions. However, the 13 provinces and cities that
have achieved DEA effectiveness, distributed across seven regions including South China,
Central China, North China, East China, Northeast, Southwest, and Northwest China,
somewhat indicate that the heterogeneity-induced errors among various DMUs in the DEA
model are not significant. The model is thus deemed highly reliable, showing minimal
influence from regional and climatic differences. Simultaneously, in the economically
advanced eastern and southeastern coastal regions, the efficiency of the agricultural circular
economy is generally higher.

5.5. There Is Room to Improve the Scale Efficiency of Agricultural Circular Economy

As shown in Figure 9, the distribution of scale efficiency in the agricultural circular
economy across the 31 provinces and cities from 2017 to 2020 closely aligns with the
overall efficiency distribution. The 13 provinces and cities of Beijing, Tianjin, Heilongjiang,
Shanghai, Zhejiang, Fujian, Hubei, Guangdong, Hainan, Sichuan, Guizhou, Shaanxi, and
Xinjiang have consistently achieved a scale efficiency of 1, indicating DEA effectiveness, for
four consecutive years.
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Figure 9. 2017–2020 Distribution of provinces in 31 Chinese provinces where the scale efficiency of
agricultural circular economy reaches DEA effectiveness.

From 2017 to 2020, technical efficiency reached 1 in 18–21 of the 31 provinces and cities.
The distribution, as illustrated in Figure 10, covers various regions in China, similar to
the distribution of overall efficiency. This indicates that the primary driving force for the
improvement in overall technical efficiency in China’s agricultural circular economy comes
from the enhancement of technical efficiency.

 

Figure 10. 2017–2020 Distribution of provinces in 31 Chinese provinces where the pure technical
efficiency of agricultural circular economy reaches DEA effectiveness.

In conclusion, there exists substantial room for improvement in the scale efficiency
of the agricultural circular economy. Enhancing scale efficiency should be a key focus of
future policy considerations.

6. Conclusions, Recommendations, and Shortcomings

6.1. Conclusions and Recommendations

1. From the results presented in Section 4.3, it can be observed that the overall trend of
China’s agricultural circular economy efficiency has been increasing year by year around
the implementation of the rural revitalization strategy in 2018. This indicates that the
relevant policies are rational and can ensure the simultaneous realization of agricultural
modernization and rural modernization. The future focus should be on implementing
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various policies for rural revitalization and actively researching how to transform policy
investments into productivity.

2. Sections 4.2 and 5.1 explicitly indicate that agricultural fiscal support has a signif-
icant positive impact on the efficiency of China’s agricultural circular economy. Future
policies should aim to maintain the growth of agricultural fiscal expenditure.

3. Drawing on Sections 4.1 and 5.5, the primary factor hindering the efficiency of the
agricultural circular economy is inadequate scale efficiency. Provinces lagging in scale
efficiency should adjust their input scales according to their specific circumstances, improve
organizational management levels, resource utilization, etc., which can achieve an overall
efficiency improvement at a relatively small cost.

4. From Sections 4.1 and 5.5, it can also be inferred that the level of agricultural
technology and management are robust safeguards for the enhancement of agricultural
circular economy efficiency, and are important links in the rural revitalization strategy.
Therefore, investment related to agricultural technology should be further strengthened.

5. Section 5.5’s graphical representation shows that provinces with higher comprehen-
sive efficiency in the agricultural circular economy are highly stable. This suggests that
these provinces have significant advantages in areas such as agricultural technological ad-
vancement and upgrade, as well as management level, offering lessons for other provinces.

6.2. Innovation Point

This paper presents the following innovative contributions:

1. The research exploring the correlation between the rural revitalization strategy and
the efficiency of agricultural circular economy is a novel perspective.

2. The approach of extracting independent variables related to policy from the rural
revitalization strategy represents an innovative method.

3. While most previous studies on the level of agricultural economy have focused on
specific regions, investigating economic differences between these regions, the novelty
of this paper lies in its national scope. It explores development trends and influential
factors at the national level.

6.3. Shortcomings

1. There is considerable heterogeneity in agricultural production across different
provinces in China. Some provinces have one harvest per year (such as in the Northeast),
while others have three (such as Hainan). Some are predominantly involved in animal hus-
bandry, while others focus mainly on crop farming. Climate and water resource variations
also exist. In future research, there is a plan to eliminate the impact of this heterogeneity,
with a preliminary idea of establishing an intermediate model to mitigate these differences.
However, practical research has shown that even with the existence of heterogeneous fac-
tors, the final results are still relatively evenly distributed, which indicates that the validity
of the model is assured, reflecting a macroscopic view of the agricultural circular economy.

2. Due to limitations in data acquisition, the model of agricultural circular economy
efficiency still has some shortcomings. For instance, variables related to the environment,
such as the emissions of waste, have not yet been introduced into the model.

3. There is a need for further refinement in the research. Both the Rural Revitalization
Strategy and the agricultural circular economy are complex systems. When performing
coupled analysis, it is necessary to further improve the granularity of the research. For
example, a more in-depth analysis of the differentiated causes for the 31 provinces’ agricul-
ture could be obtained through super-efficiency DEA models and slack analysis. The main
objective of this study was to conduct a macroscopic analysis of the overall efficiency of
China’s agricultural circular economy, and this part was not included.

4. Some influencing factors have not yet been included in the correlation analysis
due to incomplete data acquisition. For instance, the impact of the Rural Revitalization
Strategy’s efforts on healthcare, education, transportation, etc., on the agricultural circular
economy has not been addressed in this research.
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Abstract: The decoupling of cropland and livestock due to the industrialization of livestock production
is a difficult problem for sustainable agricultural development in many global locations, including
China. As population and urbanization increase, this decoupling is likely to become more serious. To
date, the relationship between cropland and livestock has been mainly studied from a single perspec-
tive, and mostly at the regional and the local scales. Thus, the objective of our study is to systematically
assess the coupling relationship between cropland and livestock from multiple aspects on a large
scale. Here, we used a complex system covering cropland, livestock and environment subsystems to
comprehensively analyze the spatio-temporal variation of the coupling coordination between cropland
and livestock and its influencing factors in China over the past two decades. Elaborating on the
data, we constructed a comprehensive system of evaluation indexes for cropland–livestock systems.
We used a coupling coordination degree model to evaluate the coupling coordination relationship
between cropland and livestock in 31 provinces of China during 2000–2020. The results show that the
range of cropland–livestock and cropland–livestock–environment coupling coordination degree was
0.4–0.9. In most of the provinces, there was no risk of cropland and livestock decoupling; however, the
coupling coordination degree needed to be increased. More attention should be paid to the coordi-
nated development of cropland and livestock coupling in urbanized areas such as Beijing and Tianjin,
where cropland and livestock decoupling was more likely to occur. Among the assessed 29 factors,
15 and 16 had an impact on the cropland–livestock and the cropland–livestock–environment coupling
coordination degrees, respectively. Our study provides science-based evidence to support estimating
the coupling relationship between cropland and livestock in the future.

Keywords: cropland–livestock systems; index system; coupling coordination degree; influence factor

1. Introduction

Crops and livestock play a synergistic role in global food production and the liveli-
hoods of farmers [1]. For centuries, crops and livestock have formed a coupled system of
planting and breeding with a circular flow of material and nutrient elements. In the coupled
system, livestock manure has been used as a nutrient source for crops [2], livestock can be
used as draft animals in crop cultivation, and the cropland provides feed for the livestock.
In traditional settings, the coupled livestock–cropland system has a high material circula-
tion rate [3,4]. However, due to rapid urbanization and the sharp increase in population,
the demand for livestock products has increased, and the response to the demand has led
to drastic changes. One of the biggest changes is the emergence of large-scale, intensive and
specialized industrial livestock production systems. Industrial livestock production has
brought about changes in spatial allocation and land use, resulting in the spatial separation
and lack of functional interaction between livestock and cropland and a decrease in the
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nutrient cycling rate between the two systems [5–7]. Furthermore, intensive and spatially
separated livestock have increased the costs of applying livestock manure as a source of
nutrients to croplands. Concomitantly, industrial fertilizers with low unit nutrient cost
have replaced manure on croplands. This future hinders the effective recycling of nutrients
in livestock manure, aggravating the decoupling of livestock and cropland [8–10].

The concentration of livestock in areas with little or no cropland has a great impact on
the environment. The environmental impact is mainly related to the poor management of
livestock manure, which can lead to the contamination of surface and ground waters with
nutrients, organic matter and heavy metals [1,5,7]. The aggregation of livestock production
systems and the accompanying large amounts of fertilizer and improperly managed manure
may increase the adverse impacts on water quality, especially the enrichment of phosphorus,
nitrogen and other nutrients in the water, leading to the eutrophication of water bodies [4,11].
In China, the high intensity of livestock production and its increasing proximity to urban
areas has resulted in more than 1 billion people being exposed to intense nitrogen pollution
in the air and water [8]. To alleviate the negative effects, circular agriculture with combined
cropland and livestock has been proposed as a key strategy to promote sustainable agricultural
intensification [9,12,13]. Since manure contributes to soil health and versatility by providing
nutrients and improving soil properties, the partial replacement of industrial fertilizers with
manure can improve crop productivity, enhance interactions within and among soil microbial
communities, increase carbon sequestration on the surface, increase soil organic matter content,
and reduce agricultural greenhouse gas emissions and nitrogen pollution [14–18].

Hence, in order to analyze the connection between cropland and livestock and alleviate
environmental pollution, various aspects of coupled cropland–livestock systems have been
studied using a variety of methods. At present, research on the relationship between
cropland and livestock mainly focuses on the current situation and the recoupling of the
cooperative relationship between cropland and livestock. Single indicators, such as livestock
density and the nitrogen or phosphorus load of livestock into farmland, have been applied
to establish the relationship between regional cropland and livestock [7,19,20]. The coupling
relationship between cropland and livestock has been measured using the nutrient balance
method or models based on nutrient balance theory [21–23]. Zhang et al. (2019) used the
nutrient balance method to propose a cropland-based livestock production system from
the perspective of agricultural production and human consumption to rebuild the linkage
between livestock and cropland in China [24]. Kamilaris et al. (2020) and Li et al. (2021)
used an objective optimization method to find the optimal flow mode of regional livestock
manure to reconstruct the coupling relationship between intensive large-scale livestock and
agricultural production [25,26]. Scenario analysis has been applied to explore the synergistic
relationship between cropland and livestock in the future [27–29]. Index analysis, nutrient
balance methods, evaluation models and scenario simulation are the most commonly used
methods to research the coupling cooperative relationship between cropland and livestock.

Similar to the United States and many other developed countries, in China, the world’s
largest livestock breeding country, livestock production agglomeration and decoupling
between livestock and cropland are increasing [8,24]. The Chinese coupling relationship
between cropland and livestock has been analyzed using surveys and statistics to ana-
lyze the main obstacles affecting the interaction between cropland and livestock from
the perspectives of material flow and environmental factors [30–32]. The changes in the
coupling relationship between cropland and livestock in China in the past decades have
been analyzed using the nutrient element flow balance method [20,27]. Zhao et al. (2015)
employed the coupling coordination degree model to investigate the spatiotemporal varia-
tion characteristics of the coupling of farming and animal husbandry in agricultural areas
located in the Tarim River Basin of China. Based on the findings, some suggestions were
proposed [33]. The coupling relationship between cropland and livestock has been mainly
explored from the perspectives of element flow, nutrient management, index analysis,
and environmental and economic benefits. However, there is a lack of comprehensive
analysis of the cropland–livestock coupling in which environmental factors are considered.
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The coupling coordination degree model, developed based on the coupling theory, can
reflect the degree of interaction and coupling between systems accurately. This model has
been found suitable for evaluating the level of coupling and coordination development
between systems in research on the regional coupling relationship between cropland and
livestock [33,34]. Therefore, our assumption is that the use of the coupling coordination
degree model can reflect the phenomenon of decoupling between cropland and livestock
in various regions of China. This phenomenon has shown a trend of gradual expansion.

Our aims were to deepen the understanding of cropland and livestock coupling
coordination in China over the past 20 years and to explore its spatiotemporal changes
and main influencing factors. Based on previous studies, the innovations in our study:
(1) we considered the environmental factors as an independent subsystem in the coupling
relationship between cropland and livestock, constructed a comprehensive evaluation
indicator system of cropland and livestock system; (2) we investigated the spatiotemporal
changes of the coupled and coordinated relationship between cropland and livestock in
China under the multiple influence factors.

2. Materials and Methods

2.1. Study Area

According to the main grain-producing areas in China, 31 provinces were divided
into six regions [20]: Northeast, North China, Middle-lower Reaches of the Yangtze River,
Northwest, Southwest and Southeast (Figure 1). Data for Hong Kong, Macao and Taiwan
are not included in this paper.

Figure 1. Division of the provinces of China into six study regions.

2.2. Research Framework

To explore the coupling relationship between cropland and livestock in China in
the past two decades, we constructed a research framework consisting of four processes
(Figure 2). The comprehensive evaluation of cropland–livestock systems and cropland–
livestock–environment systems included the construction of an index system, weight
calculation and comprehensive evaluation. In the coupling coordination degree model,
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the coupling degree (C), comprehensive reconciliation index (T) and coupling coordina-
tion degree (D) of cropland–livestock and cropland–livestock–environment systems were
calculated. The spatial autocorrelation analysis of coupling coordination degree included
calculating global Moran’s I and local spatial autocorrelation analysis. The main influ-
encing factors and the degree of coupling coordination degree were explored using the
Geographical detector model.

Figure 2. Research framework.

2.3. Indicator System Construction
2.3.1. CLE Indicator System

Following the principles of consistent objectives, comprehensiveness, validity, inde-
pendence and measurability, and referring to previous studies, the comprehensive index
system of cropland–livestock–environment was constructed (Table S5). The index system
was finally constructed by using the multicollinearity method to screen 29 indexes in crop-
land, livestock and environment subsystems (Table 1). The cropland subsystem contains
eight indicators, among which the output of farm crops is the sum of grain, cotton, oilseed,
flax, sugar crop, tobacco, vegetable, and fruit yields. The grain crop straw yield index
was calculated as shown in formula (1). The livestock subsystem contains eight indicators,
among which the number of captive livestock, livestock density, the ratio of large-scale
livestock farms, and livestock urine and manure production were defined and calculated in
detail in Section S.1 of Supplementary Materials S1 [35–41]. In addition, this study’s focus is
on livestock species, including pigs, cattle, sheep (both wool sheep and goats), and poultry
(layers, broilers, ducks, and rabbits). Considering the comprehensiveness and operability
principle of index selection, the environment subsystem included 13 evaluation indexes
from both natural and social aspects, among which annual total precipitation, annual total
sunshine hours and annual average temperature were obtained from the meteorological
data of major cities.

For the index of grain crop straw yield: in this study, the grain crop straw yield is the
sum of rice, wheat and maize straw yields. The straw yield of grain crop was calculated
based on the grain yield and the straw-to-grain ratio of three grain crops in different main
grain-producing areas (Table S1) [35]. The formula is as follows:

TS = ∑n

i=1
xi × Ri (1)

where TS is the theoretical resource amount of straw (air-dried base), i is the ith grain crop,
x is the economic yield of grain crops, and R is the straw-to-grain ratio of grain crops.
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Table 1. Cropland–livestock–environment comprehensive evaluation index system.

Subsystem Criteria Indicator Unit Explaining

Cropland (C)

Input

Cultivated area 103 ha

Consumption of chemical fertilizers 104 tons
The quantity of chemical fertilizers

applied in agriculture per year
(volume of effective component)

Irrigated area of cultivated land 103 ha

Total sown area of farm crops 103 ha

Output

Gross output value of farming billion yuan

Output of farm crops 104 tons

Output of major grain per hectare kg/ha Output of Grain/Sown area of
grain crops

Grain crop straw yield 104 tons
Only include the straw of rice, wheat

and corn

Livestock (L)

Input

Number of captive livestock 104 pig equivalents Only confined livestock is included

Livestock density pig equivalent/km2 Number of captive livestock/regional
land area

Number of pigs raised 104 heads

Total output of feed 104 tons

Ratio of large-scale livestock farms %
Number of large-scale livestock
farms/total number of livestock

farms × 100

Output

Gross output value of animal husbandry billion yuan

Livestock urine production 104 tons

Livestock dung production 104 tons

Environment
(E)

Natural

Annual total precipitation mm

Annual total sunshine hours hours

Annual average temperature ◦C

Per capita water resources cu. m/person

Area of afforested land 104 ha

Social

Population 104 persons

Length of highways km

GDP billion yuan

Per capita GDP yuan GDP/population

R&D investments % Expenditure on R&D/GDP × 100

General public budget revenue billion yuan

Environmental protection investment % investment in the treatment of
environmental pollution/GDP × 100

Rural family Engel’s coefficient % Food, tobacco and liquor
expenditure/living expenditure × 100

2.3.2. Data Sources

The data sources of this study include mainly statistical yearbooks and parameters or
coefficients collected in technical guidelines and previous studies. (1) Statistical yearbooks:
China Statistical Yearbook, China Rural Statistical Yearbook, China Animal Husbandry
and Veterinary Yearbook, China Feed Industry Yearbook, China Environmental Statistics
Yearbook and China Agricultural Yearbook, including data on cultivated area, number of
captive livestock and total output of feed. (2) Collected parameters and coefficients: the
data in this study, such as the straw-to-grain ratio of crops, conversion coefficient of pig
equivalent and livestock feeding period were obtained from national technical guidelines
and previous studies. Furthermore, due to the lack of data, per capita water resources
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and area of afforested land in 2000 were obtained from the China Statistical Yearbook in
2004. The data on environmental protection investment in 2000 and 2020 was based on the
2014 and 2018 China Environmental Statistics Yearbook, respectively. Cultivated area data
for 2000 and 2015 came from statistical yearbooks of the provinces. The original data of
each indicator from 2000 to 2020 are shown in Supplementary Material S2.

2.4. Comprehensive Evaluation

To avoid the influence of subjective factors on the results, the weight of each index
was calculated using the entropy weight method, and the comprehensive evaluation values
of cropland, livestock and environment subsystems were calculated using the weighted
summation method [42]. The evaluation steps were as follows:

First, annual total precipitation, annual total sunshine hours and annual average
temperature were transformed using the reciprocal distance method as follows:

T =
1

2
√
(mi − m0)

2
(2)

where T is the transformed index, mi is the original index, and m0 is the average of mi.
Second, to eliminate the influence of dimension, magnitude and positive and negative

orientation, the data were standardized using the following formulas:

yθij =
xθij − min(xθij)

max(xθij)− min(xθij)
(3)

yθij =
max(xθij)− xθij

max(xθij)− min(xθij)
(4)

where yθij is the standardized data, xθij refers to the value of indicator j of city i in year θ,
and min and max are the minimum and maximum values, respectively.

Third, weight calculation was conducted through the use of the entropy weight
method. Wj is the weight of each index in the subsystems, calculated in three steps using
the entropy weight method, as described earlier [43]. The calculation results are shown in
Table S6.

Last, the comprehensive evaluation values of cropland, livestock and environment
subsystems were calculated by using Equation (5):

Zθi = ∑n
j=1

(
yθijWj

)
(5)

where Zθi represents the comprehensive evaluation value of province i in year θ. Zθi(C),
Zθi(l) and Zθi(E) were used to represent the comprehensive evaluation value of cropland,
livestock and environment subsystems, respectively. The calculation results are shown in
Table S7.

2.5. Coupling Coordination Degree Model

The coupling coordination degree model can reflect the interaction between systems or
among subsystems within a system to estimate the development of coupling coordination
of the system [42]. After continuous development, the current coupling coordination
degree model includes eight model types with minor differences; the original model is the
most commonly used coupling coordination degree model [43]. Hence, on the basis of
the original model, we constructed the coupling coordination degree models of cropland–
livestock and cropland–livestock–environment systems.

The coupling coordination degree model of cropland–livestock systems:

C2 = Z(C)Z(L)/(
Z(C) + Z(L)

2
)2 (6)
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T2 = αZ(C) + βZ(L) (7)

D2 =
√

C2 × T2 (8)

where C2 is the coupling degree, reflecting the degree of mutual influence between systems,
and C2 ∈ [0, 1]. When C2 is larger, the degree of coupling between the systems is greater. T2
is the comprehensive reconciliation index. D2 is the coupling coordination degree, the value
of which is positively correlated with the degree of coupling coordination between systems.
Z(C) and Z(L) represent the comprehensive evaluation value of cropland subsystems and
livestock subsystems, respectively. α and β show the weight of the importance of the two
subsystems, where α = β = 1/2.

The coupling coordination degree model of cropland–livestock–environment systems:

C3 =

{
Z(C)Z(L)Z(E)/

(Z(C) + Z(L) + Z(E)

3

)3
}1/3

(9)

T3 = αZ(C) + βZ(L) + γZ(E) (10)

D3 =
√

C3 × T3 (11)

where D3 is the coupling coordination degree for the cropland–livestock–environment
system, Z(C), Z(L) and Z(E) represent the comprehensive evaluation value of cropland,
livestock and environment subsystems, respectively, where α = β = γ = 1/3. The coupling
degree C and comprehensive reconciliation index T are shown in Tables S8 and S9).

In previous studies, different methods were used to classify the coupling coordination
degree [44,45]. In this study, the coupling coordination degree was divided into 10 types
via the use of a continuous uniform distribution function (Table 2).

Table 2. The types and criteria of coupling coordination degree.

Category Dn Value Coupling Coordination Type

Uncoordinated
development

0 ≤ Dn ≤ 0.1 Extreme decoupled maladjustment
0.1 < Dn ≤ 0.2 Severe decoupled maladjustment
0.2 < Dn ≤ 0.3 Moderate decoupled maladjustment
0.3 < Dn ≤ 0.4 Mild decoupled maladjustment

Transformation
development

0.4 < Dn ≤ 0.5 On the verge of decoupled maladjustment
0.5 < Dn ≤ 0.6 Barely coupled coordination

Coordinated
development

0.6 < Dn ≤ 0.7 Basic coupled coordination
0.7 < Dn ≤ 0.8 Intermediate coupled coordination
0.8 < Dn ≤ 0.9 Good coupled coordination
0.9 < Dn ≤ 1 Excellent coupled coordination

2.6. Spatial Autocorrelation

Spatial autocorrelation reflects the correlation of a phenomenon or feature with neigh-
boring regions, while global correlation is used to describe the spatial clustering or differ-
entiation characteristics of a phenomenon or attribute in the whole domain [46]. Moran’s
I is an index commonly used for spatial autocorrelation analysis. We used global and
local Moran’s I to explore the spatial correlation of the coupling coordination degree for
cropland–livestock and cropland–livestock–environment systems [34,47]. The formula of
global Moran’s I is as follows:
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Moran′s I =
∑n

f=1 ∑n
t=1 Wf t

(
Df − D

)(
Dt − D

)
S2 ∑n

f=1 ∑n
t=1 Wf t

(12)

where Df and Dt represent the coupling coordination degree of region f and t, n represents
the total number of regions, and Wft represents the spatial weight matrix;
S2 = 1

n ∑n
f=1
(

D f − D
)
, and D = 1

n ∑n
f=1 D f . The value range of global Moran’s I is

[−1,1], and the larger the absolute value, the greater the global spatial correlation. Some
spatial phenomena or features not only have global correlation characteristics, but also
have local regional spatial aggregation or heterogeneity. Thereby, the local Moran’s I index
was introduced to analyze the local spatial autocorrelation of the coupling coordination
degree for cropland–livestock and cropland–livestock–environment systems. The formula
of local Moran’s I is as follows:

Local Moran′s I =

(
Df − D

)
S2

n

∑
f=1

Wf t

(
Df − D

)
(13)

Hainan was not included in the spatial analysis because it has no border with
other provinces.

2.7. Geographical Detector

Geographical detector is a new analytical method for exploring the factors behind
spatial differentiation. Geographical detector has been applied in many fields of natural
and social sciences. We used geographic detector to detect the influencing factors and
effects of the coupling coordination degree for cropland–livestock and cropland–livestock–
environment systems [48–50]. The specific calculation methods are shown in Section S.2 of
the supplementary materials.

3. Results

3.1. Analyzing the Development of Chinese Cropland and Livestock in 2000–2020

The total sown area of farm crops in China increased gradually, accompanied by
increases in grain and grain crop straw yields from 2000 to 2020. The consumption of
chemical fertilizers increased till 2015 to the maximum application amount of 602.25 million
tons and then decreased (Figure S1). Across the country, the biggest increases in farm crops
sown area were in Heilongjiang, Jilin, Inner Mongolia and Xinjiang, with Heilongjiang
adding 5.58 million hectares. Spatially, the largest changes in terms of the output of grain
and grain crop straw yield were in North China, Northeast and the Middle-lower Reaches
of the Yangtze River; the largest increases were in Heilongjiang, Henan and Shandong.
In Henan, Shandong and Heilongjiang, which have the largest farm crops sown area, the
amounts of applied chemical fertilizers were largest in Henan and Shandong (Figure S2).

During the past 20 years, the number of captive livestock in China fluctuated; the
maximum was 1550.14 million heads (pig equivalent) in 2005, corresponding to a livestock
manure production of 2.79 billion tons (Figure S3). The number of captive livestock in most
provinces varied less than the livestock manure production. In North China, the number
of captive livestock and the livestock manure production of Hebei, Henan and Shandong
provinces have changed greatly (Figure S4).

3.2. Coupling Coordination Degree Analysis

The coupling coordination degree for the cropland–livestock system ranged from
0.4 to 0.9, i.e., from being on the verge of decoupled maladjustment to good coupled
coordination. Most provinces were in basic and intermediate coupled coordination. In
the Middle-lower Reaches of the Yangtze River and Northeast, the coupling coordination
degree values of cropland–livestock systems were all greater than 0.5, indicating that
there was no risk of decoupled maladjustment in the regions. In some years, the coupling
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coordination degree values of cropland–livestock system exceeded 0.8, i.e., the level of
good coupled coordination, in Heilongjiang, Hebei, Shandong and Jiangsu. From 2000 to
2020, Beijing, Qinghai and Tibet were on the verge of decoupled maladjustment state, as
were Tianjin, Ningxia and Hainan in some years (Figure 3a). The within-region differences
in the coupling coordination degree for the cropland and livestock system varied between
regions. The within-region differences were smallest in Northeast and largest in North
China and Northwest (Figure 3b).

(a) (b) 

Figure 3. The coupling coordination degree for the cropland–livestock system in 31 provinces of
China from 2000 to 2020. (a): the coupling coordination degree values for the cropland–livestock
system in 31 provinces; (b): the spatial distribution of the coupling coordination degree.

At the provincial scale, the coupling coordination degree value for the cropland–livestock–
environment system ranged from 0.4 to 0.8, i.e., from being on the verge of decoupled
maladjustment to the intermediate coupled coordination level. Most of the provinces were in
a barely coupled coordination state. The provinces in Southwest, Northeast, the Middle-lower
Reaches of the Yangtze River and North China coupling coordination degree values for the
cropland–livestock–environment system were all greater than 0.5, i.e., there was no risk of
decoupled maladjustment. In some years, the coupling coordination degree values in Ningxia,
Qinghai and Hainan were between 0.4 and 0.5, indicating that these three regions were on the
verge of decoupled maladjustment state (Figure 4a). There were significant spatiotemporal
differences in the coupling coordination degree for the cropland–livestock–environment
system. In terms of time, the coupling coordination degree of cropland–livestock–environment
systems in Qinghai, Hebei, Shandong and other provinces showed great differences over the
years. Spatially, the differences in the coupling coordination degree values for the cropland–
livestock–environment system among provinces in Southwest, Northeast, Middle- lower
Reaches of the Yangtze River and North China were small. While the differences among
provinces were great in the Northwest (Figure 4b).

When the environment subsystem was added to the cropland–livestock system, the
regional coupling coordination degree changed significantly (Figure 5). The coupling
coordination degree values of most provinces decreased by two levels (Figures 3 and 4).
Among them, the good coupled coordination state of Heilongjiang, Hebei, Shandong and
Jiangsu decreased to the basic or barely coupled coordination state. However, the coupling
coordination degree values of Beijing, Tianjin, Shanghai, Tibet and Qinghai increased,
and the state changed from on the verge of decoupled maladjustment to barely coupled
coordination in Beijing, Tianjin and Tibet. In addition, adding the environment subsystem
changed the spatiotemporal difference of coupling coordination degree in most provinces
and increased the degree of variation on the time scale, especially in the Middle-lower
Reaches of the Yangtze River and North China.
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(a) (b) 

Figure 4. The coupling coordination degree for the cropland–livestock–environment system in
31 provinces of China from 2000 to 2020. (a): the coupling coordination degree values for the cropland–
livestock–environment system in 31 provinces; (b): the spatial distribution of the coupling coordina-
tion degree.

Figure 5. Coupling coordination degree comparison of cropland and livestock system in 31 provinces
of China from 2000 to 2020.
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3.3. Spatial Correlation Analysis

Global Moran’s I was used to determine the global spatial autocorrelation of the cou-
pling coordination degree for the cropland–livestock and cropland–livestock–environment
systems. The global Moran’s I p values of the coupling coordination degree for cropland–
livestock and cropland–livestock–environment systems in 2000 were below 0.1, and the Z
values were over 1.65, and in 2010, the p value of the coupling coordination degree for the
cropland–livestock–environment system was below 0.05, and the Z value was over 1.96,
indicating a significant spatial positive correlation (Table 3). Nevertheless, in other years
the p values were all over 0.1, and the Z values below 1.65, indicating that there was no
spatial correlation.

Table 3. Global spatial autocorrelation results.

Year
(CLS CDD)

Global
Moran’s I

p
Value

Z
Value

Year
(CLS CDD)

Global
Moran’s I

p
Value

Z
Value

2000 0.1755 0.0567 1.9057 2000 0.1451 0.0986 1.6517
2005 0.1459 0.1026 1.6326 2005 0.0300 0.5609 0.5816
2010 0.1378 0.1185 1.5621 2010 0.1864 0.0389 2.0654
2015 0.1112 0.1858 1.3232 2015 0.1098 0.1751 1.3560
2020 0.0914 0.2534 1.1442 2020 0.0529 0.4186 0.8089

CLS, cropland–livestock system; CLES, cropland–livestock–environment system.

There were four types of local spatial autocorrelation (Figure 6). At the national level,
high–high clusters (H–H) were mainly distributed in Northeast, North China and the
Middle-lower Reaches of the Yangtze River, including Jilin, Liaoning, Shandong, Henan,
Anhui and Heilongjiang, indicating that the coupling coordination relationship between
cropland and livestock in these cluster areas was better than in the surrounding provinces.
Due to the consistent high–low outlier (H–L) characteristics, the coupling coordination
degree values for the cropland–livestock system in Xinjiang were always higher than in
the surrounding areas. The spatial relationship of the coupling coordination degree for the
cropland–livestock system between Sichuan and neighboring provinces was complicated;
the autocorrelation type changed from H–L to low–low cluster (L–L) and then back to
H–L, indicating that the coupling coordination degree for the cropland–livestock system in
Southwest and Northwest, centered on Sichuan province, had changed considerably.

The local spatial correlation differences of the coupling coordination degree for
cropland–livestock–environment systems over time were large (Figure 7). The local spa-
tial correlation was not significant in the Middle-lower Reaches of the Yangtze River and
Southeast. Shandong, Hunan and Anhui formed a large H–H cluster in 2000 and 2010 and
Shandong and Hunan in 2015 and 2020, indicating that the coupling coordination rela-
tionships between cropland, livestock and environment in the cluster areas were better
than that in the surrounding provinces. From 2000 to 2020, the spatial correlation of the
coupling coordination degree for the cropland–livestock–environment system in Tibet,
Shaanxi, Sichuan, Liaoning, Shanxi, Tianjin and Shanghai changed significantly; the spatial
correlation of Shaanxi, Tianjin and Shanghai changed only in one year.
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Figure 6. Local spatial association cluster maps of cropland–livestock coupling degree from
2000 to 2020.
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Figure 7. Local spatial association cluster maps of cropland–livestock–environment coupling degree
from 2000 to 2020.

3.4. Influencing Factors

The q value and statistical significance reflect the influence degree of the factors on
the coupling coordination degree. Except for the livestock density, all the factors had
significant effects on the coupling coordination degree for the cropland–livestock system
(Table 4). The q value of the irrigated area of cultivated land was 0.8643, indicating that it
had the greatest influence on the coupling coordination degree. The livestock density had
a negligible influence on the coupling coordination degree within the cropland–livestock
system. The six primary factors with a substantial influence on the coupling coordination
degree for the cropland–livestock system belong to the cropland subsystem, indicating its
dominant role in affecting the degree of coupling coordination.
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Table 4. Factors influencing the coupling coordination degree of the cropland–livestock system.

Factor q Value Factor q Value

Irrigated area of cultivated land 0.8643 *** Livestock urine production 0.6877 ***
Total sown area of farm crops 0.8097 *** Cultivated land area 0.6751 ***

Output of farm crops 0.7995 *** Livestock bung production 0.6590 ***
Consumption of chemical fertilizers 0.7887 *** Number of pigs raised 0.5476 ***

Gross output value of farming 0.7669 *** Total output of feed 0.3496 ***
Grain crop straw yield 0.7602 *** Ratio of large-scale livestock farms 0.2838 ***

Gross output value of animal husbandry 0.7345 *** Output of major grain per hectare 0.1506 **
Number of captive livestock 0.6970 *** Livestock density 0.0217

*** and ** indicate statistical significance at q-value levels 0.01 and 0.05 respectively.

Sixteen factors influenced the coupling coordination degree of the cropland–livestock–
environment system (q < 0.01) (Table 5). The factors with greatest influence were of the
cropland subsystem; among all the factors, the irrigated area of cultivated land with q value
0.5414 had the biggest influence on the coupling coordination degree. Among the six factors
of the livestock subsystem, the gross output value of animal husbandry has the biggest
effect; and among the four factors of the environment subsystem, population had the great-
est impact. The five most significant factors were all in the cropland subsystem, whereas
general public budget revenue has the least significant impact. The factors not mentioned
among the aforementioned 16 had negligible influence on the coupling coordination degree
of the cropland–livestock–environment system.

Table 5. Factors influencing the coupling coordination degree of the cropland–livestock–environ-
ment system.

Factor q Value Factor q Value

Irrigated area of cultivated land 0.5414 *** General public budget revenue 0.2697 ***
Total sown area of farm crops 0.4370 *** Total output of feed 0.2402

Output of farm crops 0.4357 *** Annual average temperature 0.2269
Grain crop straw yield 0.4292 *** Annual total sunshine hours 0.1885

Consumption of chemical fertilizers 0.4250 *** Area of afforested land 0.1117
Gross output value of animal husbandry 0.4074 *** Ratio of large-scale livestock farms 0.1107

Gross output value of farming 0.4052 *** Output of major grain per hectare 0.1045
Population 0.3837 *** Annual total precipitation 0.0958

GDP 0.3409 *** Rural family Engel’s coefficient 0.0831
Length of highways 0.3249 *** Per capita GDP 0.0803

Livestock bung production 0.3266 *** Per capita water resources 0.0411
Number of pigs raised 0.3251 *** Livestock density 0.0397

Livestock urine production 0.3055 *** R&D investments 0.0217
Number of captive livestock 0.3036 *** Environmental protection investment 0.0209

Cultivated land area 0.3015 ***

*** indicate statistical significance at q-value levels 0.01 respectively.

4. Discussion

Prior to the 1990s, China primarily focused on agricultural production, employing
traditional coupled livestock and cropland. This approach yielded low agricultural pro-
ductivity, although there existed a significant degree of integration between cropland and
livestock. Following the 1990s, due to a continuous expansion in the inexpensive fertilizer
market, there has been a significant decrease in the use of livestock manure as organic fertil-
izer in cropland, resulting in cropland decoupling from livestock and gradually worsening
non-point source pollution in agriculture since 2000, with the significant development
in agricultural mechanization and intensification, as well as increased public concern for
environmental pollution. Consequently, new models for integrated crop-livestock farming
have emerged, leading to the recoupling of livestock and cropland [8,24,51]. How has the
development of rebuilding the linkage between livestock and cropland been since 2000?
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Therefore, it is necessary to conduct a comprehensive analysis of the coupling coordination
relationship between cropland and livestock and explore its driving factors [4,10]. We built
a comprehensive evaluation indicator system of cropland and livestock system from three
aspects: cropland, livestock and environment. Furthermore, we explored the spatiotempo-
ral variation of the coupling coordination relationship for cropland–livestock systems in
China during 2000–2020 based on a coupling coordination model and determined its key
driving factors.

4.1. Enhancing the Coupling Coordination Relationship between Cropland and Livestock

Similar to a previous study [20], the results showed that most of the provinces in
China were not at risk of the decoupling between cropland and livestock. From 2005 to
2020, the best coupling relationship between cropland and livestock was in Heilongjiang,
possibly because the cultivated area in Heilongjiang is the biggest in China, chemical
fertilizers are applied less and fewer livestock is raised than in the other provinces (Figure 3,
Figures S2 and S4). Six provinces, including Beijing and Tianjin, are facing the risk of
cropland and livestock decoupling, partly because there is less cultivated land to absorb
livestock manure, large-scale farms account for a relatively high proportion, and the differ-
ence in the comprehensive evaluation values between cropland and livestock subsystems
was significant in these provinces (Figure 3 and Table S7). The cropland and livestock
system in Shanghai was also at risk of being decoupled, indicating that the risk of excess
manure production in more urbanized areas is higher, making the cropland and livestock
decoupling more likely [20,52]. However, the cropland–livestock coupling coordination de-
gree was higher in Shanghai than that in Beijing and Tianjin, possibly because the Shanghai
government has adopted and implemented stricter management measures for livestock ma-
nure [53]. Since 2000, the Central Government of China has paid more and more attention
to the environmental pollution caused by livestock farming and issued a series of policies
and regulations to manage and restrict livestock farming. However, due to that, farmers
lack environmental protection awareness and fail to realize the importance of nutrient
management and there is a lack of attention by some local governments; therefore, the
coupling coordination degree of cropland and livestock in most provinces of China has not
improved significantly from 2000 to 2020 (Figure 3) [27,53,54]. As individuals increasingly
prioritize healthy dietary habits by reducing their consumption of animal-derived products,
and with the implementation of more scientifically informed spatial planning for livestock
production, there is an opportunity to align the development of cropland and livestock
towards greater coupling coordination. However, the continuing trend of urbanization and
rising population density has resulted in the gradual relocation of livestock farms from
rural areas to suburban fringes, distancing them from cropland, which could potentially
exacerbate the decoupling of cropland and livestock in certain regions [5,8,9,55]. Therefore,
it is necessary to further enhance the degree of coupling coordination between cropland and
livestock, especially in relatively developed areas with less cultivated land. Additionally,
there is a need to strengthen the executive force of regulations and laws related to livestock
production in the future.

4.2. The Role of Environmental Factors in Cropland–Livestock Coupling

When considering the environmental factors as an independent subsystem in the
coupling relationship between cropland and livestock, the regional degree of cropland and
livestock coupling had obviously changed. The coupling coordination degree value of most
of the provinces decreased and was generally low, with a large decoupling risk. However,
the coupling coordination degree value of Beijing, Tianjin and Shanghai increased (Figure 5).
This was partly because of the rapid economic development of areas such as Beijing, with
relatively high per capita GDP, convenient transportation and abundant resources for
environmental pollution control [20,52]. Environmental factors such as population, GDP,
traffic conditions and terrain were the main reasons for the decoupling of regional cropland
and livestock system [8,56]. Furthermore, taking environmental, social and economic
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factors into full consideration is the key to the spatial planning of livestock production
and the reconstruction of the spatial connection between cropland and livestock [56].
Therefore, environmental factors must be considered when analyzing the regional coupling
relationship between cropland and livestock.

4.3. Key Drivers for the Coupling of Cropland and Livestock

The factors with the highest influence on cropland–livestock and cropland–livestock–
environment coupling coordination were all from the cropland subsystem, indicating
that the cropland subsystem plays a leading function in the coupling and coordination
of cropland–livestock and cropland–livestock–environment systems. Interestingly, the
irrigated area of cultivated land was the most influential factor in the coupling coor-
dination relationship of both cropland–livestock and cropland–livestock–environment
systems (Tables 4 and 5). Possibly the irrigated area of cultivated land is related to the
consumption of freshwater resources in the region, which not only has a great impact
on crop yield and gross output value of farming but also directly affects the supply of
freshwater resources for livestock in the region [3,57,58]. Population, GDP, the length of
highways and the general public budget in the environment subsystem had an impact
on the coupling coordination relationship for cropland–livestock–environment systems
(Table 5). Similar to earlier conclusions [8,11,56], population, GDP and the length of high-
ways that determines the transportation distance of livestock were the influencing factors
for cropland–livestock systems of the coupling relationship (Tables 4 and 5). Contrary to
earlier results, livestock density was not an influencing factor for cropland–livestock or
cropland–livestock–environment systems. The difference to earlier results may be due to
a different definition of livestock density or to our comprehensive approach where more
indicators were considered [5,7,19].

4.4. Limitations and Outlook of the Study

Different from previous studies where the synergistic effect of regional cropland and
livestock were measured from limited perspectives, e.g., breeding quantity, animal density,
crop-livestock nutrient balance and land carrying capacity [7,20,53], we used the coupling
coordination degree model to comprehensively establish the coupling coordination relation-
ship between cropland, livestock and environment subsystems. Although we constructed
a relatively comprehensive evaluation index system from the three aspects and carried
out a correlation analysis of indicators, a lack of evaluation of the suitability and risk of
indicators with uncertainties remains. In addition, due to the limited access to data at
the provincial level, the survey data, such as the area of livestock farms and livestock
manure treatment methods, were not considered in the indicator system. Consequently, to
make the quantitative results of the coupling relationship between cropland and livestock
more accurate in future research, a comprehensive evaluation of the indicators related to
the coupling relationship between cropland and livestock should be carried out, and a
comprehensive evaluation indicator system for cropland–livestock could be constructed
at different scales (e.g., county, city or district) and dimensions [59]. The data used in this
study come from various statistical yearbooks in China, which are the most credible data
sources in China. Calculated coefficients, e.g., straw-to-grain ratio, pig equivalent conver-
sion coefficient and livestock feeding period, from previous studies and Chinese technical
guidelines similar to the national statistics, are also reliable. However, the differences in the
values of coefficients between our calculations and previous studies and national technical
guidelines have resulted in uncertainty in the research [24].

5. Conclusions

There was no risk of decoupling between cropland and livestock in most of the
provinces in China during 2000–2020, but the degree of coupling coordination was low
down. Beijing, Tianjin and other more urbanized areas were more likely to undergo the
decoupling of cropland and livestock, but it was also easier to reestablish the contact of
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cropland and livestock and increase the degree of coupling coordination in those areas. The
spatial autocorrelation of cropland and livestock coupling coordination among provinces
in China was not significant. In Hebei, Henan, Shandong and Sichuan, which are major
agricultural and livestock breeding provinces, cropland and livestock system were not
at the risk of decoupling. This indicates that the coupling coordination degree between
cropland and livestock system is higher in areas with comprehensive development of
planting and breeding industries. Our results showed that the cropland subsystem had
the greatest influence on the coupling coordination between cropland and livestock sys-
tems. The irrigated area of cultivated land was the most influential factor in the coupling
coordination relationship of both cropland–livestock and cropland–livestock–environment
systems. Clearly, our research examined the national scale and did not involve analyzing
the coordinated relationship between cropland and livestock under different policy con-
texts. Such an analysis would be more suitable for studying regional scales under uniform
contexts. To fully understand the critical influencing factors of the coupling relationship
between cropland and livestock, we suggest that in future research, an indicator system is
constructed from multiple scales and multiple dimensions to compare the spatiotemporal
characteristics of the coupling between cropland and livestock at different scales and to
explore the key influencing factors and major barriers at multiple scales.
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Abstract: Agriculture is an integral constituent of Pakistan’s economy and the primary source of
livelihood for nearly 65% of the population living in rural areas. Rice is the second major staple food
after wheat and a significant source of foreign exchange earnings through Basmati exports. Pakistan
has established an extensive network of agricultural extension to educate the farming community
about modern agricultural practices for enhancing the agricultural productivity of major food crops
grown in the country. The present study was undertaken to evaluate rice farmers’ views about
public extension services and to identify their perspective regarding various ways of enhancing
rice production in Pakistan. A multi-stage simple random sampling technique was employed, and
data were collected from 193 rice farmers with the help of structured interviews using a pre-tested
questionnaire. The findings revealed that a vast majority of the rice farmers were poorly satisfied
with the public extension services. The results of the Spearman Rank-Order Correlation showed
that landholding size had a significant effect on deciding extension contact; public extension agents
are more likely to visit and serve those rice farmers who possess large landholders and therefore
have the tendency to intentionally neglect small-scale rice farmers. For enhancing rice production
in Pakistan, farmers believed that the provision of subsidized agricultural inputs and a minimum
support price for rice is indispensable. Based on our findings, we suggest that to make public
extension services more effective, public extension agents should particularly focus on the capacity
building of small-scale farmers rather than large-scale farmers. Moreover, there is a need to broaden
the scope of public extension services from simple crop protection measures to a set of comprehensive
sustainable agricultural practices for increasing agricultural productivity, resource-use efficiency, as
well as resilience toward adverse impacts of climate change.

Keywords: public extension; capacity building; smallholder farmers; Basmati rice

1. Introduction

Pakistan is the sixth most populous country of the world, with a population over
190 million people [1,2]. In terms of Purchasing Power Parity, it is the 24th largest economy
of the world, while it ranks 44th in terms of nominal Gross Domestic Product (GDP) [3–5].
Agriculture has been the mainstay of Pakistan’s economy. Although the share of the
agriculture sector in the national economy has consistently declined over the last few
decades, it is still an integral part of the economy. It contributes about 22% to the national
GDP. Moreover, it is a major source of employment for the country’s workforce; about
37% of the labor force is employed in this sector. Over 65% of the people living in rural
and remote areas rely on to sustain their livelihoods. It is also the main source of foreign
exchange earnings; nearly three-fourths of the exports are agro-based products. Various
domestic manufacturing industries are dependent on agriculture for the provision of raw
materials [6–8]. The total arable land in the country is around 30.9 million hectares (Mha),
out of which 24.1 Mha is under different crops [9]. Important crops of the country include
wheat, rice, cotton, sugarcane, and maize. Besides its importance for the economy, it is vital
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to the national food security and economic stability of both rural and urban populations
amid rapid population growth [10].

Rice (Oryza sativa L.) is an important cash crop in Pakistan. It is the second major
staple food after wheat in the country [11,12]. The total area under rice cultivation in
different parts of the country is around 3.53 million hectares; much of this area is located
in the Punjab province that is also the main province in terms of rice production [6].
Within Punjab, there are certain areas that are well known for Basmati rice cultivation.
These areas are collectively known as the “Collar” tract (locally known as Kalar tract) of
rice, and they include the following districts of Punjab: Gujranwala, Hafizabad, Sialkot,
Narowal, Sheikhupura, Nankana, Gujrat, and Mandi Bahauddin. Both the soils and climatic
conditions of these areas particularly suit Basmati rice cultivation compared with other
areas in the country [13–16]. Pakistan’s total rice production stands at nearly 9.32 million
tons [6]. Besides being a staple food in the country, rice exports are also a considerable
source of foreign exchange earnings. Pakistan is among one of the world’s largest exporters
of rice. According to the Trade Development Authority of Pakistan, the total worth of rice
exports was estimated to be around $2.04 billion during the 2021 fiscal year [17].

Although the term “sustainable development” has multiple definitions and inter-
pretations, the most popular and widely used definition is: “Sustainable development
is development that meets the needs of the present without compromising the ability of
future generations to meet their own needs” [18]. Since the publication of the Brundtland
Report by WECD, the concept of sustainable development has significantly evolved to add
more focus toward resource-use optimizations, conservation of natural resources, environ-
mental protection, and social equality and inclusion [19]. Some scholars [20] even argue for
revisiting the prevailing notion of sustainable development as an analytical framework to
guide international development endeavors in the context of recent unprecedented health
and economic crises. In order to achieve sustainable development, since 2015, all UN
member states have adopted a set of 17 Sustainable Development Goals (also known as the
Sustainable Development Agenda 2030). Being universal in nature, these global goals aim
to alleviate poverty, protect the environment, and ensure sustainable, resilient, and prosper-
ous societies across the globe [21–23]. In the context of food and agriculture, the concept
of sustainable development refers to all those sustainable agricultural and food practices
that aim to ensure food security for all the people on planet Earth without their overex-
ploitation and to reduce the global carbon footprint of agriculture, contributing toward
climate change adaptation and mitigation [24,25]. Agriculture, forestry, and other land-use
practices collectively contribute about 24–30% of the total global greenhouse gas (GHG)
emissions [26,27]. Therefore, the adoption of sustainable agricultural practices that aim to
reduce GHG emissions can play a crucial role in climate change mitigation. Therefore, the
institutional function of agricultural extension in this context is to promote the adoption
of sustainable and climate-smart agricultural practices among the farming community by
raising their level of awareness, knowledge, and skills using all possible means, especially
in the developing and under-developed countries, where a large proportion of the farmers
are relatively less educated and still use traditional agricultural practices that are not only
resource-intensive but are also becoming less profitable and non-competitive.

Pakistan has established an extensive network of public agricultural extension across
the country in order to disseminate agricultural information, educate and train the farming
community about modern sustainable agricultural practices for enhancing agricultural
productivity and economic growth, and alleviate poverty in the rural areas [28–30]. Public
agricultural extension refers to the extension and advisory services that are provided by
the government’s Agriculture Department without any service fee. Each province has its
own independent public Agriculture Department with its affiliated agricultural extension
wing that works under the aegis of respective provincial ministries of agriculture. The
Agriculture Department has its offices in every tehsil (an administrative subdivision of a
district) for the provision of extension and advisory services. Moreover, the Agriculture
Department is systematically linked with a network of “Adaptive Research Stations” that
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are tasked with the creation and testing of innovative agricultural practices applicable
under local agro-climatic conditions and which cater to farmers’ needs to enable them
to be competitive in continuously evolving agricultural markets. At the Markaz level
(a collection of a specific number of villages), the Agriculture Department deploys an
extension officer (a university graduate) along with two subordinate agricultural field
assistants who are mainly involved in the provision of extension and advisory services to
the farming community. Figure 1 provides an overview of the functional organization of
public agricultural extension in the province of Punjab, Pakistan. The private sector is also
actively engaged in the delivery of extension services to the farmers [31–34]. Major private
companies that participate in the provision of extension services to the farmers are mainly
the input suppliers of seeds, herbicides, and pesticides. Unlike public extension, these
profit-oriented companies and enterprises particularly focus on educating and training
farmers regarding the use of their products for maximizing their product sales. However,
despite such a large network of both public and private extension, agricultural productivity
of the major crops grown in the country is relatively low compared with other neighboring
nations and under similar farming systems [8,35–38].

 

Figure 1. Organizational hierarchy of agricultural extension in Punjab, Pakistan.

Low agricultural productivity can be attributed to several distinct factors; however, a
significant driver of this is farmers’ low adoption of modern production practices owing
to their lack of or poor technical knowledge and farm management skills [39–44]. Amid
the severe financial crisis in the country, it is difficult to justify huge public investment
for maintaining a large public extension network and institutions without having any
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significant impact on national agricultural development and food security. One way to
assess the impact is to explore the performance of the public Agriculture Department in
terms of the extension and advisory services it provides to the farming community that
are aimed at their education and capacity development regarding modern agricultural
techniques and practices. In this context, the present study was designed to assess rice
farmers’ views about public extension services and to analyze their own perspective about
different ways of enhancing rice production, both for meeting domestic needs and for
exporting to other countries.

2. Materials and Methods

2.1. Description of the Study Area

The present study was conducted in the Gujranwala district of Punjab, Pakistan.
Gujranwala is further subdivided into different areas known as towns and tehsils for ad-
ministrative purposes. These include Qila Didar Singh, Aroop, Khiali Shahpur, Nandipur,
Wazirabad, Kamoke, and Nowshera Virkan. Each tehsil comprises several villages, and it is
the smallest administrative unit [45]. The total area of Gujranwala is around 3622 sq.km [45].
As per the 2017 census, the total population of the district is about 5.01 million [45,46].
The district experiences a semi-arid climate with fluctuations throughout the year. Tem-
peratures during the summer season may reach up to 42 ◦C. During the winter season,
the temperature may drop to 7 ◦C. The highest amount of precipitation occurs during the
monsoon season (July–Aug). During other periods of the year, the average precipitation
is about 25 mm. Most of the rural people of the area are engaged in farming. The total
cultivated area of the district is about 0.778 million acres [45,47]. Pakistan’s best-quality
Basmati Rice, which is known for its peculiar aroma, is transplanted on vast tracts of land
in this area. Overall, the main crops grown in the area include wheat, rice, maize, millet,
and oilseed crops, such as sunflower and canola [48]. Rice is the major Kharif season crop,
covering about 93% of the cultivated area. In the Rabi season, 80% of the cultivated area is
under a wheat crop. Perennial canals as well as abstraction of groundwater through tube
wells are the main major prime sources of irrigation. According to official sources, about
38% of the farmers are classified as small landholders, 54% as medium, and around 8% as
large-scale commercial farmers [47]. Figure 2 shows the map of the study area.

 

Figure 2. Map of the study area.
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2.2. Research Design

A cross-sectional survey was employed as a research design to implement the study. In
terms of sampling, we adopted a multi-stage random sampling approach. In the first stage,
two tehsils (Kamoke and Nowshera Virkan) of the Gujranwala district were randomly
selected. In the second stage, 20 villages from both the tehsils (10 from each one) were
randomly selected. In the third stage, 200 farmers (10 farmers from each of the 20 randomly
selected villages) were selected for final data collection. The research questionnaire was
developed by a group of researchers in the Department of Agricultural Extension and Rural
Society at the King Saud University, Riyadh, Saudi Arabia. The approval of the Research
Ethics Committee of Deanship of Scientific Research at King Saud University was also
obtained before initiating the process of data collection. Moreover, the informed consent of
the farmers was taken verbally before collecting the data. We clearly explained to them
that their participation was not mandatory, and the collected data would only be used for
academic purposes. Data were collected using structured interviews; questions using the
same wording and order were asked of all the farmers to ensure a standardized pattern.
Out of the 200 selected farmers, 7 were not available for the interview. Each interview
lasted for around 35–40 min. Before final data collection, a pilot study involving 30 farmers
was conducted to test the questionnaire and to measure the internal consistency of the
Likert Scale designed for determining farmers’ views about public extension services. The
Cronbach alpha run for reliability analysis yielded a score of 0.83. Several studies report
that an alpha coefficient value above 0.70 indicates a high level of internal consistency on
the Likert Scale [49–53].

2.3. Research Instrument

The research questionnaire was divided into three different sections. In the first section,
questions related to demographic and socio-economic characteristics were included. It
contained the following questions: age, level of formal education, farming experience,
landholding size, type of land ownership, and sources of income of the rice farmers.
The second section included questions related to rice farmers’ views about the extension
and advisory services delivered by the public Agriculture Department (AD). The rice
farmers were asked about different extension services provided by the AD that are aimed
at educating them and improving their knowledge and skills regarding rice cultivation.
A five-point Likert scale (1 = Strongly Disagree; 2 = Disagree; 3 = Undecided; 4 = Agree;
5 = Strongly Agree) was used to determine their views about public extension services. In
the last section, questions related to public extension officers’ visit to the farmers, farmers’
various sources of agricultural information, and their perspective about ways of enhancing
rice production in Punjab were included.

2.4. Data Analysis

Both descriptive and inferential statistics were used to analyze the data. Demographic
and socio-economic characteristics of the farmers were summarized using frequencies and
percentages. Farmers’ views about public extension services were also tabulated using
percentages. “Strongly disagree” and “disagree” categories were merged into one category
of “disagree”, while “strongly agree” and “agree” categories on the Likert scale were
merged into one category of “agree”. Based on their scores on the Likert scale, a new ordinal
variable was computed to classify farmers into three different groups (1 = Poorly satisfied;
2 = Moderately satisfied; 3 = Highly satisfied). In order to find a correlation between ordinal
demographic and socio-economic variables (age, education level, farming experience,
landholding size, extension agents’ visit to farmers) and farmers’ views about public
extension services, the Spearman Rank-Order correlation was employed. For nominal
variables (land ownership and income sources), Mann–Whitney and Kruskal–Wallis tests
were used. All the analyses were run using Statistical Package for Social Sciences (IBM
SPSS v27.0). Figure 3 presents an overview of the methodological framework.
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Figure 3. Methodological framework.

3. Results

3.1. Socio-Economic Characteristics of the Rice Farmers

Table 1 shows the demographic and socio-economic characteristics of the rice farmers
in the study area. About 24% of the farmers were below 40 years of age. Nearly two-fifths
of them (39%) were between 41–50 years of age. Around 37% of the farmers were above
50 years of age. About 18% of the farmers had no formal education. Around 26% of
them said that they had attended formal schooling, but only up to primary level. Nearly
24% of the sampled farmers had educational qualifications up to middle standard. A
low percentage of the farmers reported an education level of Matric or beyond; only 15%
of the rice farmers attained an education level of at least Matric, whereas about 17% of
them reported that they had obtained higher educational qualifications. About 43% of the
respondents had farming experience between 11–20 years; around one-fourth of them had
farming experience of more than 20 years. Collectively, about three-fourths of the farmers
had less than 20 years of farming experience. The majority of the farmers (60%) in the study
area possessed agricultural lands below 20 acres (8.09 ha); out of these, about 31% reported
landholding sizes below 10 acres (4.04 ha). About 22% of the farmers had land of more than
30 acres (12.14 ha). A vast majority of the rice farmers (89%) were owners of their lands;
only around 11% of them reported that they had rented agricultural lands for farming. The
sources of income of around 43% of the rice farmers were both agriculture and other small
side businesses. Around 38% of the farmers indicated that agriculture was their sole source
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of income. Apart from this, about one-fifth of them reported that they had other businesses
as a main source of income, not agriculture.

Table 1. Rice farmers’ socio-economic characteristics.

Variable
Frequency
(n = 193)

Percent Variable
Frequency
(n = 193)

Percent

Age Education Level
Below 30 years 12 6.2 Illiterate 34 17.6

31–40 years 35 18.1 Primary (Grade 5) 51 26.4
41–50 years 76 39.4 Middle (Grade 8) 47 24.4
51–60 years 53 27.5 Matric (Grade 10) 29 15.0

Above 60 years 17 8.8 Above Matric 32 16.6

Farming Experience Income Sources
Below 10 years 61 31.6 Purely agriculture 73 37.8

11–20 years 83 43.0 Other businesses 37 19.2
Above 20 years 49 25.4 Both 83 43.0

Landholding Size Land Ownership
Below 10 acres 60 31.1 Owner 171 88.6

11–20 acres 55 28.5 Tenant 22 11.4
21–30 acres 35 18.1

Above 30 acres 43 22.3

3.2. Rice Farmer’s Views about Public Extension Services

Table 2 depicts the results of rice farmers’ views about public extension services.
Around 61% of the rice farmers disagreed with the statement that the public Agriculture
Department (AD) conducted field demonstrations about new crop varieties and modern
production practices during the rice season. They (61%) also disagreed regarding the
random selection of farmer’s lands for field demonstration; only one-fifth of the farmers
agreed that field demonstrations were performed on randomly selected farmer fields. Over
half (57%) of the farmers believed that the AD did not provide information about land
preparation for nursery sowing and rice transplanting. About 64% disagreed with the
statement that the AD provided information regarding irrigation and fertilizer application
methods for rice crops. Over half (54%) of the farmers expressed disagreement regarding
the provision of information about crop protection measures; around 42% believed that the
AD provided information to control insects, pests, and diseases. Around 68% disagreed
with the statement that the AD provided information regarding good post-harvest practices
for rice crop management. The majority of the farmers (79%) disagreed that the AD
educated the rice farmers to acquire better marketing skills. They (79%) disagreed that the
AD helped rice farmers to sell their rice crop after harvesting at a profitable price. A vast
majority (81%) agreed that the AD did not conduct extension programs for educating rice
farmers before the start of the rice season. Around 73% of the farmers were also convinced
that the AD did not use both electronic and print media effectively for the dissemination
of information about modern production practices related to rice crops. About 79% of
the farmers indicated that the AD did not provide timely information. The majority of
them (81%) also believed that information provided by the AD was not relevant to rice
farmers’ needs. A vast majority (83%) was convinced that the AD did not play a role in the
timely provision of subsidized agricultural inputs. About 71% believed that extension staff
were not available when they visited the AD. About three-fourths of the rice farmers were
convinced that the overall performance of the AD was not satisfactory. Based on the farmers’
views about public extension services, they were classified into three distinct categories.
About 76% of the farmers were poorly satisfied with the extension services provided by the
AD, 10% were moderately satisfied, while 14% of them were highly satisfied (Figure 4).
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Table 2. Rice farmers’ views about public extension services.

Statements Disagree (%) Undecided (%) Agree (%)
Mean

(n = 193)
Standard
Deviation

Agriculture Department (AD) conducts field
demonstrations about new crop varieties and

modern production practices during the rice season.
60.6 6.7 32.6 1.72 0.927

Field demonstrations are conducted on randomly
selected farmer fields without any bias. 61.1 18.1 20.7 1.60 0.812

AD provides information about land preparation for
nursery sowing and rice transplanting. 56.5 11.4 32.1 1.76 0.912

AD provides information about irrigation and
fertilizer application methods. 64.2 6.7 29.0 1.65 0.902

AD provides information about rice crop protection
measures to control insects, pests, and diseases. 53.9 4.7 41.5 1.88 0.971

AD provides information about post-harvest
practices for rice crop management. 67.9 5.7 26.4 1.59 0.880

AD educates farmers to acquire marketing skills to
earn more profit. 78.8 9.8 11.4 1.33 0.671

AD helps rice farmers to sell their produce at a
profitable price. 79.3 4.1 16.6 1.37 0.754

AD conducts extensions programs for educating rice
farmers before the start of the rice season. 80.8 2.6 16.6 1.36 0.751

AD effectively uses both print and electronic media
to disseminate information about modern rice

production practices.
72.5 15.5 11.9 1.39 0.692

AD provides extension services in a timely manner. 79.3 5.7 15.0 1.36 0.730

Extension services provided by AD are relevant to
rice farmers’ needs. 80.8 4.7 14.5 1.34 0.718

AD plays a role in the timely provision of
agricultural inputs at subsidized rates. 82.9 4.1 13.0 1.30 0.687

When you visit AD, extension staff is available. 71.0 8.3 20.7 1.50 0.817

The overall performance of AD is satisfactory. 75.1 9.8 15.0 1.40 0.737

Statements were measured using a 5-point Likert scale (1 = Strongly Disagree to 5 = Strongly Agree). However, in
the final analysis, these categories were combined into three categories (1 = Disagree; 2 = Undecided; 3 = Agree).

 

Figure 4. Rice farmers’ classification according to their satisfaction regarding public extension services.
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3.3. Extension Agents’ Visit to Farmers, Farmers’ Sources of Information, and Their Perspective
about Ways of Enhancing Rice Production

Table 3 describes the results of extension agents’ visit to rice farmers, their sources
of agricultural information, and their perspective about different ways of enhancing rice
production. About 60% of the farmers indicated that extension agents never visited their
farms. Around 17% of them revealed that they were visited by the public extension agents
only once in 6 months. Only 13% of the farmers indicated that extension agents visited
their farms on a monthly basis.

Regarding sources of information, nearly half (47%) of the farmers disclosed that neigh-
boring farmers were their main source of agricultural information. About 16% of the farmers
indicated extension agents as their source of agricultural information. The internet was also used
as a source of information by around 15% of the rice farmers. Radio as a source of agricultural
information was only used by a small percentage (3.6%) of the farmers.

Rice farmers were also asked about their perspective on enhancing rice production.
About 39% of the farmers believed that the provision of subsidized agricultural inputs to
the farmers can play a significant role in enhancing rice production in Pakistan. About 35%
were convinced that a suitable support price set by the government for the rice crop can
also enhance rice production. Farmers’ capacity building was seen as less important; only
14% of the farmers believed that building the capacity of farmers can be helpful in raising
rice production. Around 12% of them believed that the provision of credit services to the
farmers is important for enhancing rice production.

Table 3. Extension agents’ visit to farmers, farmers’ sources of information, and their perspective
about enhancing rice production.

Variable
Frequency
(n = 193)

Percent

Extension Agents’ Visit to Farmers
Monthly 25 13.0

Once in 3 months 21 10.9
Once in 6 months 32 16.6

Never 115 59.6

Farmers’ Sources of Agricultural Information
Extension Agents 31 16.1

Neighboring Farmers 91 47.2
Print Media 19 9.8

TV 17 8.8
Radio 7 3.6

Internet 28 14.5

Ways of Enhancing Rice Production
Farmers’ capacity building 26 13.5

Provision of subsidized agricultural inputs 75 38.9
Provision of credit services 24 12.4

Ensuring a support price by government for rice crops 68 35.2

3.4. Relationship of Socio-Economic Characteristics with Farmers’ Satisfaction Regarding Public
Extension Services

Table 4 shows the results of the Spearman Rank-Order Correlation. The non-parametric
correlation was run to find relationships between ordinal socio-economic variables (age,
education, farming experience, landholding size, and extension agents’ visit to farmers)
and rice farmers’ views about public extension services (ordinal variable computed from
15 Likert Scale items). The analysis revealed that age and farming experience were not
statistically significantly correlated with the farmers’ views about public extension services.
There was a significant positive correlation between education level and farmers’ views
about public extension services (rs = 0.180; p = 0.012). However, the value of correlation
coefficient suggests that it is a weak correlation.
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Table 4. Spearman Rank-Order Correlation.

Independent Variables a Correlation Coefficient (rs) p-Value

Age 0.044 0.545
Education Level 0.180 * 0.012

Farming Experience 0.088 0.226
Landholding Size 0.744 ** <0.001

Extension Agents’ Visits to Farmers −0.638 ** <0.001
Landholding size b −0.774 ** <0.001

a Dependent variable is farmers’ satisfaction regarding public extension services (1 = poorly satisfied;
2 = moderately satisfied; 3 = highly satisfied). * Correlation is significant at the 0.05 level (2-tailed). ** Cor-
relation is significant at the 0.01 level (2-tailed). b Dependent variable is extension agents’ visits to farmers
(1 = monthly; 2 = once in 3 months; 3 = once in 6 months; 4 = never).

The analysis indicated that there was a significant positive correlation between land-
holding size and farmers’ views about public extension services (rs = 0.744; p ≤ 0.001). The
value of the correlation coefficient reveals that it is a strong correlation. In other words,
those rice farmers who have more land area are more likely to be highly satisfied with
the public extension services. Extension agents’ visits to farmers was also significantly
negatively correlated with farmers’ views about public extension services (rs = −0.638;
p ≤ 0.001). The analysis of the correlation coefficient suggests that it is a moderate correla-
tion. The more frequently extension agents visit the farmers, the more likely the farmers
are to be highly satisfied with the public extension services.

A Spearman correlation test was also run in order to identify the relationship between
landholding size and extension agents’ visits to the farmers. The analysis revealed that
there was a significant negative correlation between landholding size and extension agents’
visits to the farmers. The value of the correlation coefficient suggests that it is a strong
correlation (rs = −0.774; p = ≤ 0.001). The farmers who possess a large land area are more
likely to be frequently visited by the extension agents.

Table 5 describes the results of non-parametric tests. The Mann–Whitney test was
run in order to determine differences in farmers’ views about public extension services as
per their land ownership. The test revealed that there were no significant differences in
the views of farmers who are owners of the land compared with those who are tenants
(U = 1838.50; p = 0.817). To find differences in farmers’ views about public extension
services between those having different sources of income, the Kruskal–Wallis test was
conducted. The results indicated that the views about public extension services by farmers
having different income sources are not significantly different (χ2 = 1.027; p = 0.598).

Table 5. Results of Mann–Whitney and Kruskal–Wallis tests.

Independent Variable
Farmers’ Satisfaction Regarding Public Extension Services a

Mean Rank Mann–Whitney U p-Value

Land Ownership
Owner (n = 171) 97.25 1838.50 0.817
Tenant (n = 22) 95.07

Kruskal—Wallis Test
Variable Mean Rank Chi Square p-Value

Income Sources
Purely agriculture (n = 73) 95.77 1.027 0.598
Other businesses (n = 37) 92.28

Both (n = 83) 100.19
a Dependent variable is farmers’ satisfaction regarding public extension services (1 = poorly satisfied;
2 = moderately satisfied; 3 = highly satisfied).

4. Discussion and Implications

In this study, we attempted to assess rice farmers’ views about public extension and
advisory services as well as their perspective regarding different ways of enhancing rice
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production in Punjab, Pakistan. The analysis of the farmers’ demographic and socio-
economic profile reveals that the majority of the farmers are below 50 years of age and
possess farming experience of 20 years or less. Age might have a relation with agricultural
productivity as relatively young farmers are considered more innovative based on their
ability to achieve higher overall agricultural productivity and profitability [54,55]. Farming
experience can also enhance the farmers’ technical capacity as well as their orientation for
adopting improved agricultural practices [56–58]. About half of them have attained an
educational level of 8th grade or below, whereas one-fifth have no formal education. In
Pakistan, most of the people who are engaged in agriculture generally have low educational
background [59,60]. This is also one of the major reasons for the low resource-use efficiency
and overall productivity in the country. Several studies reported a significant relationship
between education of the farmers and their technical efficiency [56,57].

Although a vast majority of the farmers are owners of their lands rather than being
a tenant, the majority own relatively small lands (less than 8 hectares). According to
the agricultural census of 2016–2017, around 90% of the farms in Punjab are less than
10 hectares and occupy about 69% of the land area in Punjab [61]. Farmers with large
landholdings are generally more productive and have high economic potential [62–64].
Land ownership is also known to have an impact on the long-term sustainability of land;
farmers who own land are not only more innovative, but they are also more concerned
about the physical condition of their lands [65,66]. Nearly two-fifths of the farmers have
agriculture as their sole source of income; however, a slightly greater proportion of them
use both agriculture and other business activities to earn income. Fluctuations in the market
and low profitability force farmers to explore other sources of livelihood generation in
addition to agriculture to supplement their income.

Regarding rice farmers’ views about public extension and advisory services, the
findings reveal that a vast majority of the farmers are poorly satisfied with these services.
They believe that Agriculture Department is not actively involved in the provision of
various extension services, such as field demonstrations, land preparation for nursery
sowing and rice transplanting, fertilizer and irrigation application methods, and post-
harvest practices. They also believe that the Agriculture Department does not provide
timely information and that the services provided are not relevant to rice farmers’ evolving
needs. The focus of the department is generally on providing information about crop
protection measures, including insects, pests, and disease control and prevention. In
Punjab, the Agriculture Department of the Government of Punjab is primarily responsible
for the provision of agricultural information as well as educating and training farmers about
modern production practices. Ideally, the department has the mandate to provide a diverse
range of extension services covering all the aspects of crop production for the various crops
grown in the province. However, our findings suggest that the Agriculture Department
has failed in its efforts to provide advisory services to the rice farming community. One
apparent reason for the rice farmers’ dissatisfaction with public extension services is the
lack of extension agents’ contact with the rice farmers in the study area. Extension agents
rarely conduct field visits and are not a major source of agricultural information for the
farmers. Rather, rice farmers rely on neighboring farmers and other sources for agricultural
information and advice. Farmers’ access to extension and advisory services is known to
positively influence their adoption of modern agricultural practices and can also increase
their agricultural productivity as well as economic efficiency [58,60,65,67,68].

Public agricultural extension officials attribute the small extension workforce as the
main cause of extension agents’ lack of visits to the farmers. According to the Director
General of Agriculture Punjab (Extension and Adaptive Research), it is not possible to
frequently visit most of the farming community owing to the current small extension
workforce in the province [33]. However, our findings suggest that landholding size is a
significant factor in deciding access to extension. Extension agents prefer to frequently
visit farmers with large landholdings, and they intentionally neglect small farmers. It also
explains why the rice farmers with large landholdings expressed a high level of satisfaction
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regarding public extension services. Several studies identified this undesirable extension
practice [60,67,69,70]; however, it seems that this biased practice still continues to prevail,
negatively affecting the agricultural productivity and farm income of small-scale farmers.

An assessment of the rice farmers’ perspective about various ways of enhancing
rice production in Pakistan provides insights into the problems faced by the farming
community. They think that the provision of subsidized agricultural inputs at affordable
prices is indispensable for enhancing rice production under the prevailing circumstances.
Since the start of 2022, the Pakistani currency (Pakistani Rupee) has depreciated by almost
55% in value against the US dollar and continues to depreciate at a rapid pace, leading the
country toward economic collapse [71]. The depreciation of the Rupee has substantially
increased the prices of basic agricultural inputs in the domestic market. High fuel and
a corresponding rise in electricity prices has increased irrigation costs for rice. Rice is a
water-intensive crop as it is transplanted on puddled soils instead of direct seeding in
Pakistan. The rice seed market is also monopolized by the private sector. According to
official data, out of 44,148 metric tons of total paddy seed requirement, about 40,037 metric
tons are provided by private seed companies, whereas 4145 metric tons is obtained through
import from other countries. The public institutions have a negligible share, procuring only
965 metric tons of seed [6]. Moreover, fertilizer prices are at an all-time high, especially
phosphate and potash fertilizers, due to high energy costs. As the bulk of the agrochemicals
are imported, their prices are also on a continuous rise. Use of agricultural inputs in
recommended doses ensures increased agricultural productivity and farm income [72].
However, higher input prices considerably increase the costs of production, and it becomes
increasingly difficult for resource-poor farmers to sustain their farming business due to a
decline in yields and farm income. Decease in production levels of rice and high prices
in the domestic market would affect national food security as rice is the second major
staple food after wheat. Additionally, it would reduce foreign exchange earnings through a
reduction in rice exports.

Another important strategy for enhancing rice production in Pakistan is to ensure a
respectable Minimum Support Price (MSP) for rice growers. In the context of significantly
rising input costs and a poor marketing system, this seems to be a valid demand by the
farmers. The marketing system in Pakistan is not conducive for small-scale farmers as the
supply chain consists of multiple intermediaries that not only add additional costs and
inefficiencies but tend to exploit the smallholders by offering a low price for their produce
that is not profitable for them [8]. Small farmers are not in a bargaining position because they
have to immediately sell their crop in order to support their families and purchase inputs
for the cultivation of the next crop. The announcement of a MSP by the government acts as
a protection for smallholders as retailers are forced to buy from farmers at that price. In the
case of wheat, the government announces the MSP each year to ensure that this main staple
food crop is sown in enough areas by the farmers to meet the domestic food requirements;
however, in case of rice, this is rare. Therefore, rice growers are making serious efforts
to convince the government to use all viable channels of farmer-based organizations to
offer price support. Besides cost subsidies, in many developing countries, governments
employ MSP as an alternative subsidy scheme for both safeguarding smallholder farmers
against market exploitation and price volatility and to encourage more production [73–76].
Extension departments can play a role in the implementation of MSP, especially in rural
areas, as they are part of price control and regulatory committees formulated at the tehsil
level. However, several studies reported that input subsidies can be a more effective policy
intervention rather than the implementation of MSP because the latter may result in the
loss of competitiveness in the international market [77–79].

Provision of credit services and farmers’ capacity building are envisioned as relatively
less important factors than subsidized agricultural inputs and minimum support price
by the farmers for enhancing rice production. To understand the farmers’ perspective,
we need to contextualize the prevailing economic conditions; the country is on the brink
of economic collapse, with low prospects of recovery, and inflation has risen to almost
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27%, inflating prices of the agricultural inputs to record-high levels. Provision of credit
facilities may not be able to provide any tangible relief with the provision of cost subsidies.
The analysis of credit provision services also reveals that the current agricultural credit
policy is biased toward large-scale and commercial farmers who already possess abundant
resources. In Pakistan, more than fifty financial institutions provide agricultural loans to
the farmers across the country. During the 2022 fiscal year, about 304 billion PKR were
disbursed to large farmers (farmers above 12.5 hectares). On the other hand, only 170 billion
rupees were given to small-scale and subsistence farmers, who constitute around 90% of
the farmers [6]. This credit policy suggests that large farmers, who represent less than
10% of the country’s farming community, have abundant agricultural credit, whereas
small farmers have restricted access to credit services. Restricted access to credit may
lower farmers’ adoption capacity as well as the welfare of the farming families [60,80–85].
In terms of farmers’ capacity building, the Agriculture Department should particularly
focus on developing rice farmers’ knowledge and skills to employ modern agricultural
practices for improving agricultural productivity and resource-use efficiency. One of the
main reasons for the low per-hectare agricultural yields of the major crops in Pakistan is the
farmers’ consistent use of traditional farming practices due to poor technical knowledge
and management skills [42,83,86,87].

Agricultural development policymakers and sustainability practitioners can benefit
from useful insights provided by the mindsponge theory for the creation, dissemination,
and management of sustainable agricultural innovations and solutions. The mindsponge
framework is a novel approach that elucidates how the human mind processes information
received from different sources and forms eventual decisions using subjective cost-benefit
judgements by applying various filtering mechanisms to align inflowing information with
an existing core set of values. It also explains how the human mind influences thought
processes and guides behaviors, and how it can be reinforced or modified using information
as a resource. This framework helps us understand the innovation adoption process and
enhances our understanding about why certain agricultural innovations, despite having
potential usefulness and application, might be rejected or not adopted on a wide scale by
the farming community if they are in contradiction with their existing core values [88,89].
Moreover, the mindsponge mechanism also forms the basis of the serendipity–mindsponge–
3D knowledge management framework that can be effectively employed to understand and
explain the processes of innovation creation, dissemination, and management in a rapidly
changing era of technological advancements and information flooding. The 3D creativity
management framework could be applied in different contexts on an individual, institutional,
and national level for fostering innovations in an efficient and effective manner [90].

Another framework that effectively utilizes the mechanism of mindsponge theory and
further extends the serendipity–mindsponge–3D knowledge management framework is
mindspongeconomics or mindspongecon. Being a new framework of applied economics,
it advocates the incorporation of environmental values into the planning and policy for-
mulation processes for estimating the true worth of goods and services to affect potential
decisions and corresponding behaviors of both producers and consumers of such ser-
vices [91]. The agricultural development and environment policymakers of Pakistan can
allocate substantial financial resources for cultivating environmental values in both the
producers (farmers and growers) and consumers. Once they recognize the ongoing threat
of climate change and understand that agriculture and the land-use sector are significant
contributors of anthropogenic greenhouse gas emissions, it may affect their thinking to
undertake individual actions to combat this challenge. Moreover, once environmental
stewardship is assimilated into their core values, it would be easier to convince them to
adopt sustainable agricultural production and consumption practices through relevant
extension education and training programs. Additionally, the government and other rele-
vant institutions that are involved in the generation of new agricultural innovations should
work in close collaboration with each other to produce affordable and practical solutions
for their large-scale adoption.
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5. Conclusions

The current study was designed to identify rice farmers’ views about public extension
services and their perspective regarding various ways of enhancing rice production in
Pakistan. A vast majority of the rice farmers were found to be poorly satisfied with the
extension and advisory services provided by the Agriculture Department of the provincial
government. Farmers that have large landholdings are highly satisfied with the public
extension services because extension agents serve such farmers on a preferential basis.
The public extension agents’ biased orientation toward large-scale farmers poses serious
implications for rural development and national food security. Small farmers not only
constitute the bulk of the farming community, but they also generally lack advanced
agricultural knowledge and skills and management skills. Extension agents’ intentional
neglect to serve these farmers would affect their agricultural productivity as well as farm
income and profitability. Keeping in view the small extension work force as claimed by
the extension officials, it is suggested that the Agriculture Department should recruit more
agricultural graduates for the dissemination of agricultural innovations in rural areas.
One viable option could be building public–private partnerships with the existing input
supply companies that supply seeds and pesticides in the area. The government can grant
them certain concessions in terms of tax and tariff reductions in return for their services
to train the resource-poor farmers. Similarly, non-government organizations (NGOs) that
are working on rural development could also be involved in this process by sharing their
vision and recognizing their efforts.

Moreover, farmers’ lack of ability to meet the food demands of a rapidly growing
country’s population due to low agricultural production compromises national food se-
curity. A decrease in rice production may also lower Basmati rice exports, which is a
considerable source of export earnings. In order to streamline and make public extension
services more effective and demand-driven for rice farmers in particular, and all farmers
in general, the government should particularly focus on small-scale subsistence farmers
to enhance their technical skills and managerial capacity. Equitable agricultural transfor-
mation and sustainable growth in this sector is difficult to achieve without small-scale
farmers’ capacity development. Besides, there is a need to broaden the scope of public
extension services from simple crop protection measures to a more comprehensive set
of sustainable agricultural and climate-smart practices that cover all the aspects of crop
production and to ensure resilience of farming businesses in the wake of climate change. In
addition to streamlining public extension services, governmental support for the provision
of subsidized agricultural inputs at affordable prices and a minimum support price for rice,
similar to that provided for wheat crops, is necessary to enhance rice production in Pakistan.
The prevailing economic circumstances in the country suggest that if the government fails
to provide any tangible relief in the form of cost subsidies, it will seriously affect the rural
economy, and that would consequently have an impact on the urban consumers who rely
on rural farmers for their food needs.
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Abstract: Farmland abandonment has been a major concern for policymakers in most developing
nations since it is associated with food security and poverty alleviation. In view of this, assessing its
potential determinants is essential and timely. This study examines the relationship between financial
literacy and farmland abandonment in Ghana using survey data (N = 572). The study employs
endogenous switching regression (ESR) for its estimation. Our findings show that financial literacy
is low among rural dwellers. Also, the findings depict that financial literacy is positively related to
farmland abandonment reduction. Moreover, different household groups depict a heterogeneous
relationship between financial literacy and farmland abandonment. Thus, the association between
financial literacy and farmland abandonment reduction is more pronounced for low-income farm
households and female farmers. We recommended that financial literacy programs can be organized
or shown on national radios and television to provide financial education to the country’s residents.
Our findings could offer some implications for stimulating agricultural intensification while ensuring
rural advancements.

Keywords: financial literacy; farmland abandonment; endogenous switching regression model;
agricultural intensification; Ghana

1. Introduction

Abandonment of farmland is a multidimensional, complex process with interrelated
environmental and socioeconomic drivers [1]. Although farmland abandonment comes
with positive effects, including the provision of ecological services, such as soil recovery [2]
and water retention [3], its diverse effect on humankind and economic development
is outrageous. For example, the abandonment of farmland serves as a threat to food
security [4], widens the urban-rural income gap [5,6], and causes agricultural landscapes’
biodiversity loss and agroecosystem degradation [7]. As a result, the patterns and extent of
farmland abandonment we currently face are the subjects of open debate in many parts
of the world. Thus, farmland abandonment has attracted the attention of researchers and
policymakers in many countries around the world.

Abandonment of agricultural land is usually associated with many factors leading
to low farm productivity and profitability or causing high production costs [6–8]. These
factors may include undesirable physical and climatic features such as poor soil quality,
steep slopes, high altitude, and limited rainfall [6,9]; unfavorable socioeconomic conditions
(e.g., low farm/household income) [8] and demographic change (e.g., an aging popula-
tion) [10]; reduction in the land use net income emanating from the rise in the production
cost of agricultural products and services [11,12]; and urbanization due to high economic
industrialization [13,14]. However, these factors, characterized by environmental, eco-
nomic, and social constraints, are likely to be curtailed if farmers are financially secure and
literate. Therefore, we can ascertain that an improvement in farmers’ financial literacy and
economic performance can lead to a reduction in farmland abandonment, all other things
remaining constant.
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Accessing financial services and products in the financial market is vital for farmers’
economic and financial well-being [15,16]. Thus, financial services accessibility or financial
market participation has been hyped as an important avenue to intensify agriculture
activities and ensure agricultural sustainability. For example, studies have revealed that
financial services accessibility (e.g., savings, loans, and insurance) places farmers in a
position to enhance their farm productivity/income because it can help them purchase
needed inputs or use new and improved farming technologies such as climate-smart
agriculture techniques, modern improved crop varieties and many more [15,17,18]. Also,
farmers can manage farm risk [19,20] and adopt precision agricultural practices [21,22] to
intensify their farming activities when they patronize financial services. While financial
inclusion has been a great crusader to household welfare and agricultural development,
about two billion adults residing mostly in developing nations have no bank accounts
or are participants in the financial market. Challenges traceable to both the demand and
supply sides of the financial markets, coupled with a host of other factors, are partially
responsible for the low financial market patronage; nevertheless, a major impediment from
the demand side is low financial literacy [23–25].

Financial literacy refers to how people create or conceive financial and economic
understanding and make well-informed decisions to promote financial investment and
ensure good use and management of financial products and services to create wealth while
reducing debt [26]. This explanation indicates that acquiring high financial skills and
knowledge, i.e., being financially literate may positively affect people’s financial decisions
and behaviors. Studies from Ankrah Twumasi [27] and Klapper and Lusardi [26] revealed
that financially literate individuals are most likely to obtain beneficial financial information
to promote their wealth accumulation strategies. One needs to be financially literate to
properly diagnose questions leading to sound financial decision-making, especially when
participating in the financial market. Overall, we can argue that financial inclusion, a
promoter of household poverty alleviation and agricultural development or intensification,
is achievable through financial literacy. Thus, improving farmers’ financial and economic
performance, which can cause a reduction in farmland abandonment, is possible through a
financial inclusion enhancer from the demand side referred to as financial literacy.

Also, financial literacy may have a direct and indirect association with agricultural land
use. On one side, financial literacy may directly improve farmland use by helping farmers
make informed decisions about using their land in a way of preventing or alleviating excess
costs [28–30]. A financially literate farmer will stick to farmland projects that are highly
profitable due to their ability to assess the cost and benefit of that project/investment. On
the other hand, financial literacy has an indirect effect on farmland use through financial
market participation. Akoto [29] found out that financially literate farmers are more likely
to patronize the credit market to secure loans to curb challenges pertaining to their farm
production. The purchase of farm insurance to curb the risk to adopt risky but profitable
projects on farmland is positively associated with financial literacy [30,31]. Therefore,
better use of financial resources and risk management knowledge and skills may grow
as farmers’ financial literacy improves, hence, enabling farmers to utilize their farmland
effectively and efficiently. The literature reviewed suggests that a potential connection
exists between financial literacy and farmland abandonment reduction. However, all the
literature addressing factors associated with farmland abandonment e.g., [9,13,14,18,29,32]
indicates no presence of data addressing whether farm households’ farmland abandonment
reduction can be enhanced should citizens in developing countries such as Ghana improve
their financial literacy. This vacuum in literature is filled using data from Ghana.

This study has two objectives to fulfill. First, we quantitatively assess the relationship
between farmland abandonment and financial literacy. We proposed a hypothesis that
farmland abandonment can reduce as financial literacy improves. As established from the
literature that inadequate agricultural financial incentives are significant determinants of
farmland abandonment, assessing the association between an income enhancer (financial
literacy) and farmland abandonment is essential. We argue that financially literate farmers
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can improve their wealth accumulation and purchasing power through significant financial
and investment decisions, empowering them to intensify agricultural production (e.g.,
adopting farm technologies and reducing farmland abandonment). Second, we examine
the heterogeneous effect of how financial literacy impacts farmland abandonment based on
household income and gender statutes of the farmers. We add to the existing literature in
diverse ways. First, this study attempts to assess the quantitative nexus between financial
literacy and farmland abandonment in Sub-Sahara Africa (SSA). Second, distinguish from
prior farmland abandonment studies that prioritized agricultural credit [8,18] and NGOs
grants and government subsidies [33,34] as an avenue for addressing financial barriers to
farmland abandonment reduction, we reveal the essence of financial literacy and its possible
effects in promoting farmland abandonment reduction in developing countries. Third,
we used a suitable econometric approach to correct the potential endogeneity problem
related to the treatment variable (financial literacy). Adequately dealing with potential
endogeneity could bring consistency to our findings; thus, preventing unbiased estimation.

The remaining parts of the study take this form of arrangement. We presented the
study’s theoretical framework in Section 2. Sections 3 and 4 took the study’s methodology,
results, and discussions, while the conclusion and policy implication was presented in
Section 5.

2. Theoretical Analysis

Financial literacy and how it influences farm household livelihood, a determinant of
farmland abandonment, can theoretically be modified following the farm household model
theory suggested by Huffman [35]. The theoretical model suggests that regarding a budget
constraint, farm householders’ utility can be characterized as a function of agricultural
practices anytime the farmer maximizes utility. In the model, the household is assumed to
maximize a unitary household utility function, and this can be presented as shown below:

Max U = U (G, A) (1)

where U, G and A are the utility, normal goods, and agricultural practices function for a
household, respectively. We assume that the consumption of normal goods and intensifi-
cation of agricultural practices (e.g., adopting farm technologies and reducing farmland
abandonment) is subject to budget constraint, which is a function of income (I) and financial
literacy (FL). Let us note that since the units of income (measured in financial units) and FL
(measured in qualitative scales, such as low and high) are different, we cannot add the two
together. Therefore, for the purpose of the study, we assume that income is expressed as
high and low to meet the requirement of unit measurement. The presence of income and
financial literacy improves the ability of the household to purchase goods (G) associated
with the price (Pg) and agricultural practices required inputs associated with price (PA).
The scenario from the above led to a new model expressed as:

PgG + PA A ≤ I + FL (2)

Based on the study’s objective, the farm household farmland abandonment decision
depends on:

Farmland abandonment = f
(

FL, I, Pg, PA
)

(3)

Theories and literature depicting the direct link between financial literacy and house-
hold livelihood/business growth align with this model. According to Ankrah Twumasi [36]
and Xu [14], an individual needs to be financially literate to make sound financial decisions.
Thus, a financially literate person may easily acquire solutions to questions relating to
investment and wealth accumulation, which can improve households’ standard of living
(e.g., smooth consumption, improved purchasing power, and business establishment).
Also, financially literate individuals yearn to secure appropriate financial information;
therefore, they are willing to participate in the financial market to maximize their wealth or
incomes, which tends to empower them to acquire their needs [26,28]. For example, a finan-
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cially literate farmer to whom financial services are made accessible (e.g., secure credit or
farm/equipment insurance policy) may be able to obtain farm inputs [37] and adopt risky
yet profitable agricultural technologies [20], thereby willing to intensify his/her agricultural
participation, which can cause a reduction in farmland abandonment. Achieving a higher
financial literacy status is likely to lead to an effect on one’s income, enabling households to
enjoy improved disposable income; hence, equipping them to obtain a higher indifference
curve. All other things remaining constant, securing higher financial skills and knowledge
(being financially literate) has a potential association with efficient and effective consump-
tion of normal goods and intensification of agricultural practices [36]. In addition, the role
of income cannot be overlooked when it comes to farmland abandonment. Studies have
shown that household income enables farmers to acquire the necessary tools to improve
and expand farmland utilization [38,39]. Also, other normal goods consumption (e.g., food,
healthcare facility use, education, etc.) has an indirect relationship with farmland use since
the share of household income to a booster of farmland use intensification may be used for
other normal goods consumption [8].

As shown in Equation (3), the direct connection between financial literacy (promoter
of financial services accessibility) and farm household agricultural practices is constrained
by market failure in the financial markets, primarily because of high transaction costs [40].
Following Han [41], we categorized these transaction costs from the demand side into
different financial, in-kind, and psychic divisions. The costs emanating from the financial
side include transportation costs to attend financial literacy lectures and fees charged
by financial experts when acquiring financial education. The opportunity cost of time
spent searching for a financial expert and the booking or waiting time in the expertise
office is attributed to in-kind costs. The psychic cost is the psychological stress of putting
the acquired financial knowledge and skills into practice. Based on the above literature,
individuals who have links with financially literate people are more likely to be financially
literate themselves than their counterparts without such an advantage [36]. This reflects
that financial literacy is an endogenous variable due to the presence of transaction costs;
therefore, estimating Equation (3) by applying ordinary least squares (OLS) is likely to
produce unreliable estimates. It is, therefore, tedious to account for the transaction costs in
the model because of its nature of divisions. Thus, an endogeneity issue resulting from an
omitted variable problem is present. Although we may account for the financial transaction
costs, the other two costs (in-kind and psychic) are hard to be captured.

Prior research works examining the association between financial literacy and welfare
enhancement [15], gambling behavior [42], and financial inclusion [43] have used the
instrumental variable (IV) estimation approach. Consistent with these researchers, we
also employed an IV estimation approach, using financial education (i.e., whether the
farmer has a relative/friend with an economics or financial education background) as our
instrument. Ankrah Twumasi [44] and Watanapongvanich [42] have used this variable
as an instrument in their analysis. Details of the IV approach are explained in Section 4.2.
We test the validity of the theoretical claim that acquiring high financial literacy improves
the ability of farm households to intensify agricultural activities through a reduction in
farmland abandonment and, if so, to what extent?

3. Why Ghana?

Ghana presents an interesting and relevant case study for assessing the association
between financial literacy and farmland abandonment. In Ghana, the rate of financial
literacy is currently at 32% [42], which is deemed relatively low. A recent global study on the
financial literacy rate ranking of 144 countries placed Ghana in the 90th position [45]. The
country, in recent years, has considered financial literacy policy a priority since it contributes
to national development. Thus, several interventions and policies have been introduced by
the national governments. For example, the Ministry of Finance and Economic Planning has
launched the National Financial Literacy Week to raise awareness and enhance the public’s
understanding of the range of financial goods and services financial institutions offer.
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Again, together with other NGOs (e.g., Danish International Development Agency (Danida)
and the German Agency of International Cooperation (GIZ)), successive governments
have introduced several financial education programs aimed at enhancing Ghanaians’
understanding of financial services (e.g., loan acquisition, investment, and insurance
cover). Despite the tremendous efforts on the part of stakeholders (successive governments,
financial institutions, and charitable organizations) to witness significant improvement
in the level of financial literacy of Ghanaian citizens, especially rural peasants, through
training and educational programs, proof of how positively these activities are impacting
their general economic welfare have been very little/minimal. A study in Ghana showed
that farmers find themselves in debt after post-harvest sales because of low financial skills
and education [46]. The researchers indicated that this menace partly explains why farmers
are replacing their farming activities with off-farm jobs and youths are abandoning farming
in Ghana. In addition to improving savings, recent studies on financial literacy in Ghana by
Koomson [47] and Chowa [48] showed that improvements in the rate of financial literacy
make households financially resilient. Regarding how instrumental the improvement of
financial literacy is to agricultural intensification (e.g., land abandonment reduction), not
much has been done in the case of Ghana and countries in SSA. We believe Ghana provides
the right setting to undertake this study, given the details in the above background.

4. Methodology

4.1. Source of Data and Key Variables Definitions

The origin of the study is Ghana, and the data was collected from January 2018 to May
2018. Farmers engaged in crop cultivation were the targeted population. The collection
of the data was done by employing questionnaires and face-to-face interview schedules.
Every interview took about 15 to 20 min with a farmer. Engaging the respondents in
in-depth interviews was for the purpose of gaining all the relevant data necessary for the
study. A pre-test of the questionnaire was necessary to avoid any mistakes that would
create misunderstanding for the respondents; therefore, we took a pre-test with 20 farmers
in one of the selected regions. Some of the information we solicited for study include the
farmers’ socioeconomic and demographical characteristics (e.g., education level, age, credit
accessibility, and health status), rate of financial literacy (see Table A1 in the Appendix A
for the questions), farm information (e.g., abandoned farmland area, and farm size) and
other variables that are important to attain the objective of the study.

The multi-stage sampling procedure was employed to reach an appropriate sample
for the study. First, we choose four regions, i.e., Northern, Brong Ahafo (BA), Central, and
Eastern. The purposive selection of the 4 regions led us to randomly select one district
in each region at the next stage. These districts are East Gonja district, Atebubu Amantin
district, Ekumfi district, and the Kwahu Afram Plains district in the Northern, Brong Ahafo,
Central, and Eastern regions of Ghana, respectively. Let us note that these regions’ record
of having most rural dwellers engaged in agricultural activities led to their purposive
selection [49]. 7 After getting the districts, we randomly chose three (3) communities
from each selected district in the proceeding stage. Finally, with the help of a well-trained
research team, we randomly chose 15–30 rural households comprising 600 farmers as our
sample size. However, a total sample size of 572 was used for the analysis because some
submitted questionnaires were not completed. A detailed sample procedure can be seen in
the Appendix A in a framework form (Figure A1).

This study’s aim means that we need to develop a measurement for the key variables
(financial literacy and farmland abandonment). Concerning the financial literacy measure-
ment, a set of 7 questions was selected after following existing literature e.g., [24,45,46]
(see Table A1 in Appendix A). The 7 questions were used to obtain a score for the farmers.
A farmer who answered all(none of) the questions rightly received a score of 7(0). These
scores were converted into binary; i.e., using the median score (3) as a breakeven point, a
farmer is assigned the value one (1) if his/her score is above 3 (the median score of the
total financial literacy score), and zero (0) for a score equal to or below 3. This financial
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literacy measurement method has been employed in prior studies, including Ankrah Twu-
masi [27,44] and Andoh [50]. In terms of the farmland abandonment variable measurement,
the total area of farmland abandoned in the past 12 months in acres was used. Here,
farmland is considered abandoned if its abandonment is not based on natural restoration
of vegetation or degradation of farmland facilities reasons but due to financial issues.

Also, taking existing studies about financial literacy and farmland abandonment into
consideration e.g., [9,18,24,47,48,51] and our available data, other rich control variables
such as gender, age, education years, self-reported health status, smartphone use, and
many others of the household/respondent were included. As stated earlier, these variables
may affect both the financial literacy and farmland abandonment of the farmers. We
expect age, gender, and education to positively affect the two outcome variables. Age and
education are elements of human capital; thus, the skills and knowledge gained through
education and aging provide financial knowledge [26,27] and also help individuals to use
their lands efficiently and effectively [9]. Male household heads tend to be more financially
literate than their counterparts [47]; therefore, we expect the same result in this study. We
also expect healthy individuals to intensify their agricultural activities; hence, likely to
reduce farmland abandonment [52]. Also, people with smartphones access the online
for farming ideas and financial information [25]; hence, we expect smartphone users to
have a positive relationship with financial literacy and farmland abandonment. Farmers
with their land registered, members of cooperative unions, and farm machinery users
are expected to reduce farmland abandonment. Cooperative members have access to
market and farming techniques, which tend to motivate them to intensify their farming
activities [53,54]. Also, the use of machines for cultivation promotes productivity; serving
as an encouragement to reduce farmland abandonment [55]. We expect credit-constrained
farmers to increase farmland abandonment and reduce their financial literacy level. Xu [24]
and Ankrah Twumasi [25] showed that financial illiterates are less likely to access financial
services. Also, farmers without financial services access due to being financially illiterate
tend to abandon farmlands [8,18]. Table 1 exhibits all the study variables, including their
definitions, means, and standard deviations. The analyses pertaining to the study’s aim
were accomplished by employing STATA 15 and IBM SPSS version 26 statistical packages.

Table 1. Demographic and socioeconomic characteristics of respondents.

Variables Description Mean Std. Dev

Farmland abandonment Area of cropland abandonment in acres in 2017 0.96 2.04
Financial literacy Farmer is financially literate (1 = Yes; 0 = No) 0.31 0.44

Gender Farmer is a male (1 = Yes; 0 = No) 0.69 0.46
Age Farmer’s age 41.66 12.20

Education Farmers’ number of years of education 5.28 4.24
Self-reported health Farmer’s health status is good (1 = Yes; 0 = No) 0.43 0.51

Household Dependency ratio Number of older adults (60 years and above) and children below
12 years in the farmer’s family 3.29 1.17

Family size Number of household size 6.60 3.20
Smartphone use Farmer uses smartphone (1 = Yes; 0 = No) 0.29 0.33
Mechanization Farmer used any farming machine (1 = Yes; 0 = No) 0.35 0.42

FBOs membership Farmer is FBO member (1 = Yes; 0 = No) 0.41 0.49
Credit constraint Farmer was credit constrained 2017 (1 = Yes; 0 = No) 0.34 0.47

Land size Total farmland size of the farmer (acres) 3.85 1.74
Land registration Farmer’s household land is officially registered (1 = Yes; 0 = No) 0.36 19.82

Financial education (IV) Farmer has a relative/friend with an economics or financial
education background (1 = Yes, 0 = No) 0.27 0.35

Northern Farmer resident is in Northern region (1 = Yes; 0 = No) 0.18 0.37
BA Farmer resident is in BA region (1 = Yes; 0 = No) 0.26 0.43

Eastern Whether the farmer resident is in the Eastern region (1 = Yes; 0 = No) 0.27 0.44
Central Farmer resident is in Central region (1 = Yes; 0 = No) 0.29 0.45
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4.2. Empirical Model

This study aims to investigate how farmers’ financial literacy influences farmland
abandonment in Ghana. However, since farmers’ financial knowledge and skills acquisition
to be financially literate is voluntary, the problem of selection bias becomes an issue to
address. Also, the characteristics of the farmer/farm household that affects the financial
literacy status may have an equal effect on the outcome variable (farmland abandonment).
On this note, financial literacy becomes a potential endogenous variable and addressing
this problem is essential to prevent estimation bias. To address this endogenous problem,
the endogenous switching regression (ESR) model is adopted for estimation. The selection
of the ESR model over other methods such as the Heckman Selection Model, Regression Ad-
justment (RA), and Propensity Score Matching (PSM) is its ability to take into consideration
the observed and unobserved (e.g., inner motivation and risk traits) factors of the farmers
when the estimation is done [56,57]. To ensure consistency in our estimation, dealing with
the unobserved factors becomes essential [58,59]. Thus, selecting the ESR model over the
others is the best in this study’s analysis.

In the ESR method, three main equations are derived. Thus, one treatment selection
equation and two separate outcome equations. The two separated outcome equations are
(1) financially literate farmers and (2) financially illiterate farmers. The linear equation
format is used for the outcome variable (area of farmland abandoned) estimation, while
the treatment equation, which estimates the factors influencing farmers’ financial literacy
status, is achieved using the Probit model.

The assumption here is that a farmer has an expected utility (U∗
i) and he/she will

seek financial knowledge and skills to improve their financial literacy if the expected utility
for being financially literate (U∗

i1) is greater than the expected utility of being financially
illiterate (U∗

i2). Thus, U∗
i1 − U∗

i2 > 0 = FL∗
i. The probability of a farmer seeking financial

knowledge and skills to improve their financial literacy is FL∗
i. The linear equation for

the outcome variable, which is predicted by the farmer/farm household characteristics
and other factors (e.g., institutional factors like cooperative membership), is also expressed
below (see Equation (4)). The utility difference, which is impossible to observe, requires a
latent variable equation for its expression (see Equation (5)).

A∗
i = γZi + αYi + εi (4)

FL∗
i = βXi + μi FLi =

{
1 if, FL∗

i > 0
0 if, otherwise

(5)

where A∗
i is the farmland abandoned area (outcome variable). Zi and Yi are the exogenous

(e.g., gender, age, education level, family size, etc.) and endogenous (financial literacy, i.e.,
1 = financially literate and 0 =otherwise) variables, respectively. γ, α, and β are the vector of
parameters to be estimated. μi and εi denote the random disturbance terms. The variables
in Xi and Zi are equal; however, Xi contains the IV introduced in the theoretical analysis
section, but this variable should not be included in the Zi variables. Also, this IV should
not directly correlate with the area of farmland abandoned but vis-à-vis the treatment (fi-
nancial literacy) variable. Based on this reason and following previous literature (e.g., [27]),
the variable financial education (i.e., whether the farmer has a relative/friend with an
economics or financial education background) was chosen as this study’s IV. We tested
the validity of our selected IV using the Pearson correlation method (see Table A3 in the
Appendix A). In Table A3, a respectively significant and insignificant correlation coefficient
for financial literacy and farmland abandonment variables was observed, meaning that our
IV is suitable.

As indicated above that the ESR outcome has two outcome equations, we express
these two equations as follows. The expressions are divided into regimes [60]

Regime 1 (financially literate) A1i = Z1iγ1 + ε1i, if FLi = 1
Regime 2 (financially illiterate) A2i = Z2iγ2 + ε2i, if FLi = 0

(6)
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where the farmland abandonment status for a financially literate farmer is represented by
A1i and A2i for a financially illiterate farmer. Also, (Z1i and Z2i) = explanatory variables,
(γ1 and γ2) = vector of parameters to be calculated and (ε1i and ε2i) = error terms.

These indicators, μi, ε1i and ε2i, are assumed to have a tri-variate normal distribution
with mean vector zero and covariance matrix:

cov(μi, ε1, ε2) =

⎡⎣σ2
1 σ12 σ1μ

σ12 σ2
2 σ2μ

σ1μ σ2μ σ2
μ

⎤⎦ (7)

where the disturbance term’s variance (ε1i and ε2i in Equation (6)) is represented by σ2
1 and

σ2
2, while σ2

μ is for the variance of μi, the error term of Equation (4). Also, σ12, σ1μ, and σ2μ

are the covariance of ε1i and ε2i, ε1i and μi, and ε2i and μi, respectively. The model assumes
that σ2

μ = 1 because β can be estimated only up to a scale factor [61–63]. We proceed to
calculate an inverse mill ratio (IMR) (λ1 and λ2) and the covariance term (σ1μ and σ2μ)
are calculated to provide a remedy for the selection bias issue in the ESR model. These
estimated IMR and covariance terms are introduced in Equation (6). Thus, Equation (6)
takes a new expression (Equation (8)).

E(I1i |Y i = 1) = Z1iγ1 + σ1μλ1E(I2i |Y i = 1) = Z2iγ2 + σ2μλ2 (8)

An appropriate method to ensure consistent standard error in this current model
is by simultaneously estimating both the selection and outcome equations using a full
information maximum likelihood (FIML) method [60,61]. Through the application of the
FIML approach, the ρ1 = corr(μi, ε1i) and ρ2 = corr(μi, ε2i) are also determined. A non-
zero ρ1 and ρ2 indicates that selection bias resulting from unobservable factors is present.
As this study is concerned, the treatment effect of how financial literacy impacts farmland
abandonment status is of interest. Thus, we need to estimate the average treatment effects
on the treated (ATT) and average treatment effects on the untreated (ATU). Therefore, the
following steps are considered.

Financially literate had they been literate : E(A1i |FL i = 1) = Z1iγ1 + σ1μλ1 (9)

Financially literate had they been illiterate : E(A2i |FL i = 1) = Z2iγ2 + σ2μλ1 (10)

Financially illiterate had they been literate : E(A1i |FL i = 0) = Z1iγ1 + σ1μλ2 (11)

Financially illiterate had they been illiterate : E(A2i |FL i = 0) = Z2iγ2 + σ2μλ2 (12)

The above expressions (the expected outcomes) can be utilized for consistent treatment
effects, ATT, and ATU, derivation while considering unobserved and observed heterogene-
ity [64].

ATT = E(A1i |FL i = 1)− E(A2i |FL i = 1) = Z(γ1 − γ2) + λ1
(
σ1μ − σ2μ

)
(13)

ATU = E(A1i |FL i = 0)− E(A2i |FL i = 0) = Z(γ1 − γ2) + λ2
(
σ1μ − σ2μ

)
(14)

5. Results and Discussions

5.1. Descriptive Statistics

The analysis’s variables, summary statistics, and definitions can be observed in Table 1.
The reported mean farmland abandoned is 0.96 acres, and 31% of the farmers are financially
literate. While a respective mean of approximately 5 and 42 years is reported for the
farmer’s years of education and age, 43% of the farmers believe they are in good health.
The respective average dependency ratio and family size are approximately 3 and 7 people.
The report from Table 1 displayed that 29% of the farmers use smartphones, and 35% of
them have used farming machines on their farms. About 41% of the farmers are members
of farm-based organizations (FBOs), and 34% reported being credit constrained. While the
mean total farmland size of the farmer is 3.86 acres, only 36% of the farmers have their
lands officially registered. The sampled group reveals that 27% of the household heads
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have relatives or friends with economics/financial education backgrounds. Finally, about
18, 26, 27, and 29% have their residence in the Northern, BA, Eastern, and Central regions.

Some key variables mean differences between financially illiterate and literate farmers
are displayed (Table 2). The area of abandoned farmland for financially illiterate farmers is
larger than their financially literate counterparts, according to Table 2. This difference sup-
ports Figure 1, which establishes that the abandoned farmland associated with financially
literate farmers is lower compared to farmers who are financially illiterate irrespective of
their household income level. Thus, farmers from high-income and low-income house-
holds with higher financial literacy rates have fewer abandoned farmlands. It can also be
observed that financially literate farmers are educated, users of smartphones, less likely to
be credit constrained, and had their land officially registered. The result further reveals that
farmers with financially literate relatives or friends tend to be financially literate. While
Table 2 results give a fair understanding of the study, it only displays a simple average
difference that ignores the farmers’ observed and unobserved factors. In that matter, our
quantitative analysis of the connection between farmland abandonment and financial liter-
acy requires a suitable econometric method such as the ESR model, which can capture the
farmers’ observed and unobserved factors to prevent biased estimation.

Figure 1. Distribution of average farmland abandoned by household income level and gender status.
HH = Household.

Table 2. Main variables mean differences between financial literates and illiterates.

Variable Literate Illiterate
Differences

(Normalized)

Farmland abandonment 0.71 1.27 −0.07 **
Gender 0.77 0.63 0.11 *

Age 43.75 40.52 0.09
Education 7.03 3.62 0.16 **

Self-reported health 0.44 0.43 0.02
Household Dependency ratio 3.98 2.66 0.30
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Table 2. Cont.

Variable Literate Illiterate
Differences

(Normalized)

Family size 5.34 7.95 −0.08
Smartphone use 0.35 0.27 0.13 *
Mechanization 0.37 0.34 0.06

FBOs membership 0.38 0.45 −0.11
Credit constraint 0.25 0.43 −0.23 ***

Land size 3.12 4.63 0.29
Land registration 0.43 0.31 0.20 *

Financial education (IV) 0.36 0.22 0.22 **
Observations 177 395 Total = 572

Source: survey results, 2018. Note: ***, **, and * respectively depict significant levels at 1, 5, and 10%.

5.2. Empirical Analysis
5.2.1. Determinants of Financial Literacy

Table 3, which was gathered from the selection equation of the ESR model (Table A2),
displays the determining factors of financial literacy among the sample group. From the
table, the variable, gender, is statistically significant, implying that male farmers in the
study area are more financially literate than the female farmers in that area. Studies by
Ankrah Twumasi [44] and Bucher-Koenen [65] support this finding. According to these
researchers, females’ engagement in STEM programs is generally low compared to males,
thus making males more quantitatively efficient. The result also shows a positive and
significant coefficient for the variable, education. Thus, a farmer’s years of schooling
increase their financial literacy level. Education equips individuals with vital fundamental
financial skills and knowledge, which may affect their financial literacy level. Xu [24]
and Lusardi and Mitchell [66] studies confirm this positive finding. For example, ref. [24]
showed that educated people gain much understanding of financial services technicalities
and terminologies and tend to have a higher probability of being financially literate.

Table 3. Financial literacy determinants.

Variables Coefficients Robust Standard Errors

Gender 0.024 0.010 *
Age 0.172 0.263

Education 0.291 0.075 ***
Self-reported health 0.016 0.086

Household Dependency ratio −0.039 0.055
Family size 0.066 0.049

Smartphone use 0.078 0.027 **
Mechanization 0.044 0.091

FBOs membership 0.051 0.080
Credit constraint 0.096 0.047 *

Land size −0.029 0.115
Land registration 0.088 0.030

Financial education (IV) 0.183 0.017 ***
Residual (smartphone use) 0.155 0.429

Constant 1.272 0.630 *
Regional dummies Yes Yes

Observations 572
Source: survey results, 2018. Note: ***, **, and * respectively depict significant levels at 1, 5, and 10%. Northern =
Reference region.

The results further revealed smartphone usage positively correlates with financial
literacy. Smartphone use enables farmers to access innovations and essential financial
information through the internet or text messages, which increases their financial literacy
compared to non-smartphone users. This finding is in line with the conclusions of the
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studies of Khanal and Mishra [67] and Ma et al. [68]. They showed that internet-based
information enlightens users’ knowledge and skills about new things, such as financial
services; hence, improving their financial literacy. Credit constraint is also seen to influence
financial literacy negatively, indicating that credit-constrained farmers are likely to be
financially illiterate. People are financially constrained because they lack the primary finan-
cial knowledge and skill needed in the financial market; hence, their negative tendencies
toward engaging in the financial market or patronizing financial services [24,69]. Thus,
farmers with credit access tend to have more knowledge about the financial markets and
are exposed to the details of these services, which improves their knowledge [25].

Finally, financial education, used as an instrumental variable, had a positive and signif-
icant coefficient. This result indicates that the likelihood of farmers with a relative/friend
with an economics or financial education background being financially literate is higher
compared to farmers without financial education. This finding is consistent with [27,44],
whose finding explained that the flow of financial knowledge and skills provided to indi-
viduals through friends and relatives enables them to make efficient financial decisions
compared to those without financial education.

5.2.2. Financial Literacy and Farmland Abandonment Association Estimate

Table A2, shown in the Appendix A, reports the estimates of the ESR models; thus,
the results for the treatment and outcome equations. It can be observed from the lower
part of Table A2 that the sign of ρ1 is statistically significant, implying the existence of
selection bias; hence, the application of the ESR model to compute the analysis is suitable.
Moreover, the Wald test for joint independence of the equation is significantly different
from zero, portraying the rejection of the null hypothesis stating that the Equation (2)
error term (μi) and the error terms of Equation (3) (ε1i and ε2i) does not correlate. We
did not discuss the determinants (control variables in Table A2) of the outcome variable
(farmland abandonment) because those results do not provide a detailed understanding
of how farmland abandonment is affected by financial literacy. The ATT and ATU are
regarded as significant results that reflect the nexus between financial literacy and farmland
abandonment [70]. Therefore, the interpretation of how financial literacy affects farmland
abandonment is based on the treatment effect results (Table 4).

Table 4. The impact of financial literacy on the abandonment of farmland.

Mean Area of Farmland Abandoned (ESR) Treatment Effect t-Value

Financially literate Financially illiterate
Financially literate 0.682 1.142 ATT = −0.460 −4.19 ***

Financially illiterate 1.105 1.328 ATU = −0.223 −10.17 ***
Heterogeneity effects −0.423 −0.186 −0.237 ATE = −0.646

Mean area of farmland abandoned PSM a

Financially literate 0.707 1.086 ATT = −0.379 −2.97 ***

Source: survey results, 2018. Note: *** depict significant level at 1%. Northern = Reference region. a Nearest
neighbor matching technique is used.

Table 4 presents the average treatment effects on the treated (ATT) and the untreated
(ATU). In the context of this study, the ATT represents the average effect of being financially
literate on the farmers who are financially literate in terms of farmland abandonment,
while ATU represents the potential gains a financially illiterate farmer could have secured
had they been financially literate. The estimates show that higher farmland abandonment
reduction is associated with being financially literate. Financially literate farmers are
observed to have 0.682 acres as their abandoned farmland, compared with 1.142 acres had
they been financially illiterate, suggesting that being financially literate resulted in reducing
farmland by about 40.3% (Table 4). In the same manner, financially illiterate farmers are
observed to have 1.328 acres as their abandoned farmland, compared with 1.105 acres had
they been financially literate, suggesting that being financially literate resulted in reducing

94



Agriculture 2023, 13, 580

farmland by about 17%. The heterogeneous effect result implies that the abandoned
farmland effect on financially literate farmers is more profound than on their financially
illiterate counterparts. Financially literate farmers may have the financial knowledge and
skills to enjoy financial services (e.g., access to credit, insurance, and savings); hence,
empowering the farmers’ farm inputs purchasing power to boost productivity. When
this happens farmers may be more likely to expand their production. Thus, farmland
abandonment would be reduced. These findings echo Du [18] and Ankrah Twumasi’s [25]
results, which indicated that peasant households accessing financial services are less likely
to practice farmland abandonment. It also confirms the theory underpinning this study,
which states that financial literacy is a function of farmland abandonment [71].

The study conducted additional estimations to assess financial literacy’s effect on
farmland abandonment using the PSM method for robustness check purposes. As revealed
in the lower section of Table 4, the PSM estimated ATT of financial literacy effect on
abandoned farmland is −0.379, suggesting that an average farmer who is financially
literate is more likely to reduce abandoned farmland by 0.379 acres than their financially
illiterate counterparts. Both methods (ESR and PSM) show that financial literacy reduces
farmland abandonment. Thus, results from the PSM and ESR are consistent.

5.2.3. Additional Estimates

Further estimates to heterogeneously assess farmland abandonments’ impact on
financial literacy are provided in Table 5. Here, the sampled group was categorized into
divisions such as high and low-income households and the farmers’ gender composition.
In this study, households’ median income was used as a breakeven point to differentiate
between high- and low-income households. This implies that households whose income
goes beyond (below) the breakeven point are classified as high (low) income households.
Ankrah Twumasi [27] applied this method in their study.

Table 5. Disaggregated effect of financial literacy on farmland abandonment by household income
and gender divisions.

Variables
Average Farmland Abandonment

ATTESR t-Value Change
Financially Literate Financially Illiterate

Household income level High 0.634 0.735 −0.101 −3.84 *** 13.74%
Low 0.574 0.712 −0.138 −6.89 *** 19.38%

Gender Male 1.005 1.184 −0.179 −2.31 * 15.12%
Female 0.733 0.918 −0.185 −4.70 *** 20.15%

Source: Survey results, 2018. * and *** represent statistical significance at 10% and 1% alpha levels, respectively.
All numbers in parentheses are robust standard errors.

The findings depict that financial literacy inversely affects farmland abandonment
even after categorizing the farmers’ attributes into different divisions. Particularly, the
computed results reveal that the abandoned farmland effect on financially literate farmers
is possible for farmers from both high- and low-income households. Nevertheless, the
magnitude of percentage change is more prominent among low-income households than
high-income household counterparts. The reason for this finding may be that, compared
to farmers from high-income households, farmers from low-income households may see
farm income as their main source of income, hence, more likely to reduce abandonment of
farmland if their financial skills could help them patronize financial services (e.g., secure
insurance policies and credit) to boost their production. The result agrees with Li [72], who
showed that rural-urban migration reduces among farm households enjoying agricultural
credit to improve their productivity.

Concerning the gender division, it can be observed that male and female farmers
who are financially literate reduce farmland abandonment. To be precise, we observed
that the female farmers’ farmland reduction percentage is greater than their male counter-
parts. An explanation for this finding is the huge males’ responsibility as family heads in
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most developing countries like Ghana. These responsibilities may push them to patronize
agricultural credit fungibility (i.e., utilize a portion of the farm loans for household expen-
ditures); therefore, causing farmland abandonment due to insufficient funds to cultivate
the land [73]. Moreover, seeking off-farm work, an unfavorable determinant of farmland
abandonment [14], is high among male farmers due to their high financial responsibility as
family heads.

6. Conclusions, Policy Implications, and Limitations

Farmland abandonment has been a major concern for policymakers in most developing
nations since it is associated with food security and poverty alleviation. Thus, assessing
factors influencing its reduction is of good essence and timely. We assess how financial
literacy affects farmland abandonment in this study. The report results show that 177 out
of the 572 sampled groups were financially literate. After employing the ESR model for
our estimation, the following emerged from our findings. The selection equation from the
ESR model (determinants of financial literacy) displayed those variables, including gender,
education, smartphone use, credit constrained, and financial education as financial literacy
influencing factors. The finding again depicted that financially literate farmers’ probability
of reducing farmland abandonment was higher than their illiterate counterparts. Moreover,
different household groups depicted a heterogeneous farmland abandonment effect of
financial literacy.

Based on the study’s results, we highlighted some policy implications that might
benefit national governments and policymakers. In the first place, the negative association
between financial literacy and abandonment of farmland establishes that financial literacy
is an integral determinant of farmland abandonment reduction. Therefore, improving
individuals’ financial literacy is essential, especially for farmers. We recommend that
financial literacy programs can be organized or shown on national radios and television
to provide financial education to the country’s residents. Also, community leaders can be
supported by the government to organize conferences aimed at empowering the financial
literacy level of the rural dweller, especially when access to information through radios and
televisions is hard to find. Finally, the findings revealed that it is vital to encourage females’
agricultural participation because their farmland abandonment reduction was profound
relative to males. This study gives evidence of the essence of financial literacy in reducing
farmland abandonment; thus, intensification of agriculture engagement can be promoted if
farmers are financially literate.

The following limitations are important to be noted by future researchers. First, we
restricted our research study area to only four regions in Ghana because of limited funds;
hence, affecting our sample size. Future researchers with adequate funds should target
the entire country. Secondly, other socio-political, socioeconomics, and environmental
characteristics may play a major role in farmland abandonment; thus, forthcoming research
works can examine the linkage between those attributes and farmland abandonment to
provide more alternative policies aimed at promoting agricultural growth. Third, the focus
group for this work was farmers in crop cultivation; however, other categories of farmers,
including livestock and fishery (aquaculture), who are practicing farmland abandonment
exist. In coming studies can assess the financial literacy’s effect on these categories of
farmers. Finally, using the median as a yardstick to measure financial literacy in a dummy
variable format may be associated with some shortfalls, so readers must take caution in the
study’s interpretation. We edge future studies to improve on this measurement when the
need arises.
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Appendix A

Table A1. Questions about financial literacy and answers.

Question Answers

1. Suppose you had GH¢100 in your savings account with a 2% annual interest. After
5 years, how much will you have in this account if you leave your money to gain interest?
(Interest rate)

(a) more than GH¢102
(b) exactly GH¢102
(c) less than GH¢102
(d) I do not know

2. When you save an amount of money, X, at a rate of 1% per annum and that savings suffer
an increase in inflation after a year, will the value of that amount in savings be the same as
it was the year of saving? (Inflation)

(a) Definitely
(b) Not at all
(c) I have no idea

3. Is the following statement true or false? “Buying a single company stock usually provides
a safer return than a stock mutual fund.” (Diversification of risks)

(a) True
(b) False
(c) I do not know

4. Which of these options is better: Borrowing GH¢500.00 and paying GH¢600 back in a
month to a lender (N1) or borrowing the same GH¢500.00 from another lender (N2) and
paying back the GH¢500.00 with a 15% interest in a month? (Borrowing)

(a) Borrowing from N1
(b) Borrowing from N2
(c) I have no idea

5. If a man dies and bequeaths to his first son GH¢10,000 today and asked that another
GH¢10,000 be given to other siblings 3 years from now, who becomes richer from the
monies inherited (Time value of money)

(a) His first son
(b) the sibling
(c) Both beneficiaries
(d) I have no idea

6. Assume one’s income doubles in a particular year, say 2010, and all commodity prices
also double that same year. will one be able to buy more or less with that income today
(Money illusion)

(a) More than today
(b) The same
(c) Less than today
(d) I do not know

7. A brand new farm machinery is less costly to insure than second-hand farm
machinery? (insurance)

(a) Absolutely true
(b) Totally untrue
(c) I have no idea

Source: Ankrah Twumasi et al. [44], Lusardi et al [66], and Andoh et al. [50].

Table A2. Determinants of financial literacy and farmland abandonment.

Variables

First Stage
Selection Equation

Second Stage
Farmland Abandonment Equation

Financially Literate Financially Literate Financially Illiterate

Gender 0.024 (0.010) * 0.036 (0.018) * 0.061 (0.076)
Age 0.172 (0.263) −0.097 (0.046) * −0.043 (0.067)

Education 0.291 (0.075) *** 0.003 (0.000) ** 0.011 (0.018)
Self-reported health 0.016 (0.086) −0.055 (0.027) * −0.113 (0.107)

Household Dependency ratio −0.039 (0.055) −0.086 (0.220) 0.063 (0.031) *
Family size 0.066 (0.049) −0.006 (0.009) −0.056 (0.024) *

Smartphone use 0.078 (0.027) ** 0.048 (0.022) * 0.145 (0.177)
Mechanization 0.044 (0.091) −0.086 (0.030) ** −0.064 (0.014) ***
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Table A2. Cont.

Variables

First Stage
Selection Equation

Second Stage
Farmland Abandonment Equation

Financially Literate Financially Literate Financially Illiterate

FBOs membership 0.051 (0.080) −0.079 (0.041) −0.060 (0.013) ***
Credit constraint 0.096 (0.047) * 0.033 (0.112) 0.095 (0.011) ***

Land size −0.029 (0.115) 0.042 (0.017) ** 0.011 (0.007)
Land registration 0.088 (0.030) 0.021 (0.059) 0.061 (0.045) *

Financial education (IV) 0.183 (0.017) ***
Residual (smartphone use) 0.155 (0.429) 0.063 (0.056) 0.018 (0.069)

Constant 1.272 (0.630) * 3.261 (1.282) ** 1.774 (0.708) **
Regional dummies Yes Yes Yes

σ1 0.170 (0.147)
σ2 0.613 (0.451)
ρ1 0.072 (0.019) ***
ρ2 −0.032 (0.113)

LR test of indep. eqns.: 4.26 **; Log likelihood = −887.839; Observations = 572

Source: survey results, 2018. Note: Note: ***, **, and * respectively depicts significant level at 1%, 5%, and 10%.
Northern = Reference region. All numbers in parentheses are robust standard errors.

Table A3. Pearson correlation analysis of the selected IV.

Variables Correlation Coefficient p-Value

Financial literacy 0.049 ** 0.016
RE adoption 0.186 0.112

Source: Survey results, 2018. Note: ** p < 0.5.

Figure A1. Diagram of household sample selection procedure.
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Abstract: Accurate measurement of agricultural total factor productivity (AGTFP) is crucial to mea-
sure the level of sustainable agricultural development, and agricultural carbon sink is an important
element to leverage the development of green transformation. Few studies have incorporated agri-
cultural carbon sink into the measurement framework of AGTFP, and the evolutionary dynamics
and related spatial effects of Chinese AGTFP from the perspective of carbon sinks are unclear. On
this basis, the paper used a provincial-level agricultural panel data set of China from 2000 to 2019
to measure the provincial indicators of agricultural carbon sinks, CO2 emissions and agricultural
non-point source pollution. Then, we incorporated these environmental factors into the measurement
framework of AGTFP and used the SBM-DEA model to calculate the Chinese AGTFP from the
perspective of carbon sinks. We further analyzed the spatial and temporal divergence and con-
vergence of AGTFP in China using Moran’I and spatial econometric models. We found that after
measuring AGTFP, including agricultural carbon sinks, 28 out of 30 Chinese provinces showed an
increased trend, but the development gap between regions was obvious. The spatial econometric
model showed a significantly positive spatial correlation between the AGTFP of each province and
did not have absolute α-convergence and absolute β-convergence characteristics. After adding the
control variables of resource endowment of each province, it showed conditional β-convergence
characteristics, and the spatial spillover effect of China’s AGTFP was increasing. Finally, the paper
proposed policy recommendations for the sustainable and coordinated development of China’s
agricultural regions in response to the research findings.

Keywords: carbon sink; agriculture green total factor productivity in China; re-measurement

1. Introduction

Since the reform and opening up, Chinese agriculture has made great progress in
ensuring food security and economic stability. However, Chinese agricultural production
has long relied on the traditional factor-driven pattern, and the overuse of production
factors has contributed to the deterioration of carbon emissions and the increase in agri-
cultural surface pollution while promoting agricultural development [1]. According to
the bulletin of the first national pollution source census, the emissions of the three main
agricultural water pollutants in China account for a large proportion of total pollution,
including chemical oxygen demand (COD) accounting for 43.71%, total nitrogen (TN)
accounting for 57.19% and total phosphorus (TP) accounting for 67.27%. COD emissions
from agricultural pollution exceed those from the industrial sector, becoming the main
source of COD emissions. Energy consumption and CO2 emissions are increasing year
by year [2]. Various phenomena, such as overconsumption of resources and energy, and
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gradual deterioration of ecological badlands, are seriously limiting the sustainable develop-
ment of Chinese agriculture, and the changes in production methods around agriculture
are imminent. Total factor productivity (TFP) is not only the main tool to study economic
growth but also a key method to determine the quality of economic growth [3]. There is
a great potential for synergy between TFP and sustainable agricultural development and
ecological resilience [4]. The improvement of agricultural green total factor productivity
(AGTFP) is a vital indicator to guarantee the green development of agriculture and even
economic development [5,6]. Therefore, to clarify how to maintain sustainable agricul-
tural development, exploring the level of green productivity of Chinese agriculture under
resource and environmental constraints by measuring AGTFP is crucial.

In addition, global climate problems are becoming increasingly serious, and climate
warming threatens global food security by affecting agricultural production [7–10], and
climate change has long been a common challenge for people around the world to face. As a
major contributor to climate change, the development of agriculture must join the action to
cope with the global climate crisis. Agriculture contains not only carbon sources but also the
function of the carbon sink in its production process. Therefore, agriculture is a large carbon
sink system, and a healthy agroecosystem can offset up to 80% of global greenhouse gas
emissions released due to agricultural production processes [11]. Therefore, taking into full
consideration the role of agricultural carbon sinks, grasping the development process of low-
carbon agriculture, re-measuring the green total factor productivity (AGTFP) of China from
the perspective of carbon sinks and releasing the huge potential of agricultural emission
reduction will become the keys to promoting the green and sustainable development
of agriculture, to achieving China’s carbon peaking and carbon neutrality goals and to
completing the transformation of the economy to a low-carbon development.

How to improve agricultural productivity has been the focus of scholars’ research [12–14],
and agricultural total factor productivity (ATFP) is also considered as a measure of agri-
cultural productivity. There are currently three main methods to calculate ATFP. The first
method is the growth accounting method, which was used by Fan (1991) [15] to measure
ATFP in China, and Wen (1993) [16] also used the Solow residual method and reached simi-
lar conclusions as Fan (1991) [15]. The second method is stochastic frontier analysis (SFA),
which can construct a frontier surface suitable for the characteristics of agricultural pro-
duction [17], but it requires a predetermined production function. Coelli et al. (2003) [18]
calculated the ATFP of Bangladesh using the SFA approach and found a U-shaped agri-
cultural technology progress. Chen and Gong (2021) [19] estimated four AGTFPs under
different forms of production functions. The third method is the data envelope method
analysis (DEA), which does not require a predetermined functional form and is used
to determine productivity levels by creating a piecewise linear production frontier and
comparing it with the optimal frontier surface [20]. DEA is capable of handling multi-
ple inputs and outputs. Po-Chi et al. (2008) [14] used sequential DEA to calculate the
output-oriented Malmquist productivity index and its decomposition; they found that
the main source of productivity growth is technological progress. In recent years, along
with global climate change and ecological deterioration, green growth in agriculture has
become an essential element to improve agricultural productivity, and it is the key to
sustainable agricultural development [20,21]. Agricultural green total factor productivity
(AGTFP) is an objective indicator of sustainable agricultural development [22], revealing
the sustainable growth component beyond input factors under environmental pressure.
Since SFA is difficult to meet the needs of multiple outputs in agricultural production [1],
the advantages of DEA methods, such as measuring multiple inputs and multiple outputs,
are widely used in the assessment, especially when incorporating environmental factors
into the measurement framework of AGTFP [23–28]. The specific measurement method is
to attribute environmental factors, such as carbon source pollution and non-point source
pollution, generated from the agricultural production process as non-desired outputs to the
output side and then use the DEA method to measure AGTFP [2,20,24,29]. However, the
agricultural production process includes not only carbon emissions but also carbon sinks,

103



Agriculture 2022, 12, 2025

and a healthy agroecosystem can effectively reduce the CO2 released from the agricultural
production process [30]. Currently, scholars’ research focuses on CO2 and non-point source
pollution emissions [2]. Zhang et al. (2017) [31] established a method and estimated the
carbon footprint of grain production in China based on life cycle analysis (LCA). The results
showed that grain production had a high carbon footprint in 2013. Cheng et al. (2015) [32]
also conducted similar studies as Zhang et al. (2017) [31]. Some scholars have estimated
and studied carbon sinks. For example, Lin (2018) [33] calculated the green production
efficiency of forests based on carbon sinks. Zhang et al. (2022) [34] measured the efficiency
of net carbon sinks in 285 Chinese cities from 2012 to 2017. Chen et al. (2021) [35] estimated
the carbon sink of crop production systems from four aspects: tree; soil organic carbon;
fertilizer application; and no-till management. Chen estimated the carbon footprint of
farmers’ agricultural production through a multi-system boundary scenario approach and
included agricultural carbon sinks in the research framework to judge the contribution of
farmers’ agricultural production to climate change Chen (et al. (2020)) [36]. There is still a
great lack of studies that include carbon sink, carbon emissions and non-point pollution
jointly in the measurement framework of AGTFP. Hence, in order to accurately measure
China’s AGTFP from the perspective of carbon sink, as well as to grasp the sustainable de-
velopment level of agriculture under environmental constraints, we used the DEA method
to add carbon sink to the environmental factors to measure China’s AGTFP. On the other
hand, another key aspect to assess the sustainable development level of agriculture at this
stage is to study the spatial effect of agricultural AGTFP [37]. Wei et al. (2018) [38] studied
the factors affecting agriculture using a spatial error model (SEM) and found that factors
such as industrial agglomeration and the level of science and technology had positive
effects on agricultural green production efficiency. Therefore, to further grasp the level of
sustainable agricultural development in China, we used a spatial econometric model to
study the relevant spatial effects of AGTFP after completing the measurement of AGTFP
that incorporates agricultural carbon sink factors.

Previous studies on the measurement of AGTFP and its spatial effects provide the basis
for this paper. However, few studies have included carbon sink factors in the measurement
framework of AGTFP, and there is a lack of research on the spatial effects of AGTFP in
China from the perspective of carbon sinks. The marginal contributions of this paper are as
follows. First, agricultural ecosystems are an essential part of global terrestrial ecosystems, an
important source and sink of atmospheric carbon. Agricultural soils have a great carbon sink
potential, which has a large impact on mitigating climate change. Relatively few scholars
have measured the data on carbon sink as well as net carbon emission indicators. This
paper measured agricultural carbon sink, CO2 emissions and non-point source pollution
emissions in Chinese provinces from 2000 to 2019 and included them as non-expected
outputs in the calculation framework of AGTFP, which enriches the measurement of AGTFP.
Second, based on the previous measured data, we used the global Moran’I index, absolute
α convergence, absolute β convergence, conditional β convergence and spatial Durbin
model (SDM) to study the spatial autocorrelation, convergence and other spatial effects of
China’s AGTFP from multiple perspectives to reveal the spatial and temporal convergence of
China’s AGTFP from a dynamic perspective. Third, this research focused on the agricultural
development at the provincial level, and the findings are of great practical significance for
promoting the coordinated and high-quality development of regional green agriculture in
China. Therefore, the research significance of this paper was demonstrated through the
following points. First, we recalculated China’s agricultural carbon sinks using the latest
carbon equivalent factors from the UN Intergovernmental Panel on Climate Change (IPCC)
Sixth Assessment Report to provide a new perspective for developing a more effective CO2
reduction strategy. Second, we estimated the net carbon emissions of China’s agriculture,
which can more accurately indicate the actual growth of China’s agriculture and provide a
reference for decision making to precisely reduce the regional disparity of China’s AGTFP.
Third, we analyzed the dynamic convergence of AGTFP in the spatial dimension to clarify
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the dynamic evolutionary characteristics of AGTFP convergence and to reveal the sources
of regional disparities in AGTFP growth in China.

2. Materials and Methods

2.1. Measurement of Agriculture Carbon Sinks and Carbon Emissions and Non-Point Source Pollution

At present, there are no relevant statistics on the environmental indicators of agri-
cultural carbon source emissions of CO2, carbon sinks and agricultural non-point source
pollution of CO2. Therefore, it was necessary to measure the above three indicators and
calculate them. Then, the net carbon emissions in the agricultural production process were
obtained by subtracting the carbon sequestration by carbon sinks from the agricultural car-
bon source emissions, which was a good quantitative basis for measuring China’s AGTFP
from the perspective of carbon sinks in the following context.

2.1.1. Measurement of Agriculture Carbon Sinks

The United Nations Framework Convention on Climate Change (UNFCCC) referred
to the concept of carbon sinks as “processes or activities that reduce greenhouse gases in
the atmosphere”. Crop carbon sequestration referred to the process by which crops convert
CO2 in the air into carbohydrates through photosynthesis, releasing oxygen while fixing
the carbon in the crop for its own growth and development. This section draws on the
calculations used by Chen et al. (2021) [35] to calculate the carbon sink by crop production
systems, including: carbon absorption by trees (CSTA) and soil organic carbon (SOC)
increases due to straw, litter, pruning and root residue return (CSSR); manure application
(CSMA); and no-tillage management (CSNT).

TCSi = CSTA + CSSR + CSMA + CSNT (1)

where TCSi represents the total carbon sequestration. CSTA represents the carbon absorbed
by tea and fruit trees aside from that removed by harvesting, pruning and litter, which
was 527.5 (Li, 2012) [39] and 930 (Lv, 2019) [40] kg C ha−1 yr−1, respectively. The detailed
calculation process and explanation of CSSR, CSMA and CSNT are shown in Appendix A.

2.1.2. Measurement of Agriculture Carbon Emissions

The United Nations Framework Convention on Climate Change (UNFCCC) referred
to the concept of carbon sources as “processes or activities that emit greenhouse gases
into the atmosphere”. Based on the carbon accounting approach of the United Nations
Intergovernmental Panel on Climate Change (IPCC), the formula for agricultural carbon
emissions was constructed as follows.

Ec = ∑ Ei = ∑ Ti × δi (2)

where Ec represents the total agricultural carbon emission, Ei represents the emission of
the i-th category of agricultural carbon source, Ti represents the specific value of the i-th
category of agricultural carbon source, and δi represents the carbon emission coefficient of
each agricultural carbon source. Based on previous studies [3,41], the paper determined the
corresponding carbon sources and carbon emission coefficients from agricultural land use,
rice and livestock breeding, and the indirect N2O emissions from in-field nitrogen fertilizer
application and straw burning based on the characteristics of agricultural production
activities and consideration of data availability. Carbon emissions from agricultural land
use covered carbon emissions from fertilizers, pesticides, agricultural films, diesel, tillage,
irrigation, etc., in the agricultural production process. In addition, the conversion of carbon
dioxide (CO2), nitrous oxide (N2O), methane (CH4), etc., into standard C equivalents and
the unification of measurement units facilitated the calculation and subsequent comparison
of content. The UN Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment
Report stipulated that the conversion C-equivalent standard was that the greenhouse effect
caused by 1 t N2O is equivalent to that caused by 273 t CO2, and the greenhouse effect
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caused by 1 t CH4 is equivalent to the greenhouse effect caused by 27 t CO2. Because 1 t
CO2 contains 0.272 7 t C, the C contained in 1 t N2O and 1 t CH4 is approximately 74.256 t
and 7.344 t. The detailed calculation process and explanation of carbon emission are shown
in Appendix A.

2.1.3. Measurement of Agriculture Carbon Non-Point Source Pollution

The paper used the idea of the inventory analysis method to account for agricultural
non-point source pollution. The method assumed that a certain agricultural activity corre-
sponds to a certain amount of agricultural pollution emissions and integrated a variety of
analytical methods to establish the agricultural activity and pollution emissions response
relationship, with the unit as the core. The pollutants were mainly COD, TN and TP, and
the formula for accounting for agricultural non-point source pollution emissions are as
follows [2].

En = ∑i EUiρi(1 − ηi)Ci(EUi, S) = ∑i PEi(1 − ηi)Ci(EUi, S) (3)

where En represents the emission of agricultural non-point source pollution (i.e., CODCR,
TN and TP). EUi represents the indicator statistic of unit i; ρi represents the pollution
production coefficient of pollutant of unit i; ηi represents the coefficient characterizing
the efficiency of relevant resource utilization; PEi represents the pollution production
of pollutant of unit i. This indicator does not take into account the maximum potential
pollution caused by comprehensive resource utilization and management factors. Ci
represents the emission coefficient of pollutant of unit i, which is determined by the unit
characteristics (EUi) and spatial characteristics (S) and characterizes the combined effects of
regional environment, rainfall and various management measures on agricultural non-point
source pollution.

The indicators of agricultural non-point source pollutant discharges evaluated in
the paper mainly included CODCR, TN and TP remitted to water bodies through surface
runoff and farmland drainage, etc. Therefore, based on the characteristics of agricultural
production activities, the identified pollution-producing units were pollution discharges
from farmland fertilizers, livestock and poultry breeding and farmland solid waste. Ac-
cording to the Class III standard on surface water environmental quality standard (GB3838-
2002), the individual pollutant indicators were converted into equivalent emissions. The
formula is: Pollutant equivalent emissions = pollutant emissions/pollutant discharge
evaluation standard.

2.2. SBM-DEA Model

DEA has become a mainstream technique for efficiency evaluation, since it has many
advantages, such as not assuming functional relationships, non-subjective weights and the
ability to analyze decision unit invalid factors [2]. The DEA method is usually used to eval-
uate the efficiency of production containing non-desired outputs. Although the traditional
directional distance function can better solve the problem of evaluating the efficiency of
production containing non-desired outputs, it cannot eliminate the non-efficiency compo-
nents caused by the input–output slack. To solve the problem of relaxation of variables and
the measurement error caused by radial direction, Tone (2001) [42] proposed a non-radial,
non-oriented SBM data envelopment analysis model based on relaxation variables, but
that model still cannot distinguish and rank multiple equally valid cells. Therefore, Tone
(2002) [43] proposed a super-efficient SBM model to solve that problem. Since SBM-DEA
takes the input–output slack variables into account, making the efficiency evaluation results
more accurate and solving the problem of further comparing and ranking many effective
units, it has thus been widely used by scholars [23–28]. In this paper, we applied the method
of Tone (2002) [43] to measure the AGTFP of China from the perspective of carbon sink.

We supposed there existed M decision-making units (DMUs). P(x) represents the set
of production possibilities; x represents the production input; y represents the economic
output; and b represents the undesired output—all of which can be freely disposed of for
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input factor x and economic output y. Therefore, if (y, b) ∈ P(x) and y′ ≤ y, x′ ≥ x, then
(y′, b) ∈ P(x) or P(x′) ∈ P(x). Similarly, when the environmental output also satisfies free
disposability, the environmental output indicator will also satisfy the above axioms. When
agriculture does not have to pay the corresponding economic cost for the environmental
pollution generated during the production process, the production possibility set will take
the following form.

P(x) =
{
(x, y, b) : ∑M

m=1 zmxm ≤ x; ∑M
m=1 zmym ≥ y;

∑M
m=1 zmbm ≤ b, zm ≥ 0, m = 1, .., M

(4)

When the environmental output is weakly disposable, the environmental output
b will satisfy the following axiom: if (y, b) ∈ P(x) and 0 < θ < 1, then (θy, θb) ∈ P(x).
This axiom states that each unit of emission reduction will cause an equally proportional
reduction in economic output. That is, it is the economic cost of the agricultural production
process due to emissions, just as the non-point source pollution emission rights and carbon
emission rights gradually established in China are the economic costs due to emissions. In
this case, the production may take the form of:

P(x) =
{
(x, y, b) : ∑M

m=1 zmxm ≤ x; ∑M
m=1 zmym ≤ y;

∑M
m=1 zmbm = b, zm ≥ 0, m = 1, .., M

(5)

The specific expression of the super-efficiency model constructed by Tone (2002) [43]
is as follows.

ρ = min
1
m ∑M

i=1
x

xik
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s1+s2

(
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i=1

yd
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yd
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s.t.
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lj; yu ≤ yd

kj
λj ≥ 0, i = 1, . . . , m; j = 1, . . . , n; l = 1, . . . , s1; k = 1, . . . , s2

(6)

where n denotes the number of decision units, which is the number of provinces in this
study. Each DMU consists of input m, desired output s1 and non-desired output s2. x
denotes the elements in the input matrix; yd denotes the elements in the desired output
matrix; yu denotes the data in the non-desired output matrix; and ρ denotes the efficiency
value of the DMU.

The green production efficiency values measured by the SBM model are static, and
the Malmquist model complements the SBM model well by analyzing dynamically the
changes in efficiency values between the two preceding and following years. Therefore, the
global reference Malmquist model (GML model), which uses the sum of the periods as a
possible reference set, is used to calculate the production efficiency values.

sg = s1 ∪ s2 ∪ . . . ∪ sp =
{(

x1
j , y1

j

)
∪
(

x2
j , y2

j

)
∪ . . . ∪

(
xp

j , yp
j

)}
(7)

The index formula for GML is as follows:

Mg

(
xt+1, yt+1, xt, yt

)
=

Eg(xt+1, yt+1)
Eg(xt, yt)

(8)

The same global frontier is referenced in the calculation of the Malmquist index for the
two adjacent periods, but the calculation of the efficiency change still uses the respective
frontier, so that the efficiency change (EC) is expressed as

EC =
Et+1(xt+1, yt+1)

Et(xt, yt)
(9)
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where the degree to which frontier t + 1 is close to the global frontier is represented by
Eg(xt+1,yt+1)

Et+1(xt+1,yt+1)
, and a larger ratio indicates that frontier t + 1 is closer to the global frontier,

and the degree to which frontier t is close to the global frontier is represented by
Eg(xt ,yt)
Et(xt ,yt)

,
with a larger ratio indicating that the frontier t is closer to the global frontier. The variation
of efficiency can be obtained by dividing the above two values.

TCg =
Eg(xt+1, yt+1)/Et+1(xt+1, yt+1)

Eg(xt, yt)/Et(xt, yt)
=

Eg(xt+1, yt+1)
Et+1(xt+1, yt+1)

× Et(xt, yt)
Eg(xt, yt)

(10)

Thus, the Malmquist index can be decomposed into efficiency changes and technologi-
cal changes.

Mg

(
xt+1, yt+1, xt, yt

)
=

Eg(xt+1, yt+1)
Eg(xt, yt)

=
Et+1(xt+1, yt+1)

Et(xt, yt)

(
Eg(xt+1, yt+1)

Et+1(xt+1, yt+1)
× Et(xt, yt)

Eg(xt, yt)

)
= EC × TC (11)

If ML > 1, it means that AGTFP is increasing; conversely, if ML < 1, it means that
AGTFP is decreasing. EC > 1 indicates that the DMU moved to the best practice frontier;
TC measures the movement of the best practice frontier caused by technological progress.

2.3. Spatial Effect Model
2.3.1. Method of Spatial Autocorrelation

The study of spatial autocorrelation is a crucial concept to reveal the distribution of
spatial data, and the calculation of the degree of correlation in spatial autocorrelation is the
primary method to study spatial autocorrelation [34]. The autocorrelation test of AGTFP
is the first step in constructing the spatial econometric model. We applied RSDA to test
the spatial correlation and selected the global spatial correlation as well as the local spatial
correlation in ESDA analysis tool to test the spatial correlation of AGTFP.

The global spatial correlation can be used to analyze the spatial agglomeration state of
AGTFP, and the Greary’C coefficient and Moran’I index are used in most cases. Since the
global Moran’I index can more closely reflect the degree of similarity between neighboring
regions, we chose the global Moran’I index to test the spatial correlation of AGTFP. The
formula for constructing the global Moran’I index is as follows.

I =
n ∑n

i=1 ∑N
j=1 wij(yi − y)

(
yj − y

)
S0 ∑N

i=1(yi − y)2 (12)

where yi and yj represent the AGTFP of the i-th and j-th provinces, respectively; n = 1, 2,...,
30 represents the number of provinces that we studied; y represents the mean value of
AGTFP of the 30 provinces; wij is the spatial adjacency weight matrix; S0 = ∑N

i=1 ∑N
j=1 wij

represents the spatial weight aggregation; and the Moran’I ∈ [−1,1]. The larger the value of
Moran’I index, the higher the degree of spatial correlation between regions. If the Moran’I
index is significantly greater than 0, it means that there is a positive spatial correlation
between regions, which is expressed as “high-high” or “low-low” spatial clustering. If the
Moran’I index is significantly less than 0, it means that there is a negative spatial correlation
between regions, which is expressed as “high-low” or “low-high” spatial clustering. If the
Moran’I index is 0, it means that there is no spatial correlation between regions, and the
AGTFP of each province is independently distributed. After the Moran’I index is obtained,
its significance needs to be tested. In this section, we will use the Z statistic test, which is
calculated by the following formula.

Z(I) =
I − R(I)√

VAR(I)
(13)
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where R(I) = −1
n−1 , VAR(I) =

[
1

w2
0(n

2−1)

(
n2w1 + nw2 + 3w2

0
)]−R2(I), w0 = ∑N

i=1 ∑N
j−1 wij,

w1 = 1
2 ∑N

i=1 ∑N
j=1
(
wij + wji

)2, w2 = ∑N
i=1
(
wi· + w·j

)2. wi· and w·j are the sum of the i-th
row and j-th column in the spatial weight matrix. If the value of Z(I) is greater than zero, it
means that there is a spatially positive correlation of AGTFP between provinces; if the value
of Z(I) is less than zero, it means that there is a spatially negative correlation of AGTFP
between provinces; if the value of Z(I) is equal to zero, it means that there is a spatially
independent distribution of AGTFP between provinces.

2.3.2. Method of Spatial Convergence Analysis

Since the convergence analysis can visualize the performance of an algorithm and
evaluate an algorithm scientifically from a theoretical point of view, convergence analysis
is widely applied by scholars [44]. The methods for studying spatial convergence are
absolute α convergence, absolute β convergence and conditional β convergence. Absolute
α convergence refers to the fact that the gap between different regions will gradually
decrease and eventually converge with time. Absolute β convergence assumes that the
marginal factor rewards are decreasing. Under this premise, the regions will eventually
reach the same steady-state level as time elapses. Conditional β convergence indicates that
the resource endowment conditions of different regions are different and closely related
to economic growth, making it difficult to achieve a consistent steady-state level among
regions. Previous econometric models have led to biased convergence conclusions due to
often ignoring the correlation with geographic location [45]. Therefore, we incorporated
spatial factors into previous econometric models to examine the regional convergence
differences of AGTFP in China from a spatial perspective.

(1) Absolute α convergence analysis
When absolute α convergence is tested for the dispersion of AGTFP in China, if α

shows a decreasing trend, there is a convergence trend among provinces. Different tests
have different sensitivities to the data, so the α coefficient and the coefficient of variation
will be used to jointly test the convergence characteristics of AGTFP among provinces to
ensure the robustness of the test results. The equations of each test method are as follows.

α =

√√√√∑N
i=1

(
lnyit − lnyt

)2

n
(14)

CV =
S
yt

(15)

where yit is the AGTFP of the i-th province in t-th year, and yt is the mean value of the
AGTFP of the provinces in t-th year.

(2) Absolute β convergence analysis
Absolute β convergence can test whether provinces that started with lower AGTFP

can catch up with provinces that started with higher AGTFP through higher growth rates.
Based on the method of Barro et al. (1995) [45], we used an absolute β convergence model.
for the test, and the model equation is as follows.

ln(yit/yi0)

T
= α + βyi0 + μit (16)

where yit and yi0 are the AGTFP of the i-th province in t-th year. T represents the average
annual growth rate of AGTFP of province i from 2000 to 2019; α and β are parameters to
be estimated; μit is the random error term. If the parameter β is significantly negative, it
means that the AGTFP among Chinese provinces has an absolute β-convergence trend.

(3) Conditional β convergence analysis
Conditional β convergence refers to the fact that the steady-state level of AGTFP

in each province is associated with some resource endowment conditions. It is difficult
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to reach the same steady-state level in all provinces. In order to consider the influence
of external environment on the steady-state level of AGTFP in each province, we added
control variables to the model when conducting the conditional β convergence test. If the
estimation result of β remains significantly negative, it indicates the existence of conditional
β convergence among provinces. Based on previous studies, we selected the level of
economic development (GDP), agricultural industrial restructuring (AIR), agricultural
infrastructure (AID), energy consumption (EC), effective irrigation rate (EI) and disaster
incidence rate (DOR) as the control variables for each province. GDP was expressed as
gross output per capita. AIR was expressed as the ratio of total plantation output to total
agricultural output. AID was expressed as the ratio of road mileage to provincial and
district administrative area. EC was expressed as rural electricity consumption. EI was
expressed as the ratio of irrigated area to total sown area of crops. DOR was expressed as
the ratio of disaster area to total sown area of crops. The conditional β convergence test
model for AGTFP in China is as follows.

d(lnyit) = lnyit − lnyi(t−1) = α + βlnyi(t−1) + γxit + μit (17)

where lnyit represents the AGTFP of the i-th province in t-th year. xit is the control variable
mentioned above. α, β and γ are the parameters to be estimated. Additionally, μit is the
random error term.

(4) Spatial Econometric Model
Traditional econometric models largely ignore the geographical correlation between

regions, thus yielding biased spatial convergence results [45]. The inclusion of spatial
factors can not only avoid the endogeneity of spatial spillover effects but also study the
direction of spatial spillover effects. Therefore, spatial econometric models are mostly
used by scholars to study spatial characteristics [41,46]. Currently, scholars often apply
SEM, SDM and SLM [47,48] to introduce geographic features to construct models, and the
spatial lag model (SAR) and spatial error model (SEM) can reflect the correlation between
different regions. Based on the studies of scholars such as Yu et al. (2012) [46] and Elhorst
(2012) [41], we combined spatial factors to construct a convergence model and consider a
spatial perspective to study the convergence of regional differences in AGTFP. The yt with
one period lag is set as the explanatory variable in the β convergence model to construct the
dynamic space (SDM) conditional β convergence model, dynamic space (SAR) conditional
β convergence model and dynamic space (SEM) conditional β convergence model of
AGTFP in each province of China. The specific models are as follows.

ln yit
yit−p

= α + βlnyit−p + ρwln yit
yit−p

+ γxit + εit,

εit = λwεit + μit, μit ∼ N
(
0, σ2) (18)

SAR conditional β convergence model

ln
yit

yit−p
= α + βlnyit−p + ρwln

yit
yit−p

+ γxit + εit, εit ∼ N
(

0, σ2
)

(19)

SEM conditional β convergence model

ln
yit

yit−p
= α + βlnyit−p + γxit + εit, εit = λwεit + μit, μit ∼ N

(
0, σ2

)
(20)

where yit and yit−p are the values of AGTFP for each Chinese province in t-th year and
(t−p)-th year; w is the spatial weight matrix; α, β and γ are the parameters to be estimated; λ
and ρ represent the spatial correlation coefficients, which are a reflection of the relationship
between AGTFP interactions among provinces; εit and μit are both random error terms
obeying independent identical distribution; xit represents the control variables. If β is
significantly negative, it indicates that the AGTFP in each province showed dynamic spatial
convergence. We selected the number of lags as one period.
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2.4. Variable Selection and Data Source

Based on the production characteristics of agriculture, the paper selected the input–output
data of 30 provinces (excluding Tibet) in mainland China from 2000 to 2019 to calculate
the AGTFP. The input indicators included land, labor, machinery and fertilizer. The output
indicators included the desired output and non-desired output, and non-desired output in-
cluded agricultural non-point pollution (NP) and agricultural net carbon emissions (NCE).
According to the class III surface water environmental quality standard (GB3838-2002),
the calculation of agricultural non-point source pollution was converted to the three types
of agricultural non-point source pollution emissions in agricultural pollution loads. In
addition, when calculating the net agricultural carbon emissions, greenhouse gases, such
as CO2, N2O and CH4, emitted into the atmosphere during the production process were
uniformly converted into standard carbon (C) equivalents, thus unifying the measurement
units and subtracting them from agricultural carbon sequestration to obtain the net agri-
cultural carbon emissions. Additionally, when calculating the spatial econometric model,
we selected the level of economic development (GDP), agricultural industrial restructur-
ing (AIR), agricultural infrastructure (AID), energy consumption (EC), effective irrigation
rate (EI), disaster occurrence rate (DOR), financial support for agriculture (FS) and major
grain producing areas (MGP) of each province as the control variables. The specific index
selection and data sources are shown in Table 1.

Table 1. AGTFP assessment indicators and data sources.

Assessment
Indicators

Indicators’ Explanation Unit Source Reference

Input

Land the total sown area of crops 104 hectares

“China Agricultural
Statistics” and “China

Rural Statistical
Yearbook”

Gong (2020) [17]
Chen et al. (2021) [19]

Labor employees in the
primary industry 104 People

“China Statistical
Yearbook”

Gong (2020) [17]
Chen et al. (2021) [19]

Machinery the total power of
agricultural machinery 104 Tons

“China Agricultural
Statistics” and “China

Rural Statistical
Yearbook”

Gong (2020) [17]
Chen et al. (2021) [19]

Fertilizer

the amount of chemical
fertilizer actually used in
agricultural production

calculated by the
pure method

104 kilowatts

“China Agricultural
Statistics” and “China

Rural Statistical
Yearbook”

Gong (2020) [17]
Chen et al. (2021) [19]

Output

GVAO
(Expected output)

the total output value of
agriculture, forestry, animal

husbandry and fishery at
constant prices in 2000

108 CNY

“China Agricultural
Statis-tics” and “China

Rural Statistical
Yearbook”

Gong (2020) [17]
Chen et al. (2021) [19]

NP
(Non-expected

output)

the pollution of chemical
oxygen demand, total

nitrogen and total
phosphorus caused by

pollutants entering the water
body through surface runoff

and farmland drainage

104 Tons Calculated results Yu et al. (2022) [11]
Shen et al. (2018) [20]

NCE
(Non-expected

output)

the value that uses
agricultural carbon

emissions minus agricultural
carbon sinks

104 Tons Calculated results Yu et al. (2022) [11]
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Table 1. Cont.

Assessment
Indicators

Indicators’ Explanation Unit Source Reference

control
variables

GDP GDP per capita 104 CNY
China Statistical

Yearbook Liu et al. (2021) [5]

AIR
the total output value of
planting industry/total

agricultural output value
-

“China Agricultural
Statistics” and “China

Rural Statistical
Yearbook”

Yu et al. (2022) [11]
Liu et al. (2021) [5]

AID number of road
miles/administrative area -

China Regional
Economic Statistics

Yearbook

Wang et al.
(2021) [22]

EC rural electricity consumption 108 kW/h
China Agricultural

Statistics Reza et al. (2016) [49]

EI
the effective irrigated
area/total sown area

of crops
-

“China Agricultural
Statistics” and
“China Rural

Statistical Yearbook”

Kumar et al.
(2008) [50]

DOR
agricultural disaster

area/total sown
area of crops

-

“China Agricultural
Statistics” and
“China Rural

Statistical Yearbook”

Nwaiwu et al.
(2015) [51]

FS
local financial expenditure
on agriculture, forestry and

water affairs
108 CNY

National Bureau
of Statistics Gong (2020) [17]

MGP

MGP is a dummy variable, if
a province belongs to the

major grain producing area,
MGP = 1, otherwise MGP = 0

-

Ministry of Agriculture
and Rural Affairs of the

People’s Republic
of China

Li et al. (2022) [28]

Note: GVAO represents gross value of agriculture, NP represents agricultural non-point pollution, NCP represents
agricultural net carbon emissions, GDP represents GDP per capita, AIR represents agricultural industrial restruc-
turing, AID represents agricultural infrastructure, EC represents energy consumption, EI represents effective
irrigation rate, DOR represents disaster occurrence rate, FS represents financial support for agriculture, and MGP
represents major grain producing areas.

3. Results and Analysis

3.1. Calculation Results of Agricultural Net Carbon Emissions

Based on the measurement methods introduced in Section 2.1, we calculated the
agricultural carbon source emissions, carbon sinks and net carbon emissions for each
province in China. The following Table 2 lists the mean values of carbon emissions, carbon
sinks and net carbon emissions for 2000–2019. Beijing had the smallest agricultural carbon
emission, with a mean value of 92.563 × 104 tons. Henan had the largest agricultural
carbon emission, with a mean value of 2414.393 × 104 tons. Guangdong had the largest
agricultural carbon sink, with a mean value of 1034.076 × 104 tons. Henan had the highest
mean value of agricultural net carbon emissions, while Beijing had the lowest. Agricultural
land use carbon emissions were highest in Henan, Shandong and Hebei. Rice fields carbon
emissions were highest in Jiangxi, Jiangsu and Hunan. Shandong, Henan and Chongqing
had the highest livestock and poultry farming carbon emissions. The highest carbon sinks
by crop production systems and soil organic carbon occurred in Guangdong, Guangxi
and Shanxi.
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3.2. Empirical Results and Analysis of China’s AGTFP

Based on MAXDEA software, we separated technical progress and technical efficiency
to obtain the average annual growth rates for the MI index, EC index and TC index in each
province from the carbon sink perspective (Table 3). Except for Heilongjiang and Ningxia,
whose AGTFP was decreasing, the AGTFPs of all the other 28 provinces were increasing.
Among them, Beijing, Tianjin and Chongqing had an average annual growth rate of MI
over 1. Beijing had the highest AGTFP growth rate of 2.068%, and Heilongjiang had the
lowest AGTFP growth rate of −0.094%. The EC growth rates in Shanxi, Inner Mongolia,
Jilin, Heilongjiang, Jiangsu, Zhejiang, Fujian, Shandong, Guangxi, Guizhou, Ningxia and
Xinjiang were negative, while Fujian had the lowest EC growth rate of −0.162%. The
remaining provinces had a positive average annual growth rate of EC. The average annual
growth rate of EC in Beijing and Shanghai exceeded 1. Beijing had the highest TC growth
rates. The average annual growth rate of TC in Beijing was 3.030%. The negative average
annual growth rate of TC in Tianjin, Shanghai and Qinghai indicated that the technological
progress showed a decreasing trend.

Table 3. Average annual growth rates of MI, EC and TC from 2000 to 2019 from the carbon sink
perspective (%).

Province MI EC TC Province MI EC TC

Beijing 2.068 3.517 3.030 Henan 0.183 0.010 0.173
Tianjin 0.613 0.341 −0.271 Hubei 0.147 0.129 0.276
Hebei 0.045 0.538 0.586 Hunan 0.347 0.102 0.245
Shanxi 0.201 −0.119 0.082 Guangdong 1.066 0.125 0.941

Inner Mongolia 0.183 −0.046 0.229 Guangxi 0.188 −0.195 0.384
Liaoning 0.168 0.003 0.171 Hainan 0.397 0.866 0.466

Jilin 0.368 −0.110 0.258 Sichuan 0.380 0.068 0.311
Heilongjiang −0.094 −0.143 0.049 Chongqing 1.844 0.977 0.858

Shanghai 0.006 5.363 −0.085 Guizhou 0.157 −0.273 0.431
Jiangsu 0.500 −0.045 0.545 Yunnan 0.366 0.215 0.150

Zhejiang 0.639 −0.060 0.699 Shanxi 0.214 0.102 0.316
Anhui 0.127 0.043 0.170 Gansu 0.456 0.109 0.347
Fujian 0.723 −0.162 0.561 Qinghai 0.578 0.683 −0.104
Jiangxi 0.275 0.046 0.229 Ningxia −0.035 −0.233 0.269

Shandong 0.390 −0.060 0.450 Xinjiang 0.149 −0.027 0.176

Note: MI represents total factor productivity, EC represents efficiency changes, TC represents technological progress.

3.3. Spatial Effect Analysis

On the basis of measuring China’s AGTFP, we further analyzed its distribution pattern,
the spatial effects, the power source, spatial and temporal divergence and convergence of
China’s AGTFP growth. We explained the spatial and temporal convergence of China’s
AGTFP in a panoramic manner from the perspective of spatial and temporal dynamics.

3.3.1. Empirical Results and Analysis of Spatial Autocorrelation

According to the calculation methods of spatial autocorrelation, we conducted a test
on the mean value of China’s AGTFP, and the test results are shown in Table 4. Table 4
shows the results of the global autocorrelation test of AGTFP in China, where the Moran’I
index of AGTFP was greater than 0 and passed the 1% significance level test in 2000
and 2018, while it passed the 10% significance level test in 2007, 2010, 2016, and in the
remaining years, it passed the 5% significance level test. Overall, there was a significantly
positive spatial correlation between the AGTFP of each province in China. In addition, a
larger Moran’I value indicates a stronger spatial correlation; a maximum value of 0.243 in
2016 indicates the strongest spatial correlation. The Moran’I index had fluctuated during
2000–2019, but the overall trend was upward, rising from 0.103 in 2000 to 0.153 in 2019.
This indicates that there was a presence of agricultural green technology diffusion and
technology exchange among neighboring provinces, with an overall increasing trend of
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diffusion and exchange, as indicated by the spatial spillover effects. Resource endowment
and natural location conditions were inextricably linked to agricultural green production,
and the convergence of agricultural green technology conditions was higher in neighboring
or closer provinces. With the diffusion and exchange of knowledge and green technology,
the AGTFP in neighboring or closer provinces was spatially correlated.

Table 4. Global correlation test results of AGTFP in China.

Year
AGTFP

Moran’I Z Value p Value

2000 0.103 0.305 0.000 ***
2001 0.024 0.576 0.038 **
2002 0.126 0.888 0.028 **
2003 0.215 2.223 0.018 **
2004 0.057 0.828 0.013 **
2005 0.123 0.809 0.020 **
2006 0.064 0.879 0.021 **
2007 0.114 1.358 0.019 **
2008 0.182 2.287 0.087 *
2009 0.118 1.382 0.011 **
2010 0.143 0.967 0.084 *
2011 0.094 1.139 0.016 **
2012 0.085 0.383 0.012 **
2013 0.033 0.020 0.035 **
2014 0.216 2.042 0.049 **
2015 0.091 1.208 0.021 **
2016 0.234 1.842 0.083 *
2017 0.181 2.453 0.033 **
2018 0.150 0.154 0.001 ***
2019 0.153 0.305 0.044 **

Robust standard errors in parentheses *** p < 0.01, ** p < 0.05, * p < 0.1.

3.3.2. Empirical Results and Analysis of Spatial Convergence

Based on previous studies [31,52], we used convergence methods such as absolute
α convergence, absolute β convergence and conditional β convergence to analyze the
convergence of AGTFP in China.

(1) Empirical Results and Analysis of Absolute α Convergence
According to the calculation methods of the α coefficient and coefficient of variation,

we performed a test on the mean value of China’s AGTFP, and the test results are shown in
Figure 1. Figure 1 shows that the test results of each method had different values, but the
trend was relatively smooth and had a small upward trend, which indicated that China’s
AGTFP will not have an absolute alpha convergence trend in a certain period of time. The
reason for such a situation may be that the paper involved green technologies, such as
environmental pollution and resource saving. However, the current lack of motivation to
promote related technologies makes it difficult for Chinese agricultural green technologies
to diffuse. Additionally, the provinces with higher AGTFP in the initial year maintained
higher efficiency levels, while the provinces with lower AGTFP in the initial year had
difficulty in imitating and learning quickly. This made it difficult for absolute α convergence
trends to occur within a certain period of time.
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Figure 1. Trend of α convergence of AGTFP in China. Note: CV represents coefficient of variation.

(2) Empirical Results and Analysis of Absolute β Convergence
Based on the calculation methods of absolute β convergence, we performed a test

on the mean value of China’s AGTFP, and the test results are shown in Table 5. Table 5
shows that the results for absolute β convergence of AGTFP and the β coefficients of the
eastern, central, western regions and the national average were significantly negative at
the 1% level. This indicates that the AGTFP of the national region, the eastern region,
the central region, the western region were characterized by absolute β convergence. In
addition, the β coefficients were significantly positive at the 1% level for all three time
periods within the period 2000–2019, except for 2000–2004, where all β coefficients were
significantly negative at the 1% level, indicating that China’s AGTFP was characterized by
non-absolute β convergence.

Table 5. Absolute β convergence results for AGTFP.

Factor
Sub-Region Sub-Time

Nationwide East Central West 2000–2004 2005–2009 2010–2014 2014–2019

β
−0.941 ***

(0.043)
−0.904 ***

(0.069)
−0.989 ***

(0.084)
−0.911 ***

(0.075)
−1.313 ***

(0.097)
1.100 ***
(0.124)

1.126 ***
(0.098)

1.171 ***
(0.083)

α
0.958 ***
(0.044)

0.922 ***
(0.071)

1.008 ***
(0.083)

0.927 ***
(0.077)

1.331 ***
(0.099)

1.127 ***
(0.127)

1.142 ***
(0.099)

1.093 ***
(0.085)

R2 0.471 0.487 0.478 0.450 0.646 0.469 0.467 0.576

Note: Robust standard errors in parentheses *** p < 0.01.

(3) Empirical Results and Analysis of Conditional β Convergence Analysis
Based on the calculation methods of conditional β convergence, we performed a test

on the mean value of China’s AGTFP, and the test results are shown in Table 6. Table 6
shows the results of the conditional β convergence of AGTFP in China. First, from the
time perspective, the β coefficients of the national, eastern, central and western regions
were significantly negative, and the national, eastern and western regions all pass the test
at the 1% significance level. This indicates that the AGTFP of each region in China had a
conditional β convergence posture. Second, from the time perspective, the β coefficients of
China’s AGTFP are significantly negative for the period 2000–2019, and all four periods in
Table 5 pass the 1% significance level test. This indicates that the AGTFP of China had a
conditional beta convergence posture. Overall, the AGTFP of China in the national, eastern,
central and western regions had significant conditional β convergence characteristics.
Because of the differences in resource endowment of different provinces, the AGTFP in
different provinces converges to its own steady-state level at different rates.
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Table 6. Conditional β convergence results for AGTFP.

Factor
Sub-Region Sub-Time

Nationwide East Central West 2000–2004 2005–2009 2010–2014 2014–2019

β
−0.911 ***

(0.042)
−0.887 ***

(0.068)
−0.961 ***

(0.081)
−0.905 **

(0.076)
−1.093 ***

(0.091)
−0.882 ***

(0.108)
−0.891 ***

(0.086)
−0.984 ***

(0.072)

α
0.930 ***
(0.044)

0.895 ***
(0.078)

0.917 ***
(0.107)

0.916 ***
(0.089)

1.028 ***
(0.099)

0.956 ***
(0.130)

0.896 ***
(0.088)

1.081 ***
(0.087)

GDP 0.001 ***
(0.001)

0.002 ***
(0.002)

0.003 ***
(0.006)

0.004 ***
(0.004)

0.007 ***
(0.007)

0.005 ***
(0.006)

0.001 ***
(0.002)

0.001 ***
(0.00)

AIR 0.001
(0.032)

0.007
(0.066)

0.100
(0.118)

−0.009
(0.68)

0.068
(0.078)

−0.029
(0.101)

0.013
(0.049)

−0.053
(0.055)

AID 0.002
(0.001)

0.001
(0.002)

0.032
(0.022)

−0.001
(0.002)

0.005
(0.004)

−0.003
(0.006)

−0.004 **
(0.001)

0.003 *
(0.02)

EC −0.001
(0.001)

−0.001
(0.001)

−0.022
(0.015)

0.003
(0.014)

0.00
(0.004)

0.004
(0.003)

−0.002
(0.001)

0.001
(0.001)

EI −0.005
(0.007)

0.002
(0.038)

0.042
(0.101)

−0.007
(0.012)

0.009
(0.018)

0.006
(0.026)

0.008
(0.011)

−0.022 **
(0.01)

DOR 0.001
(0.0019)

0.051
(0.031)

−0.049
(0.044)

−0.012
(0.036)

0.035
(0.045)

−0.017
(0.049)

0.002
(0.034)

0.018 *
(0.034)

FS −0.001
(0.001)

−0.00
(0.002)

−0.003
(0.005)

−0.004
(0.003)

00.046
(0.044)

−0.024
(0.015)

0.001
(0.003)

−0.006 ***
(0.002)

MGP −0.004
(0.005)

−0.015
(0.011)

−0.011
(0.023)

0.014
(0.014)

−0.001
(0.012)

−0.009
(0.016)

0.010
(0.008)

−0.013
(0.009)

R2 0.474 0.503 0.492 0.460 0.661 0.469 0.510 0.634

Note: Robust standard errors in parentheses *** p < 0.01, ** p < 0.05, * p < 0.1. GDP represents GDP per capita,
AIR represents agricultural industrial restructuring, AID represents agricultural infrastructure, EC represents
energy consumption, EI represents effective irrigation rate, DOR represents disaster occurrence rate, FS represents
financial support for agriculture, and MGP represents major grain producing areas.

3.3.3. Empirical Results and Analysis of SDM Model

Before the spatial analysis, we proceeded with some preliminary statistical tests
(Table 7). The results of the LM test showed significant spatial error and spatial lag; therefore,
a spatial model should be used instead of a mixed regression model. The fixed effects model
was determined by the Hausman test. The likelihood ratio (LR) and the Wald test showed
that SDM cannot be degraded to SAR and SEM models; therefore, we used the dynamic
spatial model (SDM) to study the dynamic spatial change dynamics of AGTFP in China.

Table 7. Statistical tests of the spatial econometric model.

Statistic p Value

LM
Spatial error 14.236 0.000 ***
Spatial lag 33.587 0.000 ***

Hausman - 20.040 0.000 ***

LR
SDM-SAR 43.254 0.000 ***
SDM-SEM 13.187 0.001 ***

Wald
SDM-SAR 12.041 0.004 ***
SDM-SEM 14.012 0.001 ***

Note: *** p < 0.01.

Table 8 shows the results of the conditional β convergence test for the dynamic spatial
SDM of AGTFP. Table 6 illustrated that after incorporating the spatial factors and lagged
variables of China’s AGTFP, the β coefficient was still significantly negative at the 1%
statistical level. This indicates that the regional convergence characteristics of China’s
AGTFP were still evident after considering the endowment conditions of each province’s
GDP, AIR, AID, EC, EI and DOR. Therefore, the potential factors, such as inter-regional
agricultural production factor flows and institutional environment, also played a non-
negligible role in regional disparities. In addition, the spatial correlation coefficient ρ
passed the 1% significance level test and was positive, indicating that the spatial spillover
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effect of AGTFP in China was increasing, and it was necessary to further promote the
exchange of agricultural-related green production activities among provinces, and the
regions with higher AGTFP played a demonstrative role in driving other Chinese provinces
with lower AGTFP to improve continuously.

Table 8. Results of the conditional β convergence test for the dynamic spatial SDM of AGTFP.

Variable SDM Variable SDM

β
−0.942 ***

(0.042) DOR 0.002 ***
(0.021)

α
0.604

(0.109) FS 0.002 **
(0.00)

GDP 0.003 ***
(0.002) MGP 0.002

(0.049)

AID −0.001
(0.003) ρ

15.009 **
(1.015)

AIR 0.018
(0.081) σ2 0.003 ***

(0.001)

EC 0.001
(0.002) R2 0.466

EI 0.0139 ***
(0.044) Log-likelihood 816.547

Note: Robust standard errors in parentheses *** p < 0.01, ** p < 0.05. GDP represents GDP per capita, AIR
represents agricultural industrial restructuring, AID represents agricultural infrastructure, EC represents energy
consumption, EI represents effective irrigation rate, DOR represents disaster occurrence rate, FS represents
financial support for agriculture, and MGP represents major grain producing areas.

4. Discussion

Over the period of 2000–2019, the AGTFP in most Chinese provinces showed an
upward trend, which is similar to the growth trend of AGTFP measured by scholars such
as Chen et al. (2021) [2], Huang et al. (2022) [53] and Yang et al. (2022) [54]. However, the
AGTFP of each province differed from these studies. The reason is that we put carbon sinks
into the measurement framework of AGTFP, which can effectively reduce CO2 emissions.
Additionally, Lin (2018) [31] and Chen et al. (2021) [35] came to the same conclusion.
Chen et al. (2021) [35] studied the carbon sequestration and carbon footprint of 16 crop
production systems in China from 2001 to 2018, and they found that the crop system can
effectively alleviate its own carbon emission. Additionally, other scholars [36,55–58] have
also calculated the agricultural carbon sink by crop production systems, including carbon
absorption by trees and soil organic carbon, manure application and no-tillage management,
and they came to similar conclusions. Therefore, there is a minor difference from the results
of AGTFP measurement without considering carbon sinks. The significant increase in
China’s AGTFP indicates that after China’s economy entered a medium- to high-speed
development stage, China has focused great attention on the transformation of the economy
to a high-quality development model over the past decades. A series of material input
reduction and various comprehensive management measures have gradually taken effect
and successfully put the economy and the environment on a harmonious development track.
However, the decomposition indicators of AGTFP in each province were not promising,
with 11 provinces showing a decreasing trend in technical efficiency to varying degrees,
similar to the findings of Sun et al. (2020) [59], who found a significant increase in AGTFP in
China, and 25 provinces showed a decreasing trend in the decomposition indicators of the
AGTFP trend. Although all provinces are trying to innovate their economic development
models and have accomplished great achievements in stabilizing the economy, adjusting
the structure and promoting development, the gap between the advanced and backward
provinces still exists. Guo et al. (2021) [60] had similar findings on this point. The main
reason for the occurrence of the above situation may be the obvious difference in economic
development between different regions, with different resource endowments and industrial
advantages, and distinct degrees of green and low-carbon development in agriculture.

118



Agriculture 2022, 12, 2025

In response to the forms of agricultural development in different regions, applying local
policies will become one of the effective paths to promote green agricultural development.

In addition, spatial factors had a positive contribution to AGTFP growth. Spatial
proximity can promote the dissemination of agricultural green technology and knowledge.
The neighboring regions can share high-quality agricultural resource elements. The results
of the study through the spatial econometric model indicated that the Moran’I index of
AGTFP in each province was significantly positive, showing that the green development
between different provinces was spatially interconnected, and cross-regional cooperation
and agriculture promotion were of great practical importance. Chen et al. (2022) [61] also
argued that the exhibition of cross-regional cooperation targeted the policies. On the other
hand, the convergence test showed that the Chinese AGTFP did not have an absolute σ and
β convergence trend, and the gap between the regions will not be reduced, which is also
consistent with the findings of Guo et al. (2021) [60]. The possible reasons for this result are
that the relevant green technologies are currently not accessible, technology promotion is
more sluggish, and green technologies are difficult to diffuse. Higher AGTFP efficiency
zones maintain higher levels of efficiency, and lower efficiency zones find it difficult to
imitate them. The spatial econometric model in this paper showed that the AGTFP had a
conditional β convergence posture and had a dynamic spatial conditional β convergence
state, while Xu et al. (2022) [62] concluded that the AGTFP did not have a dynamic spatial
conditional β convergence state, which is inconsistent with the findings of this paper. The
reason for the occurrence of the above may be the inconsistency of the conditional resource
endowment of the selected provinces, which can lead to different study results.

5. Conclusions and Recommendations

5.1. Conclusions

From the perspective of agricultural carbon sink, the paper took the agricultural net
carbon emissions and agricultural non-point source pollution as unexpected outputs and
incorporated them into the calculation framework of AGTFP. We used the super-efficiency
productivity index model SBM-DEA to calculate and evaluate the AGTFP in 30 provinces
of China from 2000 to 2019. Then, we used the global Moran’I index to analyze the
spatial concentration of AGTFP in various provinces of China and studied the convergence
trend of China’s AGTFP through the absolute α convergence, absolute β convergence and
conditional β convergence. Finally, we used the dynamic spatial SDM model to explore the
spatiotemporal differentiation and dynamic spatial convergence characteristics of China’s
AGTFP growth. Our findings can provide a reference for proposing an optimal pathway to
improve the AGTFP from the perspective of agricultural carbon sinks, and they are useful
for identifying the sources of regional differences in China’s green agricultural development,
narrowing the regional differences and providing the theoretical support and decision-
making basis for regional green agricultural development. Our research also contributes to
a well-balanced institutional mechanism for coordinated regional development at the level
of green agricultural development. The main research conclusions are as follows:

(1) From the perspective of agricultural carbon sink, the AGTFPs of 28 out of
30 provinces in China were growing, while that of Heilongjiang and Ningxia was de-
creasing. Among them, the average annual growth rate of MI in Beijing, Guangdong and
Chongqing exceeded 1. The average annual growth rate of AGTFP in Beijing was the
highest, reaching 2.068%, while that in Heilongjiang was the lowest, reaching −0.094%. In
addition, the growth of AGTFP in most provinces was attributed to the improvement of
technological progress.

(2) Overall, there was a significantly positive spatial correlation between the AGTFPs
in various provinces of China. The Moran’I index of the AGTFP showed an upward trend
of fluctuation during the study period, rising from 0.103 in 2000 to 0.153 in 2019, among
which the maximum value was 0.243 in 2016. This indicated the presence of diffusion
and technology exchange between neighboring provinces regarding agricultural green
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technology. With the diffusion and exchange of knowledge and green technology, the
AGTFP in neighboring provinces or closer provinces had spatial relevance.

(3) The AGTFP in China did not have absolute α convergence and absolute β conver-
gence characteristics; provinces with higher AGTFP in the initial year maintained higher
efficiency levels, while low-AGTFP regions found it difficult to quickly imitate and learn.
However, after controlling for the control variable of resource endowment of each province,
the conditional β convergence characteristics showed that the convergence characteristics
of different provinces were closely related to different resource endowments. Addition-
ally, there were still obvious conditional β convergence characteristics after the spatial
factors were considered. The spatial correlation coefficient ρ was positive at the signifi-
cance level of 1%, which indicated that the spatial spillover effect of AGTFP in China was
constantly increasing.

5.2. Recommendations

Based on the above research conclusions, we proposed corresponding countermea-
sures and suggestions:

(1) According to the development of agriculture in different provinces, local policies
will become one of the effective ways to promote sustainable agricultural development.
First, for provinces with high agricultural land use carbon emissions, such as Henan, Shan-
dong and Hebei, local governments should increase efforts to return farmland to forests,
reduce the use of chemical fertilizers and pesticides, pay attention to conservation tillage
systems, reasonably carry out tillage and crop rotation to enhance the carbon sink function
of the region, offset the higher carbon emissions and improve the ecological environment
of farmland. Second, in provinces where rice fields emit a high amount of carbon dioxide,
such as Jiangxi, Jiangsu and Hunan, the government should strengthen the management of
rice fields, promote over-belly return, develop biogas and strictly prohibit burning in situ
to inhibit the spread of greenhouse gases and cultivate soil fertility. Third, for Shandong,
Henan, Chongqing and other provinces with high carbon emissions from livestock and
poultry breeding, it is essential to reasonably plan the livestock industry, reasonably treat
livestock and poultry manure using modern composting processes, vigorously promote
biogas projects and implement carbon reduction policies, i.e., using clean energy instead of
traditional energy.

(2) The government should focus on developing a series of policies to enhance the
carbon sink capacity of agricultural land in order to reduce the concentration of greenhouse
gases in the atmosphere, mainly from the following three aspects. The government should
adopt a protective farming system, reduce the use of chemical fertilizers and pesticides,
decrease straw burning and promote straw return to the fields according to the resource
endowment conditions of different regions through government subsidies in order to en-
hance the carbon sink capacity of farmland, increase the carbon sink capacity of grasslands
through rational planning of livestock farming, implementation of grazing pause or even
grazing ban and returning grazing to grass. Afforestation and reforestation in eligible areas
can significantly improve the vegetation cover of land, and the carbon sink capacity of
agricultural land can be increased.

(3) Policy makers should develop AGTFP growth strategies for different provinces
according to the spatial characteristics of China’s AGTFP and local conditions. The en-
dowment conditions, such as geographic and natural conditions, vary significantly among
the regions in China, but the AGTFPs among different provinces have obvious spatial
correlation. Therefore, policy makers should consider each province’s factor endowment
advantages, as well as resource and environmental carrying capacity, tapping the potential
of the carbon sink market and formulating relevant measures to reduce emissions and
increase sinks, as well as prevent and treat pollution to improve the ecological environment.
With rich carbon sinks, Guangdong, Guangxi and Shanxi should further maximize the
spatial spillover effect, improve the radiation demonstration role and realize the docking
of green technology and green growth through management experience and technology
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exchange. To further enhance the AGTFP, agricultural carbon sinks should be increased,
and the agricultural ecological environment should be optimized.

(4) Local governments should combine their own agricultural development to pro-
mote a coordinated development of AGTFP in each province at multiple levels, so as to
achieve high-quality development of agriculture. First, the government should increase
financial support for green agricultural development and enhance the conservation of
agricultural resources while improving the efficiency of agricultural resource utilization.
Second, the eastern and central provinces should further improve the efficiency of effective
irrigation, actively develop water-saving agriculture, promote dry-farming and water-
saving agricultural technologies and improve the efficiency of water resources utilization.
Gansu, Xinjiang and other western provinces should further strengthen environmental
management, optimize the agricultural industrial structure, formulate policies to reduce
energy consumption and improve energy use efficiency, and develop effective strategies
to deal with major disasters to reduce the negative impact of disasters on ecological and
agricultural production activities.
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Appendix A

The detailed calculation methods for CSSR, CSMA and CSNT are as follows:

CSSR =
SRi + RBi

1000
× 29.025 + 272.33 (A1)

where the tree body does not consider the root residue, and the litter and pruning are equiva-
lent to straw return. The biomasses of litter and pruning for tea and fruit trees (take citrus, for
example) are 1682 (You, 2008) [55] and 1843 (Wu et al., 2010) [56] kg ha−1, respectively.

CSMA = Mi,c × 19.1% (A2)

where Mc refers to the carbon input due to manure application. This value can be calculated
by Equation (5). The 19.1% refers to the percentage of input carbon converted into soil
organic carbon (Wang et al., 2015) [57].

CSNT = 120 × NTR (A3)

where 120 refers to no-tillage management, which can increase SOC by 120 kg ha−1 (Luo
et al., 2010) [58]; NTR refers to the proportion of no-tillage area to total area.

According to the existing research literature, the emission coefficients and reference
sources of various carbon sources are summarized as follows (Table A1).
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Table A1. Agricultural land use carbon emission sources, carbon emission coefficients and reference
sources.

Carbon Source Carbon Emission Coefficient Reference Source

Fertilizer 0.8965 kgC·kg−1 West and Marland (2002) [63]
Pesticide 4.9341 kgC·kg−1 West and Marland (2002) [63]

Agricultural Film 5.18 kgC·kg−1 Wang and Zhang (2016) [64]
Diesel Fuel 0.5927 kgC·kg−1 IPCC (2007) [65]

Plowing 312.6 kgC·hm−2 Wu and Li (2007) [66]
Agricultural Irrigation 25 kgC·ha−1 Dubey and Lal (2009) [67]

The CH4 emissions produced by rice planting not only account for most of the CH4
emissions in China but also have a heavy impact on the global atmospheric CH4 emissions.
Therefore, when considering the carbon emission coefficient of rice production, it needs
to be considered by varieties and regions. On the basis of Min and Hu (2012) [68], the
obtained C emission coefficients of rice by variety and region were transformed into the C
emission coefficients, and the C emission coefficients of rice varieties (early rice, mid-season
rice and late rice) were obtained by province (Table A2).

Table A2. Rice carbon emission coefficients in each province. Unit: kg·hm−1.

Area
Early Rice (Single
Cropping Rice)

Mid-Season Rice (Single Cropping Late Rice,
Winter Paddy Field and Wheat Stubble Rice)

Double-Cropping
Late Rice

Beijing 0 901.96 0
Tianjin 0 773.11 0
Hebei 0 1045.12 0
Shanxi 0 451.32 0
Inner Mongolia 0 608.80 0
Liaoning 0 629.94 0
Jilin 0 379.74 0
Heilongjiang 0 566.54 0
Shanghai 846.05 3672.59 1874.81
Jiangsu 1095.57 3650.70 1881.63
Zhejiang 979.68 3951.42 2352.04
Anhui 1141.93 3493.29 1881.63
Fujian 527.68 2963.57 3586.01
Jiangxi 1054.67 4460.01 3122.42
Shandong 0 1431.68 0
Henan 0 1216.92 0
Hubei 1193.74 3065.74 2658.83
Hunan 1002.85 3836.89 2324.77
Guangdong 1026.03 3887.34 3517.83
Guangxi 846.05 3257.40 3347.39
Hainan 915.59 3564.87 3367.85
Sichuan 446.54 1754.14 1261.24
Chongqing 446.54 1754.14 1261.24
Guizhou 347.70 1503.26 1431.68
Yunnan 162.26 494.27 518.13
Shanxi 0 852.87 0
Gansu 0 465.6 0
Qinghai 0 0 0
Ningxia 0 501.08 0
Xinjiang 0 715.83 0

Livestock and poultry farming is an important emission source of CH4 and N2O
emissions. The CH4 emission coefficient comprises the CH4 emission coefficient of gastroin-
testinal fermentation of livestock and poultry and the CH4 emission coefficient of livestock
and poultry excrement. The N2O emission coefficient is the N2O emission coefficient of
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livestock and poultry excrement. According to the development of animal husbandry in
China, the research objects are mainly CH4 emissions and excrement caused by gastroin-
testinal fermentation of cattle (dairy cows, cattle, buffalo), sheep, pigs, horses, donkeys,
mules, camels, rabbits and other poultry during the breeding process. Emissions of CH4
and N2O are generated during processing. Based on the research of Min and Hu (2012) [68],
the emission coefficients of various carbon sources were summarized and converted into C
exclusion coefficients (Table A3).

Table A3. Carbon emission coefficients of various livestock and poultry breeds. Unit: kg·head−1·a−1.

Livestock and Poultry
Breeds

CH4

Emission Coefficient
N2O

Emission Coefficient C
Emission CoefficientGastrointestinal

Fermentation
Fecal Discharge Fecal Discharge

Cows 68 16 1 653.9346
Cattle 47.8 1 1.39 445.9218

Buffalo 55 2 1.34 497.4921
Sheep 5 0.16 0.33 61.9956

Pig 1 3.5 0.53 43.4790
Horse 18 1.64 1.39 246.8535

Donkey 10 0.9 1.39 187.2686
Mule 10 0.9 1.39 187.2686

Camel 46 1.92 1.39 439.6524
Rabbit 0.254 0.08 0.02 3.9023
Birds - 0.02 0.02 1.7616

Note: Since the amount of CH4 produced by the gastrointestinal fermentation of poultry is small, the emission of
CH4 caused by the gastrointestinal fermentation of poultry is not considered.

The indirect N2O emissions from in-field nitrogen fertilizer application and straw
burning should also be taken into account in carbon emissions. The indirect N2O emissions
are estimated using the following equations.

INEi = (N2Oi,ATD−N + N2Oi,L−N + N2Oi,SB)× 44
28

× 265 (A4)

where INEi represents the total indirect N2O emissions; N2Oi,ATD−N represents the N2O
emissions from the atmospheric deposition of volatility; N2Oi,L−N represents the N2O
emissions from leaching and runoff; N2Oi,SB represents the total N2O emissions from crop
straw burning; 44/28 is the molecular conversion factor of N2 to N2O; and 265 is the global
warming potential of N2O for a 100-year period.

N2Oi,ATD−N = (Fi,SN × EFSN−ATD + Fi,ON × EFON−ATD)× 1% (A5)

N2Oi,ATD−N represents the N2O emission from atmospheric deposition of N volatility;
Fi,SN represents the annual amount of synthetic fertilizer N applied to soils; Fi,ON repre-
sents the amount of manure, compost and other organic N applied to soils; F EFSN−ATD
represents the fraction of synthetic fertilizer N that volatilizes as NH3 and NOx, equal to
11% (IPCC, 2019) [69]; EFON−ATD represents the fraction of applied organic N fertilizer
material that volatilizes as NH3 and NOx, equal to 21% (IPCC, 2019) [69]; 1% represents the
emission factor for N2O emissions from atmospheric deposition of N on soils and water
surfaces (IPCC, 2019) [69].

N2Oi,l−N = (Fi,SN + Fi,ON + Fi,CRN)× EFL−N × 1.1% (A6)

N2Oi,l−N represents the N2O emission from leaching and runoff; Fi,SN represents the
annual amount of crop residues’ return to soils; EFL−N represents the fraction of all N
added to/mineralized in soils in regions where leaching/runoff occurs, equal to 24% (IPCC,
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2019) [52]; 1.1% represents the emission factor for N2O emissions from N leaching and
runoff (IPCC, 2019) [52].

N2Oi,SB = (SBi × EFSB−D + SBi × EFSB−ATD)× 1%
SBi = Yi × RSYi × PSBi

(A7)

N2Oi,SB represents the total N2O emission from crop straw burning; RSYi represents
the ratio of straw to yield (Table 4); SBi represents the dry matter quality (moisture content
is 22%) of straw burned; EFSB−D represents direct N2O released from straw burning (See
Table A4); EFSB−ATD represents the fraction of NH3 and NOx released from straw burning
(See Table A4); PSBi represents the proportion of straw burned as part of the total straw
biomass (Table A5).

Table A4. Greenhouse gas emissions from straw burning by crops per unit weight. Unit: kg kg−1.

Crop EFSB-D EFSB-ATD CH4

Rice 0.0008 0.0023 0.0025
Wheat 0.0003 0.0021 0.0025
Maize 0.0004 0.0022 0.0025
Beans 0.0007 0.0027 0.0025
Potato 0.0007 0.0027 0.0025

Rape seed 0.0007 0.0027 0.0025
Vegetables 0.0007 0.0027 0.0025

Fruits - - -
Note: EFSB-D represents direct N2O released from straw burning; EFSB-ATD represents the fraction of NH3 and
NOx released from straw burning. All the data in this table are summarized from Chen et al. 2021 [35].

Table A5. Ratio of straw biomass to yield, the nitrogen concentration in crop straw (root) and return
part to the total straw biomass.

Crop RSY

Straw and Root N
Concentration

PSB
(%)

(%) 2001–2005 2012–2018

Rice 1.1 0.91 41.9 11.9
Wheat 0.9 0.65 30.6 12.0
Maize 0.8 0.92 44.1 30.2
Beans 1.0 1.81 33.9 16.3
Potato 2.0 2.37 15.7 19.7

Rape seed 0.4 0.87 41.3 42.3
Vegetables 5.9 2.98 28.9 18.2

Fruits - 2.6 - -
Note: RSYi represents the ratio of straw to yield; RAR refers to the ratio of above-ground biomass to root biomass;
PSBi represents the proportion of straw burned as part of the total straw biomass. All the data in this table are
summarized from Chen et al. 2021 [35].
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Abstract: The use of biodegradable (BD) plastic mulch materials as alternatives to the widely used
low-density polyethylene (PE) is increasing nowadays, mainly for environmental reasons. However,
the success of these materials depends, in addition to fulfilling their function, on completely degrading
in the short term, which depends on both their composition and environmental conditions. This study
focused on the degradation pattern of five BD plastic materials of different composition (i.e., corn and
potato starch, and polylactic acid plastic (PLA) films, blended with different copolyesters during their
manufacture), in two soils with different granulometry (Soil 1 has less clay content than Soil 2), taken
from organic vegetable fields under controlled laboratory conditions. Conventional PE was used
as a reference. The degree of degradation was evaluated through the number of fragments, weight
loss, and surface area loss until their total disappearance. The degradation trend of the BD materials
was similar in both soils, although much faster in Soil 2. Their total visible disappearance was in the
following ranges: potato starch, 225–250 days in Soil 1, 150–200 days in Soil 2; corn starch, 550 days
in Soil 1, 300 days in Soil 2; PLA, 1000–1050 days in Soil 1, 350–475 days in Soil 2. PE remained
practically intact in both trials. The degradation model of potato starch materials fitted a decreasing
exponential model in both soils, while the other bioplastics followed a decreasing Gompertz model,
in all cases with steeper slopes in Soil 2. The curves of the degradation models indicated how the
same material can degrade differently depending on the type of soil, information that could be useful
for users and manufacturers in the framework of a sustainable agriculture.

Keywords: biodegradable plastic mulch; polyethylene; starch; polylactic acid; surface area—weight
ratio; degradation model

1. Introduction

Mulching is used worldwide in agriculture for several reasons, which can be summa-
rized as follows: increasing and stabilizing soil temperature, weed control, improving crop
yields and quality, reducing soil evaporation and erosion, increasing soil water-holding
capacity, and improving the efficiency of fertilizers and water, among other benefits [1–5].
For this purpose, polyethylene (PE), a petroleum-based polymer, is the most commonly
used, mainly due to its ease of installation and maintenance, high durability, reasonably
low price, and its positive effects on crop yields [6,7]. Among PE types, low-density PE
(LDPE) is the most commonly used due to its high puncture resistance, impermeability
to water, and mechanical stretch properties [8,9]. However, the excessive use of PE for
mulching in recent decades has undoubtedly had a negative impact on the environment,
as a result of its long degradation period, estimated at about 100 years [10], due to its
high molecular weight and chemical stability [11]. Even as microplastics (<5 μm), it can
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threaten both aquatic [12] and terrestrial life, especially if these particles have adsorbed
pesticides [13]. A detailed review of the environmental risk, toxicity, and biodegradation
of polyethylene, as well as the positive and negative effects of mulching, can be found in
previous studies [13–15].

With the aim of reducing these environmental problems, alternative materials to be
used as mulch have increased in recent decades, especially biodegradable (BD) plastic films
from renewable resources. In the field, these materials can experience photodegradation,
for those parts exposed to solar radiation, and biodegradation as a result of the action of
soil microorganisms [16]. The review compiled by Maisara and Mariatti [7] summarized
the ideal characteristics a BD mulch film should have, according to the current international
standards [17,18], as soil biodegradability, high tensile strength, low cost, good barrier prop-
erties, low water permeability, high elongation, and low photosynthetic active radiation
transmittance. With the aim of approaching these ideal characteristics as closely as possible,
additives and/or other polymers need to be included in their formulation [7,19,20]. In
summary, BD plastic mulches can first be classified into synthetic and natural materials.
Synthetic polymers include polyhydroxyalkanoates (PHA), polylactic acid (PLA), poly-
butylene succinate (PBS), and polybutylene adipate terephthalate (PBAT), while natural
polymers include starch, lignin, and cellulose, among others. They may all exist as a single
polymer, or they may be blended and made up of different polymers [21]. A detailed
description of all these components can be found in Manzano et al. [22], Merino et al. [23],
and Maisara and Mariatti [7].

Research studies into aspects of the degradation of mulch materials have increased con-
siderably in the last 10 years, due to concerns about the previously mentioned problems [7].
The different methods used for estimating the processes related to mulch degradation in
laboratory conditions, summarized as changes in the mechanical and optical properties, the
CO2 evolution/O2 consumption ratio, the amount of carbon assimilated by the microbial
community, or by soil enzymatic measurements, can be seen in Moreno et al. [24].

The present study is linked with that carried out by Moreno et al. [24], analyzing
the deterioration pattern of six BD mulch materials (five of which are used in the present
study) under field conditions, as well as their deterioration rate after incorporation into
the soil. The current study therefore analyzed the degradation pattern of these same five
mulch materials, until their total visual disappearance, through the evolution of weight,
surface area, and number of fragments over time, in controlled laboratory conditions. The
trials were carried out in the same soil used in the previous study, and additionally, the
experiment was duplicated in another type of soil with different characteristics, mainly
related to the kind of texture. This would allow the importance of the soil in the degradation
process of the materials to be highlighted according to their nature and formulation.

2. Materials and Methods

2.1. Experimental Design

A laboratory experiment was conducted at the Sustainable Agriculture Laboratory
of the Higher Technical School of Agricultural Engineering in Ciudad Real (University of
Castilla-La Mancha, Ciudad Real, Spain).

Five BD films of different compositions used as mulch in agriculture were selected:
Mater-Bi® (MB); Sphere 4 (Sp4); Sphere 6 (Sp6); Bioflex® (BFx); Ecovio® (Eco). A conven-
tional standard linear low-density polyethylene (PE) was used as a control. All of these
films were black in color and 15 μm in thickness (data provided by the suppliers). The
main components and manufacturers of these materials are shown in Table 1.
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Table 1. Main characteristics of the mulch materials tested.

Mulch Material Composition Manufacturer

Mater-Bi® (MB) Corn thermoplastic starch, PBAT, vegetable oils Novamont S.p.A., Italy

Sphere 4 (Sp4), Sphere 6 (Sp6)
Potato thermoplastic starch and biodegradable
recycled polymers bioplastic (with a different

proportion of its components)
Sphere Group Spain S.L., Spain

Bioflex® (BFx) PLA, PBS Fkur-Oerlemans Plastics, Germany
Ecovio® (Eco) PLA, ecoflex (PBAT) BASF, Germany

Polyethylene (PE) Conventional standard linear low
density polyethylene Siberline, Spain

As previously argued [24], all the BD materials used are susceptible to degradation
due to different factors (microorganisms, temperature, humidity, and light). The starch-
based materials are especially sensitive to humidity, while the PLA-based materials need,
in addition to high humidity, higher temperatures for a fast degradation process. In this
sense, PBAT as mulch is limited due to the excessive degradation rate, and for this reason
several methods have been proposed to delay their degradation time, such as adding an
ADR chain extender, UV absorber, and antihydrolytic agent, among others, as compiled by
Quiao et al. [25,26].

Soil samples from two different types of soil (Soil 1, Soil 2) were collected from
experimental organically managed vegetable fields (EC 848/2018) at the Agrarian Research
Centre “El Chaparrillo” (39◦0′ N–3◦56′ W, altitude 640 m) (Regional Institute of Research
and Food Industry and Forestry Development, IRIAF), Ciudad Real, Spain, at the end of
June. Soil samples from Soil 1 correspond to the plot used in the field trials described in
Moreno et al. [24].

In the laboratory, soil samples were spread out and air dried at room temperature for
72 h. They were then sieved through a 2 mm mesh sieve and analyzed for physical and
chemical properties (Table 2). The differences between the two soils were mainly textural
in nature, especially because of the clay content (Soil 1: 8.8%, sandy-loam; Soil 2: 29.0%,
clay-loam). Additionally, in order to estimate the microbiological status of both soils at
the beginning of the trial, enzyme activity was estimated through dehydrogenase activity
(DHA), widely used as a good indicator of oxidative status in soils, according to Casida
et al. [27,28] with further modifications [29,30]. Similar values were found in both soils,
around 148 μg g-1 soil−1 day−1.

Table 2. Physical–chemical properties of soils.

Soil Parameter Soil 1 Soil 2

entry 1 data data
Sand (2–0.05 mm) (%) 55.2 45.0

Silt (0.05–0.002 mm) (%) 36.0 26.0
Clay (<0.002 mm) (%) 8.8 29.0

Soil textural class (USDA) Sandy loam Clay loam
Wilting point (m3 m−3) 0.100 0.160
Field capacity (m3 m−3) 0.230 0.350

pH (1:2.5 soil:water) 8.2 8.0
EC (1:5 soil:water) (dS m−1) 0.76 0.65

Organic matter (Walkley-Black) (%) 1.6 1.7
Total carbonates (%) 6.0 7.5

Total nitrogen (%) 0.09 0.08
C/N ratio 7.9 9.5

Assimilable phosphorus concentration (g kg−1) 0.017 0.020
Exchangeable potassium concentration (g kg−1) 0.351 0.409

Exchangeable calcium concentration (g kg−1) 2.324 2.480
Exchangeable magnesium concentration (g kg−1) 0.216 0.254

Exchangeable sodium concentration (g kg−1) 0.008 0.006

130



Agriculture 2022, 12, 1910

In preparing the trial, the procedure adopted was, in general terms, that established
by Barragán et al. [16] but with the following modifications.

From each type of mulch material, 180 pieces of 8 × 8 cm2 were cut (180 samples
× 6 materials = 1080 samples in total) and weighed individually on a precision balance
(mod. Crystal, 0.1 mg precision). Next, the samples were individually placed in non-
biodegradable plastic containers (polyethylene terephthalate, PET) with a capacity of
500 mL, perforated at the top and on the sides, previously filled with 400 mL of soil
from each of the two soils tested. Plastic samples were carefully buried in the cen-
tral part of the containers, fully extended, leaving the same distance between the top
and the bottom. Therefore, 90 samples of each material were placed in each soil type
(90 samples × 6 materials = 540 samples for each soil). Distilled water was then added
to each container, to adjust the water soil content up to 50% of water-holding capacity.
This value was determined using the methodology proposed by Jarrel et al. [31]. The
containers were then transferred to an environmental chamber at a constant temperature of
25 ◦C and in dark conditions. Throughout the trial period, the soil humidity was checked
weekly by randomly weighing 10 containers of each soil and correcting the weight loss by
adding water.

2.2. Laboratory Measurements of Mulch Materials

From the beginning of the trial, the film samples were periodically extracted, up to
their total degradation, at variable intervals according to their state (25 sampling dates max-
imum). To determine these dates, the film samples were visually inspected approximately
every 10 days. On each sampling date, 36 film samples were extracted, corresponding to
the material that had not yet been completely degraded (6 materials × 3 repetitions of
each material × 2 soils), in order to determine the weight and surface area of each buried
material. Next, the remnants of the films were carefully separated from the soil, cleaned
with distilled water and cotton, dried at room temperature to constant weight, and weighed
on a precision balance (±0.1 mg). The weights of the samples were expressed in grams,
and as a percentage of the initial weight (new material), calculated as follows:

Weight (%) = (Wn/Wo) × 100 (1)

where Wo is the initial weight of the sample before starting the test and Wn the weight of
the material on date n during the test.

Once weighed, the material remnants were photographed in order to determine
their surface area. This was done by placing the samples in a glass support with a white
background, illuminated from below, and photographed with a digital compact camera
with built-in lens and optical viewfinder, model Canon PowerShort G11, 35 mm. The
photographs were analyzed with the ImageJ® program. The scale for each image was estab-
lished by drawing a line between two known points, 100 mm apart, using the program’s Set
Scale function. Thus, the number of fragments and the surface area of each were obtained
directly. As for weight, surface area data was expressed in cm2, or as a percentage of the
initial value, calculated as follows:

Area (%) = (An/Ao) × 100 (2)

where Ao is the initial surface area of the sample before starting the test (64 cm2) and An
the surface area of the material on date n during the test.

Additionally, the changes in the morphology of the surface areas of the films PE, MB,
Sp6 and BFx during the degradation process were examined 100 days after the start of the
trial, through micro-photographs taken by scanning electron microscopy (SEM, Scanning
Electron Microscope, mod. JEOL JSM-6610LV) and compared with new materials. The
scanning of the samples was performed at 500 and 1000 magnifications.
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2.3. Statistical Analysis

The analysis of the data, both the descriptive study and the corresponding Analysis of
Variance (ANOVA) and Linear and Non-Linear Regression for the establishment of models,
was carried out with Infostat v. 2015 professional, with connectivity to the statistical
package R (https://cran.r-project.org) (accessed on 15 June 2022), taking a significance
level of 0.05.

When statistically significant differences were found, multiple range comparisons
(Duncan’s test) and the Least Significant Difference (Fisher’s LSD) test were performed,
incorporating the value of the latter through segments in the corresponding graphs.

In the choice of the best degradation model among those tested, the respective values
of the AIC index (Akaike Information Criterion) were compared. The AIC is an estima-
tor based on Information Theory, a measurement of the relative quality of the different
statistical models that represent a data set [32]. AIC is calculated as follows:

AIC = 2 K − 2 ln(L) (3)

where K is the number of independent variables used en the models and L is the log-
likelihood estimate. The best-fit model according to AIC is the one that explains the greatest
amount of variation using the fewest possible independent variables. Thus, the model with
the lowest AIC index value was taken as appropriate for modelling.

3. Results and Discussion

3.1. Evolution over Time of Weight, Surface Area and Number of Fragments

The initial weights of all the materials tested were in the range 0.111 (BFx) to
0.130 (Sp6) grams per 8 × 8 cm2 of surface area. However, from the first sampling date
(15 days), significant differences both in weight and in surface area were established among
materials in both soils, as shown in Figure 1 (values expressed as percentage in relation to
the initial values: new materials, 0 days). Thus, the evolution of the weight and surface
area of the materials in each soil was broadly similar. From 50 days in Soil 1 (Figure 1a,b),
Sp4 and Sp6 stood out as the most degraded, a circumstance that was maintained until
their total disappearance (at 225 days in Sp4 and 250 days in Sp6). Similar behavior was
observed in Soil 2 (Figure 1c,d), although in this case the total degradation of these materials
occurred somewhat earlier (at 150 days in Sp4 and 200 days in Sp6). MB totally disappeared
at 550 days in Soil 1 and at 300 days in Soil 2. As expected, PE remained practically intact
in both soils, while the PLA-based materials (BFx and Eco) showed intermediate behaviors;
thus, Eco completely disappeared at 1000 days in Soil 1 and at 350 days in Soil 2, while
visible remnants of BFx remained up to 1050 and 475 days in Soils 1 and 2, respectively.

In the field study previously carried out in Soil 1 by Moreno et al. [24], a similar trend
was also observed in the degradation of the buried part of the tested mulch materials
according to their nature (starch > PLA > PE) at the end of the crop cycle (145 days after
transplanting). Although that timeframe (145 days) was not enough to achieve a significant
deterioration of the buried part of the PLA mulches in the field (~10% as average), the
starch-based materials did show it, especially Sp4 and MB (~40%), although this was not as
pronounced as under laboratory conditions, in agreement with previous works [33].

It is noteworthy that the total variability of the current trial increased as it progressed,
reaching a coefficient of variation of 400% (data not shown) at the end of the experiment in
each soil (1050 days in Soil 1 and 475 days in Soil 2).

These trends can also be seen in Figures 2 and 3, which show a photographic sequence
of the evolution of the different materials (one of the three repetitions of each one) until the
end of the tests in both soils.
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Figure 1. Variation of the weight (a,c) and surface area (b,d) of the mulch materials in Soils 1 and
2. Data expressed as percentages of the initial values. Vertical bars at each date represent the least
significant difference (LSD) at a significance level of 0.05 among treatment means.

In the comparison of soils, with the exception of PE (which remained practically intact
in both), the loss of weight and surface area of the materials was more pronounced in Soil 2
than in Soil 1 (therefore, degradation in Soil 2 was faster). This may have been a consequence
of the larger soil–material contact surface in soils with a greater clay component (Soil 2),
since the enzymatic activity (ADH) was similar at the beginning of the experiment in both
soils. Regarding the materials, in general the degradation depended on their nature, being
faster in those based on starch (especially potato (Sp4 and Sp6) compared with corn (MB))
than in PLA compounds (BFx and Eco).

These results differ from those obtained by Barragán et al. [16] under laboratory
conditions similar to those of the present study. The former study was carried out in a
clay-loam soil with a slightly basic pH, non-saline, with 3.13% organic matter and a high
carbonate content (29%), and in that case, MB and BFx practically disappeared at 180 days
and a film based on potato starch at 160 days. An explanation for the lower film degradation
in our trial could be the lower organic matter content of the soil (1.6% and 1.7% in Soils
1 and 2, respectively), because a high organic matter content favors soil microorganism
activity and therefore the process of biodegradation [16,34].

Although Sp4, Sp6, and MB are formulated with a biodegradable base (potato or corn
starch), they were blended with different types and amounts of copolyesters during their
manufacture. This could well be the cause of the variations in their degradation processes.
Likewise, the additives and the presence of vegetable oils in the MB blend with starch could
lead to slower degradation compared with potato starch compounds [16]. In this sense,
according to Vázquez et al. [35], the presence of amylose–lipid complexes has a negative
effect on the enzymatic digestibility of starch, which could also explain the behavior of MB.
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Figure 2. Cont.
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Figure 2. Evolution of the mulch materials in Soil 1 (reference area of 8 × 8 cm2). Photographs
correspond to one of the three replications.

In a similar study, Mostafa et al. [36] found that pieces of MB buried in a sandy-loam
soil at 25 ◦C degraded by up to 70% in five months. In our trial, however, the degradation
of MB in the soil of a similar textural class (Soil 1) was much lower at that date (around
20%), which could be attributable, as in the previous comparison with Barragán et al. [16],
to the lower organic matter content in our study.

In the case of the PLA materials, their slower degradation in comparison with starch-
based materials could be explained by the temperatures maintained during the whole trial
(≈25 ◦C), which were lower than the minimum threshold values indicated previously [37]
for PLA degradation (≥30 ◦C). Other authors also support this [16,38,39], arguing that the
slow degradation of PLA materials is a result of the normally low temperature of the soil
and the limited hydrolysis of PLA in the soil environment.
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Figure 3. Evolution of the mulch materials in Soil 2 (reference area of 8 × 8 cm2). Photographs
corresponding to one of the three replications.
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Comparing both PLA materials, the higher degradation rate of Eco compared with
BFx could be caused by the copolyester component added in its manufacture (PBAT in Eco
and PBS in BFx) [16,36].

When discussing the different behavior of the materials used in the trials, it should also
be noticed that the thickness of the films affects the disintegration process, as specifically
discussed in previous works [40]. In our study, all the films used theoretically had the same
thickness, although this information was given by the supplier companies.

With regard to the number of fragments (Supplementary Tables S1 and S2), the dis-
integration of the materials was higher in Soil 2 than in Soil 1, according to weight and
surface area behavior. As examples, Sp4 and Sp6 in Soil 2 were in 31 and 25 fragments,
respectively, at 50 days, while in Soil 1, 10 and 1 pieces were registered. MB in Soil 2 had
12 fragments at 75 days, while in Soil 1 the material was still practically intact. In the PLA
materials, the slower fragmentation is very striking; in particular, Eco remained practically
intact up to 475 days in Soil 1 and 100 days in Soil 2. As expected, PE did not undergo any
disintegration process. All these circumstances led to great variability (measured through
the coefficient of variation) in the number of fragments observed in the trial, which reached
100% after 50 days in practically all the sampling dates (Supplementary Tables S1 and S2).

3.2. SEM Microphotographs

Microphotographs of PE, MB, Sp6, and BFx taken by SEM in new materials and after
100 days in Soils 1 and 2 (500 and 1000 magnifications, Figures 4 and 5, respectively)
showed that the surface of the new materials was smooth, without cracks or roughness. PE
presented a very homogeneous surface due to the uniformity of the mixture of the granules
it is made from. The surface of the BD materials revealed a fairly uniform dispersal of
the starch particles for MB and Sp6, and of polylactic acid for BFx. These particles are
embedded in a continuous matrix made up of the synthetic polymeric component used for
the formulation [1]. At 100 days, a greater degree of degradation of the materials (except
for PE, which remains intact) was observed, with differences between the two soils clearly
visible. Thus, MB in Soil 2 presented a greater number of cracks than in Soil 1, although
they were very uniformly distributed across the surface (Figures 4f and 5f). Sp6 in both
soils presented larger whitish granules in comparison with new material, which could be
caused by the swelling of the starch particles due to the effect of humidity. Likewise, in
Soil 1 (Figure 4g), some holes of a similar size to those of the original starch particles can
be observed (see arrows on the figure). This finding could be explained by the fact that,
when biodegradable mulch films are in contact with the soil, the microorganisms present
feed on the original starch particles [33,41]. In Soil 2, a greater roughness was observed,
probably due to a higher concentration of starch particles in these areas. It is worth noting
the shape of the cracks in this material, in which distortion of the filaments is observed
when the material is degrading (Figures 4k and 5k). In BFx there were no clear signs of
degradation (no cracks or holes); however, at 100 days, the granules observed in the new
material became smaller in Soil 2 than in Soil 1 (Figure 4d,h,l and Figure 5d,h,l).

3.3. Surface Area—Weight Ratio

The optimal model that adjusted to the surface area–weight ratio for each BD film in
both soils was the Gompertz model with Equation (4):

y = αe−βe−γx
(4)
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Figure 4. SEM micrographs corresponding to PE, MB, Sp6, and BFx in new materials and after
100 days in Soils 1 and 2 (500× magnification). The yellow arrows point out different cracks, holes or
granules in the materials.

Figure 5. SEM micrographs corresponding to PE, MB, Sp6, and BFx in new materials and after
100 days in Soils 1 and 2 (1000× magnification). The yellow arrows point out different cracks, holes
or granules in the materials.

where y represents the surface area, x the weight (percentage values) and α, β, γ, the
corresponding parameters of the model (see equations for the sigmoid curves in Figure 6).
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The small plateau of points in the sigmoid curves (on the right side of most of the figures,
especially pronounced in Sp4 and Sp6) corresponds to the first stages of degradation. At
this stage there was a reduction in the weight of the materials as a result of a decrease in
their thickness (refining), but there was as yet no breaking (no cracks or holes), thus keeping
their surface areas practically intact. As an example, we can see that the breaking threshold
for the surface considered (8 × 8 cm2) would be reached when the weight dropped to 80%
in Sp6 in Soil 2 or to 90% in PLA materials in Soil 1. In the case of PE, however, there was
only a slight variation in the weight of the samples in both soils, although the surface area
remained intact.

3.4. Degradation Models of the Mulch Materials

In constructing the corresponding degradation models of MB, Sp4, Sp6, BFx, and
Eco, a sufficient range was considered in the regressor variable (time) to ensure their total
practical disappearance in both soils. This time-frame exceeds the length of the crop cycles
of the mulched annual vegetable crops. Thus, two time limits were established: 300 days
(Sp4, Sp6) and 1000 days (MB, BFx, Eco).

With the data corresponding to the remaining weights and surface areas of each
material in each soil, different models were tested, showing their degradation process over
time, and those with the lowest AIC were chosen. Thus, exponential models were adopted
for Sp4 and Sp6, and Gompertz models for MB, BFx, and Eco.

3.4.1. Sp4 and Sp6: Exponential Model of Degradation

The exponential model satisfies the following condition: the rate of change of the
response variable y (weight, surface area) with respect to time t is proportional to y, where
b is the constant of proportionality interpreted as the growth rate (decrease) in Equation (5),
which solves this model:

y = aebt (5)

The values obtained from the parameters of the exponential model (5), adjusted for
the remaining weight and surface area at instant t, corresponding to the different materials
and soils, are presented in Table 3.

Table 3. Coefficients of the exponential model * of degradation corresponding to the remaining weight
and surface area of Sp4 and Sp6 mulch materials (300 days, complete degradation in both soils).

Material
Soil 1 Soil 2

a b AIC a b AIC

Weight (g) Sp4 0.135 −0.020 −179.9 0.140 −0.035 −129.4
Sp6 0.140 −0.015 −471.8 0.150 −0.020 −488.0

Surface area (cm2)
Sp4 66.30 −0.018 217.5 64.10 −0.028 186.1
Sp6 68.01 −0.015 272.5 66.23 −0.020 279.9

* y = aebt. AIC: Akaike Information Criterion. y: remaining weight/surface area.

Both in Sp4 and Sp6, the curves of the exponential degradation models relative to
weight and surface area in Soils 1 and 2 were similar to each other (Figure 7): in both
materials, the curve relative to Soil 2 always appeared below that corresponding to Soil 1,
which shows a faster decrease in weight and surface area over time in Soil 2, as they are
curves with a steeper slope (b values more negative in Soil 2, Table 3).
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Figure 6. Cont.
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Figure 6. Surface area–weight ratio of the different mulch materials in Soils 1 and 2. Data expressed
as percentages of the initial values.

Figure 7. Degradation curves relative to weight and surface area variation of Sp4 and Sp6 in Soils
1 (blue) and 2 (yellow). Exponential model (300 days).
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Comparing both materials, the curves related to Sp4 had more negative slopes than
those corresponding to Sp6 (Figure 7 and b values in Table 3). This would indicate a higher
rate of degradation (more negative) in Sp4 and therefore, an earlier disappearance than
Sp6, especially in Soil 1 (Sp4: ≈225 days, Soil 1, ≈150 days, Soil 2; Sp6: ≈250 days, Soil 1,
≈200 days, Soil 2).

3.4.2. MB, BFx, and Eco: Gompertz Model of Degradation

In these materials, the Gompertz Equation (6) of parameters α, β, γ, where this last
is considered the (negative) growth rate, satisfactorily modeled the decay of the response
variable y (weight, surface area) with respect to time t,

y = αe−βe−γx
(6)

The values obtained from the parameters of the Gompertz model (6), adjusted for the
remaining weight and surface area at instant t, corresponding to the different materials and
soils, are shown in Table 4.

Table 4. Coefficients of the Gompertz model * of degradation corresponding to the remaining weight
and surface area of MB, BFx and Eco mulch materials (1.000 days, complete degradation in both soils).

Material
Soil 1 Soil 2

α β γ AIC α β

Weight (g)
MB 0.120 0.060 -0.008 -465.0 0.160 0.300
BFx 0.110 0.010 -0.007 -363.0 0.110 0.070
Eco 0.130 0.010 -0.006 -360.9 0.130 0.010

Surface area (cm2)
MB 75.00 0.170 -0.007 411.9 100.0 0.43
BFx 67.30 0.010 -0.007 253.2 70.70 0.080
Eco 64.00 0.010 -0.007 194.9 69.90 0.080

* y =αe−βe−γt
. AIC: Akaike Information Criterion. y: remaining weight/surface area.

As in the exponential case for Sp4 and Sp6, the Gompertz models for the weight and
surface area of MB, BFx,h and Eco also showed great similarity to each other, and the
degradation curves relative to Soil 2 were always below those corresponding to Soil 1. This
indicates that the (negative) growth rate is higher in Soil 2 than in Soil 1 (parameter γ
and the slopes of the curves more negative in Soil 2) (Figure 8, Table 4). This is especially
noteworthy in Eco, with total disappearance in Soil 2 around 350 days compared with
1000 days in Soil 1.

As expected, in all the materials and soils of both models, the corresponding growth
rates (b and γ parameters in the exponential and Gompertz models, respectively) were
negative, corroborating the decreasing behavior of these curves. This corresponds
logically to the degradation curves in which the variation of the weight and surface
area of the materials over time has been modeled. Likewise, in all cases, a faster
disappearance of the materials was observed in Soil 2 (clay-loam) than in Soil 1 (sandy-
loam), being more pronounced in the films of the second model, especially in Eco, as
previously discussed.

142



Agriculture 2022, 12, 1910

Figure 8. Degradation curves relative to weight and surface area variation of MB, BFx, and Eco in
Soils 1 (blue) and 2 (yellow). Gompertz model (1000 days).

4. Conclusions

An important concern with regard to biodegradable (BD) mulch materials used as an
alternative to the conventional PE in farms is to deepen the knowledge of their physical
degradation process under different environments. In this study, using five BD plastics
in laboratory conditions, and two types of soils, it was highlighted that (i) Biodegradable
plastics degrade faster (based on weight and surface area loss, and greater disintegration)
in soils with a higher clay content; (ii) the degradation of starch-based materials is faster
than in those made from polylactic acid, especially those made from potato starch; (iii) the
degradation model of potato-starch materials fits a decreasing exponential model in both
soils, while corn-starch and polylactic acid mulches fit a decreasing Gompertz model, in all
cases with steeper slopes in the soil with a higher clay content; And (iv) degradation curves
based on surface area and weight indicate how the same material can degrade differently
depending on the soil granulometry. The different behavior of the BD materials depending
on both their composition and the type of soil where there are to be used would provide
interesting complementary information to field trials to be taken into consideration by both
manufacturers and users through accurate and sustainable tools.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12111910/s1, Table S1: Number of fragments of the
mulch materials in the different sampling dates. Soil 1; Table S2: Number of fragments of the mulch
materials in the different sampling dates. Soil 2.
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Abstract: In the context of increasing consumption of herbivorous livestock products, competition
between humans and animals for food, and increasing environmental constraints, it is necessary
to solve the problem of sustainable development of China’s livestock industry and increase the
protection and development of the grassland livestock industry while making good use of production
resources in agricultural areas in order to explore the development potential of the herbivorous
livestock industry in agricultural areas. The Converting Food Crops to Forage Crops Policy (CFFP),
as an important measure of agricultural supply-side structural reform, aims to develop a high-quality
forage industry and a high-quality herbivorous livestock industry. However, over the years of policy
implementation, few studies have examined the impact effects of the policy on the development of
the regional herbivorous livestock industry. To fill this research gap and provide theoretical support
for subsequent policy implementation, the study used the synthetic control method to examine the
impact of policy implementation on the development of herbivorous livestock production in the pilot
counties in Hebei Province from 2010 to 2020. The study discovered that the policy’s implementation
encouraged the expansion of herbivorous livestock production in the pilot counties, but the policy’s
effects on various regions and livestock species varied due to the influence of local production bases
and resource endowments.

Keywords: Converting Food Crops to Forage Crops Policy (CFFP); policy effect; herbivorous livestock
husbandry

1. Introduction

Advancing the sustainable development of the livestock industry is an important part
of advancing the sustainable development of China’s agriculture. Although the expansion
of China’s livestock industry has played an important role in meeting the consumer demand
of residents and promoting the income of farmers and herders, under the requirements of
tightening resource constraints, upgrading residents’ consumption, and green ecology, how
to enhance the productivity of animal husbandry to meet the increasing consumer demand
of residents is still an important goal for the development of animal husbandry [1,2].
With the growth of the population, urbanization, and improvement of living standards
driving the growth of global demand for animal protein, China’s per capita consumption
of beef and lamb increased by 84.58% and 54.30%, respectively, compared with 2000. The
growing consumer demand for the development of herbivorous livestock husbandry, as an
important part of animal husbandry, puts forward new requirements [3,4]. According to
the OECD-FAO Agricultural Outlook 2021–2030, China’s per capita beef consumption will
reach 3.99 kg/person in 2029, and milk consumption continues to rise. With the backdrop
of sustained growth in global demand for animal protein, meeting China’s demand for
livestock products also requires expanding domestic production capacity [5].
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The majority of China’s herbivorous livestock products and forage resources required
for the development of the herbivorous livestock industry have always come from pasture
areas, but against the background of increasing demand for herbivorous livestock products
and degradation of grassland productivity, the contradiction between the rapid growth
of residents’ demand for herbivorous livestock products and the insufficient supply of
high-quality forage has sharpened [6,7]. While protecting grasslands and supporting
the development of grassland animal husbandry, it has become an important trend in
the development of herbivorous animal husbandry in agricultural areas by utilizing the
resources of agricultural areas and tapping the potential of herbivorous animal husbandry
in agricultural areas [8]. The high percentage of livestock that eat grains, such as pigs and
poultry, and the slow growth rates of livestock that are fed on grass, such as cattle and sheep,
combined with the traditional idea of valuing grain production, have prevented China from
developing its herbivorous livestock industry which feeds on high-quality forage. Many
studies have been conducted to prove the importance of forage feeding to cattle, sheep,
and other herbivorous livestock in improving production efficiency, upgrading quality, and
ensuring product safety, and the role of forage in the development of herbivorous livestock
has been widely recognized [9,10]. The Chinese government and scholars have also begun
to realize the important role of forage in the transformation and upgrading of herbivorous
livestock husbandry and have begun to pay attention to the importance of herbivorous
livestock husbandry development in agricultural areas in the sustainable development
of livestock husbandry while protecting grassland ecology and developing grassland
livestock husbandry [11–13]. In 2015, in order to promote the structural adjustment of
the plantation industry and the transformation and upgrading of the grassland livestock
husbandry industry, the Chinese government began to arrange financial funds to support
the development of Converting Food Crops to Forage Crops Policy (CFFP) pilots, which
provides new ideas for the development of a green and sustainable modern livestock
husbandry industry. However, compared with related fields such as grassland livestock
husbandry and traditional farming, there is a lack of research on CFFP [14–16]. To fill this
gap, the study will focus on analyzing the impact effects of policy implementation on the
development of herbivorous livestock farming in the pilot counties based on the existing
literature, focusing on policy implementation ideas and objectives. The study will further
analyze whether there are differences in policy effects among different types of regions and
different livestock species and how to explain such differences.

The remainder of the study is structured as follows. The study area, data sources,
policy introduction, and model selection are included in Section 2. The empirical findings
are reported in Section 3 together with examinations of their robustness. The results are
discussed in Section 4. The conclusions are presented in Section 5.

2. Materials and Methods

2.1. The Policy

As the constraints on the development of herbivorous livestock husbandry in tradi-
tional pasture areas increase, the development of modern livestock husbandry also places
new requirements on the structure and mode of herbivorous livestock husbandry. CFFP,
as an important measure to adjust structure and change mode and promote structural
reform on the supply side of agriculture in China, aims to play a leading role in financial
funds, mobilizing farmers’ enthusiasm for forage cultivation through market mechanisms,
building a new agricultural and livestock husbandry structure combining farming and
raising animals, and promoting the development of herbivorous livestock husbandry (the
policy implementation framework is shown in Figure 1). In 2015, the central government
allocated special funds to begin the policy in 30 counties in the 10 regions of Liaoning,
Heilongjiang, Jilin, Inner Mongolia, Hebei, Shanxi, Gansu, Qinghai, and Ningxia; at present,
the policy has been implemented in more than 900 counties.
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Figure 1. The implementation framework for the CFFP.

CFFP’s subsidy funds are used primarily for high-quality forage storage. Policy sub-
sidies are primarily for large-scale herbivorous livestock farms (households) with forage
storage and use capacity or professional harvesting enterprises (cooperatives) with con-
sistent forage supply and marketing orders. In terms of the essence of CFFP, government
subsidies linked to forage harvest are the means; increasing forage supply is the channel;
and developing a quality forage industry and promoting herbivorous livestock develop-
ment are the main objectives. The development of the forage industry is the basis of the
transformation and upgrading of the herbivorous livestock industry, and the development
of the herbivorous livestock industry is the driving force behind the rapid development of
the forage industry. On this basis, the policy is to promote the development of the forage
industry and the transformation and upgrading of the herbivorous livestock industry in
accordance with the circular development concept of “planting to drive breeding, breeding
to promote planting.”

2.2. The Study Area

The implementation area of CFFP focuses on two types of areas: agricultural and
semi-agricultural and semi-pastoral areas, and has been expanded from the initial 30 pilot
counties to more than 900 pilot counties at present. On the basis of the comprehensive
consideration of regional characteristics and data feasibility and taking into account repre-
sentativeness and practicality, the study selects the first batch of pilot counties for CFFP—
Xingtang County and Weichang County, Hebei Province—as the study area to analyze
and explore the impact of CFFP on the development of the regional herbivorous livestock
industry. Xingtang and Weichang counties belong to different types of regions, and the
comparative analysis of the effect of grain on feed policy in the two regions can further
explore the regional differences in the policy effect while analyzing the policy effect.

Hebei Province, which is rich in production resources, is bounded by 36◦05′ and
42◦40′ N latitude and 113◦27′ and 119◦50′ E longitude. According to the data of the Third
National Land Survey, Hebei Province has 6520 thousand hectares of arable land (5.1%
of the national arable land area) and 1947.27 thousand hectares of grassland. In 2021,
Hebei’s share of grain production in the country was 5.6%, and the total protein of livestock
products in the country was 7.28%, of which the total protein of major herbivorous livestock
products in the country was 9.65%, which is much higher than the average of all provinces
(municipalities and regions). As an important area for the supply of agricultural products
in Beijing, Tianjin, and Hebei, the development of its livestock industry plays an important
role in meeting the growing demand for herbivorous livestock products. Xingtang County
belongs to Shijiazhuang City, Hebei Province, with 47.53 thousand hectares of arable land,
planted mainly with corn, wheat, peanuts, and other food crops and cash crops, with a
small proportion of grassland area, which is a typical agricultural county. According to the
policy tracking data, the milk production of Xingtang County in 2021 was 267,800 tons, and
the annual slaughter of beef cattle and sheep reached 25,800 and 75,500 heads, respectively.
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Weichang County belongs to Chengde City, Hebei Province, with 112.04 thousand hectares
of arable land and 111.65 thousand hectares of grassland. It is a semi-agricultural and semi-
pastoral county in transition from pastoral to agricultural areas. In 2021, milk production in
Weichang County was 29,500 tons, and the annual slaughter of beef cattle and meat sheep
reached 170,000 and 250,000 heads, respectively.

2.3. Data

The Hebei province county panel data used in the study are primarily from the Hebei
Rural Statistical Yearbook, with missing data supplemented by regional government work
reports.

Focusing on the research objective of “the impact of policy implementation on the
development of the herbivorous livestock industry in pilot counties”, two indicators, herbiv-
orous livestock production level and herbivorous livestock production concentration index
(HPCI), were selected as predictor variables to analyze the level of herbivorous livestock
production in pilot counties and the contribution of pilot counties to the overall herbiv-
orous livestock production level in Hebei Province based on county data. Herbivorous
livestock farming is a production system that uses forage to feed herbivorous animals such
as cattle, sheep, horses, and rabbits to obtain livestock products, of which cattle and sheep
are the two main types of herbivorous livestock. On the basis of full consideration of the
actual situation and data availability, the study focused on two major types of herbivorous
livestock, cattle and sheep, and explored the impact of the CFFP implementation on the
development of major herbivorous livestock farming.

On the basis of the existing research results [14,17], we take the annual slaughter
volume of livestock as a measure of the regional herbivorous livestock production level and
refer to the existing standards (the “one cow is equal to five sheep units” standard, according
to the “Inner Mongolia Autonomous Region basic grassland protection regulations”) to
unify the slaughter volume of cattle and sheep into sheep units to facilitate the analysis and
calculation of the overall development level of the regional herbivorous livestock industry.

The contribution of a part to the overall production total can usually be expressed
as a production concentration index. In this study, this index is expressed as the pro-
portion of the pilot counties’ herbivorous livestock production levels to the overall pro-
duction levels in Hebei Province, i.e., the herbivorous livestock production concentration
index (HPCI). In addition, the index can be used to indicate changes in the layout of
regional livestock production and is widely used in studies related to industrial, agricul-
tural, and other industrial development [18]. HPCI can be calculated by the equation
ωit = wit

WT
(i = 1, 2 . . . , N; t = 1, 2 . . . , T), where wit denotes the level of herbivorous live-

stock production in pilot counties in period ‘t’, and WT refers to the total level of overall
herbivorous livestock production in Hebei Province in period ‘t’.

In addition, in order to consider the fitting effect of synthetic control objects in the
empirical analysis and the robustness of the results, we used important factors affecting
the development of herbivorous livestock farming as predictor control variables. The
study considered the impact of population growth, economic development, and regional
agricultural production resources on the development of livestock farming and used gross
regional domestic product (in the analysis, the gross regional domestic product is deflated
to obtain the real gross regional domestic product with 2010 as the base period), population,
grain production, and predictor variables with a three-period lag as predictor control
variables [19]. Finally, in order to eliminate the effect of magnitude, the empirical analysis
part of the study logarized the variables of livestock slaughter, industry concentration, gross
regional product, population size, and grain production before conducting the analysis.

2.4. Econometric Method

The study examines the effects of the CFFP implementation on the level of growth
of herbivorous livestock husbandry in the region using a synthetic control method, with
reference to prior research [20]. The study selected Xingtang and Weichang counties in
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Hebei province as the treatment groups, and 2015 was used as the time point of policy
intervention. In the control group, counties in Hebei province that were classified as
pilot counties for CFFP conversion after 2015 were removed, and counties that had not
implemented the policy since the CFFP was implemented were used as the control group.

The “counterfactual” reference group for each treatment group was constructed
through the weighted average of the control groups to simulate the development of herbiv-
orous livestock in the region without the implementation of the policy. The comparison of
the production level of herbivorous livestock in the region with and without the implemen-
tation of the policy is the policy effect of policy implementation on the development level
of herbivorous livestock in the region.

Suppose there are N + 1 regions. Region ‘i’ begins implementing the CFFP in period
T0, and the other N regions do not implement the policy. The potential outcome of region ‘i’
implementing the policy in period ‘t’ is denoted by Y1it, the potential outcome of region ‘i’
not implementing the policy in period ‘t’ is denoted by Y0it, and the causal effect of region
implementing the policy is denoted by τit = Y 1it − Y 0it, where i = 1, 2, . . . , T.

The result of observed herbivorous livestock production in region ‘i’ in period ‘t’ is
Yit = DitY1it − (1 − Dit)Y0it = Y0it + τitDit, where Dit denotes the policy implementation
status of region ‘i’ in period ‘t’. If region ‘i’ is subject to policy intervention in period ‘t’, the
value is 1, otherwise the value is 0. Assume that region ‘i’ is subject to policy intervention
after period T0, while the other N regions have never been subject to policy intervention
in all periods. For t > T0, the policy effect can be written as τit = Y1it − Y0it, where Y1it is
observable owing to the policy intervention in region ‘i’ after period ‘t’, while Y0it is not
observable. This is assuming that the other N areas are never subject to policy intervention
in all times. The following model can be used to estimate the counterfactual result for
region ‘i’:

Y0it = δt + θtZi + γtμi + εit (1)

where δt stands for time fixed effects; Zi are the (K × 1)-dimensional observable covariates;
θt is the (1 × K)-dimensional vector of unknown parameters; γt is the (1 × F)-dimensional
vector of unobservable common factors; μi is the (F × 1)-dimensional vector of coefficients;
and εit are the unobservable short-term shocks in each region, which are supposed to have
a mean value of ‘0’ at the region level.

Equation (1) is an extension of the traditional Differences-in-Differences (DID). The
traditional DID model allows the presence of unobservable factors to limit the effects by
transforming the effects of these factors into constants in time. γt in Equation (1) is not
constant, allowing the unobservable factor effects to vary in time.

Assume that only the first region ‘1’ (i = 1) has implemented CFFP and that none
of the other regions have done so. Consider an (N × 1)-dimensional weight vector
W = (w2, . . . , wN+1) that satisfies wj ≥ 0, j = 2, . . . , N + 1 and w2 + . . . + wN+1 = 1
in order to determine Y01t. A synthetic control group is represented by each vector W. Each
control group region’s outcome variable values are weighted to produce:

N+1

∑
j=2

wjYjt = δt + θt

N+1

∑
j=2

wjZj + γt

N+1

∑
j=2

wjμj +
N+1

∑
j=2

wjε jt (2)

Suppose there exists a weight W∗ = w∗
2, . . . , w∗

N+1 such that:

N+1

∑
j=2

w∗
j Yj1 = Y11,

N+1

∑
j=2

w∗
j Yj2 = Y12, . . . ,

N+1

∑
j=2

w∗
j YjT0 = Y1T0 ,

N+1

∑
j=2

w∗
j Zj = Z1 (3)
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Abadie [21] proves that if
T0
∑

t=1
γ′

tγt is a non-singular square matrix, then we have:

Y01t −
N+1

∑
j=2

w∗
j Ykt =

N+1

∑
j=2

w∗
j

T0

∑
s=1

γn

(
T0

∑
n=1

γ′
nγn

)−1

γ′
s
(
ε js − ε1s

)− N+1

∑
j=2

w∗
j
(
ε jt − ε1t

)
(4)

Under general conditions, Equation (4) converges to ‘0’. For T0 < t ≤ T, the
counterfactual results for region ‘1’ can be approximated by a synthetic control group,
Ŷ01t = ∑N+1

j=2 w∗
j Yjt, which yields an estimate of the policy effect:

τ̂1t = Y1t −
N+1

∑
j=2

w∗
j Yjt, t ∈ [T0 + 1, . . . , T] (5)

The secret to finding τ̂1t is to identify the proper weight W∗ that ensures the validity
of Equation (3). On the basis of the Abadie development program, a synthetic pilot
county that approximates the actual pilot county development trend can be obtained.
The development trend of herbivorous animal husbandry in the synthetic pilot counties,
obtained by weighting, actually simulates the development trend of the pilot counties
without the policy, and the level difference between them is the policy effect of the CFFP.

3. Results

This section assesses the impact of the CFFP implementation on herbivorous livestock
development in the pilot counties based on the synthetic control method, and the policy
effects are captured by the differences in the predictor variables after the policy imple-
mentation. The synthetic control method as a data-driven method, creating the synthetic
area approximation fitting the pre-policy implementation development trend in the pilot
area, is the basis for an accurate assessment of the policy implementation effect. Due to
the high production level of the cattle industry in Weichang County, when it is used as a
predictor variable to assess the policy effect, it is not possible to find suitable weights to
fit the change trend before the policy implementation. In this case, the synthetic control
method is no longer applicable to assess the impact of the CFFP implementation on the beef
cattle production level in Weichang County. The study refers to the existing studies [20,22]
and compensates for this deficiency by an alternative method—Differences-in-Differences
(DID).

3.1. Impacts on Production Levels
3.1.1. The Effect of CFFP Implementation on the Production Level of Herbivorous Livestock

Figure 2 illustrates the fitting of the production level of herbivorous animal husbandry
in actual pilot counties and artificial pilot counties from 2010 to 2020. The CFFP’s imple-
mentation year is indicated by the location of the vertical dotted line. From Figure 2a, it can
be seen that before the policy implementation, synthetic Xingtang County and Xingtang
County were very close in the change trend, indicating that synthetic Xingtang County
better fit the change trend of the herbivorous livestock production level in Xingtang County;
after the policy implementation, the herbivorous livestock production level in Xingtang
County was higher than synthetic Xingtang County, and the difference between the two
represents the policy effect, indicating that the implementation of the CFFP promoted the
herbivorous livestock production level in Xingtang County. Similarly, as can be seen from
Figure 2b, the fitted polder counties better fit the trend of the actual polder counties, and
the difference between the trend of the actual polder counties and the synthetic polder
counties since the year of policy implementation was positive, indicating that the CFFP
implementation had the same positive effect on the improvement of the level of herbivo-
rous livestock production in polder counties. Whether the level of herbivorous livestock
production in Xingtang or Weichang counties was used as a predictor variable, the policy
had a catalytic effect on the level of herbivorous livestock production in the pilot counties.
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Figure 2. Effect of the CFFP on the production level of herbivorous livestock, (a) the trend of
Xingtang County and synthetic Xingtang County; (b) the trend of Weichang County and synthetic
Weichang County.

From the viewpoint of the policy action path, CFFP has two main impacts on the
development of the herbivorous livestock industry. Firstly, the policy encourages the
development of the forage industry, which provides high-quality forage for the herbivorous
livestock industry, promotes the optimization of the diet structure of the herbivorous
livestock industry, and improves breeding efficiency. Secondly, the policy subsidizes the
forage storage link (most of the large-scale farms with forage demand meet the storage
conditions), which in turn reduces the breeding cost to a certain extent and maintains
the enthusiasm of herbivorous livestock farmers. However, at the early stage of policy
implementation, agricultural operators are more willing to adopt a wait-and-see attitude
due to a lack of understanding of the policy content and objectives [23].

From the perspective of planting, the policy is initially influenced by the implemen-
tation efforts and farmers’ perceptions. Rational farmers tend to have reservations about
planting forage crops with unfamiliar production technology and low levels of social ser-
vice development, and this influence will in turn spread through the peer effect in the
farmers’ group species, which will then evolve into group behavior [24]. On the other hand,
considering that wheat, corn crops, and other food crops are the main competitive crops of
forage crops, under the influence of food support policy and planting habits, farmers have
a certain preference for traditional crop planting [25,26]. This is coupled with the lack of
direct guiding effect of policy on farmers’ planting structure adjustment, causing the policy
in the early pilot areas of the forage industry development drive to be limited. As the basis
for the development of herbivorous livestock industry, the slow development of the forage
industry will have a direct impact on the back end of the breeding chain.

From the perspective of breeding, herbivorous livestock breeding has long-cycle and
high-cost characteristics, and the breeding body will not substantially adjust the planting
scale. Although the subsidy of CFFP projects can reduce the cost of breeding to a certain
extent compared with the universal policy of grain subsidy, the target and standard of CFFP
subsidy have a certain threshold. For example, project funds in Xingtang County, Hebei
Province, are used to subsidize large-scale farms that harvest more than 33.33 hectares of
whole-plant silage corn, and small-scale subjects do not directly benefit from the policy
implementation. In the case of uncertainty about expected returns, the farming body will
not easily change the scale of existing herbivorous livestock operations.

The improvement of policy content, the increase of publicity and the stability of policy
support, the deepening of farmers’ policy perception, the increase of farmers’ willingness
to participate, the orderly formation of the industrial development environment, the forage
industry, and herbivorous livestock development under the guidance of the policy gradu-
ally formed a food cycle, promoting the implementation of the policy and the realization of
policy objectives [27,28].
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3.1.2. The Effect of CFFP Implementation on the Levels of Production of Various
Livestock Species

From the actual change trend in Xingtang County in Figure 3, it can be seen that the
production level of the cattle industry in Xingtang County has been in a stable growth
trend, especially after the implementation of the policy. The production level of the cattle
industry has increased significantly. From the change trend of policy effect, the policy effect
of the production level of the cattle industry in Xingtang County is significantly positive
and continuously increasing. Compared with the cattle industry, on the one hand, the
actual sheep industry production level in Xingtang County fluctuates slightly around a
certain level and does not show a significant increase. On the other hand, the policy effect
of the sheep industry production level is not stable and even had a significant negative
effect at the start of policy implementation.

Figure 3. Effect of the CFFP on the production level of cattle industry.

From Figure 4b, it can be seen that the policy had a negative effect on the production
level of the sheep industry in Weichang County in the first two years of implementation,
and this negative effect weakened and changed to a positive effect with the implementation
of the policy. In addition, since the level of cattle production in Weichang County is
generally higher than that in other regions, it is not possible to find suitable weights to fit
the trend before the implementation of the policy, so it is not analyzed here.

Figure 4. Effect of the CFFP on the production level of sheep industry, (a) the trend of Xingtang
County and synthetic Xingtang County; (b) the trend of Weichang County and synthetic Weichang
County.

3.1.3. The Effect of Policy Implementation on the HPCI

Whether the HPCI of Xingtang or Weichang county was used as a predictor variable,
the actual value of HPCI was higher than the synthetic value after the implementation of the
policy, indicating that the implementation of the policy promoted the increase of the pilot
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counties’ share of herbivorous livestock production level in Hebei province and promoted
the pilot counties’ contribution to the increase of herbivorous livestock production level in
Hebei province.

According to the actual trend of HPCI in the pilot counties in Figure 5a, the concen-
tration of herbivorous livestock production in Xingtang County showed a “V-shaped”
change between 2010 and 2020, reached its lowest in 2015, resumed growth after 2015, and
increased at a faster rate. On the one hand, in response to the serious problem of livestock
pollution, the central and local governments issued a series of pollution prevention policies,
including the central government in 2011 specifying that the pollution prevention of large-
scale livestock and poultry breeding should be strengthened. Shijiazhuang City is one of the
most polluted areas in Hebei Province (with the highest amount of manure produced by cat-
tle and livestock), which naturally makes it a key area for pollution control [29]. However,
the high cost of farm pollution control (coupled with the fact that project support funds are
used mainly for large-scale farming subjects) and the large number and wide distribution
of small- and medium-scale farming subjects (who generally choose to maintain or reduce
the scale of farming under the existing resource conditions to achieve effective pollution
control) result in a decline in regional production levels, thus causing the share of Xingtang
County, which has a good foundation for the development of the livestock industry in the
whole region, to decline. The implementation of the CFFP provides an opportunity for
the development of herbivorous livestock husbandry in Xingtang County to achieve the
dual goals of emission reduction and transformation and upgrading of herbivorous animal
husbandry, promoting the revitalization of regional herbivorous animal husbandry.

Figure 5. Effect of the CFFP on the herbivorous livestock production concentration index (HPCI),
(a) the trend of Xingtang County and synthetic Xingtang County; (b) the trend of Weichang County
and synthetic Weichang County.

Compared with Xingtang County, the HPCI in Weichang County is on a “steady
growth” trend, with a brief period of rapid growth in 2015/2016 and a rapid return to slow
growth. On the one hand, in the context of the serious disconnection between agriculture
and animal husbandry that brings about environmental pollution and other problems
that restrict the development of animal husbandry, livestock manure in pastoral areas
can be used as a resource, to a large extent, making the development of herbivorous live-
stock husbandry in Weichang County weakly affected by animal husbandry pollution
control [30]. However, Weichang County faces problems, such as grassland ecological
destruction and declining productivity, which limit the further development of herbivorous
animal husbandry in Weichang County, thus preventing the contribution of the produc-
tion level of herbivorous animal husbandry in Weichang County to the development of
herbivorous livestock husbandry in Hebei Province from increasing in a long period of
time. The implementation of the policy activates the potential of developing herbivorous
livestock husbandry in the agricultural areas of the region under the condition of declining
productivity in pastoral areas and gradually promoting the increase of HPCI in Weichang
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County, increasing the rate of Weichang County’s contribution to herbivorous livestock
production in Hebei Province.

3.2. Comparison between Regions

Overall, the implementation of the policy has a significant positive effect on the
development of herbivorous animal husbandry in Xingtang and Weichang counties, and
the policy effect in Weichang County is significantly higher than that in Xingtang County.
On the one hand, the grassland herbivorous livestock development in Weichang County,
which is a semi-agricultural and semi-pastoral county, has laid the foundation for the
industrial development of herbivorous livestock development in the region’s agricultural
areas in terms of breeding concepts, production technology, and socialization services,
making Weichang County better than agricultural counties in terms of forage resource
abundance and policy recognition as well as improving the possibility of policy response
behavior of agricultural business entities [27]. On the other hand, in the context of grassland
ecological degradation, the CFFP fits well with the needs of traditional animal husbandry
transformation in the context of “conversion of grassland grazing to shed feeding” in
Weichang County, and the implementation of the CFFP expands the development space
of herbivorous animal husbandry in agricultural areas while stabilizing the production
level of herbivorous livestock husbandry in Weichang County, which is also consistent with
the findings of previous studies [31,32]. At the same time, Figure 6 shows that the policy
effects of different indicators exhibit a growing trend; this indicates that the policy effects
are sustainable and also proves the correctness of the policy idea that the policy is based on
financial resources and drives industrial development through market mechanisms.

Figure 6. Effect of the CFFP on herbivorous livestock development; (a) effect of herbivorous livestock
production levels; (b) effect of the herbivorous livestock production concentration index (HPCI).

In terms of the trend of the policy effect, the trends of the policy effect of the same
region’s herbivorous livestock production level and HPCI are similar, but there is a signifi-
cant difference in the trends of the change between regions. Although the policy effect in
Weichang County is higher than that in Xingtang County, the change in policy effect in
Xingtang County appears to be more stable than the “fast and slow” change in Weichang
County. If the policy resources are not effectively allocated between “herbivorous live-
stock development in agricultural areas” and “herbivorous livestock protection in pastoral
areas”, the policy resources will be scattered and the policy stability will be lacking, so
that the production resources cannot be effectively used and the policy effect in Weichang
County will be affected. The stable policy effect in Xingtang County also further confirms
that the implementation of the policy has effectively tapped the potential of traditional
farming areas in developing herbivorous livestock development and effectively promoted
the development of a regional herbivorous livestock industry, which echoes the findings of
previous studies [33].
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3.3. Robustness Tests
3.3.1. Robustness Test

To test that the differences in the predictor variables in the empirical analysis are
indeed due to the effects brought about by the policy rather than some other unobserved
extraneous factors, a ranking test (permutation test) similar to the rank test in statistics
proposed by Abadie is used here to determine how likely it is that the other control groups
will appear the same as the treatment group. The idea of this test is to assume that all
control groups began implementing the CFFP in 2015, to construct synthetic control subjects
for the control group using the synthetic control method, to estimate the policy effect in the
hypothetical case, and then to compare the policy effect actually generated in the treatment
group with the policy effect generated in the urban hypothetical case in the control group.
If the difference in policy effects between the two is large enough, then there is reason to
believe that the policy effects are significant. The method requires synthetic control subjects
to have a good fit before the policy implementation, and if a control group has a poor fit
before the policy implementation, the study results will also remove the presentation of
its herbivorous livestock development level difference. Figures 7–10 show the different
distributions of the predictor variables.

Figure 7. Herbivorous livestock production level gaps in all sample points, (a) when Xingtang County
is the treatment group, (b) when Weichang County is the treatment group.

Figure 8. Herbivorous livestock industry’s concentration (HPCI) gaps in all sample points, (a) when
Xingtang County is the treatment group, (b) when Weichang County is the treatment group.
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Figure 9. Sheep industry production level gaps in all sample points, (a) when Xingtang County is the
treatment group, (b) when Weichang County is the treatment group.

Figure 10. Cattle industry production level gaps in Xingtang County and all Control County.

Consider the level of herbivorous livestock production in Xingtang County as an
example. According to Figure 7a, it can be seen that the gap between the policy effects in
Xingtang County and other control group areas was not large before the implementation of
the CFFP, but after the implementation of the policy, the gap between Xingtang County
and other areas began to widen, and the policy effects in Xingtang County were larger
than those in other areas. The likelihood of such a wide difference between the production
levels of herbivorous cattle in Xingtang County and synthetic Xingtang County is 7/73
(there were 78 sample regions in the study, the remaining 73 cities were left after five areas
with high RMSPE values prior to 2015 were excluded), and there is a 9.59% probability that
other control groups will be similar to Xingtang County.

Similarly, according to Figures 7b, 8, 9 and 10, the probabilities that the same situation
as that in treatment group will occur in other control group areas are 7/74 (9.46%), 1/71
(1.39%), 25/65 (38.46%), 0/75 (0%), 0/75 (0%), and 16/75 (24%), when the HPCI in Xingtang
County, the production level of cattle livestock in Xingtang County, the level of sheep
livestock in Xingtang County, the production level of herbivorous livestock in Weichang
County, the HPCI in Weichang County, and the HPCI in Weichang County are used as
predictor variables, respectively. This suggests that the policy effects assessed using the
synthetic control method are likely to be robust.

3.3.2. A Further Examination of the Policy Impact on the Cattle Industry’s Production in
Weichang County—Based on the DID

The effect of the CFFP on the level of production of herbivorous livestock in Weichang
County was estimated by the DID to partially compensate for the inability to find synthetic
control objects and the poor fitting effect. The econometric model was set as follows:

Yit = β0 + β1treati ∗ time + β2treati + β3time + αX + δi + γt + εit (6)
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where Yit is the production level of cattle; treati is the CFFP variable, with a value of ‘1’ for
the treatment group and ‘0’ for the other control groups; time is the year dummy variable,
with ‘1’ after 2015 and ‘0’ before 2015; β1 is the net effect of the CFFP on cattle production
level; X is the ensemble of control variables; δi is the individual fixed effect; and γt is the
time fixed effect.

Through data analysis, it was found that the trend of cattle industry’s production
levels in both the treatment and control groups before policy implementation showed a
slight downward trend, which is consistent with the premise of common trend with DID
application. Table 1 reports the estimation results of the double difference method, and
the interaction term reflects the net effect of the CFFP on the production level of the cattle
industry in Weichang County. Both the least squares and fixed panel effects model results
show that the interaction term coefficient is significantly positive at the 1% level, indicating
that the implementation of the CFFP in the pilot counties significantly contributed to the
improvement of the production level of the cattle industry in Weichang County.

Table 1. The CFFP’s impact on the cattle industy’s production in Weichang County (DID).

OLS FE

β1
2.51 *** 0.179 *** 0.467 *** 0.092 ***
(0.095) (0.078) (0.056) (0.029)

Constant
5.151 *** 0.211 ** 5.15 *** 0.528 ***
(0.118) (0.263) (0.035) (0.526)

X Uncontrolled Controlled Uncontrolled Controlled
γt Controlled Controlled Controlled Controlled
δi Controlled Controlled Controlled Controlled
N 858 780 858 780
R2 0.06 0.934 0.036 0.899

*** p < 0.01 and ** p < 0.05.

4. Discussion

It has been discovered that effective agricultural support policies have a positive
impact on industry economic growth, farm household income, and environmental pro-
tection [34,35]. On the basis of existing studies and the current situation of herbivorous
livestock production in China, this study focuses on the impact of the implementation of
the CFFP on the development of herbivorous livestock production in the pilot counties. The
study is based on the first pilot counties of the CFFP—Xingtang and Weichang counties—
and uses a synthetic control method to analyze the impact of policy implementation on the
production level and HPCI in these pilot counties. The results of the study showed that the
implementation of the policy as a whole was beneficial to the improvement of herbivorous
livestock production levels in the pilot counties and promoted the concentration of herbiv-
orous livestock production areas in the pilot counties in Hebei Province. Thus, the results
of the study can provide theoretical support for the subsequent promotion of the policy.

At the same time, the study further analysis of the policy effects of different livestock
production levels in the pilot counties, and the results are shown in Figure 11. The study
found that the CFFP implementation showed a positive effect on the pilot counties’ cattle
industry production levels, but the positive effect on the pilot counties’ sheep industry
production levels was not satisfactory, especially in Xingtang County. After five years of
CFFP implementation, the improvement of regional sheep industry production levels was
very limited. One of the reasons is that the development of regional industries is influenced
by regional industries base, the economy, and policies [36,37]. For example, the dairy and
beef cattle industries have been the key industries in the development of animal husbandry
in Xingtang County, which has made an important contribution to the regional economic
development and farmers’ income; the regional government has purposely tilted the use
of policy funds toward the project areas where the dairy and beef cattle industries are
concentrated, aiming to promote forage cultivation and the herbivorous livestock industry
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in the region. Support for the sheep industry is neglected or even squeezed due to limited
policy resources.

Figure 11. Effect of the CFFP on various industries’ production levels.

Second, under the conditions of a market economy, the increasing consumer demand
for domestic production to put forward higher requirements, including Beijing, Tianjin,
and Hebei urban residents, whose per capita consumption of beef and milk per household
has continued to increase over the years. The production behavior of Hebei Province, as
an important supply base for livestock products in Beijing, Tianjin, and Hebei, is bound to
change accordingly according to demand [38].

At the same time, combined with the policy work ideas and the actual situation,
we also found that the direct beneficiaries of the policy are mainly large-scale entities
(including large-scale farms, forage harvesting, and storage enterprises, etc.), while ordinary
farmers, who account for a relatively large proportion of China’s agricultural production
and operations, do not directly benefit from the policy implementation. The policy aims
to play a guiding role in financial funds, mobilize the enthusiasm of farmers in forage
planting in the front end through market mechanisms, enhance the efficiency of herbivorous
livestock breeding in the back end, and promote the development of herbivorous livestock
breeding. However, in the market economy, given that farmers are rational economic
people, in the absence of obvious interest guidance and policy inclination, there are still
problems such as weak planting stability, poor forage quality, and the degree of planting–
feeding combination to be improved, which will be further transferred to the breeding
process [39,40]. Although the study did not specifically investigate the impact of policy
implementation on general farmers, this study still has important implications for general
farmers. On the one hand, the study clarified the policy implementation ideas, involving
the pathways of policy implementation on forage cultivation and herbivorous livestock
breeding, which is beneficial for farmers to understand the implementation content and
objectives of the policy. On the other hand, the study discusses the importance of ordinary
farmers to policy implementation and the neglect of policy implementation by ordinary
farmers. As the direct response subject of the policy, farmers’ behavioral response is the
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premise and foundation for the sustainable and effective implementation of the policy,
which also calls for the policy to continually optimize the policy implementation content
(such as broadening the scope and use of subsidies, focusing on the policy to improve the
interest linkage mechanism of breeding and raising subjects, etc.), so that ordinary farmers
can share the fruits of industrial development under the policy implementation.

Due to the limitation of space and focus, the study focused on the two main types of
herbivorous livestock, cattle and sheep, and measured the livestock production capacity
in terms of annual livestock slaughter, ignoring to a certain extent the policy effects of
dairy industry development. On the other hand, the article focuses mainly on the level of
herbivorous livestock production and lacks the analysis of modern livestock development
indicators, such as scale, standardization, quality, and safety in the context of modern
agriculture. On the basis of taking into account various levels of livestock production, the
research will continue to investigate the policy effects of regional livestock production
structure, scale, and production efficiency.

5. Conclusions

On the basis of CFFP implementation and herbivorous livestock development in the
pilot counties of Xingtang and Weichang in Hebei Province, the study empirically analyzed
the impact of CFFP implementation on herbivorous livestock development in the pilot
counties using the synthetic control method. It was found that the CFFP had a significant
positive effect on the improvement of herbivorous livestock production levels in the pilot
counties as a whole and was conducive to enhancing the contribution of the pilot counties
to the development level of the herbivorous livestock industry in Hebei Province, while
differences in policy effects and change trends among different types of pilot counties and
different livestock species were also found. The research provides the theoretical basis for
the continued promotion of CFFP and provides direction for the subsequent optimization of
the policy. The implementation of the policy should focus on the coordinated development
among livestock species on the basis of regional advantages; focus on the stability of policy
implementation and the rationality of project subsidies; reasonably guide farmers’ policy
expectations and stimulate their enthusiasm for participation; and innovate policy content
and subsidy methods to allow ordinary farmers to share the policy dividends.
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Abstract: Agriculture is arguably one of the most important economic sectors for South Africa’s
development as it is directly linked to food security. Farming systems in South Africa have been
characterized by a duality where large-scale commercial farmers and small-scale farmers co-exist.
The conventional approach to understanding agricultural production in the country has always
viewed the two farming systems as mutually exclusive. The study argues that there are various
points of interaction between the two kinds of farmers and by using a systems dynamics approach
to evaluate the two farming systems this can be applied to agricultural decision making. Data
were used to identify and characterise small- and large-scale farming systems of two tree crops
(mangos—Mangifera indica L. and macadamia nuts—Macadamia integrifolia M&B.) in the Vhembe
district of Limpopo South Africa. The interactions between the two different farmers are illustrated
using Causal Loop Diagrams (CLDs) of the two farming systems under similar commodities. Results,
presented as four conceptual scenarios, show that there are multiple points of interaction, such as the
interdependence of farmers of macadamia nuts to meet export demands. Policy recommendations to
strengthen collaboration between small-scale mango farmers and implement irrigation expansion
for farmers who depend on rain-fed farming are discussed and present opportunities for the co-
functioning of the two farming systems.
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1. Introduction

Agricultural productivity plays a crucial role in South Africa’s food system and
sustaining the country’s food security. Farming systems in South Africa are characterized
by a dichotomy where large-scale commercial farmers and small-scale farmers co-exist.
This is part of the legacy of the apartheid system which relegated small-scale farmers
to small portions of poor-quality land in what are known as the former homeland areas
or Bantustans. The result of this has been the parallel functioning of these two kinds of
farmers within the context of continuous change. Large-scale commercial agriculture is
regarded as the main driver of national food security in South Africa [1]. In contrast to this,
economically, small-scale agriculture in South Africa enhances local economic development
as it is a source of employment and keeps most of the income local as the market is
predominantly localised [2]. Hendriks [3] suggests that small-scale agriculture contributes
to food security at a household level as socially, especially on traditional lands, the produce
is first meant to feed the household. The two farming systems are therefore indispensable.
According to Dixon et al., (2001) [4] farming systems are defined as “ . . . a population of
individual farm systems that have broadly similar resource bases, enterprise patterns, household
livelihoods and constraints, and for which similar development strategies and interventions would
be appropriate. Depending on the scale of the analysis, a farming system can encompass a few dozen
or many millions of households.”
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High value horticultural crops are becoming increasingly significant to the South
African agricultural economy as there is a demand for them on the global market [5]. Some
of the most popular high value crops grown in the country that are in high demand are
avocados, mangos, litchis, pecan nuts, papayas, bananas and macadamia nuts. A number of
these are cultivated in the Limpopo province of South Africa due to a favourable subtropical
climate. Both large- and small-scale farmers are engaged in farming high value crops in the
province intended for both export and supply to local markets. Land, though not the only
driver, is a key driver of agricultural production in South Africa [6]. There are numerous
factors pertaining to land that impact farmers’ ability to successfully produce and contribute
to the country’s food system which include land tenure and its associated rights, soil quality,
vegetation, topography, rainfall variability and water availability amongst various others.
Government policy interventions and cross-sectoral initiatives have been targeted towards
addressing these land factors with increasing focus on how small-scale farmers are affected
by them. Examples of government policy initiatives geared at addressing land as a driver
of production include the Upgrading of Land Tenure Rights Act, Act No. 112 of 1991 and
the Restitution of Land Rights act, Act No. 22 of 1994 which was later amended in 2014 [7].

The common understanding of the context of South African farming systems is that
the two farmers operate farming systems that are mutually exclusive. The current study
challenges this notion by suggesting that the two kinds of farmers do interact on various
levels, and this can be seen in the case of agriculture in the Vhembe district of Limpopo,
South Africa. According to Labadarios et al., (2011) [8] one of the characteristics of farming
systems is that they are able to produce the same outcomes in different ways provided they
are exposed to similar conditions. It can be inferred that the variables and processes that
comprise these systems will be different based on the scale at which the farmers operate
therefore necessitating management practices that are specific to the farming systems.
However, farming systems that exist in the same geographical location and may be exposed
to the same vagaries such as extreme weather events due to climate change in South Africa,
may experience overlap in the processes and management practices that are employed.

By using a systems lens to view farming systems in the Vhembe district of Limpopo,
it is possible to conceptualize the future of South African agriculture and its contribution to
food security by considering the plausibility of coupling the two kinds of farming systems.
This is the conceptual basis of this study. The study aims to highlight the connectivity
between the two main farming systems in South Africa using systems analysis as a tool
for understanding. To this end, this paper will address two objectives, namely to identify
the interactions between the two farming systems using Causal Loop Diagrams (CLDs)
and to develop conceptual scenarios for the co-functioning of the two farming systems
under similar commodities farmed in the Vhembe District of Limpopo South Africa. In
understanding the nature of the interactions within and between the two farming systems
it is possible to determine the feasibility of the two systems being coupled to achieve the
goal of jointly meeting the country’s food security needs at all levels. Scenarios can inform
future decision making, research and policy recommendations.

2. Materials and Methods

2.1. The Study Area

Limpopo is one of the largest crop producing areas in South Africa and can be regarded
as a key agricultural hub. The study took place in the Vhembe district which is a district
municipality located in the Northern most region of the Limpopo province of South Africa
(Figure 1).
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Figure 1. Map showing the location of (A) The Republic of South Africa’ provinces and provincial
boundaries, highlighting the location of the Limpopo province and the Vhembe district within the
Limpopo province of South Africa and (B) shows the location of the four local municipalities within
the Vhembe district.
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The Vhembe district borders with Zimbabwe and Botswana to the north–east and
Mozambique to the south–east passing through portions of the Kruger National Park [9].
The Limpopo province is comprised of five district municipalities of which the Vhembe
district is one. The Vhembe district is further sub-divided into four local municipalities
namely: Musina, Makhado, Mutale (renamed Collins Chabane) and Thulamela. According
to the South African governance structure local municipalities are constituted by towns
and their surrounding rural areas [10].

The Vhembe district has a land area of 2,140,708 ha of which only 247,757 ha is
arable [11]. Agriculture is central to the livelihoods of the people in the Vhembe district
and is a key contributor to employment. A reported 90% of rural communities located
in the Vhembe district are dependent on agriculture to generate household income and
sustain their livelihoods [12]. This is aligned with the geographical context of the Vhembe
district where the district is located in an area that is predominantly rural [13]. Smallholder
agriculture accounts for 70% of farming activities in the district while commercial agricul-
ture accounts for the remaining 30% [14–16]. Numerous subtropical crops that contribute
significantly to South Africa’s agricultural economy particularly through exports are pro-
duced in the Vhembe district. Amongst these crops, are included commodities such as
mangos, avocados, bananas, litchis, macadamia and pecan nuts. The census of commercial
agriculture in 2017 recorded subtropical fruit and citrus as the biggest crop output in the
district [17]. The Vhembe District Municipality’s Local Economic Development Strategy
in 2019 [18] reported that the Vhembe district produces 8.4% of the country’s sub-tropical
fruits and 6.3% of its citrus; overall amounting to 4.4% of South Africa’s total agricultural
output. Kom et al. [19] indicates that it is the southern side of the district i.e., the local
municipalities of Thulamela and Makhado that is typically comprised of well-established
white commercial horticulture farming. In contrast to this, the northern side is mostly
semi-arid and is mainly utilized for livestock farming and game ranching. Horticulture in
the northern region is very limited and restricted to areas where water is available.

In terms of water availability for agriculture, geographically the Vhembe district is
located in a semi-arid area. Occasional droughts usually occur from May to August [13].
According to [20,21] small-scale farmers in the district mostly practice rainfed agriculture
relying on seasonal rainfall which typically falls between November and March. Moeletsi
et al., (2013) [20] documents that the average seasonal rainfall for the southern side of the
district, identified earlier as the horticulture hub, ranges from 400 mm to 600 mm. With
regard to soils, according to [14] the soils found in the southern region of the district vary
significantly from one place to another; those with a higher clay and loam content tend to
be found in the east and more sandy soils towards the west.

2.2. Study Design

Primary and secondary data were used to identify and characterise both small- and
large-scale farming systems of three tree crops in the study area i.e., avocados, mangos and
macadamia nuts. For the purpose of this paper avocados were excluded in the discussion
as there was significant overlap between the interactions between large- and small-scale
farmers of avocados and macadamia nuts in the study area. Mangos and macadamia nuts
were selected as there were substantial differences in the interactions between the farmers
of these tree crops which provided a useful means for comparison between commodities
that enrich the discussion of the paper. Analysis was aimed at highlighting the connectivity
of interactions within and between the two main farming systems with respect to the four
drivers of production namely land, labour, capital and enterprise. Secondary data were
derived from the official database of subtropical crops from the local Department of Agricul-
ture, soil data and land type maps from the Agricultural Research Council (ARC), climate
data from the Institute of Soil, Climate and Water (ISCW), related peer reviewed research
papers and books. The target population was comprised of a combination of large-scale
commercial and small-scale farmers of the three tree crops in the district. Initially, farms
were selected based on data extracted from the subtropical database. Using a purposive
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sampling method [21], the criteria for site selection were determined, namely commod-
ity, farm size, gender of the farmer and farm location (village, town and municipality).
This information was available for six subtropical commodities, namely bananas—Musa
paradisiaca L. (23); litchis—Litchi chinensis S. (92); avocados—Persea americana M. (204);
mangos—Mangifera indica L. (528); macadamia nuts—Macadamia integrifolia M&B. (184);
and citrus—Citrus sps L. (90). According to the database there are a total of 1121 docu-
mented subtropical crop farmers in the Vhembe district. The database also showed that
the three commodities selected in the study were the most commonly grown commodities
in the district. Mangos were selected because they formed the largest number of farms
documented in the database (528 farmers). Macadamias were selected based on their
significance to the South African agricultural economy as high value export crops.

Thereafter, a systematic random sampling procedure was used to select farms to
ensure equal representation of farm size. This was done because the study required both
farmers with smallholdings and larger holdings. Initially three size categories based on
the sizes that exist in the database were selected namely, small (1–5 ha), medium, (6–13 ha)
and larger (14–20 ha and above). This was later narrowed to two categories i.e., small-scale
(1–10 ha) and large-scale (11 ha and above) as these provided a continuum that was context
specific to the study. The classification of small-scale farmers in the South African context is
complex as size is not the only factor used to determine what constitutes a small-scale farm.
Other factors such as enterprise, level of mechanization and technology employed, income
from farming etc. are also taken into consideration [22]. This is further reflected in the use
of numerous terms to describe these kinds of farmers such as subsistence, semi-commercial,
emerging etc. [16]. For this reason, the researchers used their own criterion of size to
classify small-scale farmers for the specific purpose of this study. In terms of location, farms
were selected that reflected equal representation of the four local municipalities located
within the Vhembe district namely Musina, Makhado, Thulamela and Mutale in order to
provide a comprehensive overview of farming in the district. Lastly, with regard to the
criterion of gender of the farmers, a random number generation method was used to ensure
equal representation of the genders across all farms. This was achieved by allocating each
farmer a number using the previously mentioned criteria and placing the written numbers
in a container. Numbers were then randomly picked out by the researcher to add up to
a total of 12 farms. Twelve farms were selected and were made up of four samples of
each of the three tree crops across the four municipalities with two small-scale and two
large-scale farms and an equal distribution of male and females. After completing the
site selection, a more detailed characterisation of the two farming systems based on the
three commodities in relation to the four factors of production followed. Primary data
were obtained by way of in-depth, on-site interviews with individual farmers. Using a
snowball sampling method [23] interviews were conducted with the aim of maintaining
the originally selected sample size, The result of the snowball sampling technique that was
employed produced the following samples: avocados (8), macadamia nuts (7) and mangos
(4). In total, 19 farmers were selected for participation in the in-depth interviews based on
their willingness to participate and availability. Due to numerous challenges in accessing
farms based on their extremely rural locations, data were collected at only one point in
time. This influenced the exceptionally small sample size which the authors acknowledge.
For the purpose of this paper the sample refers to a total of 11 farmers (7 macadamia nut
farmers and 4 mango farmers).

2.2.1. Data Collection

Face-to-face farmer interviews were conducted over the duration of the two visits
to the Vhembe district between October and November 2020. Ethical clearance was ob-
tained through the University of the Witwatersrand ethics committee (protocol number:
H19/09/26). Clearance was also obtained from the local Department of Agriculture through
an official letter of approval. A questionnaire was used as the main data collection instru-
ment comprised of closed and open-ended questions with the aim of collecting qualitative
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and quantitative data. Demographic information about the farmer was obtained through
the questionnaire to obtain statistical data. Detailed information about various aspects of
the four drivers of production in the context of the selected farm sites was also obtained.
Open-ended questions were used to obtain more detailed responses from participants
while close-ended questions were used to gather statistical information. The questionnaire
was sub-divided into four key sections: land, labour, capital and enterprise.

Interviews were conducted by the researcher alongside a local who served as an inter-
preter due to language barriers. Interviews were mostly conducted in the local language of
Vhenda. Key informant interviews were conducted with managers from processing plants
for macadamia nuts and avocados. Study group meetings for the respective commodities
were attended by the researcher in order to develop scenarios. These were information
sharing sessions with various stakeholders (farmers, equipment suppliers, extension offi-
cers, researchers, grower association representatives, and government officials from the
local Department of Agriculture) that allowed for interaction.

2.2.2. Causal Loop Diagram (CLD) Construction

The causal loop diagram (CLD) analytical tool used to represent the relationship
between system variables and their dynamic feedback structures was constructed using
Vensim modelling software (Ventana Systems Inc. 60 Jacob Gates Road Harvard, MA, 01451,
USA, http://www.ventanasystems.com/, accessed on 4 September 2022) [24]. The overall
structure of the CLD represents the links between large-scale and small-scale farmers of
the two commodities (macadamia nuts and mangos) and the broader farming system. The
CLDs hypothesize system behaviour and identify balancing and reinforcing feedbacks.

2.2.3. Development and Analysis of Scenarios

Scenarios were constructed using a scenario method known as ‘deductive’ [25] The
deductive process uses multiple iterations of scenario drafts that are typically developed
through stakeholder engagement facilitated through workshops [25]. Workshops allow
for scenario deconstruction and revision which provide an opportunity to validate the
plausibility of the scenarios. In the current study scenarios were created drawing from
three iterations of scenario drafts based on (1) predominant themes on production issues
arising within the farming systems of the selected commodities based on farmer interviews
and secondary data (2) key informant interviews and (3) interactive study group meetings.
Each narrative provided as much detail as possible with the aim of developing equally
plausible futures based on a chosen time frame of 10 years (2022–2032). The 10-year time
frame was preferred over a longer projected time as it provides a more realistic timeframe
to imagine plausible futures based on current trends.

The process of creating scenarios involved three steps. In the first step key drivers and
uncertainties surrounding production that emerged from interview responses were noted.
Secondly, notes from conversations with key informants who were interviewed during
field visits were used to give further detail to what these key drivers are which produced
an outline of the narrative for each scenario. Key informants included technical managers
for processing plants of macadamia nuts (Green Farms Nut Company and The Royal
Macadamia) and representatives from the respective growers’ associations (Macadamias
South Africa i.e., SAMAC and the South African Avocado Growers Association i.e., SAAGA.
Lastly, primary information was obtained from multistakeholder participation at local
information sharing sessions termed study group meetings for the respective commodities
which the researcher attended during the duration of the field work. These were used
to further corroborate what the key drivers and uncertainties are and to produce the
final two storylines outlining plausible scenarios for farming systems of the respective
commodities in the Vhembe district by the year 2032. This iterative process is illustrated
in Figure 2 below. The key driving forces of production were continuously narrowed
with each iteration based on the most common themes recurring from feedback from the
different participants. Themes were used as direction for what the key issues that the
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scenario would address should be. A 2 × 2 quadrant of four key drivers based on a scale of
uncertainty vs. impact ranging from low to high (Figure 2) was used to establish what the
main subject of the scenarios would be. Issues for which farmers’ responses reflected a high
level of uncertainty were typically used as conversation points during information sharing
sessions to probe what kind of solutions could be explored to address the challenge. These
aided the writing of the scenario narratives. The interactions between farmers highlighted
in the CLDs were used to evaluate the scenarios.

2.2.4. Data Analysis

Descriptive statistics were used for the analysis of quantitative data [26] by calculating
percentages, averages and standard errors. Chi-squared and student t-tests [27] were
used to compare the means across the two farm sizes and between the three commodities.
Thematic analysis was used to analyse qualitative data [28]. Participants responses to
open-ended questions concerning land variables relevant to the different commodities
were transcribed. Thereafter recurring responses that were mentioned were identified as
major themes. Based on the themes, percentages were calculated to classify them in order
of importance. Predominant themes were triangulated with quantitative data from the
questionnaire and secondary data to explain phenomenon.

Figure 2. An example of the three iterations of the scenario development using the 2 × 2 quadrant of
uncertainty vs. impact used for scenario construction for macadamia nuts based on the key drivers
and uncertainties identified from interviews. Adapted with permission from Rameriz et al. [29] 2022.
Rafael Ramirez.
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2.3. Conceptual Framework

The two main farming systems that currently exist in South Africa can be found
across the country. According to the FAO [30], both farming systems extend across the
northern part of the country where the Limpopo province is located. The two farming
systems are impacted by the same drivers of production i.e., land, labour, capital and
enterprise [31], however respond to these drivers differently. The manner in which the two
farming systems respond to the drivers of production may reveal the connectivity between
the systems. A systems thinking approach is best suited to illustrate the connectivity
between the farming systems and is therefore used for the study. Arnold and Wade [32]
define systems thinking as “a system of thinking about systems”. The same authors make
the assertion that systems thinking must have three components in order to be defined
namely elements i.e., characteristics, interconnections i.e., the way these interactions feed
back into each other or relate, and a function or purpose. System dynamics (SD) is the
understanding of the relationship between integrated systems elements and how they
impact each other’s behaviour [33]. The integration of systems elements is done by the
incorporation of concepts such as stocks, flows, feedbacks, and delays, enabling the analysis
of the dynamic behaviour of the system elements over time [34]. The approach is used to
describe, model, simulate, and analyse complex systems with multiple interacting elements
in terms of processes, information, organisational boundaries, and strategies [35]. This
conceptual understanding of systems thinking, and systems dynamics is applied in the
current study as a means by which to understand the systems being analysed. The farming
systems in South Africa operate against the backdrop of constantly changing economic,
political, environmental and socio-economic conditions. This is the context in which the
current research is positioned. Although farming systems research and farming systems
analysis are well established research fields [36], little attention has been paid to how
farming systems will respond to change in the future with respect to drivers of production.
The study seeks to provide foresight into future farming systems in a developing country
with constantly changing parameters. According to [37] when scenario analysis is used
in environmental change research an important objective is exploration. Scenarios can
potentially assist users to consider surprising discontinuities and developments. Scenarios
are defined as “a set of conceptual systems of equally plausible future contexts often presented as
narrative descriptions typically for the purpose of providing inputs for future work” [29]. By using
scenarios derived from a systems thinking viewpoint as a tool, the study identifies four
scenarios for production, for two different commodities, in farming systems in the Vhembe
district of Limpopo South Africa.

3. Results and Discussion

Results are presented here in three sub-sections. Firstly, a general (for South Africa
and the Vhembe district) and more detailed (by yield and income) characterization of
macadamia nut and mango farming systems is presented. Secondly, CLDs are presented,
and the reinforcing and balancing feedback loops are described to improve our understand-
ing of the interconnected variables impacting production of the respective commodities in
the Vhembe district. Lastly, scenario narratives derived from the key factors highlighted by
the CLDs and the iterative process of scenario development are presented.

3.1. Characterization of Macadamia Nut and Mango Farming Systems

Results revealed that by 2019 South Africa was the largest macadamia producer in
the world with 19,500 ha under cultivation, producing over 50,000 tonnes per year. Over
95% of South Africa’s macadamia nut production is exported annually [38]. According
to [39] the average yield for macadamia nuts in South Africa was 1.43 tonnes per hectare in
2019. Only 7% of macadamia nuts grown in the country are consumed by the local market.
The Limpopo province is the second largest macadamia nut production area in the county
after the Mpumalanga province, and the Vhembe district ranks third in order of the highest
macadamia nut contributing districts in the province [12].
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Results showed that mango production in South Africa has been unstable in recent
years. In 2019 a total volume of 68,633 tonnes of mangos was produced in the country
during that production season [40]. This may be attributed to unfavourable weather
conditions. The industry makes an important contribution to direct employment in mango
production and processing. In terms of the market structure, the annual crop is either sold
fresh through the national fresh produce markets and as exports or processed into atchar,
juice or dried mangos. The majority of mangos exported from the Limpopo province are
mainly from the Mopani and Vhembe district municipalities respectively. The total export
value reported by the Limpopo province was R62 million in 2019 of which R3 million was
reportedly from the Vhembe district [40]. Table 1 is a summary of the characterization of
the two sets of farms based on selected criteria from the farms selected in the study.

Table 1. Characterization of farm size, farm type, tonnage, yield and income by commodity for one
year (2019).

Commodity Farm Size (ha)
Farm Type

Tonnage (t) Yield (t/ha)
Gross Annual
Income (ZAR)Small-Scale Large-Scale

* Macadamia 4
√

0 0 0
Macadamia 5

√
2 0.4 10,000

Macadamia 5
√

2 0.4 150,000
Macadamia 6

√
4.2 0.7 200,000

Mean ± SD 5 ± 0.8 2.7 ± 1.3 0.5 ± 0.2 120,000
Macadamia 34

√
17 0.5 300,000

Macadamia 93
√

47 0.5 35,000,000
Macadamia 1600

√
806 0.5 40,000,000

Mean ± SD 575.7 ± 887.6 290 ± 447.1 0.5 ± 0 25,100,000
Mango 2

√
3 1.5 12,000

Mango 2
√

3 1.5 10,000
Mango 10

√
4 0.4 150,000

Mean ± SD 4.7 ± 4.6 3.3 ± 0.6 1.1 ± 0.6 57,333
Mango 15

√
4.5 0.3 20,000

* The first farmer appearing on the table was a first-time farmer who had planted trees 2 months prior to the
interview and therefore did not have any yield to record.

The average gross annual income from farming amongst participants ranged be-
tween R10,000 and R40 million between the two commodities. Results revealed that
macadamia farmers obtained the highest farming incomes, in both large-scale farms, av-
erage of R25,100,000, and small-scale, average of R120,000 compared to mango, R20,000
for the large-scale farmer and an average of R57,333 amongst small-scale farmers, farmers.
Results of the Pearson Correlations analyses show that there is a positive statistically signif-
icant correlation between average gross annual income and farm size amongst macadamia
farmers (r = 0.763, p < 0.01), and a positive significant correlation between average gross
annual income and farm size amongst mango farmers (r = 0.346, p < 0.01).

Results showed that 79% of participants were male while 21% were female. The
general gender profile of participants skewed towards male participants in both farm sizes
and across the two commodities with only 25% of female participants who were mango
farmers and no female macadamia farmers. This gender distribution is characteristic of
the patriarchal context of the Limpopo province as presented in other studies conducted in
the Vhembe district. This distribution is a reflection of the cultural norms and values of
the Vhenda people who predominantly reside there where men generally tend to be the
owners of the land. This can be viewed as a constraint, as the demographics of the broader
province of Limpopo indicate that most small-scale farmers in the province are women as a
result of adult males being involved in migrant labour. The small sample size obtained in
the study limits detailed analysis of this aspect. The CLD for the Macadamia nut farming
systems is presented in Figure 3. Followed by an explanation of the feedback loops that
were identified as part of the analysis.
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Figure 3. Causal loop diagram (CLD) showing macadamia nut farming systems in the Vhembe
district, Limpopo. Arrows connect two or more variables of interest and are causal links that
run in the stated direction. ‘+’ = a positive relationship, indicating that the causality runs in the
same direction (i.e., an increase in variable A will cause an increase in variable B and vice versa);
‘−’ = a negative relationship, indicating that the causality runs in the opposite direction (i.e., an
increase in variable A will cause a decrease in variable B and vice versa). The balancing feedback
loops are numbered Bn and labelled in blue font. The reinforcing feedback loops are numbered Rn
and labelled in red font. LSF refers to Large-scale farm/farming. Adapted with permission from
Selebalo et al. [41] 2022. Itumeleng Selebalo.

3.2. Macadamia Nut Farming Systems
3.2.1. R1 Large-Scale Processing and Export Loop

Macadamia nuts are the fastest growing tree crop industry in the country and their
production is lucrative. The demand for macadamia nuts globally is high and South Africa
is currently the largest producer (in tonnes per hectare) in the world [39,42,43]. Large-scale
macadamia farmers in the Vhembe district produce macadamia nuts for export and are
also owners or partners in processing plants such as the Royal Macadamia located in
Thohoyandou, Limpopo and Green Farms Nut Company in Levubu, Limpopo. Some
profits from export sales are reinvested into farm operations of which pest management
forms a component. The most common pest control strategy used by large-scale farmers is
integrated pest management (IPM). Large-scale farmers contract experts to monitor their
fields and thereafter recommend management interventions. This IPM approach combines
techniques such as the use of resistant varieties, biological control and habitat manipulation
etc., to effectively tackle pest problems. Crop vulnerability to pests such as stink bugs
is decreased through investments into pest management which resultantly impacts the
total annual yield positively. There is a positive causal link between the large-scale farm
yields and the capacity to process the nuts for export. Large-scale farmers are able to meet
processing quality standards, therefore making them fit to compete in global export markets
and to make profit from export sales, thus reinforcing a cycle of export market participation.
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3.2.2. R2 Small-Scale Macadamia Nut Production Loop

Small-scale macadamia farmers in the Vhembe district contribute to the macadamia
nut value chain in the province reinforcing the interdependence of the two types of farmers.
Nuts, produced by small-scale farmers, are transported and processed at plants owned by
large-scale farmers as small-scale farms do not have the required equipment for processing
and export requirements (indicated by the negative relationship “−” that is shown in the
arrow between the variables high cost of macadamia nut processing and lack of small-scale
processing capacity). Income made from nut sales is used to finance farm operational costs.

3.2.3. R3 Small-Scale Macadamia Farm Expansion through Young Tree Purchase Loop

Small-scale macadamia farmers in the Vhembe district use some of the profits from nut
sales to reinvest in the expansion of their farms by purchasing young macadamia trees from
large-scale commercial nurseries in the province (these are found in Tzaneen and are sold
at a cost of R60/tree). The expansion of small-scale macadamia farms will positively impact
the yield over time as trees mature; this is indicated by the delay in the CLD (the short
blue line across the positive arrow between small-scale farm expansion and small-scale
farm crop yield) as the causal link between farm expansion and yield is not immediate.
Macadamias are long-term crops taking on average four to five years from planting before
cropping commences and six to seven years before commercially viable yields are produced.
This reinvestment of profits reinforces a loop of continuous farm expansion.

3.2.4. R4 Small-Scale Macadamia Farm Establishment of Communal Macadamia
Nut Nurseries

Some small-scale farmers have opted to establish their own nurseries through planting
trees from the yield of previous harvests and grafting. Small-scale farmers then sell young
trees to other small-scale farmers within close proximity eliminating the transport costs to
nurseries further afield. The establishment of macadamia nut nurseries fosters interaction
and interdependence between small-scale farmers and promotes growth in the small-scale
macadamia enterprise thus reinforcing a loop of continuous expansion.

3.2.5. B1 Large-Scale Pest Management and Yield Loop

Large-scale commercial macadamia nut farmers in the Vhembe district are able to
reinvest income from export profits into pest management to control prevalent pests and
diseases. The more farmers able to invest in integrated pest management programs, the less
vulnerable the orchards become to invasion by pests. As pest vulnerability is continually
reduced through pest management, yield is increased through larger numbers of trees able
to produce nuts in a balancing loop in the CLD (Figure 4).

3.3. Mango Farming Systems
3.3.1. R1 Small-Scale Mango Farm Value Chain Loop

Small-scale mango farmers in the Vhembe district are the main suppliers of the local
mango atchar (a pickled mango paste that is commonly eaten in the province forming
part of a typically South African diet and sold at supermarkets) processing companies.
Mango atchar processing factories (such as Gratchar located in Letaba, Mango Magic Atchar
in Tzaneen and Levubu Atchar Veraardigers in Levubu) are located within the district
therefore more easily accessible to the farmers. Farmers are able to make a profit from
mango sales to atchar processing factories which are later reinvested into farm operations.
An increased investment in farm operations results in better annual yields which ensures
continued supply to processing companies creating a reinforcing loop.
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LSF reinvestment into
pest managment loop

Small scale mango
fram value chain loop

LSF reinvestment into
farm operations loop

LSF reinvestment into
farm security loop

Large scale farm
value chain loop

Figure 4. Causal loop diagram (CLD) showing mango farming systems in the Vhembe district,
Limpopo. Arrows connect two or more variables of interest and are causal links that run in the
stated direction. ‘+’ = a positive relationship, indicating that the causality runs in the same direction
(i.e., an increase in variable A will cause an increase in variable B and vice versa); ‘−’ = a negative
relationship, indicating that the causality runs in the opposite direction (i.e., an increase in variable
A will cause a decrease in variable B and vice versa). The balancing feedback loops are numbered
Bn and labelled in blue font. The reinforcing feedback loops are numbered Rn and labelled in red
font. LSF refers to Large-scale farm/farming. Adapted with permission from Selebalo et al. [41] 2022.
Itumeleng Selebalo.

3.3.2. R2 Large-Scale Mango Farm Value Chain

Large-scale mango farmers in the Vhembe district produce larger annual yields com-
pared to small-scale farmers; these are comprised of more than one variety of mango species
therefore enabling them to supply mangos to diverse markets i.e., juice manufacturers,
dried fruit and mango atchar processing factories within the district, fresh produce markets,
informal markets and supermarkets in other provinces. None of the farmers interviewed
indicated that they supply mangos for export. The total income made from the sales to these
diverse markets is used to reinvest in farm operations of which irrigation forms a part., only
the large-scale farmers indicated that they irrigate while all small-scale farmers stated that
they rely on rainfed agriculture. With an increased capacity to irrigate there is an increase
in yield which allows farmers to supply the diverse markets creating a reinforcing loop.

3.3.3. R3 Large-Scale Mango Farm Reinvestment into Farm Operations Loop

Large-scale mango farmers in the Vhembe district are able to reinvest profits from
sales into farm operations which include labour. Large-scale farmers are able to reinvest in
paying seasonal labour during harvest time unlike small-scale mango farmers who rely on
family members to harvest mangos.

3.3.4. R4 Large-Scale Farmer Reinvestment into Farm Security Loop

Large-scale mango farmers are able to reinvest the profits from selling produce into
improving security on the farm. Theft is an ongoing challenge to the mango farmers as
mangos can be sold locally by vendors in the district. The lack of adequate fencing means
that surrounding communities can easily access the trees and steal large quantities of
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mangos (one farmer reported “last year I was only able to harvest about a quarter of my whole
farm, the rest was stolen. All that work for nothing.”) significantly impacting the quantities of
mangos available for sale to markets. When farmers increase the investment in security i.e.,
fencing, patrol guards and watch dogs this decreases the loss of the crop due to theft and
increases the overall annual yield creating a reinforcing loop.

3.3.5. B1 Large-Scale Farmer Reinvestment into Pest Management

One of the areas in which large-scale mango farmers in the Vhembe district reinvest
their profits from sales is in pest management. Farmers are able to outsource pest control
experts to inform their pest management activities, therefore increasing their capacity for
effective pest management by implementing an integrated pest management approach that
is capital intensive. Results showed that farmers made use of both spraying of pesticides
and herbicides to this end. Continuous investment into effective integrated pest manage-
ment decreases the vulnerability of orchards to pest invasion which creates a balancing
loop that ensures good annual yields enabling continued supply of mangos to the diverse
markets that large-scale farmers have access to. Due to the plethora of resource constraints
experienced by small-scale farmers in the region investment in IMP is generally limited.
Large-scale farmers are better equipped to make this investment.

3.4. Scenarios
3.4.1. The Macadamia Gold Rush

The global demand for macadamias continues to increase as there is an increasing
public knowledge of the numerous health benefits of tree nuts and nut oils. This demand
has been the key factor in market expansion. According to [44], the global macadamia nut
market is expected to grow at a compound annual growth rate of 10.7% from 2021 to 2028
to reach USD 2.95 billion by 2028. South Africa remains one of the largest producers in the
world and this can influence future production trends as farmers in the country aim to align
with global market demands. Small-scale farmers’ heavy reliance on large-scale farmers
for processing in order to participate in global market supply will continue if there are no
opportunities created for them to compete in terms of processing capacity. A wide range
of role players need to be involved within the macadamia nut industry in order to make
it competitive, efficient and dynamic. Small-scale farmers can only expand the industry
if they have access to land and tenure security; results revealed that higher proportions
of small-scale farmers (71%) farmed on communal land compared to large-scale farmers
(29%). This speaks to the on-going land tenure reform dialogues in South Africa and the
need to urgently address tenure rights of small-scale farmers in the country. In order
to sustain large-scale and small-scale macadamia farmer interdependence in a manner
that is mutually beneficial and equally beneficial to the country’s agricultural economy,
small-scale farmers need to be incorporated into the value chain in a more prominent way.

3.4.2. Exploring the Possibilities of Strengthening Small-Scale Farmer Collaboration

There is an increase in interest to farm macadamia nuts amongst small-scale farmers
as the monetary gains become increasingly evident. This is well depicted in participant’s
contribution at a study group meeting; “everyone is going into macadamias now because that’s
where the money is. If I could, I would convert my whole farm into only macadamias”. Despite
this growing interest, small-scale farmers would not be able to cope well with a major
ecological or market failure in macadamia nut farming if they relied solely on the single
crop. Intercropping is a highly beneficial practice for small-scale farmers as it has been
established in literature on farming in South Africa that small-scale farming plays a dual
role of being a source of household food security as well as generating income from sale
of surplus [3]. For this reason, the practice of a monoculture cropping system, typically
characteristic of large-scale commercial farmers in the country is not ideal for the small-scale
farmer sustainability. The need to diversify their farming and develop a system where they
are able to benefit from the yields of other food crops and supplement household income
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from farming with the profits from the sales of high value crops is essential. This approach
should be encouraged to maintain small-scale farmers’ significance as contributors to
household food security as indicated in the introduction of the paper. The expansion
of small-scale macadamia nut farming should therefore be supplementary to existing
farming practices.

The move towards expansion of macadamia nut farming is seen in the establishment
of nurseries amongst small-scale farmers from the yields of previous harvests. This is an
attempt at breaking away from their dependence on commercial tree suppliers and creating
a level of independence. If successful, this initiative has the potential to grow small-scale
farmer’s producing capacity over time. Establishing their own nurseries also presents a
premise for small-scale farmer collaboration that may yield better production results. If
small-scale farmers came together to increase their yields, they can continue to supply
large-scale commercial processors and enter the export market at a more competitive level.
The benefits of the outcomes of this interaction and interdependency between the two kinds
of macadamia famers are not balanced. Small-scale farmers may not obtain profit to the full
value of their produce as they only provide raw produce and are paid accordingly. Their
large-scale farmer counterparts on the other hand obtain a higher profit as the produce that
is sold to export markets is now value added after processing. Based on this imbalance,
there is a need to explore more innovative approaches to collaboration between small-scale
farmers for the purpose of enabling them to process macadamia nuts independently. Small-
scale farmers could potentially band together to either rent or co-own processing facilities
that they would collectively use instead of solely relying on large-scale commercial farmers
for processing. There is potential to develop equipment more suited and more affordable
for small-scale farmers if this is made a research and policy directive. This should serve as
a model to inform government support for capacity building amongst small-scale farmers;
with the aim to enable them to increase their profits from growing macadamias so that
there is a balance in the benefits derived from growing macadamia nuts for both large-
and small-scale growers. Lastly, although the main focus of macadamia supply in recent
years has been international markets, there is potential for macadamias to become a highly
sought-after commodity in local markets with changes in the South African food system
leaning towards a more healthier food focus. Both large- and small-scale farmers can work
together to explore how to optimize opportunities and risks.

3.4.3. Mango Supply Driven by the Demand of the Market

Mangos are highly perishable therefore necessitating careful control of packaging,
transportation and distribution. This influences the South African mango value chain
significantly. Unlike macadamia nuts, the market demand for mangos from farmers in
the Vhembe district appears to be more localized than international. The ability to grow
different cultivars based on favourable climatic conditions enables farmers in the district
(both large- and small-scale) to target specific markets based on the type of mangos they
produce e.g., juice making factories, processing factories (for dried fruit and mango atchar),
local and provincial fresh produce markets. Currently, large-scale mango farmers from
the Vhembe district supply produce to juice processing factories while small-scale famers
supply atchar processing factories. This is mainly an issue of accessibility, as most atchar
processing companies are located within the district much closer to where the small-scale
farms are situated. They are therefore able to transport the produce to these factories faster.
This becomes a more economically viable option for small-scale farmers as mangos rot
easily and therefore may result in losses when they attempt to transport to further distances
where the juice processing factories are found (in some cases outside of the district and
province where they live). Agro-processing is the single largest market for mangos in
South Africa [40]. According to the database of local subtropical fruit farmers, mango
farmers make up the largest number of farmers in the district presenting an opportunity
for economic gain; this however does not align with the success of the mango market
distribution when compared to that of macadamia nuts and avocados. The economic
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profitability of processing mangos into juice is high as value is added to the raw produce
once it is in the form of juice and can be preserved for longer than the mangos in their
natural state. Atchar is also highly profitable as it is a popular choice as part of a low to
medium income South African diet. It has a long shelf life due to the manner in which it
is preserved, therefore presenting a viable economic investment. There is also potential
for atchar to be sold as an export product to other countries in the region and abroad.
Exploring possibilities of collaboration between farmers and agro-processors can possibly
expand the value chain for the benefit of all stakeholder. Given the heterogeneity of the
local mango demand, farmers in the district can invest in a more targeted approach to
growing mangos, focussing on the niche markets. Mango cultivars that ripen earlier in the
season are more favourable for atchar processing as opposed to cultivars that ripen mid to
late season which are more suitable for the juice market, however the risks associated with
ripe fruit are high e.g., theft, flies, pests etc. Solutions need to be found to minimize theft
and may be associated with price control.

3.4.4. Focus on Irrigation

One of the greatest challenges for both large- and small-scale mango farmers is their
reliance on rainfed agriculture as the area is semi-arid and prone to droughts. Interview
responses revealed that reliance of rainfall for irrigation was the sole source of water
for irrigation for mango farmers with mature orchards; localized groundwater accessed
through drilled boreholes was not indicated. One of the numerous impacts of climate
change is that rainfall patterns are shifting, therefore sole reliance on rainfall for cultivation
is not beneficial. This is a constraint that is already recognized and is an ongoing concern for
mango farmers of different scales however, small-scale farmers are particularly vulnerable
to this problem and therefore need be given more attention. Irrigation is a critical factor in
farmers’ success and capacity to supply markets. Systems thinking is a valuable tool for
finding solutions where trade-offs are involved. The mango industry needs to collaborate
with water management representatives in order to maximise on production.

4. General Discussion

The value of systems thinking is illustrated in the CLDs and the scenarios for the
two commodities, macadamia nuts and mangos. In understanding the interconnections
between variables and the degree to which they impact each other in the present, it becomes
possible to adopt a more holistic approach to decision making that informs policy and
action for the future. The current study provides evidence that suggests that the coupling
of large- and small-scale farmers is a viable option for agricultural development in South
Africa. If both farmers can equitably contribute to the country’s agricultural economy
albeit through different means, it is possible to envision an economy that is supplied
by the joint operation of both kinds of producers. The success of this kind of approach
hinges on the implementation of a multi-pronged intervention strategy which addresses
related issues simultaneously. Examples of the need for this multi-pronged intervention
strategy have been highlighted in the scenarios through: (1) the need to address small-scale
macadamia farmer tenure security in order for small-scale farmers to successfully expand
their industry and to collaborate with one another alongside prioritizing supplying export
markets; (2) the need to explore the potential of alternative sources of irrigation amongst
small-scale-farmers beside their reliance on rain-fed agriculture. Sufficient irrigation could
potentially improve their yields which can resultantly increase income from sales to local
markets over time. Increased income from farming can enable farmers to reinvest in long-
term transportation solutions that assist in accessing diverse markets. This serves as a good
example of the interconnectedness of variables in the systems.

The government model for land redistribution in South Africa over the past two
decades has been centred around the need to address historical inequalities in land dis-
tribution that favoured a minority of large-scale commercial farmers over the majority
of small-scale farmers who were predominantly black. This is a highly contentious and
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politicized issue considering South Africa’s history of an apartheid system. According
to Materechera and Scholes, 2022 [6], the issue of overlapping use rights on communal
land further complicates the challenge of a lack of tenure rights for small-scale farmers.
Small-scale farmers have to contend with other community members who use the land for
multiple other purposes e.g., firewood and grazing before they can consider participating
in commercial activities. This presents itself a great constraint. Existing policy interventions
surrounding land tenure security have mostly been targeted at land reform to improve the
commercial status of previously disadvantaged farmers located in the former homeland
areas. In order to be successful in this, policy directives should also include socio-economic
strategies to address the issue of overlapping use rights in communal land. There is an
urgent need for expansion as far as small-scale farmer irrigation systems are concerned.
The potential for sustainable irrigation expansion thus becomes a factor that should inform
research, decision making and policy development so that small-scale mango farmers
can increase their yields and improve their market competitiveness. The application of
innovation for more climate change friendly irrigation systems that are affordable and
accessible to small-scale farmers becomes a necessity. The adoption of “soft-path” water
harvesting for irrigation [45] is a plausible solution. This approach to bringing irrigation
to rain-fed croplands involves capturing water resources in small and check dams as an
alternative to the conventional centralized, capital-intensive irrigation projects that tend to
be large.

Integrated pest management has the potential to be mutually beneficial for both farm-
ers provided they are co-located. For example, a large-scale commercial farmer who imple-
ments IPM on their farm can have a positive knock-on effect on an adjacently located small-
scale farmer of the same commodity. Small-scale farmers can use less capital-intensive,
non-chemical approaches to IPM such as the cultivation of push and pull crops [46,47] in
order to augment the activities of large-scale farmers that tend to be more capital-intensive.
The implementation of this approach cancels the necessity of every area under cultivation
with the same commodities to have a comprehensive IPM system in place. There may be
areas without extensive IPM but benefit from being adjacent to farms that do. If farmers are
willing to collaborate and make this trade-off, potentially with agreement on a certain kind
of compensation for the benefits received, this interaction can foster future coupling of the
two farming systems to achieve a common goal. This potential has not been explored in the
current study, therefore there is no evidence of a willingness to collaborate on a regional
IPM approach; this presents an opportunity for future research. Historically, the needs of
the two kinds of farming systems have been addressed independently. This has contributed
to the way in which they have continued to operate as separate entities. The study proposes
that a systems thinking approach should inform decision making in the future.

5. Conclusions and Recommendations

Ultimately the question of whether coupling of the two farming systems in the context
of meeting the country’s food security needs at both national and household levels is a
viable option is revisited. In understanding both the positive and negative implications
of the interactions between the two groups of farmers, the scenarios derived in the study
attempt to present evidence to support the conclusion of whether or not the two systems
can ultimately work collaboratively in achieving food security at all levels in the future, as
opposed to doing so independently as the current situation suggests. If decision making
is informed by the application of systems analysis this may be an achievable goal. The
study has shown that there is connectivity within and between large-scale commercial and
small-scale farming systems in the Vhembe district. Applying systems analysis has shown
that there are numerous points of collaboration across the two types of farmers. The use of
systems analysis has also shown that the respective farmers who are co-located, respond to
the drivers of production differently though farming the same commodity. This illustrates
the potential for the coupling of the two farming systems and a transition from the historic
dichotomous context of South African farming systems. There are research organizations
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such as the regional systems analysis community of the International Institute for Applied
Systems Analysis (IIASA) in South Africa which is active and can help foster a systems
approach to coupling the two farming systems. Collaboration between such research
entities and other stakeholders in the food system value chain across different spheres of
government, agribusiness and the private and public sectors can produce favourable results.

Future studies on farming in South Africa should view farming as systems incorpo-
rating the whole value chain of any commodity. This should include the social, financial
and environmental values and impacts. The conceptual scenarios developed in the study
could be a basis for further evaluation to determine their feasibility under various predicted
changes such as those presented by the present and foreseeable impacts of climate change.
The use of scenarios is recommended as a tool to inform similar studies on farming systems
in South Africa e.g., Trade-offs in the adoption of IPM. Future studies must collate data
from a larger sample size.
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Abstract: This study suggests a novel hybrid model for calculating the interrelationships between
factors by integrating the Fuzzy set, Delphi, the Grey theory, and Weighted Influence Nonlinear
Gauge System (WINGS) approaches in agricultural green supply chain management (AGSCM). Fuzzy
Delphi helps to select 12 indicators from 19 factors by defuzzification for ambiguity associated with
subjective judgment by 10 experts in data collection. Grey WINGS can illustrate the relationships,
direction, and strength of factors simultaneously, which illustrates that environmental law, green
consciousness, product quality, and price are the most significant factors of AGSCM. The results can
help operators not only to analyze these key influencing factors, but also to understand the complex
cause-and-effect relationships between these factors. This integrated model will hopefully provide a
useful tool to agricultural policy makers and decision makers for sustainable development.

Keywords: AGSCM; Delphi; WINGS; Grey theory; Fuzzy set; sustainable development

1. Introduction

Agricultural green supply chain management (AGSCM) aims to transform environ-
mental constraints into advantages and opportunities, such as eco-brand, green consump-
tion, and sustainable development, which is difficult to optimize influenced by complex
and interactive factors intrinsic in an ever-changing complex environment, which includes
global warming, the COVID-19 pandemic, and environmental pollution. In particular, agri-
culture is one of the largest sources of methane emissions, with the Food and Agriculture
Organization (FAO) stating that the emission of greenhouse gas will increase by 30% by
2050 [1]. With the increasing concern for green and sustainable development, more and
more consumers are forcing the traditional supply chain reform to become environmentally
conscious with components, such as biological pesticides, renewable energy, recyclable
packaging, environmentally friendly fertilizers, and so on [1,2].

As we know, the yield of agricultural products is particularly influenced by many
uncertain challenges related to environmental, political, economic, social, technical, and legal
dimensions, which has become a major issue affecting human beings in recent years [3].
A growing global population and a deteriorating environment have led to an increased focus
on agricultural supply chains, such as resource constraints and environmental pollution [4].
With the growing environmental awareness, decision makers must take environmental factors
into account in supply chain management. The implementation of environmental and social
performance expands the scope of legal, social, technical, economic, and ethical properties
in green supply chain management (GSCM) [5]. Furthermore, the performance of GSCM
combines environmental, social, and economic dimensions, which must be considered in many
interrelated operations, such as planning, production, packaging, transportation, storage,
processing, distributing, publicity, and sales [6–8]. Sustainability has become a necessary
obligation for enterprise development. Enterprises need to take responsibility for social and
environmental issues in supply chain management [9]. However, AGSCM has become more
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difficult with the spread of the COVID-19 pandemic, global warming, extreme climate, and
environmental pollution across the world.

Although there have been a few attempts to study agricultural green supply chain
management [10–12], these studies mainly studied the factors which are independent of
each other as a prerequisite assumption but ignored the interrelationships within them.
This assumption may limit the development of AGSCM and the improvement of economics.
However, there are many uncertain complex hierarchical factors affecting AGSCM, such as
perishability, seasonality, customers’ demand, and supply relationships [13]. In order to
improve development of AGSCM within the restrictions of available natural resources, the
decision support model must be concentrated on the real-world scenario and integrated
with complicated methods to evaluate performance and the relationship of every factor [14].

Multiple-Criteria Decision-Making (MCDM) methods are designed to address complex
decision-making difficulties by analyzing the structure of criteria, alternatives, and decision-
makers’ preference, which are suitable for assisting managers, practitioners, and developers
in selecting the best options within various conflicting criteria. Saaty introduced the
Analytic Hierarchy Process (AHP) as a popular MCDM approach in 1980. The hierarchical
structure of AHP makes it possible to visualize the factors influencing the alternatives.
Analytic Network Process (ANP) is an amplification of AHP which can take into account
the intricate interdependence of decision factors in a hierarchical structure [15]. To deal with
the uncertain situation, the fuzzy AHP and ANP have been used in many domains [16,17].
So, the hybrid MCDM methods have the advantage to accomplish analysis the imprecise,
incomplete, or uncertain information.

In contrast to the methods mentioned above, the Decision-Making Trial and Evaluation
Laboratory (DEMATEL) is an advanced and sophisticated decision-making method for
addressing interdependencies by visualizing the causal interactions of indicators proposed
by Gabus and Fontela [18]. DEMATEL uses mathematical tools to comprehend various
specialists’ perspectives on associated factors, as well as logical correlations and direct
effects between these factors [19], which has been widely used in supply chain management
(SCM) [20–22]. Michnik developed the Weighted Influence Nonlinear Gauge System
(WINGS) approach from DEMATEL [23]. With interdependencies of factors in MCDM
situations, DEMATEL simulates the direction and strength of the impact. Furthermore,
WINGS simulates both the intensity and direction of the influence, in addition to the
strength of the criterion, which could be utilized as a theoretical basis for AGSCM. However,
classical DEMATEL and WINGS methods ignore the vagueness and uncertainty of human
judgment that are so prevalent in real life. Regarding this problem, the Grey theory
may successfully handle the ambiguities inherent in human subjective judgement while
acquiring accurate results with a moderate data sample.

The contribution of this paper can be summarized as follows.

1. A fuzzy-Delphi and grey-WINGS approach to decision theory, which can be utilized
to analyze different group choices, ambiguity, and complex interrelationships in
evaluation problems, is presented in this study. The combination of a fuzzy set and
grey theory can provide a more realistic representation of human judgement under
ambiguous and subjective conditions.

2. The target of this study is conducive to the improvement of AGSCM by applying the
current assessment approach to provide a more accurate and objective prioritization
tool for AGSCM in a hazy and diverse environment. The approach is intended to assist
AGSCM designers in identifying the most critical factors with the highest potential.

3. The fuzzy-Delphi and grey-WINGS method integrates four techniques, which have
not been combined for illustrating mutual relationships of factors in previous studies.
According to the results analysis, this research contributes significantly to improving
AGSCM by providing policy and management implications.

The remainder is arranged as follows. Section 2 contains literature reviews. Sec-
tion 3 consists of materials and methods. Section 4 includes research results. Section 5 is
discussions. Section 6 includes conclusions.
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2. Literature Review

2.1. Agriculture Green Supply Chain Management

GSM is always known as the environmental supply chain based on green manufactur-
ing theory, which was first introduced by the Manufacturing Research Society of Michigan
State University. The enterprises, merchants, and farmers within the supply chain can
gain benefit from GSCM and use it as a valuable resource to improve their environmental
performance [24] because it is a vital important management system involving suppliers,
production plants, distributors, and customers, with the aim of minimizing the negative
impacts and maximizing efficiency of resource utilization through the improvement of the
whole implementation incorporating environmental concepts [25,26].

Agriculture is one of the industries that is most affected by climate. There is a clear
relationship between agricultural productivity and climate fluctuations, which is especially
complex and unique in developing countries [27]. Moreover, agricultural products have
several specific characteristics that make agricultural supply chain management (ASCM)
more complicated due to factors associated with seasonality, environment, and perishability
when compared with typical supply chains [28]. In order to maintain environmental
sustainability, the ‘green’ concept integrates environmental and ecological concerns, which
has a significant impact on the environment including pollution, emissions, the health
hazard to human beings, etc. [29–35]. Therefore, AGSCM has been established as an
important discipline of sustainable operations management, which must be paid more
attention. As more and more environmental regulations are published, AGSCM plays a
proactive role in improving environmental performance and economic stability [36,37].

Environment, strategy, and logistics are the three critical components of AGSCM,
involving proactive measures such as recycling, reprocessing, and monitoring of environ-
mental standards [38,39]. In order to improve sustainable development, it is necessary
that the product, package, and purchase must meet green standards. All supply chain
participants must be proactive and work together to minimize negative environmental
effects [40].

2.2. The Influence Factors of AGSCM

AGSCM incorporates environmental and economic elements, which are important
challenges with the limitation of resources for minimizing environmental negative conse-
quences and enhancing economic stability [36,41]. We reviewed papers with GSCM and
AGSCM from 2010 to 2022. According to the operation of the supply chain, the forces driv-
ing all farmers, stakeholders, and customers should be associated with activities in AGSCM.
It can be concluded that the factors influencing AGSCM include customer and stakeholder
requirements and competitive advantage, both of which come from economic and so-
cial factors [42,43]. These are the motivations for successful implementation of AGSCM.
On the other hand, regulation and market pressure could force companies to adopt the
rules of AGSCM in the pursuit of environmental performance, such as environmental
laws, competitors’ pressure, suppliers’ requirements, and customers’ awareness [44–46].
Meanwhile, barriers are factors that hamper the implementation process of AGSCM. Some
of the important barriers are cost and risk, lack of government support, financial con-
straints, poor supplier commitment, lack of legitimacy, technology, and resistance from the
stakeholders [47–49].

2.3. Hybrid Methodology and Applications

Compared to traditional SCM, the ASCM is more difficult to measure due to the issues
associated with environmental factors. Some structural methodologies have been extended
in ASCM, such as AHP [50], ANP [51], and Technique for Order Preference by Similarity to
an Ideal Solution (TOPSIS) [52] in Table 1. Furthermore, AGSCM is also a typical MCDM
problem that requires estimation of factors based on complex objective and subjective
information. In order to achieve accurate and scientific evaluation results, the fuzzy set
theory might be a major tool which was initiated as a mathematical tool to handle ambiguity
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and fuzzy information influenced by subjective judgments. These sources of imprecision
contain incomplete, nonobtainable, unquantifiable, and partial information, which exist in
real life. Therefore, the fuzzy set can be employed in some decision models to analyze the
factors of supply chain management [53]. In order to exploit the ambiguity and variety in
articulating preferences of decisionmakers, grey theory has been utilized to assemble group
fuzzy evaluations, and it can handle the preferences of various decisionmakers [54,55].
Compared with the fuzzy logit, grey theory can handle uncertainty problems with discrete
values and imperfect knowledge by creating a flexible choice model with interval numbers.
Its significant advantage is the capability to obtain accurate results with limited data under
conditions of high variable variability [56]. By combining linguistic variables, the grey
set theory can be used to evaluate uncertain conceptions related to people’s subjective
judgments. The implications of the grey set theory will be more significant, especially
when experts make decisions based on inadequate information or when they are conscious
that they lack knowledge in some scenarios. Numerous effective applications of grey
system theory have been made in several fields, including business, geography, medicine,
agriculture, and disaster preparedness [57,58]. So, grey system theory has been improved
as an efficient approach to unresolved and ambiguous issues in recent years.

Table 1. Overview of relevant studies with MCDM methods.

Findings Approach Relevant Literature

Delphi and Fuzzy AHP methods are constructed to estimate the
factors of green design, purchasing, production, warehousing, and

logistics in supply chain practices.
Delphi, Fuzzy AHP [50]

The research discusses the four main criteria, including product
quality, production cost, customer requirements, and delivering time

to select an effective supplier by Fuzzy ANP.
Fuzzy ANP [51]

This article studied green supplier selection with the criteria of
service, quality, price, and environment by using fuzzy TOPSIS. Fuzzy TOPSIS [52]

The case study developed a hybrid model with AHP and TOPSIS to
evaluate a supply chain perspective within economic, environmental,

and social dimensions.
Fuzzy AHP, TOPSIS [59]

This work uncovered ten main factors to sustainable initiatives for
ASCM, such as government pressure, stakeholder requirements,

monitoring and auditing, competitive advantages, cost, and benefits,
by using Fuzzy DEMATEL.

Fuzzy DEMATEL [26]

This method proposes a model combing DEMATEL and ANP to
assess indicators such as services, technology, environmental,

financial, and economic dimension in sustainable supplier selection.
Fuzzy ANP, DEMATEL [53]

DEMATEL: Decision-Making Trial and Evaluation Laboratory; TOPSIS: Technique for Order Preference by
Similarity to an Ideal Solution; ANP: Analytic Network Process; AHP: Analytic Hierarchy Process.

The Delphi technique is a qualitative approach for gathering the opinions of a diverse
group on a specific topic, which was proposed by the RAND Corporation. Because tradi-
tional Delphi techniques cannot deal with ambiguity, a fuzzy-Delphi method, which can
handle the ambiguity and uncertainty inherent with the data, was combined by Ishikawa
et al. (1993) [60]. Various applications have been employed in supply chain performance,
agricultural cost, design analysis of products, healthcare, and construction [61–66]. More-
over, to analyze the complex intertwined relationships between influencing factors, schol-
ars proposed several powerful methods including ANP [15,51], DEMATEL [56,59], and
WINGS [23,67]. ANP is just a generalized version of the analytical hierarchy process pro-
posed by Saaty, which illustrates general relations among the indicators, whereas the AHP
emphasizes hierarchical relations between decision levels [68]. The ANP uses ratio scale
measurements through comparisons, but unlike the AHP, it does not impose a fixed hierar-
chical structure. Both methods have a prerequisite assumption as no influence between
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criteria. ANP has been widely applied in various situations, such as location selection,
project selection, and supplier selection [69–71].

DEMATEL is used to translate the interrelationships between the criteria into an
understandable structural model, which was established by the Battelle Memorial Institute
of the Geneva Research Center. The numbers measuring the level of influence can construct
the matrices or digraphs to illustrate the interrelationship between criteria and identify
the core criterion to express the performance of variables, which could also eliminate
overfitting for assessment [21]. Being an update of DEMATEL, WINGS takes over the
superiority of DEMATEL, including the ability to handle complex problems with various
factors and the simplicity of its mathematical procedures [23]. However, it also has its own
special characteristics. WINGS measures the operating factors’ strength and the level of its
influence, whereas DEMATEL only considers the latter. So, an improved version of WINGS
can be used to evaluate the interrelationships between criteria more powerful. Especially
when the criteria are distinct, it has been demonstrated that WINGS simplifies the additive
agglomeration as shown in Table 2 [72].

Table 2. Comparations within different approaches.

Approach
Interdependencies

of Factors
Intensity of

Impact
The Strength of

Factors
Group Fuzzy
Assessments

FAHP - - s -
FANP - - s -

FDEMATEL s s - -
Grey–WINGS s s s s

WINGS: Weighted Influence Nonlinear Gauge System.

Based on the above analysis, the DEMATEL and WINGS techniques are superior
than other traditional methods, since the input values can immediately enter the matrix,
which has the advantage in calculations over the AHP/ANP approach with pairwise
comparisons. However, WINGS method is superior than the classical DEMATEL method,
which considers the strength of the standard., as well as the interrelationship between
criteria. Unlike the previously mentioned approaches, this study combines the WINGS and
DELPHI methods with fuzzy and grey theory to handle the fuzzy decision environment.
Therefore, the suggested model of this paper is more accurate in describing the subjective
information and more practicable in analyzing the difficult assessment problems with
simple calculation. In addition, there is no instance integrating the grey theory, the fuzzy
set, the WINGS, and the DELPHI approaches, which involves the ambiguity and uncertainty
during the evaluation process.

3. Materials and Methods

The proposed model combining fuzzy Delphi and Grey WINGS contains two phases as in
Figure 1. Firstly, identifying and finalizing the factors of AGSCM. Secondly, a cause-and-effect
analysis of the components that have been selected will demonstrate how they interact.

3.1. Influencing Factors of AGSCM

Based on the status of the AGSCM and structural analysis approaches that have been
applied to supply chain management, an evaluation method of the influencing elements
of AGSCM has been constructed. We chose 19 factors from three dimensions including
government, economy, and society, including green consciousness, competitive pressure,
government subsidies, produce quality, customer demand, environmental laws, logistics,
renewable material, green operation, technology, waste reduction, price of product, cost,
stockholders’ requirement, monitoring, social responsibilities, infrastructure, income level,
and reusable packaging.
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Figure 1. The framework of fuzzy Delphi and grey WINGS.

3.2. Fuzzy Delphi

The theory of fuzzy sets proposed by Zadeh to describe the ambiguity of human cognitive
processes formed the basis of the fuzzy-Delphi technique. A triangular fuzzy number can be
presented like λ̃ = (l, o, k), where l ≤ o ≤ k. Then, the membership function is:

θ
λ̃
=

⎧⎪⎪⎨⎪⎪⎩
x−l
o−l , x ∈ (l, o)
k−x
k−o , x ∈ (o, k)

0, x ∈ (−∞, l) ∪ (k, ∞)
1, x = o

(1)

The basic operations show as:

(1)λ̃1 + λ̃2 = (l1, o1, k1) + (l2, o2, k2) = (l1 + l2, o1 + o2, k1 + k2);
(2)λ̃1 − λ̃2 = (l1, o1, k1)− (l2, o2, k2) = (l1 − l2, o1 − o2, k1 − k2);

(3)λ̃1 × λ̃2 = (l1, o1, k1)× (l2, o2, k2) = (l1l2, o1o2, k1k2);
(4)λ̃1 ÷ λ̃2 = (l1, o1, k1)÷ (l2, o2, k2) = (l1/k2, o1/o2, k1/l2).

(2)

where l1, l2 > 0; o1, o2 > 0; k1, k2 > 0.
The following are all fuzzy-Delphi steps:
Step 1: This process involves identifying and categorizing numerous factors that are

relevant to the field under research.
Step 2: Once the criteria have been established, the experts are given the questionnaire

detailing the criteria to compare by using the linguistic scale listed in Table 3. Fuzzy
numbers could be transformed from experts’ evaluations for each criterion. A fuzzy
number referring to the cth factor suggested by the ath expert is expressed as:

eca = (lca, oca, kca); c = 1, 2...p; a = 1, 2...q (3)

where p and q are the number of criteria and experts.
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Table 3. Linguistic scale with triangular fuzzy number.

Linguistic Values Numbers
Corresponding Triangular

Fuzzy Number

Very unimportant 1 (0.1,0.1,0.3)
Unimportant 3 (0.1,0.3,0.5)

Normal 5 (0.3,0.5,0.7)
Important 7 (0.5,0.7,0.9)

Very important 9 (0.7,0.9,0.9)

The fuzzy number for each criterion could be estimated using triangular fuzzy numbers
(E), as stated in Equation (4), which integrates the evaluations from all q experts as follows:

Ec = (lcD, ocM, kcH) =

⎛⎝minqlq
cD, (

q

∏
a=1

oa
cM)

1/q

, maxqkq
cH

⎞⎠ (4)

Step 3: The fuzzy number of each assessment factor should be defuzzied using the
Simple Center of Gravity (SCGM) approach to obtain the final value of each factor, which
is the most prevalent approach for defuzzification [73]. This stage of SCGM involves
computing the defuzzification value G using the mean approach as shown below:

Gc = (lcD + ocM + kcH)/3 (5)

Step 4: A threshold value (β) must be defined to choose the most significant criteria from
the expert group in order to create the list of criteria. The final step is to construct the final list
of criteria based on the following threshold criteria: The criterion is chosen if G ≥ β, and the
criterion is omitted if G ≤ β.

3.3. Fuzzy-Delphi Grey-WINGS Model

The main steps can be described as:
Step 1. Determine selection criteria by using the fuzzy-Delphi method.
Numerous factors relevant to AGSCM are estimated by experts. After gathering expert

opinions from surveys, the triangle fuzzy numbers are utilized to determine selection
criteria through the Delphi method.

Step 2. Construct an initial strength–influence matrix for all experts.
Table 4 displays the language evaluation and the related grey numbers, which could

measure factor x impact over factor y using an integer scale ranging from 0 to 4, indicating
“no influence”, “low influence”, “medium influence”, “high influence”, and “very high
influence” between factors.

Table 4. Grey linguistic scales.

Linguistic Variables Influence Number Related Grey Numbers

None (N) 0 [0.0,0.0]
Low (L) 1 [0.0,0.25]

Medium (M) 2 [0.25,0.5]
High (H) 3 [0.5,0.75]

Very high (VH) 4 [0.75,1.0]

Step 3. Compute the corresponding grey matrix for the strength–influence matrix.
The ratings on the integer scale can be transformed into corresponding grey scales that

give an upper range and a lower range of values. Based on the obtained grey values, the
initial relation matrices are transformed into grey relation matrices, as ⊗ra

xy =
[
⊗ra

xy ,⊗ra
xy

]
,

where x,y indicate the criterion, and a indicates the ath expert, 1 ≤ a ≤ q; 1 ≤ x ≤ p; 1 ≤ y ≤ p.
Step 4. Calculate the average grey strength–influence matrix.
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The average grey strength–influence matrix
[
⊗�

r xy

]
can be computed by q grey rela-

tion matrices,

⊗�
r xy =

(
∑a ⊗ra

xy

q
,

∑a ⊗ra
xy

q

)
(6)

Step 5. Obtain the crisp strength–influence matrix.
(1) Standardization of the grey number:

⊗r̃xy =
(
⊗�

r xy − min⊗�
r xy

)
/
(

max⊗�
r xy − min⊗�

r xy

)
(7)

⊗r̃xy =
(
⊗�

r xy − min⊗�
r xy

)
/
(

max⊗�
r xy − min⊗�

r xy

)
(8)

(2) Normalization of the crisp values:

txy =
(⊗r̃xy

(
1 −⊗r̃xy

)
+
(⊗r̃xy ×⊗r̃xy

))
/
(
1 −⊗r̃xy +⊗r̃xy

)
(9)

(3) Calculate the accurate total crisp values.

fxy = min⊗r̃xy + txy
(
max⊗r̃xy − min⊗r̃xy

)
(10)

and F =
[

fxy
]

Step 6. Obtain the normalized strength–influence matrix.

W =
1

p
∑

x=1

p
∑

y=1
Fxy

and B = W × F x, y ∈ {1, 2, ..., p} (11)

The element of matrix B is between 0 and 1.
Step 7. Acquire the total strength–influence matrix.
The matrix Z is obtained by:

Z = B(I − B)−1 (12)

where Z = [zca], and I presents an identity matrix.
Step 8. Sum of rows and columns in matrix Z.
The sum of rows (T) and columns (L) in matrix Z can be calculated as:

T = [Tc] =
p

∑
c=1

zca, c = 1, 2, ..., p (13)

L = [La] =
q

∑
a=1

zca , a = 1, 2, ..., q (14)

T depicts the whole influence of component c as a cause affecting remaining compo-
nents, while L illustrates an effect as the whole influence from other components impacting
component a.

Step 9. Set up cause–effect relationship diagram.
Using the values obtained through Equations (13) and (14), a causal diagram is set up.

The total impacts the given and received values by factor x, which represents the degree of
prominence in the overall system.

The sum (T + L) presents the total effects by factor x, which represents the degree of
prominence in the overall system, while (T − L) illustrates the net effect of factor x on the
overall system. Factor x is the net cause if (T − L) is positive. Then, factor x is the net effect
if (T − L) is negative.
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Step 10. As shown below, a threshold value (β) is established to eliminate minor effects.

β =
∑

p
x=1 ∑

p
y=1
[
zxy
]

N
(15)

where N is the number of factors in matrix Z.

4. Results

4.1. Data Collection and Fuzzy Delphi

The main steps can be described as:
For the purpose of gathering data, 10 experts from agricultural businesses and aca-

demics were engaged. The experts team consisted of 2 professors within the agriculture
field, 2 agricultural consultants, 2 agricultural supply chain managers, 2 rural cooperative
managers and 2 farmers, who all have an experience of more than 12 years. Table 5 depicts
the details of these experts. The data are gathered and assessed in two stages, which are
described below:

Table 5. Information of the experts.

No Gender Position Work Experience

Exp 1 Male Professor 20
Exp 2 Female Professor 22

Exp 3 Male Rural cooperative
manager 18

Exp 4 Male Rural cooperative
manager 15

Exp 5 Male Supply chain
manager 16

Exp 6 Male Supply chain
manager 18

Exp 7 Female Farmer 23
Exp 8 Male Farmer 25

Exp 9 Male Agricultural
consultant 12

Exp 10 Female Agricultural
consultant 14

Exp: expert.

The fuzzy–Delphi method was used to select only those indicators significant to
AGSCM that were determined through interviews and a literature review. Ten experts
were given the same questionnaire based on the identified indicators, and they were
asked to evaluate each factor in relation to the AGSCM by the linguistic scale shown in
Table 3. Additionally, by applying the transforming procedures above, the values were
converted into triangular fuzzy number to aggregate the fuzzy values of all 19 elements
using Equations (3) and (5).

To select the more significant factors, the threshold defuzzification value (β) was
chosen at 0.60 in this paper to determine whether to accept or reject a factor, which is larger
than the normal value (0.56) for the nine-fuzzy scale [73]. Based on this threshold value
of defuzzification, a total of 12 factors with values greater than 0.60 were selected, and
7 factors less than 0.60 were rejected. Table 6 lists all the selected and rejected factors.

4.2. Grey WINGS Analysis

The impact factors of AGSCM were empirically investigated using the grey-WINGS
method. The significance among the 12 factors was evaluated by experts. At this stage,
the grey-WINGS approach was utilized by the same 10 experts to obtain the final interrela-
tionships and cause–effect linkages between the factors. The following sections cover the
implementation of the grey-WINGS approach:
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Step 1: Using the linguistic scale provided in Table 4, experts were asked to build a
strength–influence matrix for factors in the AGSCM. The grey initial strength relationship
matrix from the No.1 expert is displayed in Table 7.

Table 6. Finalizing factors using fuzzy Delphi.

No Factors Fuzzy Weight Defuzzification Selection Codes

1 Green consciousness (0.3,0.76,0.9) 0.65
√

F1
2 Competitive pressure (0.1,0.38,0.9) 0.46 - -
3 Government subsidies (0.3,0.60,0.9) 0.60

√
F2

4 Produce Quality (0.5,0.81,0.9) 0.74
√

F3
5 Customers’ demand (0.3,0.77,0.9) 0.66

√
F4

6 Environmental laws (0.3,0.71,0.9) 0.64
√

F5
7 Logistics (0.1,0.30,0.9) 0.43 - -
8 Renewable material (0.1,0.28,0.7) 0.36 - -
9 Green operation (0.3,0.68,0.9) 0.63

√
F6

10 Technology (0.3,0.62,0.9) 0.61
√

F7
11 Reducing waste (0.1,0.43,0.9) 0.48 - -
12 Price of product (0.3,0.7,0.9) 0.63

√
F8

13 Cost (0.3,0.77,0.9) 0.66
√

F9
14 Stockholders’ requirement (0.3,0.64,0.9) 0.61

√
F10

15 Monitoring (0.3,0.69,0.9) 0.63
√

F11
16 Social responsibilities (0.1,0.48,0.9) 0.49 - -
17 Infrastructure (0.1,0.42,0.9) 0.47 - -
18 Income level (0.3,0.68,0.9) 0.63

√
F12

19 Reusable packaging (0.1,0.28,0.7) 0.36 - -

Codes are the abbreviations of Factors.

Table 7. The grey initial strength relationship matrix from Exp 1.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12

F1 (0.75,1) (0.75,1) (0,0.25) (0.5,0.75) (0.25,0.5) (0.25,0.5) (0.25,0.5) (0.25,0.5) (0.75,1) (0.25,0.5) (0,0.25) (0,0.25)
F2 (0.5,0.75) (0.75,1) (0,0.25) (0,0.25) (0,0.25) (0.25,0.5) (0.25,0.5) (0,0.25) (0,0.25) (0,0.25) (0,0.25) (0.25,0.5)
F3 (0.5,0.75) (0.5,0.75) (0,0.25) (0.5,0.75) (0.5,0.75) (0.25,0.5) (0.25,0.5) (0,0.25) (0.25,0.5) (0.25,0.5) (0,0.25) (0.25,0.5)
F4 (0.75,1) (0.75,1) (0,0.25) (0.75,1) (0,0.25) (0.25,0.5) (0.25,0.5) (0.25,0.5) (0.25,0.5) (0.25,0.5) (0,0.25) (0.25,0.5)
F5 (0.75,1) (0.75,1) (0.75,1) (0.75,1) (0,0) (0.5,0.75) (0.5,0.75) (0.5,0.75) (0.75,1) (0.5,0.75) (0,0.25) (0.25,0.5)
F6 (0.75,1) (0.75,1) (0.75,1) (0.75,1) (0.5,0.75) (0.75,1) (0.25,0.5) (0.25,0.5) (0.5,0.75) (0.25,0.5) (0,0.25) (0.25,0.5)
F7 (0.75,1) (0.75,1) (0.25,0.5) (0.75,1) (0.5,0.75) (0.5,0.75) (0.5,0.75) (0.5,0.75) (0.75,1) (0.25,0.5) (0.25,0.5) (0.5,0.75)
F8 (0.75,1) (0.75,1) (0.75,1) (0.5,0.75) (0,0.25) (0,0.25) (0.5,0.75) (0.5,0.75) (0.75,1) (0.25,0.5) (0,0.25) (0,0.25)
F9 (0.75,1) (0.75,1) (0.25,0.5) (0.5,0.75) (0.25,0.5) (0.5,0.75) (0.5,0.75) (0.25,0.5) (0.75,1) (0.25,0.5) (0.25,0.5) (0.5,0.75)
F10 (0.75,1) (0.75,1) (0.25,0.5) (0.75,1) (0.25,0.5) (0.5,0.75) (0.5,0.75) (0.5,0.75) (0.5,0.75) (0,0.25) (0,0.25) (0.25,0.5)
F11 (0.75,1) (0.75,1) (0.25,0.5) (0.75,1) (0.25,0.5) (0.25,0.5) (0.25,0.5) (0.5,0.75) (0.25,0.5) (0.25,0.5) (0,0.25) (0.25,0.5)
F12 (0.75,1) (0.75,1) (0,0.25) (0.75,1) (0,0.25) (0,0.25) (0,0.25) (0.5,0.75) (0.25,0.5) (0,0.25) (0,0.25) (0,0.25)

Step 2: The average grey strength–influence matrix shows as Table 8. After averaging
the grey initial values by Equation (6), the standardization of the grey numbers can be
obtained by using Equations (7) and (8), which transform the values into the standard
interval form in Table 8. Most values contain the interval [0.4,0.6]. The biggest value is
[0.65,0.9], while [0.225,0.45] is the smallest interval number.

Step 3. The crisp strength–influence matrix is shown in Table 9, which is established
from the average grey strength–influence matrix. The interval numbers can integrate most
information, and the further analysis needs to convert the interval form to a crisp value by
using Equations (9) and (10). As a result, the total crisp values are calculated as shown in
Table 9, which retain four decimals for ensuring accuracy.
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Table 8. Average grey matrix of expert evaluations.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12

F1 [0.5,0.725] [0.475,0.725] [0.375,0.625] [0.35,0.575] [0.4,0.6] [0.45,0.7] [0.375,0.575] [0.4,0.65] [0.525,0.75] [0.55,0.8] [0.4,0.625] [0.375,0.6]
F2 [0.4,0.625] [0.6,0.825] [0.375,0.625] [0.275,0.525] [0.4,0.65] [0.425,0.675] [0.325,0.575] [0.3,0.5] [0.375,0.625] [0.45,0.7] [0.375,0.6] [0.4,0.65]
F3 [0.5,0.725] [0.5,0.75] [0.525,0.775] [0.425,0.675] [0.4,0.625] [0.4,0.65] [0.325,0.55] [0.275,0.5] [0.45,0.7] [0.525,0.775] [0.35,0.55] [0.375,0.6]
F4 [0.475,0.725] [0.475,0.725] [0.425,0.675] [0.575,0.825] [0.35,0.6] [0.35,0.6] [0.25,0.5] [0.425,0.675] [0.3,0.55] [0.375,0.6] [0.35,0.575] [0.375,0.625]
F5 [0.475,0.7] [0.5,0.75] [0.55,0.8] [0.5,0.725] [0.45,0.675] [0.525,0.775] [0.4,0.65] [0.375,0.625] [0.425,0.675] [0.4,0.625] [0.35,0.55] [0.375,0.625]
F6 [0.4,0.65] [0.35,0.575] [0.45,0.7] [0.35,0.6] [0.3,0.525] [0.5,0.75] [0.325,0.575] [0.35,0.6] [0.4,0.625] [0.375,0.625] [0.375,0.6] [0.225,0.45]
F7 [0.5,0.725] [0.5,0.75] [0.425,0.65] [0.425,0.675] [0.425,0.675] [0.425,0.675] [0.375,0.625] [0.35,0.575] [0.45,0.7] [0.375,0.6] [0.3,0.55] [0.4,0.625]
F8 [0.65,0.9] [0.6,0.825] [0.525,0.775] [0.475,0.725] [0.3,0.55] [0.35,0.6] [0.45,0.7] [0.475,0.725] [0.45,0.675] [0.375,0.625] [0.25,0.5] [0.35,0.6]
F9 [0.4,0.6] [0.5,0.75] [0.375,0.625] [0.475,0.725] [0.25,0.475] [0.45,0.7] [0.35,0.6] [0.275,0.5] [0.6,0.85] [0.375,0.625] [0.275,0.475] [0.35,0.6]
F10 [0.4,0.65] [0.4,0.625] [0.425,0.65] [0.45,0.675] [0.225,0.45] [0.225,0.475] [0.225,0.45] [0.35,0.6] [0.525,0.775] [0.475,0.725] [0.325,0.55] [0.275,0.525]
F11 [0.525,0.775] [0.525,0.75] [0.375,0.625] [0.55,0.8] [0.275,0.525] [0.35,0.6] [0.35,0.6] [0.325,0.55] [0.275,0.475] [0.375,0.625] [0.375,0.575] [0.275,0.525]
F12 [0.45,0.675] [0.55,0.8] [0.375,0.625] [0.4,0.65] [0.25,0.45] [0.4,0.65] [0.325,0.55] [0.325,0.55] [0.4,0.65] [0.425,0.675] [0.4,0.65] [0.5,0.75]

Table 9. The crisp strength–influence matrix.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12

F1 0.1271 0.1468 0.0000 0.0720 0.1846 0.2231 0.1585 0.1477 0.2966 0.2061 0.1641 0.1633
F2 0.0014 0.2770 0.0000 0.0000 0.2061 0.1983 0.1177 0.0278 0.1270 0.0892 0.1367 0.2004
F3 0.1271 0.1759 0.1453 0.1488 0.1944 0.1736 0.1108 0.0000 0.2189 0.1769 0.1039 0.1633
F4 0.1036 0.1468 0.0484 0.2975 0.1477 0.1240 0.0305 0.1769 0.0352 0.0000 0.1094 0.1719
F5 0.0957 0.1759 0.1696 0.2137 0.2500 0.2975 0.2050 0.1184 0.1883 0.0277 0.1039 0.1719
F6 0.0055 0.0000 0.0727 0.0744 0.0833 0.2727 0.1177 0.0892 0.1489 0.0015 0.1367 0.0000
F7 0.1271 0.1759 0.0469 0.1488 0.2354 0.1983 0.1759 0.0833 0.2189 0.0000 0.0595 0.1905
F8 0.3327 0.2770 0.1453 0.1983 0.0892 0.1240 0.2632 0.2354 0.2079 0.0015 0.0016 0.1435
F9 0.0000 0.1759 0.0000 0.1983 0.0278 0.2231 0.1468 0.0000 0.4026 0.0015 0.0273 0.1435
F10 0.0055 0.0554 0.0469 0.1665 0.0000 0.0000 0.0000 0.0892 0.3108 0.1184 0.0820 0.0581
F11 0.1691 0.1939 0.0000 0.2727 0.0599 0.1240 0.1468 0.0556 0.0000 0.0015 0.1294 0.0581
F12 0.0643 0.2341 0.0000 0.1240 0.0278 0.1736 0.1108 0.0556 0.1577 0.0600 0.1753 0.3142

Step 4. The normalized strength–influence matrix was created in Table 10, containing
the positive numbers which are less than 1 since it is necessary to control different variables
within the same scale through the process of standardization as listed in Equation (11).

Table 10. The normalized crisp strength–influence matrix.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12

F1 0.0070 0.0081 0.0000 0.0040 0.0102 0.0123 0.0088 0.0082 0.0164 0.0114 0.0091 0.0090
F2 0.0001 0.0153 0.0000 0.0000 0.0114 0.0110 0.0065 0.0015 0.0070 0.0049 0.0076 0.0111
F3 0.0070 0.0097 0.0080 0.0082 0.0107 0.0096 0.0061 0.0000 0.0121 0.0098 0.0057 0.0090
F4 0.0057 0.0081 0.0027 0.0164 0.0082 0.0069 0.0017 0.0098 0.0019 0.0000 0.0060 0.0095
F5 0.0053 0.0097 0.0094 0.0118 0.0138 0.0164 0.0113 0.0065 0.0104 0.0015 0.0057 0.0095
F6 0.0003 0.0000 0.0040 0.0041 0.0046 0.0151 0.0065 0.0049 0.0082 0.0001 0.0076 0.0000
F7 0.0070 0.0097 0.0026 0.0082 0.0130 0.0110 0.0097 0.0046 0.0121 0.0000 0.0033 0.0105
F8 0.0184 0.0153 0.0080 0.0110 0.0049 0.0069 0.0145 0.0130 0.0115 0.0001 0.0001 0.0079
F9 0.0000 0.0097 0.0000 0.0110 0.0015 0.0123 0.0081 0.0000 0.0223 0.0001 0.0015 0.0079
F10 0.0003 0.0031 0.0026 0.0092 0.0000 0.0000 0.0000 0.0049 0.0172 0.0065 0.0045 0.0032
F11 0.0093 0.0107 0.0000 0.0151 0.0033 0.0069 0.0081 0.0031 0.0000 0.0001 0.0072 0.0032
F12 0.0036 0.0129 0.0000 0.0069 0.0015 0.0096 0.0061 0.0031 0.0087 0.0033 0.0097 0.0174

Step 5. The total strength–influence matrix was calculated between 0.0001 and 0.0232 as
shown in Table 11 after utilizing Equation (12). The diagonal line represents the strength
of the factor itself, while the other positions represent the degree of influence of the factor
influence on other factors.
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Table 11. The total strength–influence matrix.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12

F1 0.0075 0.0091 0.0003 0.0050 0.0109 0.0135 0.0096 0.0087 0.0177 0.0117 0.0097 0.0099
F2 0.0004 0.0161 0.0002 0.0006 0.0120 0.0119 0.0071 0.0018 0.0078 0.0051 0.0081 0.0118
F3 0.0074 0.0106 0.0083 0.0091 0.0114 0.0107 0.0068 0.0004 0.0133 0.0101 0.0063 0.0099
F4 0.0062 0.0089 0.0030 0.0172 0.0088 0.0078 0.0023 0.0103 0.0026 0.0002 0.0065 0.0103
F5 0.0059 0.0108 0.0098 0.0129 0.0147 0.0178 0.0122 0.0071 0.0116 0.0018 0.0064 0.0105
F6 0.0006 0.0005 0.0042 0.0047 0.0050 0.0158 0.0070 0.0052 0.0088 0.0002 0.0079 0.0004
F7 0.0074 0.0107 0.0029 0.0090 0.0138 0.0122 0.0105 0.0051 0.0132 0.0002 0.0039 0.0114
F8 0.0191 0.0166 0.0083 0.0119 0.0059 0.0082 0.0155 0.0137 0.0129 0.0005 0.0008 0.0090
F9 0.0002 0.0104 0.0001 0.0117 0.0020 0.0132 0.0086 0.0003 0.0232 0.0002 0.0019 0.0086
F10 0.0005 0.0036 0.0027 0.0098 0.0002 0.0005 0.0004 0.0051 0.0179 0.0066 0.0047 0.0037
F11 0.0097 0.0114 0.0002 0.0157 0.0039 0.0077 0.0086 0.0035 0.0006 0.0003 0.0077 0.0038
F12 0.0040 0.0138 0.0001 0.0076 0.0020 0.0105 0.0067 0.0035 0.0095 0.0035 0.0103 0.0182

Step 6. Sums of the rows T and columns L are obtained by Equations (13) and (14) in
a total strength–influence matrix. Looking through the T column in Table 12, F8 has the
maximum value of 0.1224, and F10 has the minimum value of 0.0558. In L column, the max
value is 0.1391 for F9, and the min value is 0.0402 for F13. In addition, (T + L) values are
utilized to measure the degree of prominence, and (T − L) values are computed to identify
cause and effect factors in Table 12. The max value of (T + L) is F9 with 0.2196, and the min
is F10 with 0.0962. On the other hand, F3 has the max value of (T − L) as 0.0641, and F6 has
the min value as −0.0694. Then, a causal graph is shown in Figure 2 by placing the (T + L)
data set on the horizontal axis and the (T − L) data set on the vertical axis.

Table 12. Prominence and relation of value elements.

Factors T L T + L T − L

F1 0.1136 0.0689 0.1825 0.0447
F2 0.0829 0.1225 0.2055 −0.0396
F3 0.1043 0.0402 0.1444 0.0641
F4 0.0841 0.1153 0.1994 −0.0311
F5 0.1215 0.0906 0.2121 0.0309
F6 0.0601 0.1296 0.1897 −0.0694
F7 0.1002 0.0954 0.1955 0.0048
F8 0.1224 0.0647 0.1872 0.0577
F9 0.0805 0.1391 0.2196 −0.0586
F10 0.0558 0.0404 0.0962 0.0154
F11 0.0730 0.0743 0.1473 −0.0012
F12 0.0898 0.1073 0.1971 −0.0176

Figure 2. The cause−effect graph. Codes are the abbreviations of Factors.
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Step 7. A threshold value (β) was computed using Equation (15). An interaction
matrix that depicts the interrelationships between factors is created by the values greater
than β as in Table 13. F6, F2, F9, F4, and F12 have more than nine interactions, respectively,
whereas F1, F10, F3, and F8 have less than three interactions. Furthermore, the network
diagram of interrelationships among factors can be illustrated in Figure 3.

Table 13. Interaction matrix of factors.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12

F1 Δ Δ Δ Δ Δ Δ Δ Δ Δ
F2 Δ Δ Δ Δ Δ Δ
F3 Δ Δ Δ Δ Δ Δ Δ Δ
F4 Δ Δ Δ Δ Δ Δ
F5 Δ Δ Δ Δ Δ Δ Δ Δ
F6 Δ Δ Δ
F7 Δ Δ Δ Δ Δ Δ Δ
F8 Δ Δ Δ Δ Δ Δ Δ Δ Δ
F9 Δ Δ Δ Δ Δ Δ
F10 Δ Δ
F11 Δ Δ Δ Δ Δ Δ
F12 Δ Δ Δ Δ Δ Δ

Δ presents the interrelationship between factors.

Figure 3. Network diagram of interrelationships among factors.

5. Discussion

In most cases, we encounter complex MCDM problems in which the factors are
mutually influenced by each other. Due to the dependencies between various factors, it
is not true that any one factor can improve the entire system. Therefore, it is necessary to
identify the interrelationship of the factors in the causal group that can be improved and
thus influence the entire system. Considering the above situation, this study proposes a
novel combination of fuzzy-Delphi and grey-WINGS techniques to illustrate the causal
relationships among the factors of AGSCM. To select the relatively more important factors,
a threshold of 0.6 was set in the fuzzy-Delphi method. Furthermore, utilizing the integrated
grey WINGS approach, the causal relationships between the factors can be identified by
aggregating the group subjective assessment from various decisionmakers. As a result, the
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integrated fuzzy-DELPHI grey-WINGS methods can make a significant contribution to the
MCDM employed in the AGSCM.

Based on the values of (T + L) in Table 12, the factors are prioritized as F9 > F5 > F2
> F4 > F12 > F7 > F6 > F8 > F1 > F11 > F3 > F10. Moreover, the ranking of cause–effect
relationships is based on (T − L) values. Qualitative and prioritized ranking of the factors
in the causal group helps to identify about how much influence each factor has. Based on
positive and negative signs, the factors can be categorized into two parts as causal and effect
factors in Table 12. The causal factors can be sorted as F3 > F8 > F1 > F5 > F10 > F7, and
the ranking of effect factors is obtained as F11 > F12 > F4 > F2 > F9 > F6. Through Table 12
and Figure 3, produce Quality (F3) was found to be the prime causal factor with a value of
0.0641. Price of product (F8) and green consciousness (F1) followed the primary factor with
values 0.0577 and 0.0447. The environmental laws (F5), stockholders’ requirement (F10),
and technology (F7), also can be categorized as driver factors, since the values are 0.0309,
0.0154, and 0.0048, which are greater than 0. These factors’ impacts are higher than other
factors, such as monitoring (F11), income level (F12), customers’ demand (F4), government
subsidies (F2), cost (F9), and green operation (F6). In order to demonstrate the advantage
of this model, the result of DEMATEL was calculated to compare with WINGS, which is
derived from DEMATEL. As shown in Table 14, most causal and effect factors are the same
except for F10, which is the same factor with min T + L value between the two methods.
Furthermore, F11, F7, F1, F12, F2, and F5 have a similar sequence to T + L values, but the
other factors are different in both methods. The discrepancy is caused by the assumption
that the WINGS considers the strength of the indicator itself, while DEMATEL omits these
ingredients, which lacks a certain degree of accuracy.

Table 14. The values calculated by DEMATEL.

Factors T L T + L T − L

F1 0.0986 0.0858 0.1844 0.0129
F2 0.0887 0.0989 0.1876 −0.0102
F3 0.0942 0.0907 0.1849 0.0035
F4 0.0894 0.0905 0.1799 −0.0012
F5 0.1000 0.0866 0.1866 0.0133
F6 0.0835 0.0891 0.1726 −0.0056
F7 0.0950 0.0863 0.1813 0.0087
F8 0.0977 0.0906 0.1883 0.0071
F9 0.0858 0.0918 0.1777 −0.0060

F10 0.0815 0.0892 0.1708 −0.0077
F11 0.0867 0.0937 0.1803 −0.0070
F12 0.0887 0.0964 0.1850 −0.0077

Further analysis should be performed by categorizing all the factors into various
quadrants, with factors above the X-axis being prominent as causal factors, and factors
below the X-axis being effectors due to their dependence on causal factors. As illustrated
in Figure 2, all the factors can be classified into four distinct clusters, where quadrant 1 is
the least relevant factor or the least important factor. Monitoring (F11) lies in this group.
Quadrant 2 is the causal group of factors that have a driving effect on other factors, but a
weaker driving effect. Stockholders’ requirement (F10) and product quality (F3) belong to
this area. The shareholders generally set the goals of corporate development based on their
requirements, which in turn influence various activities, including production, sales, and
management operations. The next quadrant 3 is the most important and critical factor in
the causal group. Green consciousness (F1), product price (F8), environmental law (F5),
and technology (F7) belong to this group, thus indicating their importance to AGSCM. As
discussed above, these factors have a high degree of prominence and relationship, which
are priorities in AGSCM, since they can dominate other influencing factors. The fourth
quadrant is for factors of high importance in the effect group, which require immediate
management attention and control to improve AGSCM. Green operations (F6), cost (F9),

195



Agriculture 2022, 12, 1512

government subsidies (F2), customer demand (F4), and income level (F12) are in this area,
which integrates the activities of various parties, such as government, consumers, and
companies for improving the development of AGSCM.

6. Conclusions

This study concentrates on the hierarchical evaluation structure in a complete model
and proposes a novel approach using fuzzy Delphi and grey WINGS to resolve the interre-
lationships and incomplete information to acquire the strength and relationship between
the factors of AGSCM. The practical implications and insightful conclusions of this study
can be explained as follows:

With the globalization of climate change, food crisis, and the issue of the vulnerability
of the agricultural supply chain, AGSCM is a complex MCDM project, which requires high
priority by any organizations that are facing competition and pressure from enterprises,
society, and governments. Therefore, the AGSCM needs to be improved through the
optimization of influencing factors. To meet the requirements of green development,
managers and policy makers strike a balance between efficiency and redundancy in the
AGSCM. It is very important for the top managers to actively focus on the critical factors.

In this paper, identifying the critical factors and the corresponding causal relationships
in AGSCM is the purpose. These findings suggest some preliminary guidance for the
successful implementation of AGSCM. In this paper, the novel integrated method utilizes a
structural modeling tool based on fuzzy Delphi and grey WINGS to evaluate the various
factors of AGSCM. The fuzzy-Delphi technique is a qualitative approach for gathering
opinions from various participants, which can capture the ambiguity and uncertainty in
the data. By combining grey systems theory with this method, it is quite practical for
integrating the preferences and views of different experts. Through the causal diagram,
the factors can be divided into cause-and-effect groups. From a research perspective,
this approach is valuable for assessing the relative impact and strength of the various
relationships in MCDM.

The implementation of the proposed model illustrates some perspectives on the actual
application and management implications of AGSCM. Some fundamental factors have been
found to adjust plan and solutions. Furthermore, the cause-and-effect relationships can
help to identify the factors that practitioners and researchers need to consider in AGSCM.

Product quality (F3), price of product (F8), green consciousness (F1), and environmen-
tal law (F5) are the most vulnerable causal factors of AGSCM, which need more attention.
Product price (F8) and quality (F3) are the eternal concerns of consumers. Product quality
(F3) is one of the main tools for marketers to position themselves in the market, which has
two components: level and consistency. Agricultural product quality means the ability of
an agricultural product to perform its function, including its nutrition, taste, safety, and
other attributes. Price of product (F8) is the basis for establishing a diversified market
mechanism, designing an efficient incentive mechanism and playing an important role in
positive incentive effect, which is related to the whole process of production and marketing.
Reducing the cost of green agricultural products can improve the operation of AGSCM.
Environmental laws (F5) and green consciousness (F1) are the important factors for im-
provement of AGSCM, which refer to the activities to reduce and minimize environmental
pollution of various factors. Furthermore, green consciousness (F1) improves the social
image and environmental performance with new life cycle assessment, which would influ-
ence stockholders’ perceptions. Environmental laws (F5) can guide agricultural production
operators to scientific planting, breeding, application of pesticides, fertilizers, and other
agricultural inputs. Moreover, the agricultural nonpoint pollution and other agricultural
waste can also be reduced, so that AGSCM performance could be greatly developed.

Consumer demand (F4) is the number of items which consumers are able and willing
to buy with any given price. The former is influenced by the level of demand for the good,
the price of the good, and the price of the substitute good, while the latter is influenced
by the consumer’s willingness to buy and the actual income level. Thus, it can be stated
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that the price of the agricultural product determines the quantity of consumer demand.
Stockholders’ requirements (F10) are directly associated with activities of green product
and process in AGSCM, as well as require incorporating green innovation for modifying
product green operation, cost control, and satisfying customers’ demand.

Cost(F9) is the economic value of the resources consumed to produce and sell a certain
type and quantity of products measured in money. The cost of agricultural products is
influenced by a variety of factors, which require focusing on. Moreover, technology (F7) is
an important support to improve agricultural production capacity and competitiveness.
Agricultural technology is an irreplaceable and important guarantee for the promotion of
supply chain management, which is an important support to promote the development
of the agricultural economy. It is necessary to strengthen government support for agricul-
tural technology promotion, deepen the reform of the agricultural technology promotion
mechanism, innovate in the agricultural technology promotion organization, and form
a socialized agricultural technology service system, which is necessary to adapt to the
development of AGSCM.

Government subsidies (F2) can improve the efficiency of the entire green agricultural
production, thus promoting the motivation of agricultural supply chain participants to uti-
lize green technology and supply green agricultural products. Moreover, since government
subsidies can compensate some costs of green product producers, these producers can
offer green products at lower prices. For the whole society, government subsidies for green
agricultural products improve the willingness of consumers to pay for green consump-
tion and increase the consumer surplus that consumers can obtain by consuming green
agricultural products. Monitoring (F11) refers to the management of political, economic,
and social public affairs by the relevant departments, which can supervise and manage the
behavior of the subjects at all levels in the green agricultural supply chain through laws
and regulations. Monitoring is not only conducive to maintaining fair development rules,
but also can create a harmonious and stable social environment, thus making the green
supply chain develop in a better and healthier way.

In summary, all participants of AGSCM can analyze each influencing factor and its
supporting causes, or they can identify the causal links of each influencing factor through a
cause–effect diagram. This can help them identify and categorize those factors and their
relationships that need more attention.

This paper has some limitations. Firstly, though a sizable number of specialists took
part in the investigation, there might still be some bias in the experts’ assessments, and
more experts can be invited to verify the statistical results of this study. Secondly, we
have considered 19 factors of AGSCM, and more factors can be added at the expense of
complexity. From this study, future studies could use other MCDM approaches, such as
DEMATEL and ANP, and results can be compared to check the accuracy of grey WINGS.
Furthermore, this proposed method could be extended to other MCDM problems in
different industries, such as healthcare, the environment, pollution, transportation, etc.
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Abstract: In the digital age, it is critical to understand the nexus between digital technology (DT)
and land rent-out behavior (LRB). It has implications for reducing the rate of land abandonment to
achieve sustainable agricultural development. A large dataset (n = 5233) dating from 2016 and coming
from the China Family Panel Studies (CFPS) is used to explore the impact of DT on LRB by applying
several econometric models, also including the “Recursive Bivariate Probit (RBP) model” and “Chain
Multiple Mediation effect (CMM) model”. We provide empirical evidence that the DT’s information
sharing effect positively impacted LRB, while an opposite effect is observed by the “digital divide
(DT_GAP)” i.e., information exclusion that negatively impacted LRB. We further test the effect of
two other variables, namely “digital information dependence” and “non-farm jobs” supposed as
mediating factors of DT and DT_GAP in influencing LRB, respectively in a positive and negative way.
In particular, the variable “nonfarm jobs” plays a mediating role conditional on the variable “digital
information dependence” as a mediating variable at the first level. In addition, statistical tests reveal
that the impact of DT and the DT_GAP on LRB is not significant in terms of regional preferences but
is significant in terms of age of householder and household income level.

Keywords: digital technology; land rent-out behavior; digital divide; China; RBP model; CMM
model; CFPS

1. Introduction

Measuring Digital Development: Facts and Figures 2021, published by International
Telecommunication Union (ITU), shows that global Internet penetration is 59.5% as of
2020 and measures that it will reach 63% in 2021 [1]. As the largest developing country
in the world, China has an Internet penetration rate of 73%, with 78.3% in urban areas
and 59.3% in rural areas [2]. The information dividend released by the development of the
Internet has contributed to the economic and social development of the world. The land is
an important resource in agricultural production. Promoting the land production factor
mobility is a key link to achieving the improvement of agricultural production efficiency.
As a largely agricultural country, highly fragmented land and smallholder are the basic
characteristics of China’s agriculture. However, low level of agricultural mechanization,
high degree of land fragmentation, and small-scale family farms are also the characteristics
of the agricultural development constraints faced by most developing countries or regions.
Therefore, promoting the land production factor mobility and integrating finely fragmented
land are inevitable requirements for improving agricultural production efficiency and
achieving sustainable development of the agricultural activity. Digital technology (DT)
breaks through the limitation of time and space and brings about a change in information
transmission. There are advantages to optimizing the allocation of land resources and
promoting the mobility of land resources. However, it is undeniable that there is a digital
divide (DT_GAP) caused by unevenness and inadequacy in the development of DT. It can
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produce information exclusion and weaken the positive impact brought by DT. China has
realized the digital management of national land use status in 2014 [3]. In recent years, the
Chinese government has actively promoted the reform of rural land digitization. It has
pushed forward the digital management process of registration, transfer, and distribution
of rural land. Taking China as an example, we reveal the impact of DT and the DT_GAP
on land rent-out behavior (LRB) and how this impact can be interpreted. It is meaningful
for developing countries to reduce the rate of land abandonment, improve agricultural
efficiency, and achieve sustainable farmer livelihoods.

The nexus between DT and income levels has received extensive academic attention
and has been thoroughly researched. Existing studies have strongly confirmed that the
development of DT plays a positive role in global economic growth and poverty alle-
viation [4,5]. The impact of DT on agriculture development has also been extensively
researched. Agricultural information, which is effectively supplied by DT, controls damage
to crops by adverse factors (such as natural disasters) and achieves increased agricultural
production [6]. At the same time, the distribution of production factors and the structure of
cultivation are optimized by information access from DT, thus increasing agricultural pro-
ductivity [7]. Agricultural productivity and efficiency are improved by artificial intelligence,
which is an important application of DT, while the problem of labor shortages and sustain-
able agricultural development are addressed effectively [8]. For developing countries, the
information problems that prevented smallholders from accessing markets are solved by
the application of DT in agricultural production [9]. It is specifically practiced in China
where DT is embedded in agricultural production. Agricultural cell phone SMS services
had appeared in the Chinese agricultural market in the early 2000s. Farmers’ price search
costs before the market launch of agricultural products are reduced by SMS services, which
improves farmers’ position in the market. Therefore, farmers use agricultural information
technology to obtain more information and increase the selling price of their agricultural
products [10]. With the rise of e-commerce, e-commerce clustered villages (e.g., Taobao
villages) promote e-commerce down to the rural market. The cluster development of rural
e-commerce has broadened the channels for agricultural product sales [11,12].

The land is one of the key elements of agricultural production and has been focused on
by agricultural economics. Good resource allocation can effectively improve productivity.
Some studies have shown that the effective allocation of resources and the improvement
of agricultural productivity are promoted by land transfer (i.e., an active land buying
and selling market). When land transfer promotes large-scale operation, agricultural
productivity is effectively improved and farmers’ agricultural income is increased [13,14].
Philippines land reform, which included government land allocation and prohibition of
alienation, reduces average farm size by 34% and agricultural productivity by 17%, which
is a negative example [15]. In China’s land reform, the Chinese central government has
proposed the “Three Rights Separation” (“Three Rights Separation” refers to the separation
of ownership right, contracting right (disposal right) and operation right of land. In China,
the transfer of agricultural land refers to the transfer of operation rights). It encourages the
transfer of operation rights to professional farmers to increase farm income by increasing
the operation scale as far as possible [16,17]. In 2019, the scale of transferred land in China
accounts for 28.94% of the total land [18]. In terms of land rental characteristics, land rentals
from smallholders to other operators are very limited. Such characteristics highlight the
long-term nature of smallholder agricultural production in China and the obstacles to
expanding agricultural production on a larger scale [19].

LRB is driven by many factors, including economic factors, cultural factors, and
individual characteristics [20]. For example, people who have experienced famine are
more reluctant to rent out their land [21]. Household labor migration also has an effect
on LRB, and this effect varies by the size of labor migration and region difference [22].
At the same time, numerous studies have shown that there is a deviation between land
rental willingness and behavior [23–25]. In practice, the deviation arise mainly from the
imperfection of the land rental market and related systems, and the lack of property income
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for farmers in process of land rental [24]. At this stage, the nexus between DT, more
precisely Internet technology, and land use is also more fully justified. DT, represented by
Internet technology, can enhance the accessibility of modern technologies in agriculture
(e.g., agricultural machinery) and improve land use efficiency [26]. Meanwhile, DT can
significantly improve information asymmetry in agricultural markets, while reducing
cropland abandonment. An empirical study based on a sample of 8031 farming households
showed that Internet use can reduce the abandonment of cropland by 43.20% [27].

It is clear that the mobility of land production factor is essential to improving land
utilization [28]. However, the nexus between DT and land rental has been explored only
preliminarily and is to a very limited extent. Related research has concluded that farmers’
land rental behavior (including rent out and rent in) was significantly facilitated by access
to agricultural information through the Internet [29]. Among them, the information-seeking
ability is an important impact path of the Internet on land rental [30]. The negative impact
of DT is also not negligible. DT_GAP contributes to the widening of the household wealth
gap [31], the further polarization of the educational divide [32], exacerbating inequalities
in healthcare accessibility [33], and exclusion of the aging population [34]. Meanwhile,
DT also has negative effects on individuals’ behaviors and perceptions, such as DT can
exacerbate people’s pessimism [35,36]. However, existing studies have not focused on the
nexus between the DT_GAP and land rental.

In summary, there is a consensus in the existing literature on the positive role of DT,
represented by the Internet, in promoting economic development and poverty alleviation.
The positive impact of DT in promoting agricultural production efficiency and land uti-
lization with information empowerment is also widely discussed. At the present stage,
although the amount of literature on the impact of DT on land rental is limited, the positive
effect of DT agricultural land rental has been initially affirmed. Undeniably, the existing
studies still have the following shortcomings. On the one hand, existing studies have not
paid attention to the impact of the DT_GAP generated by the uneven development of DT
on LRB. On the other hand, in terms of the available literature, exploring the nexus between
DT and LRB is still insufficient, and the mechanism of DT’s impact on LRB has not been
interpreted in depth.

Based on the existing literature, we will analyze the information sharing effect of DT’s
impact on LRB and how this impact can be interpreted. Meanwhile, we will also analyze
the information exclusion effect of DT_GAP’s impact on LRB and how this impact can be
interpreted. Our research will enrich the studies on the nexus between DT and LRB, and
fill the gap in the studies of DT_GAP’s impact on LRB.

2. Theoretical Analysis and Research Hypotheses

2.1. Information Sharing and Exclusion of DT

In market economic activities, the theory of information asymmetry assumes that
different people have different knowledge of information. Those who have more adequate
information tend to be in a more advantageous position, while those who are poorly
informed tend to be in a more disadvantageous position [37]. The imbalance caused by
information asymmetry impacts the efficiency of market allocation. For example, the
information-advantaged party always captures the surplus generated by information
asymmetry. In the era of mobile Internet, as a representative of DT, the Internet not only
shortens the time distance of information transmission but also improves the timeliness of
the information and crosses the geographical limitation. The universal and shared nature
of the Internet has reduced information asymmetry. It has improved access to information
for the individuals who are in information disadvantaged. Meanwhile, the ICTs revolution
has the potential to create new means of social exclusion [38], which is mainly reflected in
the information and knowledge inequality brought about by DT_GAP.

In areas of abundantly DT application scenarios, the information sharing effect of DT
has fully alleviated information dislocation. Information grabbing will be alleviated or
eliminated with the widespread use of DT. In reality, however, a fully covered scenario
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for the application of DT does not exist. The primary DT_GAP is generated by hardware
exclusion, which is mainly reflected in the lack of broadband access for the population in
developmentally disadvantaged areas. The secondary DT_GAP is generated by use exclu-
sion, which is mainly reflected in information exclusion of specific populations, including
racial exclusion, aging exclusion, and economic or social development exclusion [39–41].
It can be considered that both the primary and secondary DT_GAP form a potential in-
formation exclusion. The DT_GAP exacerbates information grabbing by worsening the
original information asymmetry. Therefore, while DT exerts its information-sharing effect,
the DT_GAP generated by the uneven development of DT brings about an information
exclusion effect.

2.2. Impact of DT on LRB: Theoretical Analysis and Research Hypothesis

The framework diagram of the theoretical analysis of DT’s impact on LRB was reported
in Figure 1.

Advantage of 
information  

& skill
Labor quantity 

constraint

DT

LRBDEPENDENCY JOB_NONFARM 

DT_GAP

Use 
divide

Reduce transaction costs: improve transaction information asymmetry and 
mismatch between supply and demand

Access 
divide

Positive effect

Negative  effect

Hypothesis 2 negative effect: information exclusion  

Hypothesis 1 positive effect: information sharing

Hypothesis 3 Hypothesis 4

Limitation of 
information  

& skill

Strengthen the 
function of land 

security

Increase transaction costs transaction information asymmetry and mismatch 
between supply and demand

Figure 1. Theoretical analysis framework diagram: impact of DT on LRB.

Information mismatch and information asymmetry are the specific forms of trans-
action costs in the land rental process, while the search cost of matching supply and
demand is reduced by DT. For the side of land rent-out, DT improves the bargaining
power and increases the benefits of land rental [42]. Meanwhile, DTs are better than tra-
ditional information technologies in terms of timeliness and convenience of information.
Therefore, the information advantage of DT increases the farmers’ dependence on digital
information channels (DEPENDENCY). With the increase in farmers’ DEPENDENCY,
the transaction costs caused by information asymmetry and supply-demand mismatch
in land transactions are reduced, further facilitating the formation of LRB decisions for
farmers’ households. In the Internet era, the DEPENDENCY is critical for farmers to access
nonfarm jobs (JOB_NONFARM). The DEPENDENCY gives farmers more advantage of
information. Job seekers, who use DT, get better quality jobs than those who use traditional
media [43]. Rural mobile workers with DT skills and DEPENDENCY have access to higher
quality income. This is because their skills advantage and information advantage realize
the substitution of low-skilled labor groups.

It is undeniable that there is a widespread real dilemma of inadequate and uneven
development of DT, namely the DT_GAP problem, which is reflected in the access di-
vide and the use divide. Individuals who use the Internet will further develop Internet
knowledge, widening the gap between them and those who do not use the Internet [44],
ultimately, there is an information exclusion effect on individuals who do not have access
to digital or the Internet. DT_GAP deprives or excludes some individuals from accessing
digital information channels, which is attributed to Internet access restrictions or lack

204



Agriculture 2022, 12, 1046

of skills to use the Internet. Both of these restrictions reduce or prevent some groups
from DEPENDENCY. This will further reduce the likelihood that farmers have access
to JOB_NONFARM opportunities. The increase of JOB_NONFARM opportunities will
weaken the social security function of land to some extent [45,46]. In other words, the
decrease of JOB_NONFARM opportunities will strengthen the social security function of
land, then reduce the probability of LRB.

Since the theory of New Economics of Labor Migration was proposed, the nexus be-
tween labor migration and factor markets in the place of emigration has been concerned [47].
Agricultural laborers engage in non-agricultural production, leading to a reduction in the
number of laborers engaged in agricultural production, which changes the ratio of land to
labor factors, resulting in a mismatch between the number of laborers and the scale of the
existing agricultural industry. In short, the number of laborers constrains the scale of agri-
cultural production. It can be expected that after the transfer of labor originally involved in
agricultural production to the non-agricultural production sector, farm households will
reconfigure the ratio of land to labor factors through the land rental market [48].

Based on the above analysis, we propose the following research hypothesis to be
tested:

Hypothesis 1 (H1). The information sharing effect of DT has a significant, direct, and positive
effect on farmers’ LRB.

Hypothesis 2 (H2). The information exclusion effect of DT (DT_GAP) has a significant negative
effect on the LRB of farmers.

Hypothesis 3 (H3). DEPENDENCY and JOB_NONFARM are indirect factors, i.e., mediators of
DTU, positively influencing LRB in sequence with each other.

Hypothesis 4 (H4). Similar to H3, DEPENDENCY and JOB_NONFARM are indirect factors,
i.e., mediators of DT_GAP, negatively influencing LRB in sequence with each other.

3. Data Sources, Variables, and Empirical Methods

3.1. Data Sources

China Family Panel Studies (CFPS) data were used in this article. This dataset was
provided by the Institute of Social Science Survey (ISSS) of Peking University. CFPS focuses
on the economic and non-economic welfare of Chinese residents, and many research top-
ics, including economic activities, educational achievements, family relations and family
dynamics, population migration, health, etc. It is a national, large-scale, multidisciplinary
social survey project, which uses computer-assisted survey technology to conduct inter-
views [49]. CFPS program follows the relevant laws and policies of the People’s Republic
of China regarding the protection of personal information.

CFPS uses the implicit stratification method to draw multi-stage probability sam-
ples, and the samples of each sub-sample frame are obtained by three stages of drawing.
The first-stage sample is county-level administrative units, the second-stage sample is
village-level administrative units, and the third-stage sample is households. In the third
stage, the sampling frame is constructed using the map address method, and the sample
households are drawn using circular equiprobable sampling with random starting points.
Through data cleaning, we obtained a sample of 5233 rural households, distributed across
455 communities in 25 provincial administrations in a new cross-sectional dataset.

3.2. Variable Settings and Basic Descriptive Statistics

The variables, definitions, and descriptive statistics are reported in Table 1.
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Table 1. Variables, definitions, and descriptive statistics.

Variables (n = 5233) Definition Mean Std. Dev. 1

LRB Whether the Interviewed household has LRB; 1 = yes, 0 = no 0.155 0.362
DT 1 = using the Internet; 0 = not using the Internet 0.219 0.414

AGE Age of the householder (years) 51.975 13.547
GENDER Gender of householder, 1 = male, 0 = female 0.563 0.496

HEALTH Self-reported health of householder: from 1 = very healthy to
5 = very unhealthy 3.230 1.261

EDUCATION Years of education of householder 6.127 4.213

PARTY Householder’s political identity as a member of the Communist
Party of China, 1 = yes, 0 = no 0.077 0.267

AGE_F Average age of household members (years) 48.567 12.488

HEALTH_F Average self-reported health of family members: from 1 = very
healthy to 5 = very unhealthy 3.129 0.966

EDUCATION_F Average education of family members 6.078 3.445
MARRY 1 = married; 0 = other 0.869 0.338

FAMILYSIZE Number of family members (living together) 4.101 1.999
PINCOME_F Family net income per capita (logarithmic processing, yuan 2) 8.641 1.181

JOB_NONFARM Household members engage in non-farm jobs, 1 = yes, 0 = no 0.720 0.449

DEPENDENCY Dependence on Internet information channels: from
1 = unimportant to 5 = very important 1.829 1.353

DT_LEARNING Frequency of using the Internet for learning, from 0 = infrequently
to 7 = always 0.589 1.513

DT_WORKING Frequency of using the Internet for working, from 0 = infrequently
to 7 = always 0.471 1.340

DT_SOCIAL Frequency of using the Internet for social interaction, from
0 = infrequently to 7 = always 1.166 2.443

DT_ENTERTAINMENT Frequency of using the Internet for entertainment, from
0 = infrequently to 7 = always 1.035 2.234

DT_TRADE Frequency of using the Internet for business activities, from
0 = infrequently to 7 = always 0.429 1.095

EASTERN 3 1 = interviewed household is located in eastern China region,
0 = otherwise 0.245 0.430

CENTRAL 1 = interviewed household is located in central China region,
0 = otherwise 0.265 0.441

WESTERN 1 = interviewed household is located in the western China region,
0 = otherwise 0.367 0.482

1 Std. Dev. refers to standard deviation. 2 Yuan is the Chinese currency: 1 USD = 6.49 Yuan (31 December 2015
onshore CNY closing price from Forex Capital Markets. New York). 3 According to the classification method of the
National Bureau of Statistics of China, the provincial administrative regions of mainland China are divided into
eastern, central, western, and northeastern regions. The eastern part includes Beijing, Tianjin, Hebei, Shanghai,
Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan; The central part includes Shanxi, Anhui, Jiangxi,
Henan, Hubei, and Hunan; The western part includes Inner Mongolia, Guangxi, Chongqing, Sichuan, Guizhou,
Yunnan, Tibet, Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang; The northeast part includes Liaoning, Jilin, and
Heilongjiang.

Explained variables. LRB indicates whether the respondent farm household had land
rent-out behavior in 2015. The mean value of LRB shows that 15.5% of the overall sample
had LRB.

Core explanatory variables. DT indicates whether or not household members used
the Internet in 2015. The value of 1 is assigned if any member of the household uses the
Internet, and 0 is assigned otherwise. The mean value of DT indicates that 21.9% of rural
households have been able to access and use the Internet.

Control variables. Refer to the existing literature on the behavioral decisions of ru-
ral residents or households [35,50]. Eleven control variables covering both individual
characteristics and household characteristics were selected in our research. For aspects
of individual characteristics, we selected individual characteristic variables such as AGE,
GENDER, HEALTH, EDUCATION, and PARTY of the householder (Since the CFPS ques-
tionnaire does not respond to specific information about the head of household. We have
chosen to substitute information on the head of household for the household financial
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respondent (decision maker) by referring to the substitution guidelines commonly used in
microdata studies). For aspects of family characteristics, we selected AGE_F, HEALTH_F,
EDUCATION_F, MARRY, FAMILYSIZE, and PINCOME_F as control variables for house-
hold characteristics. The specific definitions and basic descriptive statistics for all control
variables were shown in Table 1. The descriptions were not repeated here.

Auxiliary variables. In accordance with the research design, relevant auxiliary vari-
ables were introduced to discuss the impact of the information sharing effect and exclusion
effect of DT on LRB. The variable JOB_NONFARM indicates whether or not a household
member was engaged in nonfarm jobs during 2015. The mean value shows that 72.0% of
rural households were engaged in nonfarm jobs, indicating that nonfarm jobs have become
the main employment option for rural households in China. The variable DEPENDENCY
indicates the level of dependence on Internet information channels. Both of these variables
are mediating variables for discussing the impact of DTU on LRB. We also introduced the
frequency of Internet usage scenarios, including the frequency of use in five scenarios:
learning, work, social, entertainment, and trade activities, to measure DT_GAP. In terms
of frequency of use in different scenarios, social interaction is one of the most frequent
scenarios.

Regional variables. To control regional differences and counter the impact of possible
unmeasured omitted variables on the model estimation results. Three regional variables
were set by using the northeastern region of China as the reference region, namely EAST-
ERN, CENTRAL, and WESTERN.

3.3. Empirical Methods
3.3.1. Probit Model

Based on the characteristics of the data distribution of our chosen explanatory variable
LRB (dichotomous variables), the Probit model was selected to test the effect of DT on
LRB. The specific numerical derivation process of Probit was not shown anymore, and
the equation of the model was set in the form shown in Equation (1). In Equation (1),
LRBi denotes the LRB of the i-th sample household, i = 1, 2, . . . , 5233. DTUi denotes
the DT of the i-th sample household, CVir denotes the r-th control variable of the i-th
sample household, r = 1, 2, . . . , 11. RVik denotes the k-th regional control variable for the
i-th sample household, k = 1, 2, 3. β0, β1, β2r, β3k denotes the coefficient to be estimated,
respectively. εi denotes the random error term.

LRBi = β0 + β1DTUi + β2rCVir + β3kRVik + εi (1)

3.3.2. Recursive Bivariate Probit (RBP) Model

There may be endogeneity between DT and LRB arising from omitted variables. That
is, there may be some important explanatory variables that are omitted due to database
limitations or subjective preference of the researcher, and these explanatory variables may
be correlated with the model’s disturbance term, i.e., the omitted explanatory variables
are correlated with the existing explanatory variables, resulting in biased model estimates
in Probit model. For this reason, RBP model with instrumental variables is constructed
to predict the effect of endogenous dichotomous explanatory variables on dichotomous
explanatory variables, and the model equation is set to the form shown in Equation (2).
In Equation (2), IVi is the instrumental variable selected for the endogenous variable DT.
In this article, the mean value of DT in the same community (excluding the sample itself)
is selected (DT_Mean). It is clear that DT_Mean cannot have a direct impact on LRB.
Meanwhile, the behavior and cognition of groups within a community can have an effect
on the behavior and cognition of individuals, which we call the neighborhood effect or
endogenous interaction effect [50]. Therefore, DT_Mean satisfies the principle of bounded
exclusion for the selection of instrumental variables. α0, α1, α2r, α3k, μ0, μ1, μ2r, and μ3k
denote the coefficients to be estimated in the two equations respectively. ξ1i and ξ2i denote
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the random error term in the two equations, respectively. The other parameters have the
same meaning as in Equation (1).

The use of the RBP model requires the existence of correlation requirement for the two
perturbation terms of the two equations in Equation (2). athrho is the parameter that tests
whether the perturbation terms are correlated. If athrho passes the significance test, i.e., the
original hypothesis that the two perturbation terms are not correlated is rejected, indicating
that the use of the RBP model is necessary, and the results of the Probit model are biased.{

DTi = α0 + α1 IVi + α2rCVir + α3kRVik + ξ1i
LRBi = μ0 + μ1DTi + μ2rCVir + μ3kRVik + ξ2i

(2)

3.3.3. Principal Component Analysis (PCA): Measurement of DT_GAP

To provide a more comprehensive measure of the DT_GAP, we have introduced the
frequency of Internet use for learning, work, social, entertainment, and business activities
as a comprehensive measure of DT_GAP. PCA method is used to reduce the dimension-
ality and extract the principal components (DT_PCA) as the main source of data for the
calculation of DT_GAP. PCA method is a way of replacing the original variables with a
new set of mutually uncorrelated composite variables by regrouping them. The extraction
of principal components by the PCA method is a process of dimensionality reduction while
retaining more data efficiency [51].

We need to perform a correlation test on the different components selected before
moving on to PCA. At the 1% statistical level, the bartlett test passes the significance test. It
indicates that the original hypothesis that all variables are uncorrelated with each other is
rejected. The test parameter KMO = 0.898 indicates that the sum of squares of the simple
correlation coefficients of the different components is much greater than the sum of squares
of the partial correlation coefficients. In other words, there is a strong correlation between
the different components. Based on all results of the statistical test above, PCA is allowed
to be continued.

Table 2 reports the relevant test values for the PCA process. The rules for PCA selection
require that the eigenvalue of the selected principal component factor needs to be greater
than 1. However, we also have to meet another requirement is that the cumulative variance
contribution rate of the principal component be 0.85 or higher. For this reason, we selected
both factor1 and factor2 as the components in PCA. We further calculated the uniqueness
of the variables, all of which are less than 0.6, indicating that the variance explained by
the common factors is large. Therefore, all the factors selected in this article satisfy the
uniqueness requirement of the PCA method.

Table 2. Relevant test values for the PCA process.

Factors Eigenvalue Proportion Cumulative

Factor1 4.689 0.782 0.782
Factor2 0.522 0.087 0.868
Factor3 0.298 0.050 0.918
Factor4 0.245 0.041 0.959
Factor5 0.155 0.026 0.985
Factor6 0.091 0.015 1.000

Variables Factor1 Factor2 Uniqueness

DT 0.930 −0.177 0.103
DT_LEARNING 0.814 0.217 0.291
DT_WORKING 0.770 0.280 0.329

DT_SOCIAL 0.911 −0.183 0.136
DT_ENTERTAINMENT 0.891 −0.170 0.177

DT_TRADE 0.834 0.109 0.292
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Further, the extracted factors were summed up using proportion as the weight and
calculated as shown in Equation (3). In Equation (3), DT_PCAi denotes the calculated
principal component and DT_GAPi denotes the digital divide. f1i indicates the proportion
of the factor1, value1 indicates the eigenvalue corresponding to the factor1. j indicates the
number of factors, according to the above calculation, two factors should be extracted. So,
the value of j here is 2. Max() denotes that extracting the maximum value of a variable.
Assigned a value to DT_GAPi by calculating the specific difference between the maximum
value of DT_PCAi and the DT_PCAi of each sample. The other parameters have the same
meaning as in Equations (1) and (2).{

DTU_PCAi =
f1i∗value1+...+ f ji∗valuej

value1+...+valuej

DTU_GAPi = Max(DTU_PCAi)− DTU_PCAi
(3)

3.3.4. Chain Multiple Mediating Effects (CMM) Model

The CMM model is suitable for testing mediating effects that contain two or more
mediating variables, and there mediating variables are related to each other [52]. Compared
with the general mediating effects model, the advantage of the CMM model is that it takes
full account of the relationship between the mediating variables. Therefore, the CMM
model can be effective in reducing errors in model estimation.

Theoretical analysis has shown that the mediating variable DEPENDENCY impacts
LRB through another mediating variable JOB_NONFARM. This means that the two me-
diating variables are related to each other and apply to the CMM model. A prerequisite
for constructing CMM model is that DT has a significant effect on LRB. Obviously, this
prerequisite was confirmed in the benchmark regression model and robustness tests above.
According to the interpretation of the path of DT’s impact on LRB in the theoretical analysis,
we need to construct four equations to test all the impact path of DT on LRB (as shown in
Equations (4)–(7)).

LRBi = β0 + β1DTi + β2rCVir + β3kRVik + εi (4)

DEPENDENCYi = λ0 + λ1DTi + λ2rCVir + λ3kRVik + ζ1i (5)

JOB_NONFARMi = η0 + η1DEPENDENCYi + η2DTi + η3rCVir + η4kRVik + ζ2i (6)

LRBi = σ0 + σ1DTi + σ2DEPENDENCYi + σ3 JOB_NONFARMi + σ4rCVir + σ5kRVik + ζ3i (7)

Equation (4) is the same as Equation (1). In Equation (5), DEPENDENCYi is the ex-
plained variable and DTi is the explanatory variable. λ0, λ1, λ2r, and λ3k are the coefficients
to be estimated and ζ1i is the random error term. In Equation (6), JOB_NONFARMi is the
explained variable, DEPENDENCYi and DTi are the explanatory variables. η0, η1, η2, η3r,
and η4k are all indicators coefficients to be estimated and ζ2i is the random error term. In
Equation (7), LRBi is the explained variable.DTi, DEPENDENCYi, and JOB_NONFARMi
are the explanatory variables. σ0, σ1, σ2, σ3, σ4r and σ5k are the coefficients to be estimated
and ζ3i is the random error term. All other variables, which are not explained above in
Equations (5)–(7), have the same meaning as the variables in Equations (1)–(4).

In order to show and illustrate the mainly coefficients that need to be examined in the
CMM model and the path of DT’s impact on the LRB more clearly, we drew a schematic
diagram of the CMM model (as shown in Figure 2).

To verify the “DT- DEPENDENCY -LRB” impact mechanism, we need to exam-
ine whether the λ1 and σ2 coefficients both pass the significance test. To verify the “DT-
JOB_NONFARM -LRB” impact mechanism, we need to examine whether the η2 and σ3 coef-
ficients both pass the significance test. To verify the “DT- DEPENDENCY-JOB_NONFARM
-LRB” impact mechanism, we need to examine whether the λ1, η1 and σ3 coefficients all
pass the significance test. The above method also applies when we examine the chain
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mediating effect of DEPENDENCY and JOB_NONFARM in the impact of DT_GAP on
LRB.

Further, It needs to be specifically stated that if the coefficient of DT’s impact on the
mediating variable (e.g., λ1) and the coefficient of mediating variable’s impact on the LRB
(e.g., σ2) do not all pass the significance test, but only at least one coefficient (e.g., λ1 or
σ2) passes the significance test. At this point, we need to conduct the Sobel test [53]. If the
coefficients pass the Sobel test, we can consider that the mediating effect still holds.

 DEPENDENCY

JOB_NONFARM

DT LRBβ
λ

η

η σ

σ

 
Figure 2. Schematic diagram of the CMM model.

4. Analysis of Results

4.1. Analysis of DT’s Impact Paths on LRB

The results of benchmark model test for the impact of DT on LRB are reported in
Table 3. The Probit model is applied in columns (1)–(3), and we put into the control variables
and regional variables sequentially for regression. Column (4) reports the results of the
marginal effects test of column (3). The test results show that DT exerts a significant positive
effect on LRB at the 1% or 5% statistical level, regardless of whether control variables and
regional variables are included in the model. It shows that the information sharing effect of
DT has a positive impact on LRB, i.e., DT can significantly enhance the formation of LRB.
From the results reported in column (4), DT increases probability of LRB by 6.5%. At this
point, Hypothesis 1 is initially verified.

The results of the impact of control variables on LRB are also reported in Table 3.
The AGE has a positive effect on LRB at the 1% significance level. The probability of LRB
increase by 0.2% for each 1-year increase in AGE. The results of the GENDER’s impact on
LRB show that gender have a negative effect on LRB at the 1% significance level, and the
marginal effect result indicates that female has a greater probability (3.2%) of conducting
LRB than male. The higher the AGE_F, the higher the probability of LRB, which is similarity
with the results of the AGE’s impact on LRB. As the HEALTH_F continues to deteriorate,
labor resource may be inadequate or rapidly shift to other industries with higher labor
compensation rates (secondary and tertiary industries), further impacting LRB. At the
5% level of significance, the probability of LRB is elevated by 2.1% for each 1-unit declined
in HEALTH_F. At the 1% level of significance, the probability of LRB is 7.8% lower for
households in married status compared to those otherwise. To some extent, it means that
MARRY promote the household to carry out agricultural production, due to those who are
in married status have a lower probability of LRB. The impact of FAMILYSIZE on LRB is
not robust but has a negative effect on LRB at the 10% significance level. The marginal effect
results show that the probability of LRB decreased by 0.5% for each-1 person increased
in FAMILYSIZE. This result further illustrates the importance of labor in the process of
engaging in agricultural production. PINCOME_F is an important indicator of household
livelihood status [54]. The better the economic status of the households, the higher the
probability of LRB. At the 1% significance level, the probability of LRB increased by 2.4%
for each 1-unit increased in PINCOME_F. It illustrates that agricultural production has
become a non-preferred choice for Chinese farm households to maintain their livelihood.
As the income level increases, the willingness of farm households to engage in agricultural
production decreases, and the probability of LRB increases. So that means, it is limited that
the positive effect of agricultural production on the improvement of household economic
status. The results of the regional variables’ impact on LRB indicate that the differences

210



Agriculture 2022, 12, 1046

exist in LRB across regions (compared with the northeast region). Detailed interpretation is
not performed here.

Table 3. The impact of DT on LRB: benchmark model test results.

Variables
Benchmark Model: Probit

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

DT 0.119 ** 0.304 *** 0.289 *** 0.065 ***
(0.050) (0.064) (0.064) (0.014)

AGE 0.011 *** 0.010 *** 0.002 ***
(0.003) (0.003) (0.001)

GENDER −0.143 *** −0.140 *** −0.032 ***
(0.047) (0.048) (0.011)

HEALTH −0.009 −0.010 −0.002
(0.027) (0.028) (0.006)

EDUCATION 0.006 0.006 0.001
(0.009) (0.010) (0.002)

PARTY 0.053 0.051 0.011
(0.081) (0.082) (0.018)

AGE_F 0.008 *** 0.008 ** 0.002 **
(0.003) (0.003) (0.001)

HEALTH_F 0.091 ** 0.094 ** 0.021 **
(0.036) (0.036) (0.008)

EDUCATION_F 0.013 0.009 0.002
(0.012) (0.012) (0.003)

MARRY −0.333 *** −0.344 *** −0.078 ***
(0.060) (0.060) (0.014)

FAMILYSIZE −0.019 −0.024* −0.005 *
(0.012) (0.012) (0.003)

PINCOME_F 0.113 *** 0.104 *** 0.024 ***
(0.020) (0.020) (0.005)

EASTERN 0.229 *** 0.052 ***
(0.076) (0.017)

CENTRAL 0.292 *** 0.066 ***
(0.076) (0.017)

WESTERN 0.041 0.009
(0.078) (0.018)

N 5233 5233 5233 5233
Standard errors in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01.

To further test the robustness of the results in the benchmark model, we re-examined
the impact of DT on LRB in two approaches. Table 4 reports robustness test results of the
impact of DT on LRB.

In the first approach, the RBP model is used to address omitted variables. The test
results in column (1) of Table 4 show that DT has a significant positive effect on LRB in the
RBP model, the marginal effect test results for the RBP model are reported in column (2),
DT increase the probability of LRB by 3.1%. In contrast, the increasing effect of DT on LRB
in the benchmark model was 6.5%. The difference between the two results indicates that
the positive effect of DT on LRB without considering endogeneity was overestimated. The
parameter athrho passes the significance test, indicating that the RBP model we constructed
is reasonable and valid.

In the second approach, we further tested the robustness of DT’s impact on LRB by
replacing proxy variables. We have obtained the variable DT_PCA in process of measuring
DT_GAP. Column (3) reports the results of impact of DT_PCA on LRB. At the 1% statistical
significance level, the results show that DT_PCA has a positive impact on LRB. The results
of the IV-Probit model test are reported in column (4). In a similar method to the selection
of IV for DT, the mean value of DT_PCA in the community (excluding the sample itself)
is used as a IV for DT_PCA. The test results report in column (4) are consistent with
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column (3). The marginal effect results of column (4) is reported in column (5), which show
that the probability of LRB increase by 19.3% for every 1 unit increase in DT_PCA.

Table 4. Robustness test results for DT’s impact on LRB.

Variables
RBP Model

Probit
Model

IV-Probit Model

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

DT 0.031 ***
(0.005)

DT_Mean 0.728 ***
(0.126)

DT_PCA 0.065 *** 0.189 *** 0.193 ***
(0.014) (0.036) (0.038)

Control variables Yes Yes Yes Yes Yes
Regional control Yes Yes Yes Yes Yes

Parameter: athrho −0.328 *** / / /
(0.084) / / /

Wald test of exogeneity / / 12.95 *** /
Wald F Statistics / / 289.93 /

N 5233 5233 5233 5233 5233
Standard errors in parentheses. *** p < 0.01. The IV-Probit model test results are obtained by a two-stage estimation
method, column (3) reports the result of second stage. The marginal effect results of column (4) are reported in
column (5). “Wald test of exogeneity” passes the significance test, indicating that the model rejects the original
hypothesis that the explanatory variables are exogenous, meaning that the IV has strong explanatory power [55].
“Wald F” test value greater than 10, indicates that the IV is not weak [56].

Based on the results of the empirical tests above, the positive effect of DT on LRB has
been verified by replacing the estimation method and replacing the proxy variables. The
robustness of the benchmark model is verified. Therefore, hypothesis 1 is further verified.

Further, we interpreted how DT impacts LRB. Table 5 reports the results of DT’s impact
on LRB in CMM model. The test results in columns (1)–(4) correspond to Equations (4)–(7).

Table 5. Results of CMM model of DT’s impact on LRB.

Variables
LRB DEPENDENCY JOB_NONFARM LRB

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

DT 0.289 *** 1.393 *** 0.073 0.208 ***
(0.064) (0.049) (0.084) (0.076)

DEPENDENCY 0.042 * 0.045 **
(0.024) (0.022)

JOB_NONFARM 0.273 ***
(0.066)

Control variables YES YES YES YES
Regional control YES YES YES YES

N 5233 5233 5233 5233
Standard errors in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01. Based on the data distribution characteristics
of the explanatory variables, columns (1), (2), and (4) are estimated using the Probit model, and column (3) is
estimated using the Ordered Probit model.

Firstly, the test results in column (1) show that the significant positive effect of DT on
LRB, which becomes the premise of CMM model to test the impact path of DT on LRB.
Secondly, at the 1% statistical level, the results in column (2) show that DT positive impact
DEPENDENCY. And the test results in column (3) show that DT does not play a direct
effect on JOB_NONFARM, indicating that JOB_NONFARM does not play a mediating
effect in DT’s impact on LRB independently. Thirdly, the positive effect of DEPENDENCY
on JOB_NONFARM is confirmed at the 10% significance level. In column (4), DT, DEPEN-
DENCY, and JOB_NONFARM have a significant positive effect on LRB at the 1%, 5%, and
1% statistical levels respectively.

Therefore, all test results of the CMM model show that “DT- DEPENDENCY -LRB”
and “DT-DEPENDENCY-JOB_NONFARM-LRB” impact path pass the significance test. We
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further conducted the Sobel test on the impact path of “DT-JOB_NONFARM-LRB”, and the
statistical results do not pass the Sobel test. So, the impact path of “DT-JOB_NONFARM-
LRB” is not statistically valid. Therefore, we can consider that JOB_NONFARM is not
able to independently play a mediating effect in the process of DT‘s impact on LRB, but
JOB_NONFARM can play a significant mediating effect after the first transmission through
DEPENDENCY. Up to this point, hypothesis 3 is verified.

4.2. Analysis of DT_GAP’s Impact Paths on LRB

The DT_GAP is the major manifestation of the information exclusion effect, which
emerged during the development of DT.

Table 6 reports test results of DT_GAP’s impact on LRB. Similarly, the strategy of
sequentially placement of control variables and regional variables are also used to test the
impact of DT_GAP on LRB. At the 1% significance level, DT_GAP has a significant negative
effect on LRB is reported in columns (1)–(3). Further, the mean value of DT_GAP within
the community (excluding the sample itself) as IV is used to construct the IV-Probit model,
and the parameters associated with the selected IV passed the test. The test results of the
IV-Probit model are reported in column (4), which are consistent with the results reported
in columns (1)–(3). In summary, from the test results of benchmark model and IV model,
the significant negative effect of DT_GAP on LRB is confirmed. To this point, hypothesis 2
is verified.

Table 6. Results of the DT_GAP’s impact on LRB.

Variables
Probit Model IV-Probit Model

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

DT_GAP −0.033 *** −0.069 *** −0.065 *** −0.189 ***
(0.010) (0.014) (0.014) (0.036)

Control variables NO Yes Yes Yes
Regional control NO NO Yes Yes

Wald test of
exogeneity 13.07 ***

Wald F 289.93
N 5233 5233 5233 5233

Standard errors in parentheses. *** p < 0.01. “Wald test of exogeneity” passes the significance test, indicating that
the model rejects the original hypothesis that the explanatory variables are exogenous, meaning that the IV has
strong explanatory power [55]. “Wald F” test value greater than 10, indicates that the IV is not weak [56].

Refer to the CMM model used in impact path of DT on LRB. Similarly, CMM model
for the impact of DT_GAP on LRB is constructed. Table 7 reports the results of DT_GAP’s
impact on LRB in CMM model. From the test results in column (1), DT_GAP has a
significant negative effect on LRB, which is consistent with the test results above. The
test result of the significant negative effect of DT_GAP on DEPENDENCY is reported in
column (2). At the 5% significance level, the test results in column (3) show that DT_GAP
has no significant effect on JOB_NONFARM, and DEPENDENCY has a significant positive
effect on JOB_NONFARM. In the test results in column (4), DT_GAP still has a significant
negative effect on LRB, both of DEPENDENCY and JOB_NONFARM exert positive effect
on LRB at the 10% and 1% significance levels. Based on all test results in Table 7, DT_GAP
reduce the probability of LRB by weakening DEPENDENCY is confirmed.

Meanwhile, DT_GAP decrease DEPENDENCY, then DEPENDENCY decrease prob-
ability of JOB_NONFARM, ultimately JOB_NONFARM decrease the probability of LRB.
Further, the Sobel test reveals that JOB_NONFARM cannot play an independent mediating
effect in the process of DT_GAP’ impact on LRB, the mediating effect of JOB_NONFARM
must rely on DEPENDENCY to be realized. To this point, hypothesis 4 is verified.
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Table 7. Results of CMM model of DT_GAP’s impact on LRB.

Variables
LRB DEPENDENCY JOB_NONFARM LRB

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

DT_GAP −0.065 *** −0.313 *** 0.005 −0.051 ***
(0.014) (0.011) (0.019) (0.016)

DEPENDENCY 0.056 ** 0.040 *
(0.024) (0.022)

JOB_NONFARM 0.280 ***
(0.066)

Control variables YES YES YES YES
Regional control YES YES YES YES

N 5233 5233 5233 5233
Standard errors in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01. Based on the data distribution characteristics
of the explanatory variables, columns (1), (2), and (4) are estimated using the Probit model, and column (3) is
estimated using the Ordered Probit model.

4.3. Heterogeneity Analysis: Impact of DT and DT_GAP on LRB

Based on the empirical analysis above, we have interpreted and verified how the
information sharing effect of DT exerts a positive impact on LRB and how the information
exclusion effect of DT_GAP exerts a negative impact on LRB. Further, for a more com-
prehensive understanding of the impact of DT and DT_GAP on LRB. We explored the
effects of DT and DT_GAP on LRB from the perspective of heterogeneity in regional, age of
householder, and household income levels.

Firstly, we examined the impact of DT and DT_GAP on LRB from the perspective
of regional heterogeneity. The results of the impact of DT and DT_GAP on LRB from
regional heterogeneity perspective are reported in Table 8. The test results show that DT
and DT_GAP exert significant effects on LRB in the eastern, central, and western regions,
with DT exerting a positive effect and DT_GAP exerting a negative effect. In contrast, in
the northeast region, both DT and DT_GAP do not pass the significance test on LRB. From
the group regression results, the impact of DT on LRB and DT_GAP on LRB differ between
regions at the significance level and extent. However, the differences test does not pass the
significance test. Therefore, we can consider that the impact of DT on LRB and DT_GAP on
LRB is not significantly different between regions. However, the test of regional grouped
regression is not useless. It still illustrates the robustness of the positive effect of DT on LRB
and the negative impact of DT_GAP on LRB.

Secondly, we examined the impact of DT and DT_GAP on LRB from the perspective
of householder‘s age heterogeneity. Table 9 reports the test results of the impact of DT and
DT_GAP on LRB from the perspective of householder‘s age heterogeneity. We divided the
age of householder in all samples into four groups: under-30 years old, 30 to 50 years old,
50 to 70 years old, and over-70 years old. Neither DT nor DT_GAP exert a significant effect
on LRB in the regressions for the under-30 and over-70 age groups.

From the results of DT’s impact on LRB reported in columns (1)–(3). DT does not exert
a significant effect on LRB in the subgroup under-30 years old. The marginal effect of the
positive effect of DT on LRB reaches 0.043 in the subgroup regression of 30 to 50 years old.
In the subgroup regression of 50–70 years old, the marginal effect of the positive effect of
DT on LRB reaches 0.045. Therefore, we conclude that the positive effect of DT on LRB
progressively decreases as the age of householder increases in the sample of 30–70 years
old.

From the results of impact of DT_GAP on LRB reported in columns (5)–(7). The test
results show that DT_GAP does not play a significant effect on LRB in the grouping of
under-30. In the subgroup regression of 30 to 50 years old, the marginal effect of the
negative effect of DT_GAP on LRB reaches 0.009. In the subgroup regression of 50–70 years
old, the marginal effect of DT_GAP on LRB reaches 0.012. Therefore, we conclude that in
the sample below 70 years old, as the age of householder increases, the negative effect of
the impact of DT_GAP on LRB gradually elevated. Meanwhile, the both of differences tests
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pass the significance test at the 5% level, indicating that the changes in the effects of DT
and DT_GAP on LRB are statistically significant in different householder’s age groups.

Table 8. Regional heterogeneity: test results of the impact of DT & DT_GAP on LRB.

Variables
Eastern Central Western Northeast

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

DT 0.407 *** 0.320 *** 0.259 ** 0.017
(0.123) (0.118) (0.115) (0.196)

Control variables Yes Yes Yes Yes
Regional control No No No No
Differences test 3.08

N 1282 1385 1918 648

Variables
Eastern Central Western Northeast

(5) (6) (7) (8)

DT_GAP −0.066 *** −0.090 *** −0.050 ** −0.024
(0.026) (0.025) (0.025) (0.045)

Control variables Yes Yes Yes Yes
Regional control No No No No
Differences test 2.04

N 1282 1385 1918 648
Standard errors in parentheses. ** p < 0.05, *** p < 0.01. The Probit model is applied to columns (1)–(8). “Differences
test” uses method of seemingly unrelated regression (SUR), see Greene (2003) for the details of the method [57].

Table 9. Age of householder heterogeneity: test results of the impact of DT & DT_GAP on LRB.

Variables
Age < 30 30 ≤ Age < 50 50 ≤ Age < 70 Age ≥ 70

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

DT 0.174 0.223 ** 0.205 * 0.000
(0.257) (0.090) (0.117) (.)

Control variables Yes Yes Yes Yes
Regional control Yes Yes Yes Yes
Differences test 10.05 **

N 361 1841 2523 505

Variables
age < 30 30 ≤ age < 50 50 ≤ age < 70 age ≥ 70

(5) (6) (7) (8)

DT_GAP −0.028 −0.045 ** −0.056 ** 0.000
(0.041) (0.020) (0.029) (.)

Control variables Yes Yes Yes Yes
Regional control Yes Yes Yes Yes
Differences test 9.67 **

N 361 1841 2523 505
Standard errors in parentheses. * p < 0.1, ** p < 0.05. The marginal effects of DT on LRB in columns (2) and (3) are
0.043 ** (0.018) and 0.045 * (0.026), respectively. The marginal effects of DT_GAP on LRB in columns (2) and (3) are
−0.009 ** (0.004) and −0.012 ** (0.006), respectively. The Probit model is applied to columns (1)–(8). “Differences
test” uses method of seemingly unrelated regression (SUR), see Greene (2003) for the details of the method [57].

Thirdly, we examined the impact of DT and DT_GAP on LRB from the perspective
of household income level heterogeneity. Table 10 reports the test results of DT’s and
DT_GAP’s impact on LRB from the perspective of household income level heterogeneity.
According to the data distribution of the PINCOME_F of all samples, we defined income of
households below the 25% quantile as low-income households and income of households
above the 75% quantile as high-income households.

Columns (1) and (2) report the impact of DT on LRB with different income level,
and the test results show that DT has a more positive effect on LRB of low-income level
households compared to high-income. Columns (3) and (4) report the impact of DT_GAP
on LRB of households with different income level, and the test results show that DT_GAP
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has a more negative effect on LRB of low-income level households compared to high-
income level households. These results pass the difference test at the 1% significance level.
Therefore, we conclude that the information sharing effect of DT is significantly pro-poor,
but the information exclusion effect of DT_GAP on low-income households also has a
significant preference.

Table 10. Household income level heterogeneity: test results of the impact of DT & DT_GAP on LRB.

Variables
Low-Income High-Income Low-Income High-Income

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

DT 0.513 *** 0.139
(0.166) (0.110)

DT_GAP −0.128 *** −0.013
(0.039) (0.022)

Control variables Yes Yes Yes Yes
Regional control Yes Yes Yes Yes
Differences test 3.64 * 6.89 ***

N 1308 1308 1308 1308
Standard errors in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01. The marginal effects of DT on LRB in columns (1)
and (2) are 0.095 ** (0.031) and 0.037(0.029), respectively. The marginal effects of DT_GAP on LRB in columns
(3) and (4) are −0.024 *** (0.007) and −0.004 (0.006), respectively. The Probit model is applied to columns (1)–(8).
“Differences test” uses method of seemingly unrelated regression (SUR), see Greene (2003) for the details of the
method [57].

5. Discussion and Conclusions

5.1. Discussion

Digital technologies (e.g., internet, blockchain, etc.) can provide a positive role in facil-
itating transactions in land, real estate, etc. [58,59]. However, the application of DT in land
rental transaction market is still limited in developing countries or regions. Our research,
based on a large dataset in China, finds that DT can significantly increase the probability of
LRB for farmers (6.5%). It provides new empirical evidence that the application of DT can
play the positive role in the process of land rental.

Existing studies have confirmed that Internet use can facilitate famer’s land rental
behavior, but there are shortcomings of small dataset and insufficient interpretation of
the impact paths. A very important finding in our research is that JOB_NONFARM and
DEPENDENCY are mediating variables for the impact of DT on LRB, and JOB_NONFARM
needs to rely on DEPENDENCY to exert the mediating effect but cannot exert indepen-
dently, i.e., path of “DT-DEPENDENCY-JOB_NONFARM-LRB” is feasible, but path of
“DT -JOB_NONFARM-LRB” is not. In other words, the conclusion of previous studies
that DT can directly impact land rental behavior through JOB_NONFARM is inaccurate or
biased [29]. So, our research is based on a large dataset (n = 5233) and fully interprets how
DT impacts LRB, improving on the shortcomings of existing studies.

In addition, we focus on the negative effect brought by DT, or namely the information
exclusion effect brought by DT_GAP. Our empirical results confirm that DT_GAP has a
negative effect on LRB, which means that DT_GAP produces information exclusion and
is detrimental to the formation of an efficient land rental market. It compensates for the
shortcoming that existing studies have not focused on DT_GAP’s impact on land rental
behavior.

The results of the heterogeneity analysis showed that youngers are able to promote LRB
more effectively with DT (compared to elders), and information exclusion with DT_GAP
appeared to be more effective in elders. The results of such a test fully demonstrate that DT
has produced an information exclusion effect on the elderly. It reflects the fact that the aging
DT_GAP has become an important manifestation of the DT_GAP [34,60]. Although DT
has a positive impact on LRB of low-income groups, it is interesting to note that DT_GAP
also has more negative impact on LRB of low-income groups (compared to high-income
groups). Such results suggest that DT does mitigate the position of low-income groups
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in the information market, but it is undeniable that more low-income groups may be
informationally deprived due to information asymmetry [61].

The negative impact of DT’s information exclusion effect on the elderly and low-
income groups are only parts of many negative effects. As DT_GAP continues to expand,
the phenomenon of new social exclusions may be derived [38,62].

Our research findings have implications for policy formulation. On the one hand,
the government should promote the digitization of the land rental market to facilitate the
efficient allocation of land resources and reduce the rate of land abandonment. On the other
hand, the government should improve internet quality (e.g., broadband access rates, etc.),
promote internet coverage, especially expand mobile internet coverage in remote rural
areas (e.g., 4G and 5G communication base stations, etc.), and optimize the adaptation of
digital applications between different groups, with particular attention to the digital divide
of the ageing.

However, there are still certain shortcomings in our research. DT measurement vari-
ables are limited by data availability, and the measurement variables of DT and DT_GAP
are highly homogeneous, which makes it difficult to interpret the net effect of DT’s and
DT_GAP’s impact on LRB. In addition, we only use DEPENDENCY and JOB_NONFARM
as mediating variables to interpret the impact path of DT and DT_GAP on LRB, it still needs
to be strengthened. To this end, further exploring the net effect of DT and DT_GAP on
LRB, and the more comprehensive impact path of DT and DT_GAP on land rental behavior
(including rent out and rent in) are the next research that needs to focus on.

5.2. Conclusions

Our empirical results validate Hypotheses 1–4, which we propose based on our
theoretical analysis. Overall, the findings of our study can be summarized in three points.

First, we found that the information sharing effect of DT exerts a significant positive
impact on LRB, while the information exclusion effect of DT_GAP exerts a significant
negative effect on LRB.

Second, another important finding is that JOB_NONFARM and DEPENDENCY are
mediating variables in process of DT’s and DT_GAP’s impact on LRB, but JOB_NONFARM
needs to rely on the transmission of DEPENDENCY to exert a mediating effect and does
not exert independently.

Third, the impact of DT on LRB has a clear preference for lower age groups (30–70 age
range) as well as a preference for lower income. However, the effect of DT_GAP on LRB
has a clear preference for higher age groups (lower-70 age range) as well as a preference for
lower income.
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Abstract: The genetic diversity of cultured species (e.g., plants and fish) has decreased as intensive
agriculture and aquaculture have increased in recent decades. Maintaining genetic diversity in
agriculture is a significant concern. To test whether aquaculture affects the genetic diversity of aquatic
animals and whether traditional agriculture could help maintain genetic diversity, we conducted a
meta-analysis to quantify the genetic diversity of cultured and wild populations. We also examined
the genetic diversity and population genetic structure of common carp (Cyprinus carpio) in the
traditional rice–fish coculture in the south of Zhejiang Province, China, using 20 microsatellite
loci. The results of the meta-analysis showed a negative overall effect size of all cultured aquatic
animals that were tested both when weighted by population replicate and when weighted by the
inverse of variance. Aquaculture has caused a general decline in the genetic diversity of many
cultured aquatic animals. The results from the survey of a traditional rice–fish coculture system in
the south of Zhejiang Province of China showed high levels of genetic diversity in all 10 sampled
populations (mean Na = 7.40, mean Ne = 4.57, mean I = 1.61, mean He = 0.71, and mean Ho = 0.73).
Both the conventional analysis and a model-based analysis revealed a high and significant genetic
divergence among the 10 sampled populations all over the three counties (FST value ranged from
0.00 to 0.13, and Nei’s genetic distance ranged from 0.07 to 0.62). Populations within Yongjia and
Jingning counties were also genetically differentiated, respectively. Furthermore, molecular variance
(AMOVA), membership coefficients estimated by STRUCTURE, PCoA, and migration network
analysis supported the findings from pairwise FST values. Our results suggest that the traditional
rice–fish coculture plays an important role in maintaining the genetic diversity of carp cocultured in
rice paddies and future policies should favor the conservation of the rice–fish system and raise the
awareness of farmers on methods to maintain carp genetic diversity.

Keywords: traditional agriculture; rice–fish system; aquatic animals; meta-analysis; genetic diversity;
microsatellite analysis

1. Introduction

The rapid development of modern intensive agriculture has contributed to improving
global food output and ensuring food security [1]. However, with the intensive develop-
ment of agriculture, the use of high chemical inputs and high-yield varieties causes the
reduction in genetic diversity in agriculture [2,3]. There has been much concern over how
to conserve and manage genetic diversity [4–6]. In contrast to modern intensive agriculture,
traditional agriculture developed by local farmers using indigenous natural and social re-
sources often nourishes rich genetic diversity [7], which is critical in providing germplasm

Agriculture 2022, 12, 997. https://doi.org/10.3390/agriculture12070997 https://www.mdpi.com/journal/agriculture220



Agriculture 2022, 12, 997

and maintaining ecosystem services and would help improve local food security for an
uncertain future [8–10].

Aquaculture is a kind of agriculture that has experienced rapid growth in the past
decades as a reliable source of protein for the human diet [11–13]. Although the aquaculture
industry is increasingly important, it has brought great environmental and ecological risks,
including water pollution and degradation of germplasm resources of aquatic species [14].
For example, there are concerns about the release of non-native species that may escape
from aquaculture and cause negative genetic impacts on wild species; further work in
understanding and mitigating those risks is justified. [15]. However, compared with staple
crops and livestock, the development and conservation of aquatic animals have not received
as much attention [16]. Due to the high fertility of many aquatic animals, farmers usually
use a small number of brood stock, which leads to inbreeding, genetic drift, and, thus,
the reduction in genetic diversity [17–19]. As genetic diversity is the primary resource in
the successful artificial propagation of any aquatic animals, understanding the effect of
aquaculture on the genetic diversity of aquatic animals is essential.

Studies have shown that traditional rice–fish systems have maintained several types
of common carp [20–22]. The coculture of rice and fish is an integrated agri-aquaculture
system (IAAS) that combines rice cultivation with aquaculture, which is a typical traditional
farming system in southern China [20]. In the rice–fish coculture system, common carp
(C. carpio) is the major aquatic animal raised in the paddy field, where the environment is
characterized by shallow water [21].

In the present study, the effect sizes of genetic diversity (i.e., Na and He) in cultured and
wild populations of a variety of aquatic animals, including mollusk, arthropod, echinoderm,
carp, perch, flounder, salmon, catfish, puffer, and herring, were assessed by a meta-analysis
based on 117 studies. We also catalogued the genetic diversity and genetic variation of
common carp cocultured in paddies (C. carpio) in three counties (i.e., Jingning, Qingtian,
and Yongjia) of Zhejiang Province, China, using 20 polymorphic microsatellite loci. Our
objectives were to evaluate the impact of aquaculture activities on the genetic diversity of
aquatic animals and characterize the genetic diversity of carp cocultured in paddies in the
southern Zhejiang Province of China.

2. Materials and Methods

2.1. Meta-Analysis

A systematic search of the literature was conducted across two databases: the Web of
Science (1900–2021) and CNKI (1970–2021) in March 2022. No restrictions were considered
either on the language or on the publication date. A combination of search terms used
to search for the topic was as follows: “genetic diversity” OR “genetic variability” AND
nature* OR wild AND farmed OR cultured OR hatchery OR artificial OR cultivated AND
fish. The pre-specified eligibility criteria for research to be selected in the meta-analysis
database were that (1) the studies used microsatellite markers, (2) the studies included
cultured and wild populations of the same aquatic animals, and (3) cultured and wild
populations were isolated from each other and had no gene exchange.

The species of aquatic animals, number of cultured and wild populations, mean of
the number of alleles per locus (Na), and mean of the expected heterozygosity (He) were
extracted from data reported in each piece of literature. The natural log (ln)-transformation
of the response ratio R was used to calculate effect sizes [23]:

lnR = ln
Y1

Y2
= ln Y1 − ln Y2

The variance of lnR was calculated as:

Vln R =
S2

1

n1Y2
1

+
S2

2

n2Y2
2
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where Y1 and Y2 represent the means of genetic diversity of cultured and wild populations,
respectively, S2

1 and S2
2 represent the variance of genetic diversity of the cultured and

wild populations, respectively, and n1 and n2 represent the numbers of cultured and wild
populations, respectively.

The weight of the effect sizes is calculated in two ways: (1) weighting by the inverse
of variance ( 1

VlnR
) and (2) weighting by the population replicate:

W = Np =
n1n2

n1 + n2

Because the calculation of S2
1 or S2

2 is not allowed when the number of cultured or
wild populations was 1 (i.e., n1 = 1 or n2 = 1), we excluded those items of research that had
only one population of cultured or wild aquatic animals when we weighted the effect sizes
by the inverse of variance. The meta-analysis was performed in Metawin v2.1 with 95%
confidence intervals (CIs) [23].

2.2. Sample Collection and DNA Extraction

The traditional rice–fish coculture system located in southern Zhejiang Province of
China has a long history, of more than 1200 years, and is listed as a Globally Important
Agriculture Heritage System (GIAHS) [20,24]. The fish populations with breeding intro-
duction on purpose or by chance were excluded from the sample collection. Those isolated
local populations were sampled in this study to avoid the influences of genetic exchange
with modern varieties. A total of 166 carp cocultured in rice paddies were collected from
10 locations across three counties (i.e., Jingning, Qingtian, and Yongjia in the south of Zhe-
jiang Province, China) (Figure 1 and Table 1). All of these locations have a long history of
rice–fish coculture. The total genomic DNA extraction was obtained from the tail fin of each
individual using a commercial DNA extraction kit ( Sangon Biotech Co., Ltd. Shanghai,
China). After the quality of DNA was examined through the 1% agarose gel electrophoresis,
the extracted DNA was stored at −20 ◦C before further polymerase chain reactions (PCRs).

Table 1. Collection details for C. carpio cocultured in paddies in the south of Zhejiang Province, China.

County Village Abbreviation Sample Size
Geographic
Locations

Jingning Hexi HX 12 119.69◦ E 27.93◦ N
Chengzhao CZ 8 119.61◦ E 27.96◦ N

Luci LC 11 119.40◦ E 27.87◦ N

Qingtian Jizhai JZ 10 120.18◦ E 28.46◦ N
Wenxi WX 14 120.39◦ E 28.18◦ N

Wukeng WK 18 120.41◦ E 28.24◦ N
Xiaozhoushan XZS 31 120.39◦ E 28.20◦ N

Yongjia Bilian BL 18 120.56◦ E 28.32◦ N
Daruoyan DRY 9 120.61◦ E 28.27◦ N

Minao MA 35 120.51◦ E 28.30◦ N
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Figure 1. The sampling locations of common carp (C. carpio) in the traditional rice–fish coculture
system in the south of Zhejiang Province, China.

2.3. Microsatellite Analysis

We selected 20 microsatellite loci for C. carpio from the literature (Table S1) [25–29].
The forward primers were labeled with a fluorescent dye (-FAM, TAMRA, or HEX) at the
5′ end. Microsatellite polymorphism of each DNA sample was analyzed by PCR, which
was performed in a final volume of 15 μL reaction containing 50 ng of DNA, 1.5 pmol of
each forward and reverse primer, and 7.5 μL Taq MasterMix (Cwbiotech. Co. Ltd., Beijing,
China). Cycling conditions for all assays included initial denaturation at 94 ◦C for 3 min
followed by 30 cycles at 94 ◦C for 30 s, 50–60 ◦C for 30 s, and 72 ◦C for 1 min and final
elongation at 72 ◦C for 7 min. Sequencing was performed on the ABI3730xl platform by
Sangon Biotech Co. Ltd. (Shanghai, China).

2.4. Genetic Data Analysis
2.4.1. Genetic Diversity

Micro-Checker v2.2.3 software was used to double-check the effect of null alleles and
allele scoring errors before data analysis [30]. For each microsatellite locus, we assessed the
number of alleles per locus (Na), the effective number of alleles per locus (Ne), Shannon’s
diversity index (I), expected heterozygosity (He), observed heterozygosity (Ho), and the
fixation index (Fis) using GenAlEx v6.5 [31].

The linkage disequilibrium method (LD) was used to estimate the effective population
size for each carp population by NeEstimator v2 [32]; the lowest allele frequency used was
0.01 and the confidence interval was 95%. The two-phased model (TPM) with 90% single-
step mutations and 10% multiple-step mutations with 1000 replications and the mode-
shift test [33] based on an L-shaped distribution of allele frequency under mutation–drift
equilibrium were used to assess whether populations of the sampled carp had experienced
recent bottlenecks by using Bottleneck v1.2.02 software [34]. Statistical significance at each
locus was evaluated by a one-tailed Wilcoxon sign-rank test [35].
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2.4.2. Genetic Variation

To estimate the level of genetic variation among population pairs, pairwise FST values
and the exact test p values were calculated using Arlequin v3.5 [36]. The Nei’s genetic
distance was assessed by GenAlEx v6.5 [31]. The molecular variance (AMOVA) was
also assessed by Arlequin v3.5 [36]. The software Structure v2.3.4 was used for the clus-
tering analysis based on the Bayesian method (admixture model, K set 1 to 7, 20 runs,
MCMC = 1,000,000, burn-in = 25,000) [37]. The results were submitted to an online tool,
Structure Harvester v0.6094 [38], to obtain the best K value. Principal coordinates analysis
(PCoA) of the correlation matrix was used to further investigate the relationships between
individuals using GenAlEx v6.5 [31].

The directional relative migration patterns among populations were estimated by
the web-based software divMigrateOnline using the FST statistic as a measure of genetic
differentiation [39]. The significance of asymmetrical migration patterns among populations
was tested using 1000 bootstrap iterations. Additionally, the mantel test (10,000 repetitions)
for isolation by distance (IBD) was performed between genetic distance and geographical
distance (i.e., Euclidean distance based on latitude and longitude ) via R software with
ggplot2, diveRsity, and reshape packages [40].

3. Results

3.1. Meta-Analysis

The meta-analysis data set was derived from 117 articles for which we weighted the
data by population replicate and a further 77 articles for which we weighted the data by the
inverse of the variance (Figure 2, Tables S2 and S3). According to the taxonomic status of
species in publications, species were divided into 10 groups, including mollusk, arthropod,
echinoderm, and seven groups of bony fish in chordate (i.e., carp, perch, flounder, salmon,
catfish, puffer, and herring). Echinoderm and puffer were only used when weighted by
population replicate.

Figure 2. Selection of literature to be included in the meta-analysis data set.
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Results from the meta-analysis showed the negative effect size of all cultured aquatic
animals that were tested both when weighted by population replicate and weighted by
the inverse of variance. The levels of genetic diversity decrease were different in different
aquatic animals (Table 2). In the results when weighted by the inverse of variance, the
highest effect sizes of Na and He were in flounder and salmon, respectively, and the genetic
diversities of cultured populations decreased by 38.44% and 10.73% from wild populations,
respectively. In the results when weighted by population replicate, the highest effect sizes
of Na and He were in echinoderm and carp, respectively, and the genetic diversities of
cultured populations decreased by 31% and 10% from wild populations, respectively. The
overall effect size was −0.23 (CI: −0.32 to −0.16) for Na and −0.08 (CI: −0.13 to −0.04) for
He, respectively, when weighted by the inverse of variance. Similarly, the overall effect sizes
were −0.24 (CI: −0.33 to −0.15) for Na and −0.05 (CI: −0.07 to −0.03) for He, respectively,
when weighted by population replicate. For carp, the reduction in genetic diversity of
cultured populations was 12% or 24% by Na and 5% or 10% by He when weighted by the
inverse of variance or when weighted by population replicate, respectively.

Table 2. Meta-analysis of the effect of aquaculture on different aquatic animals.

Class Studies Weight
Genetic Diversity

Indices
Effect Size CI-l CI-u Decrease (%)

Salmon 21 1/Var Na −0.30 −0.18 −0.43 26
Flounder 3 1/Var Na −0.49 −0.24 −0.65 38

Perch 10 1/Var Na −0.14 0.01 −0.32 13
Arthropod 3 1/Var Na −0.05 0.01 −0.62 5

Mollusk 16 1/Var Na −0.22 −0.07 −0.69 20
Carp 14 1/Var Na −0.13 −0.03 −0.23 12

Herring 2 1/Var Na −0.43 −0.13 −0.45 35
Catfish 3 1/Var Na −0.07 0.03 −0.28 7

Arapaima 2 1/Var Na −0.07 −0.04 −0.24 6
Overall 74 1/Var Na −0.23 −0.16 −0.32 20

Salmon 21 1/Var He −0.11 −0.05 −0.23 11
Flounder 3 1/Var He −0.03 −0.01 −0.12 3

Perch 9 1/Var He −0.04 −0.03 −0.07 4
Arthropod 3 1/Var He −0.01 0.00 −0.10 1

Mollusk 16 1/Var He −0.05 −0.02 −0.13 5
Carp 14 1/Var He −0.05 −0.02 −0.09 5

Herring 2 1/Var He −0.07 −0.02 −0.12 7
Catfish 3 1/Var He 0.00 0.05 −0.06 0

Arapaima 2 1/Var He −0.09 −0.09 −0.19 9
Overall 73 1/Var He −0.08 −0.04 −0.13 8

Salmon 25 Np Na −0.13 0.06 −0.27 12
Flounder 7 Np Na −0.24 0.12 −0.50 21

Perch 20 Np Na −0.27 −0.09 −0.46 24
Arthropod 3 Np Na −0.23 0.01 −0.62 21

Mollusk 28 Np Na −0.31 −0.11 −0.62 27
Carp 16 Np Na −0.28 −0.14 −0.55 24

Echinoderm 2 Np Na −0.36 0.09 −0.52 31
Herring 3 Np Na −0.16 −0.13 −0.25 15
Catfish 4 Np Na −0.36 0.24 −0.81 30
Puffer 3 Np Na −0.25 −0.07 −0.54 22

Overall 111 Np Na −0.24 −0.15 −0.33 21
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Table 2. Cont.

Class Studies Weight
Genetic Diversity

Indices
Effect Size CI-l CI-u Decrease (%)

Salmon 25 Np He −0.02 0.07 −0.09 2
Flounder 7 Np He −0.08 −0.05 −0.10 7

Perch 19 Np He −0.06 −0.01 −0.11 6
Arthropod 3 Np He −0.03 0.00 −0.07 3

Mollusk 28 Np He −0.06 −0.01 −0.12 6
Carp 16 Np He −0.11 −0.05 −0.14 10

Echinoderm 2 Np He 0.00 0.01 −0.03 0
Herring 2 Np He −0.01 0.00 −0.02 1
Catfish 4 Np He −0.04 0.04 −0.09 4
Puffer 3 Np He −0.05 −0.01 −0.12 4

Overall 109 Np He −0.05 −0.03 −0.07 5

1/Var is the inverse of effect size variance; Np is the number of populations; Na is allele number; He is expected
heterozygosity; CI-l and CI-u are the lower and upper limits of bootstrap confidence intervals, respectively.
Decrease (%) is the reduction in genetic diversity of cultured populations compared with their corresponding
wild populations.

3.2. Genetic Diversity within Carp Populations in Rice–Fish Coculture

All 20 microsatellite loci were polymorphic in the sampled carp (Table S3). The average
numbers of alleles (Na) ranged from 5.80 (HX) to 10.40 (MA), the effective numbers of
alleles (Ne) ranged from 3.86 (LC) to 5.70 (BL), Shannon’s diversity indices (I) ranged from
1.42 (WX) to 1.85(BL), the expected heterozygosity (He) values ranged from 0.68 (LC) to
0.76 (CZ and BL), the observed heterozygosity (Ho) values ranged from 0.68 (WX) to 0.76
(MA), and the fixation indices (Fis) ranged from −0.02 (CZ) to 0.08 (JZ) (Table 3). Mean Na
= 7.40, mean Ne = 4.57, mean I = 1.61, mean He = 0.71, and mean Ho = 0.73 (Table 3).

Table 3. The genetic characteristics of the 10 carp populations based on 20 microsatellite loci.

Pop. Na Ne I Ho He Fis

HX 5.80 4.35 1.53 0.75 0.74 0.00
CZ 7.00 4.70 1.63 0.76 0.73 −0.02
LC 5.85 3.86 1.44 0.68 0.69 0.01
JZ 7.25 4.52 1.64 0.68 0.74 0.08

WX 5.85 3.92 1.42 0.68 0.68 0.00
WK 7.50 4.42 1.59 0.71 0.72 0.03
XZS 7.75 4.07 1.54 0.70 0.71 0.01
BL 9.65 5.70 1.85 0.76 0.77 0.03

DRY 6.90 4.81 1.62 0.70 0.73 0.07
MA 10.40 5.29 1.83 0.72 0.76 0.06

Mean 7.40 4.57 1.61 0.71 0.73 0.03

The effective population size estimates of the 10 populations ranged from 8.6 (CZ,
CI = 5.7–13.6) to infinity (JZ, CI = 148.9–infinity and DRY, CI = 58.3–infinity) (Table 4).
The results from the bottleneck tests showed that no heterozygote excess was significant
in any of the populations, indicating that there was no recent genetic bottleneck in the
sampled carp populations in the south of Zhejiang Province, China (Table 4). In addition,
a normal L-shaped distribution pattern of the allele frequency from the mode-shift test
also suggested the lack of bottleneck events in the recent history of carp coculture in rice
paddies in the south of Zhejiang Province, China.
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Table 4. Effective population size estimates with 95% confidence intervals and results from the
bottleneck analysis for the 10 C. carpio populations using 20 microsatellite loci.

Pop.
Effective Population

Size Estimate

95% Confidence Intervals Bottleneck Test

Lower Bound Upper Bound TPM (p-Value)

HX 9.9 8.0 12.5 0.63575
CZ 8.6 5.7 13.6 0.06155
LC 61.5 27.6 Inf 0.83501
JZ Inf 148.9 Inf 0.99585

WX 124.8 46.4 Inf 0.47816
WK 61.8 41.4 114.2 0.98802
XZS 54.2 44.0 69.3 0.99928
BL 209.6 98.4 Inf 0.99884

DRY Inf 58.3 Inf 0.87726
MN 38.0 34.1 42.6 0.99940
Total 63.4 60.2 66.9 0.99985

3.3. Genetic Differentiation among Populations

The pairwise FST values ranged from 0.00 (WX-WK) to 0.13 (WX-CZ), and Nei’s
genetic distances ranged from 0.070 (WX-WK) to 0.620 (WX-CZ) (Figure 3). Among all
45 FST values, 37 values were statistically significant (p < 0.001; p-value after adjusting for
multiple comparisons = 0.05/45), revealing remarkable differentiation of carp cocultured in
paddies in the south of Zhejiang Province, China. Pairwise FST analyses also indicated that
populations within Yongjia and Jingning counties were genetically different. Weak genetic
differentiation was found within Qingtian County except that JZ was significantly different
from WX and XZS. AMOVA revealed that the genetic variations among populations and
within populations contributed 5% (p < 0.01) and 95% (p < 0.01) to the total genetic variation,
respectively (Table 5).

Table 5. The AMOVA of carp cocultured in paddies in three counties based on 20 microsatellite loci.

Source of
Variation

d.f.
Sum of
Square

Variance
Component

% of
Variation

p Value

Among
populations 9 173.541 0.37651 Va 5 0.001

Within
populations 165 2311.173 7.17756 Vb 95 0.001

Total 174 2484.714 7.55407

The Structure Harvester analysis identified K = 2 as the most probable cluster number
of the 10 populations, and the second identified K value was K = 3 (Figure 4A). The
Structure clustering analysis revealed two major genetic clusters (the red cluster and the
green cluster, Figure 4B). The carp from Qingtian County were mainly assigned into the
red cluster, while the carp from Jingning County were mainly assigned into the blue cluster.
The two clusters equally made up Yongjia County. In the case of K = 3, another cluster
(indicated in blue) was mainly separated from Jingning County. The result of the principal
coordinates analysis (PCoA) based on Nei’s genetic distance is presented in Figure 5. The
first and second axes explained 45% and 25% of the total variance, respectively. No obvious
clustering was found among the three counties. The samples from Yongjia County were
located in the center, while the samples from Jingning County were relatively discrete.
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Figure 3. Pairwise differentiation estimates (FST) (below the diagonal) and Nei’s genetic dis-
tances (above the diagonal) of the 10 C. carpio populations based on 20 microsatellite loci.
Values with * indicate statistical significance (p < 0.001; p-value after adjusting for multiple
comparisons = 0.05/45).

The directional relative migration network for the studied carp populations indicated
that WX, WK, XZS, JZ, and MA were core populations that had a high level of genetic
exchange with other populations (i.e., migration in directional relative migration networks),
the first four of which belong to Qingtian County, whereas HX, LC, CZ, DRY, and BL
were peripheral populations with a low level of genetic exchange (Figure 6), the first three
of which belong to Jingning County. No significant asymmetric migration pattern was
detected. The test of isolation by distance (IBD) proved that there was a significantly
positive correlation between the genetic distances and the geographical distances of the
10 carp populations (R2 = 0.579 and p = 0.005, Figure 7). This indicated that the genetic
differentiation between the sampled carp populations in southern Zhejiang Province of
China was mainly affected by geographical distance.
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Figure 4. (A) Selection of K value in the structure analysis. (B) Genetic structure of the 10 carp
populations based on 20 microsatellite loci in the case of K = 2 or 3. Colors represent the membership
of each individual to the different clusters.
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Figure 5. Principal coordinates analysis of the sampled carp based on Fst values.

 

Figure 6. Directional relative migration networks of the studied carp populations constructed with
divMigrate. Numbers on the arrows represent the relative migration coefficients derived from FST

statistics. Line shading and thickness increase with the relative strength of gene flows. When larger
than 0.05 (A), 0.2 (B), or 0.5 (C), the coefficients are displayed.
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Figure 7. Relationship between the genetic distance and geographic distance among the studied
carp populations.

4. Discussion

Our meta-analysis showed that the genetic diversity of cultured populations of most
tested aquatic animals was obviously lower than that of wild populations and that the
change in genetic diversity differed among different types of aquatic animals. Those results
indicate that aquaculture could generally reduce the genetic diversity of many cultured
aquatic animals. An additional concern is the reduction in some wild populations and,
hence, the reduction in those pools of genetic diversity. Actually, some tested species in this
study may not have a statistically significant reduction in genetic diversity (e.g., catfish,
arthropods). New techniques are being used to maximize genetic diversity in cultured
species [41–43]. The genetic resources of aquatic animals were not significantly paid
attention to until the 1990s [44,45]. A small effective population size and poor breeding
management were considered to be the main causes of decline in genetic diversity in
cultured populations [46]. For example, Machado-Schiaffino et al. [47] found the imbalance
in the sex ratio in breeding causes a decline in genetic diversity of the fish Salmo salar.
Fazzi-Gomes et al. [48] found a loss of genetic diversity and high inbreeding rates in
farmed populations of the fish Arapaima gigas throughout the Amazon basin due to genetic
bottlenecks caused by the domestication process and the founding effect. The decrease in
the genetic diversity of aquatic animals will impair the adaptation and fitness of aquatic
animals (e.g., productivity and disease resistance) [49–51]. As the proportion of aquaculture
is increasing in the supply of aquatic products, it is urgent to protect the genetic diversity
of aquatic animals. To ensure the long-term sustainability of aquatic stocks, the breeding
program should be taken seriously. The selective breeding program can provide farmers
a high rate of economic return by creating wide variations and improving hereditary
traits [52,53]. As the breeding program progresses, it is important to collect as much
allelic variability as possible, which can maintain the level of genetic variability of aquatic
animals [54]. Genetic diversity should be paid more attention to in the future as a guide for
choosing brood stock to form the base population for selective breeding programs and for
ongoing monitoring of the levels of inbreeding and genetic drift [55,56].

The genetic diversity of C. carpio cocultured in paddies in southern Zhejiang Province
was at a high level throughout our study. Ren [57] conducted a literature review to evaluate
the genetic diversity indices of wild carp populations (mean Na = 7.71, He = 0.71) and
cultured carp populations (mean Na = 5.37, He = 0.62) from 55 relevant published papers.
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The results of our study (mean Na = 7.40, He = 0.71) were similar to the genetic diversity
of wild carp populations and higher than cultured carp populations. This suggests that
traditional agricultural systems play a role in in situ conservation of the genetic diversity
of carp cocultured in paddies in southern Zhejiang Province. The C. carpio preserved in
the traditional rice–fish coculture system is a landrace that has well adapted to the paddy
environment, with strong resistance to pests and diseases and adaptation to the fierce
habitat changes during rice cultivation [58,59]. In the traditional agricultural system, the
conservation of carp depends on the recognition, collection, and introduction of new strains
by local smallholders, resulting in the diversity accumulation of genotypes and alleles in
landraces [60,61]. Farmers often exchanged germplasm (e.g., selection and exchange of
brood stock or seed) of carp cocultured in paddies in the traditional agricultural system.
Germplasm exchange has been found to be an important factor in maintaining genetic
diversity of crops and livestock in many traditional agricultural systems [9,62–64]. In
our study, the carp cocultured in paddies in Qingtian County were rich in body color.
The practice of having a mixed culture of carp with diverse color types is in favor of the
diversified use of natural food resources by fish in paddy fields, which promotes fish
productivity [21]. Therefore, the demand for diverse carp colors may be the reason for
maintaining germplasm exchange. In addition, in Yongjia County, the exchange of carp
with different colors is also related to marriage customs; this custom is still preserved in
some areas [57]. Accordingly, the traditional techniques and culture noted in Zhejiang are
an excellent source of maintaining genetic diversity. It is somewhat encouraging that, with
proper management, such as those learned from traditional agriculture, genetic losses in
agriculture could be minimized or avoided [9,63].

Pairwise FST value in our study revealed significant genetic differentiation of carp
populations among the three counties. This genetic division may be due to geographic
isolation and the differences between farmers from different counties in the selection prefer-
ence of carp. The results also suggested a significant genetic differentiation within Yongjia
County and within Jingning County, while a weak genetic differentiation was found within
Qingtian County, except for JZ. This could be due to the fact that the sampling sites of
Yongjia and Jingning were located in remote and isolated mountainous areas, while Qing-
tian County, as a GIAHS site, still maintains a large area of the traditional rice–fish farming
system: more than 90% of rice paddies are stocked with fish [57]. Traditional farmers
have created a unique sharing system in which farmers interdependently select parental
carp and produce and exchange fry in Qingtian County [21]. Larger relative migration
values from the migration network estimated by divMigrateOnline of the XZS population
to other populations indicated that XZS was most likely the source population, whereas
the populations from Jingning County (i.e., LC, HX, and CZ) might be the sink populations.
The results strongly suggested that JZ was genetically distinct from the other Qingtian pop-
ulations. This population exhibited the lowest FST values with populations from Yongjia
County compared to the other three populations from Qingtian County. Membership
coefficients estimated by Structure and the migration network strongly suggested that the
JZ population was genetically distinct from other Qingtian populations. The JZ population
and populations from Yongjia County had close relationships. This could be due to the
transfer of seed stock/brood stock from JZ to the Yongjia area. A genetic structure analysis
in the present study showed that the genetic structure of carp populations cocultured in
paddies in southern Zhejiang Province was mainly determined by germplasm exchange
caused by breeding introduction.

The rice–fish coculture system can be a sustainable agricultural model that improves
farm productivity, provides an opportunity to improve the economic benefits of farmers,
and improves the utilization of paddy and water resources [65]. However, the development
of modern agriculture reduces the exchange of germplasm resources and activities of the
rice–carp coculture in paddies among farmers. To ensure the long-term sustainability of
germplasm resources of carp cocultured in paddies, a scientific and feasible monitoring
program of genetic diversity in the existing populations should be formulated and proper
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measures of development and conservation should be strengthened. Firstly, we suggest the
government should formulate policies on promoting the practice of rice–fish coculture, on
training farmers to maintain carp diversity by continuing to exchange brood stock, and on
monitoring every 5 to 10 years. Secondly, in the breeding process, to avoid the reduction in
genetic diversity caused by inbreeding, the number of parents and effective population size
should be increased to at least the minimum level of heterozygosity required. Thirdly, seed
stock or brood stock selection should be performed locally to avoid genetic pollution of the
local population. In addition, it is necessary to reduce environmental pollution and protect
the paddy habitats and resources for traditional agriculture and local carp populations,
thus ensuring the sustainable development of the rice–fish coculture system in southern
Zhejiang Province of China.

5. Conclusions

The meta-analysis results, both when weighted by population replicate and when
weighted by the inverse of variance, showed an overall negative effect size in genetic
diversity of all tested aquatic animals. This indicates that aquaculture activities have caused
a general decline in the genetic diversity of aquatic animals, although at different levels
for different types of aquatic animals. We detected high levels of genetic variation in all 10
populations of carp cocultured in paddies (C. carpio) in the traditional rice–fish coculture
system in southern Zhejiang Province of China. Low levels of an effective population size
were detected in most of the C. carpio populations. No bottleneck events have recently
occurred in these populations. Both conventional and model-based population genetic
analyses suggested significant genetic divergence among the three counties. Pairwise
FST values suggested genetic differentiation within Yongjia County and Jingning County,
while no obvious genetic difference between sampled populations was found in Qingtian
County with the exception of the JZ population. We suggest formulating policies, training
farmers, and monitoring regularly for maintaining the rice–fish coculture system and using
a sufficient number of parents in the breeding process to avoid inbreeding and genetic
erosion of local carp cocultured in paddies.
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Abstract: Essential molecules are embedded within the millenary crop Tropaeolum tuberosum (mashua);
these compounds are critical for the Andean people’s traditional diet and extensively utilized by the
pharmaceutical industry in Peru. In the Andean region, conventional cropping techniques generate
microtubers susceptible to a viral infection, which substantially endangers mashua’s production.
Therefore, we developed an innovative in vitro technique condition for enhancing the agriculture
process for micro tubers production. The temporary immersion system (TIS) permits the production
of high-quality microtubers in a reduced space, a lower amount of time, and in large quantities com-
pared with tubers grown under traditional conditions. To obtain T. tuberosum’s microtubers via TIS,
we propagated seedlings, utilizing TIS-RITA® vessels. A set of immersion frequency times were eval-
uated. Interestingly, results showed that immersion at 2 min every 3 h was more beneficial compared
with 2 min every 5 h based on microtubers produced after 10 weeks from the treatments, revealing
an efficient frequency setting which outputted improved microtubers quality and production.

Keywords: microtubers; temporary immersion system; Tropaeolum tuberosum; mashua

1. Introduction

The mashua is a millenary crop that contains substantial nutritional and medical
properties [1–3]. This crop originated from the Andean region [4], and is considered the
fourth most crucial Andean root among other tubers such as potatoes, oca, and olluco [5].
The mashua is a propagation crop cultivated over the latest centuries across the Andean
mountains in Peru, Bolivia, Ecuador, Venezuela, and Colombia [5,6]. This formidable tuber
has managed to grow under nutrient-deprived soil conditions and at high altitudes without
fertilizers or pesticides, outstanding for its resistance against harsh conditions in contrast
to other contemporary crops [7,8].

Traditionally, the Andean mashua is propagated for production purposes as other
tubers within the Andean crop fields [9]. Additionally, when the mashua is cultivated under
field conditions, it necessitates between 6 and 8 months to properly attain its vegetative
cycle stages, and in several cases, the tubers become virally infected, dramatically impact-
ing the crop’s production [6]. Therefore, rural and local mashua production within the
Andean region does not ensure suitable seed quality and necessitates alternative cropping
techniques to improve biological features such as growth and vigor. In vitro techniques
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are utilized to improve crop production and decrease time constraints; therefore, sculpting
innovative in vitro techniques for tuber cropping is needed.

One in vitro technique to harness the growth of seedlings is the modulation of the
frequency and duration of immersion times [10] during the tuber early development. The
TIS (temporary immersion system) strategy enables the rapid and efficient propagation of
several plants with keen agricultural interest. The TIS enhances the growing speed and
ensures the optimal quality of the plant tissue generated in vitro [11]. The TIS permits
the production of high-quality pathogen-free seedlings and microtubers in vitro at any
time throughout the year [12]. Moreover, it reduces large-scale crop production costs [13],
automatizes the cropping process, and permits proper propagation by utilizing liquid
media to ensure seedlings vigor [11].

The TIS enhances the growing speed and ensures the optimal quality of the plant
tissue generated in vitro [11], enabling rapid and efficient propagation of several plants
with strong agricultural interest. The TIS technique initiates by inducing air pressure flow
through an air compressor; this de novo pressure elevates the liquid media permitting
contact with the explants localized inside the chamber intermittently. As the air injection
subsides within the system, and the media descends by gravity, the atmosphere remod-
els within the system, facilitating a robust growth and substantial improvement for the
seedlings’ development [14]. Some critical factors defining the TIS technique are the fol-
lowing: the optimization of the total volume inside the vessels, the supplement in the
media, the vitrification, the ethylene accumulation, and the carbon dioxide. Seedlings
development and growth can be harnessed by modifying the frequency and duration of
the immersion time [10].

Likewise, TIS-RITA® includes a structured container divided into two vessels: a su-
perior vessel hosting the plants and an inferior vessel containing the media. The applied
overpressure to the inferior vessel propels the media towards the superior compartment
generating bubbles grazing the plant tissues. At this stage, seedlings temporarily submerge
as overpressure is delivered. During the immersion period, the media falls by gravity. One
result is the altered atmosphere inside the container [12]. The other critical parameter is
the immersion time, involved in efficient sprout micropropagation, microtuberization, and
somatic embryogenesis [12]. The TIS is regularly utilized for increasing in vitro propaga-
tion coefficients compared with field conditions. For example, these methods have been
in used in other crop species such as bananas [15], anthurium [16], sugar cane [17], and
potato microtubers [18].

In this study, we concentrated on the production of mashua MAC-3 morphotype via
a novel in vitro procedure. MAC-3 morphotype (purple mashua) is known for its high
antioxidant activity, total phenolic, tannins, total flavonoids, and total anthocyanins [19].
Recently, we had faithfully propagated Solanum tuberosum, Oxalis tuberosa, and Ullucus
tuberosum in vitro utilizing TIS-RITA [20]. In a previous report, we found that a specific
frequency condition in TIS-RITA substantially enhances the mashua’s microtuber propa-
gation [21]. Therefore, we explored vital settings to generate high-quality seeds, utilizing
a set of immersion frequencies to obtain improved seeds of the T. tuberosum MAC-3 mor-
photype that would positively impact the crop production for the Andean community in
South America.

2. Materials and Methods

2.1. Micropropagation Study

Mashua seedlings (T. tuberosum Ruiz & Pav.) derived from a MAC-3 morphotype from
the germplasm bank of the Cellular and Molecular Biology Laboratory (UNSCH, Ayacucho,
Peru) were propagated in vitro (Figure 1). Seedlings were maintained using Murashige
and Skoog 1962 (MS) solid medium. After 30 days of culture, the seedlings grown in solid
medium were transferred to flasks containing 100 mL of MS liquid medium supplemented
with 3% sucrose at a pH of 5.6 to obtain seedling vigor; the flasks were kept under constant
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agitation on an orbital shaker. Culture conditions were 19 ± 2 ◦C; 16 h of light and 8 h of
darkness with a relative humidity between 60% and 70% during the multiplication phase.

Figure 1. T. tuberosum Ruiz and Pav. “mashua” MAC-3 morphotype used in the TIS to obtain microtubers.

2.2. Production of Microtubers via TIS-RITA

TIS-RITA vessels were used according to Etienne et al. [12]. Murashige and Skoog
(MS) liquid medium were prepared inside the RITA vessels, supplemented with 2 ppm
BAP and 8% sucrose, at a pH 5.6; the vessels were sterilized at 121 ◦C for 15 min. This study
evaluated one immersion time point and two frequencies: 2 min every 3 h and 2 min every
5 h. Next, TIS-RITA vessels were incubated under the constant temperature of 19 ◦C ± 2 ◦C,
for a total of 10 weeks in total darkness. Produced microtubers were harvested off the
culture vessels, and samples were rinsed off with tap water to remove any excess media.
These microtubers were placed on trays covered with filter paper to remove humidity.
Finally, the microtubers’ fresh weights (g) were evaluated using an analytical scale and
a vernier ruler to measure the size (cm).

2.3. Data Analysis

The output data were statistically analyzed by using a random design format with
double replicates. The variation analysis was performed to compare the size and weight of
microtubers in a non-parametric U-Mann–Whitney test.

3. Results and Discussion

Using the RITA® temporary immersion system, it was possible to obtain mashua micro-
tubers from MAC-3 morphotype using the two immersion frequencies. However, there was
a significant difference between the two immersion frequencies in obtaining the size of the
microtubers; a size of 1.09 cm was achieved at an immersion frequency of every three hours
for two minutes, compared with 0.86 cm at a frequency of every five hours for two minutes
respectively (Figure 2A), these findings being statistically significant (p = 0.0017; U-Mann
Whitney test). According to Akita et al. [22], potato microtubers (Solanum tuberosum L.) were
obtained using a laboratory-scale fermenter with a weight of more than 0.2 g. Montoya
et al. [23] achieved the greatest number and size of Solanum tuberosum shoots using TIS
with an immersion frequency of three hours. Escalona et al. [24] in the cultivation of Ananas
commosus achieved a higher multiplication rate using an immersion time of two minutes
and a frequency of three hours. Likewise, Cabrera et al. [25] obtained a greater number and
size of Dioscorea alata microtubers with significant differences in relation to other immersion
times using an immersion time of 15 min and after 18 weeks of culture. Etienne et al. [12]
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stated that Solanum tuberosum microtubers and Coffea arabica somatic embryos produced in
temporary immersion bioreactors developed satisfactorily after planting.

Figure 2. (A) Mean comparison of the microtuber size and (B) weight from T. tuberosum “mashua”
obtained in two TIS treatments: 2 min every 3 h (C3H × 2 min); 2 min every 5 h (C5H × 2 min).

On the other hand, using a TIS, 52 mashua microtubers from a MAC-3 morpho-
type were obtained at a frequency of every three hours of immersion for two minutes
compared with a frequency of five hours for two minutes in which 39 microtubers were
obtained. Moreover, Igarza et al. [26] acquired an average of between five and seven potato
microtubers of the “Andinita” variety using a TIS. Montoya et al. [23] achieved greater
efficiency in the in vitro tuberization of Solanum tuberosum variety Diacol Capiro when
used in temporary immersion bioreactors and in MS medium supplemented with 1 ppm of
6-Benzylaminopurine (BAP) and 8% sucrose; in addition, the microtubers obtained in a TIS
allowed the formation of tubers under field conditions. Gopal et al. [27]) concluded that
microtubers produced in media without abscisic acid (ABA) during and containing high
concentrations of sucrose and BAP can be stored for 12 months.

Regarding the fresh weight of the mashua, an average of 0.09 g was achieved in both
immersion frequency treatments; therefore, there was no statistically significant difference
in the results obtained between both treatments (Figure 2B). Igarza et al. [25] achieved
an average fresh weight that did not exceed 3.5 g using an immersion system to obtain
potato microtubers cv. “Andinita”.

The immersion system allows obtaining microtubers in two and a half months
(Figure 3), significantly reducing the production time compared with the production
of mashua tubers in the field, which generally requires between six to nine months.
In addition, under this production system it is possible to obtain high-quality seeds,
allowing ex situ conservation in a germplasm bank, and fundamentally for use in seed
management and improvement programs.
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Figure 3. (a) Conservation in germplasm bank. (b) Micropropagation in solid medium. (c) Propa-
gation in liquid medium. (d) Obtaining microtubers in a temporary immersion from T. tuberosum
“mashua” MAC-3 after a 10-week culture. (e) The frequency: (Left): three hours for two minutes,
(right): five hours for two minutes.
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4. Conclusions

It was possible to obtain MAC-3 microtubers in the TIS RITA® using the Murashige
and Skoog medium supplemented with 8% sucrose, 2 ppm BAP, and with an immersion
frequency of every 3 h for 2 min. The TIS RITA® is an efficient alternative for the production
of high-quality seeds. Furthermore, it would lead to obtaining virus-free microtubers as
well as reducing the harvest time compared with traditional production techniques.
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Abstract: Ending hunger, achieving food security, and promoting sustainable agriculture are the
main targets of sustainable development goals. It is well known that cropland resources are the most
essential factor in achieving sustainable development goals. However, China has been facing the
problem of a continuous reduction in cropland resources. Reducing the abandonment of cropland has
become an important way to curb the reduction in cropland resources. Can agricultural machinery
harvesting services reduce cropland abandonment in rural China? To answer this scientific question,
this study employs the Survey for Agriculture and Village Economy data from 8345 samples of
12 provinces in rural China. The extended regression models (i.e., the extended probit regression
model and the extended interval regression model) are used to empirically analyze the relationship
between agricultural machinery harvesting services accessed by farmers and cropland abandon-
ment. The results are as follows. Agricultural machinery harvesting services accessed by farmers
significantly reduced the probability of cropland abandonment and the proportion of the area of
abandoned cropland in farmers’ contracted cropland area decreased by 18.5% and 20.3%, respectively.
Moreover, the heterogeneity analysis results showed that farmers’ access to agricultural machinery
harvesting services significantly reduced cropland abandonment in small-scale groups, without
elderly households, with nonagricultural income groups, and in the eastern region. This study also
provides some policy implications for policymakers to reduce cropland abandonment in rural China.

Keywords: cropland abandonment; agricultural machinery harvesting services; extended regression
models; rural China

1. Introduction

Ending hunger, achieving food security, and promoting sustainable agriculture are
the main targets of sustainable development goals worldwide [1]. In this context, how to
use limited cropland resources to feed a large population has become a key issue for the
present and future in China, even though China has fed 20% of the world’s population
with approximately 7% of the world’s cropland [2].

Cropland resources are the most essential factor for ensuring food security and pro-
moting the development of sustainable agriculture [3,4]. According to the statistics of FAO
in 2019, China’s cropland area ranks third in the world, which is only lower than that of
India and the United States. In terms of the per capita cropland area, however, China is only
0.09 hectares, lower than the 0.12 hectares in India and 0.48 hectares in the United States.
This evidence shows that China still faces the problem of insufficient cropland resources.
In addition, with the acceleration of urbanization and industrialization, the continuous
reduction in cropland resources has further exacerbated this problem [3,5]. Previous studies
mainly put forward two ways to curb the reduction of cropland resources: improving the
existing cropland use efficiency, and reducing cropland abandonment [6–8]. Admittedly,
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improving the use efficiency of cropland alone is not enough to deal with cropland resource
reduction, which should also reduce cropland abandonment.

It is well known that cropland abandonment has already become a common phe-
nomenon in the world, which includes both developed countries (e.g., the United States,
Australia, and Japan) and developing countries (e.g., China, Chile, Latin America, and
Southeast Asia) [9–12]. It has become an increasingly important issue in China since 2000.
For example, China’s government issued the “Urgent Notice on Resuming the Production
of Abandoned Cropland as soon as possible” in 2004, indicating that cropland has been
abandoned to varying degrees in some areas. Moreover, large-scale cropland abandonment
has occurred in China since 2005, especially in the mountainous counties [11]. This has
posed challenges and threats to China’s food security and sustainable agriculture [5,13,14].
It has also caused a series of environmental issues, such as the loss of agro-biodiversity and
species richness, soil erosion, shallow landslides, and desertification [15–18]. In this context,
the Chinese government has paid great attention to this issue and promulgated a series
of policies. For example, the “Guiding Opinions on the Overall Utilization of Abandoned
Cropland to Promote the Development of Agricultural Production” emphasized the im-
portance and urgency of curbing the abandonment of cropland. In addition, it pointed out
that one means of alleviating the abandonment of cropland is by cultivating agricultural
professional service organizations to provide services for migrant workers and farmers
with weak labor ability [19]. This also provides some inspiration for our study.

Much research has been done on the reasons for cropland abandonment. On the one
hand, some studies indicate that rural laborers’ migration to cities is the main factor that
leads to cropland abandonment, such as Xu et al. (2018) [10] and Gao et al. (2020) [20]. In
particular, with the arrival of the Lewis turning point in rural China in 2003, the era of the
unlimited supply of rural labor force has passed [21]. China’s unique household contract
responsibility system, that is, that farmers have only the right to use the land but not the
right to sell, has restricted farmers from selling cropland. In this case, the migrant workers
can only transfer out of their cropland, therefore, the part of the cropland that cannot be
transferred out of, will be abandoned. On the other hand, high agricultural production
costs, such as the high investment costs of agricultural machinery, are also the main factor
leading to cropland abandonment [22]. In addition, the croplands that are located far away
from the villages and towns may be abandoned [23–25]. To sum up, the low agricultural
production capacity, due to the lack of an agricultural labor force and operation equipment,
is the main factor leading to the abandonment of cropland.

In terms of the driving mechanism for reducing cropland abandonment, previous
research mainly explored land transfer [7,26], population aging [27], agricultural coop-
eratives [28], internet use [29], etc. Few studies have focused on the critical factors (i.e.,
agricultural production capacity) in the reduction of cropland abandonment. Agricultural
mechanization services may be an effective way of improving agricultural production
capacity, which is a special form of helping farmers to achieve the mechanized operation of
part or all of the agricultural production links in rural China. It can alleviate rural labor
shortages, reduce agricultural production costs, and improve agricultural mechanization
levels [30–33]. This may effectively reduce cropland abandonment. In particular, harvesting
is the most time-consuming and labor-intensive step in agricultural production (i.e., the
“heaviest” of the agricultural production links) [30,34], which is more likely to lead farmers
to abandon cropland. Therefore, this paper mainly focuses on agricultural machinery
harvesting services (AMHSs).

In summary, the main aim of this paper was to explore whether AMHSs accessed by
farmers can reduce cropland abandonment. To achieve this aim, we used the data of the
Survey for Agriculture and Village Economy (SAVE) in 2019 and 2020 and employed the
extended regression models (ERMs). Precisely, the main questions answered in this study
are as follows: Can AMHSs reduce cropland abandonment in rural China? What is the
heterogeneity in the impact of AMHSs on cropland abandonment?
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Compared with the previous studies, there are mainly three marginal contributions
of our study. First, different to previous quantitative studies, which mainly focus on the
reasons for cropland abandonment, such as Deng et al. (2018) [27], Xu et al. (2018) [10], etc.,
the main aim of our study was to qualitatively explore the factors for reducing cropland
abandonment. Second, we employed the extended regression models (i.e., the extended
probit regression model and the extended interval regression model) to circumvent the
endogenous problems caused by the reverse causality between AMHSs access and cropland
abandonment and the problem of self-selection. Moreover, compared with IV-Probit or
IV-Tobit, this model is suitable for binary endogenous explanatory variables. Third, this
is the first study, to the best of our knowledge, to analyze whether access to AMHSs can
reduce cropland abandonment in rural China.

2. Methods and Data

2.1. Theoretical Framework

In this section, we constructed a theoretical framework to analyze the relationship
between access to AMHSs and cropland abandonment. As rational economic men, farm-
ers maximize their income mainly through the rational allocation of labor and land re-
sources [35]. With the growth of off-farm wages, farmers tend to allocate more labor
resources to the nonagricultural sectors, which will lead to the reduction of labor input in
agricultural production [24,36]. This phenomenon has induced serious cropland abandon-
ment in rural China, that is, most of their cropland has been abandoned due to the lack of a
sufficient labor force to manage it [10,13]. Although land transfers can alleviate the cropland
abandonment to a certain extent, the rural land transfer market is still imperfect and the
land transfer degree is still low [37]. Moreover, most of the migrant workers cannot get
social security in cities, and most of the farmers still have a “land complex”, so they would
rather abandon the cropland than transfer it out [11,38,39]. In addition, the expensive input
of agricultural machinery also prevents farmers from investing in machinery to replace
labor input for agricultural production [40].

The agricultural mechanization services may provide a feasible approach to reducing
cropland abandonment caused by the above dilemmas, especially in AMHSs. Figure 1
shows the theoretical framework for the impact of agricultural mechanization services
access on cropland abandonment.

Figure 1. The figure of theoretical framework.

On the one hand, it can effectively substitute for the labor force in agricultural produc-
tion, even if the land managed by the farmers is small and scattered [31,33]. In this case,
the impact of labor migration on cropland abandonment will be weakened. In addition,
with the increase in nonagricultural wages and income, the relative costs of agricultural
labor input are high, which makes farmers reduce labor input in agricultural production.
Previous studies proved that the cost of agricultural mechanization services is relatively
lower than that of agricultural labor input, especially in the labor-intensive production
links (such as the harvesting links) [41,42]. This will prevent farmers from abandoning
their cropland due to high labor input costs in agricultural production.
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On the other hand, purchasing agricultural machinery is expensive for most farmers,
especially for the low-income level groups [43], which leads farmers to give up their crop-
land and leave agricultural production, due to a lack of agricultural machinery. Moreover,
there are high technical barriers for most farmers to use agricultural machinery [44]. There-
fore, farmers’ access to agricultural mechanization services may be a better way to carry
out agricultural production, which can alleviate the impact of the low level of agricultural
mechanization on cropland abandonment. To sum up, agricultural mechanization services
(mainly AMHSs in this study) may reduce cropland abandonment, which still needs to be
tested by subsequent empirical analysis.

Accordingly, we mainly propose the following two hypotheses:

Hypothesis 1. AMHSs accessed by farmers can reduce cropland abandonment in rural China.

Hypothesis 2. AMHSs can effectively alleviate the impact of labor migration on cropland abandonment.

2.2. Study Methods

The extended regression models (ERMs) were employed in this study to evaluate
the impact of AMHSs accessed by farmers on cropland abandonment. On the one hand,
one dependent variable is binary (i.e., whether farmers abandon cropland), and another
dependent variable (the proportion of the area of abandoned cropland in farmers’ con-
tracted cropland area) is a truncated variable in this study. On the other hand, the key
variable, whether farmers access AMHSs, is a binary that may have a reverse causality with
the dependent variables. In addition, the AMHSs accessed by farmers is a self-selection
process, which will produce selection bias due to unobserved factors of farmers (such as
agricultural management ability and the ability to accept new things). This can lead to
endogeneity problems that make the estimated results biased. In this context, previous
studies mainly adopted the IV-Probit and IV-Tobit model for a binary dependent variable
and a truncated dependent variable, respectively. The above models only fit continuous
endogenous covariables [45], while the key endogenous variable (i.e., whether farmers
access AMHSs) is binary in our study. Therefore, we adopted the extended regression
models (ERMs), which can fit the binary endogenous covariables. In particular, we adopted
an extended probit regression for the binary dependent variable and an extended interval
regression for the truncated dependent variable. These two benchmark models are given as:

LAi = α0 + α1 AMHSi + α2Xi + α3Year + α4Region + μi (1)

LAip = β0 + β1 AMHSi + β2Xi + β3Year + β4Region + μi (2)

where LAi and LAip represent whether farmers i abandon cropland and the proportion of
the area of abandoned cropland in the contracted cropland area of farmers i, respectively;
AMHSi represents whether farmers i access AMHSs; Xi are the vectors of other control
variables; Year and Region represent dummy variables of year and provinces, respectively;
α0–α4 and β0–β4 are the vectors of the parameters; and μi and μi are the error terms.

This study also introduced an instrumental variable to circumvent the endogeneity
problem. Following Kung (2002) [46] and Deng et al. (2018) [7] etc., this study selected
the percentage of other farmers in the same village who access AMHSs as an instrumental
variable. On the one hand, this instrumental variable, related to endogenous covariables, is
satisfied, that is, the percentage of the other farmers in the same village who access AMHSs
directly affects the probability that the focal farmer accesses AMHSs. On the other hand, it
should not be related to the dependent variables, i.e., the percentage of other farmers in
the same village who access AMHSs does not directly affect the focal farmer’s abandoned
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cropland. Thus, this instrumental variable is reasonable for our study. The instrumental
variable is calculated as follows:

IV_AHMSnil = (
j

∑
i �=il

AHMSi)/(j − 1) (3)

where IV_AHMSnil represents the probability of access to AMHSs by other farmers in the
village n except for farmers il ; j represents the number of samples surveyed in village n.

2.3. Data Source

This study used micro-level data from the 2019 and 2020 Survey for Agriculture and
Village Economy (SAVE) [47,48]. This survey is launched and conducted annually by the
Institute of Agricultural Economics and Development (IAED) at the Chinese Academy
of Agricultural Sciences (CAAS). It covers 37 counties, 65 towns, and 292 villages in
12 provinces of Hebei, Jilin, Heilongjiang, Zhejiang, Anhui, Fujian, Henan, Hunan, Sichuan,
Yunnan, Shaanxi, and Xinjiang (Figure 2). Moreover, it also includes surveys of rural
households and villages, which provide abundant information about the rural households,
household income, land use, villages, etc.

Figure 2. The geographical location of the study areas.

To accurately analyze the relationship between AMHSs’ access and cropland abandon-
ment, this study processed the data as follows: (1) The national fixed base Consumer Price
Index (CPI, 2012 = 100) was used to process income-related variables to eliminate the impact
of inflation; (2) This study mainly focused on the impact of the AMHSs accessed by the
cropland actual operators on the abandonment of cropland, so the samples with zero actual
cropland area are deleted. Finally, 8345 samples were used in this study, which includes
4518 samples from 2019 and 3827 samples from 2020. As mentioned above, unbalanced
panel data were used in this study.

2.4. Definition of the Model Variables

This study focuses on the impacts of AMHSs accessed by farmers on cropland aban-
donment in rural China. To achieve this goal, we defined the dependent variables, key
variables, and other control variables, as follows.
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Following Xu et al. (2018) [10], Deng et al. (2018) [27], this study defined cropland
abandonment through the behavior and degree of abandoned cropland as dependent
variables. Namely, the behavior of abandoned cropland refers to whether farmers aban-
doned cropland. The degree of abandoned cropland refers to the proportion of the area of
abandoned cropland in farmers’ contracted cropland area. The key variable was defined
by the AMHSs accessed by farmers, i.e., whether farmers accessed AMHSs in agricultural
production. The theoretical analysis above shows that labor migration is the main reason
for cropland abandonment, so this study also defined the proportion of nonagricultural
income in total income as a key variable. In addition, this study also defined other control
variables that may affect the dependent variables. According to the previous research
related to the driving mechanisms of cropland abandonment (e.g., Wang et al. (2022) [26],
Ma et al. (2020) [28]), this study defined the control variables as the characteristics of
the household head (e.g., gender, age, years of education, village cadre status, multiple
occupations, and internet access with mobile phone), the household (i.e., the proportion
of children, the proportion of seniors, and access to credit), the agricultural production
(i.e., the area of cropland, the number of land blocks, agricultural machinery ownership,
transfers of land out, purchase of agricultural production insurance, and participation in a
cooperative), and the village characteristics (i.e., the disputes relating to contracted land,
location). In addition, dummy variables for the year and provinces were also included in
this study.

3. Results and Analysis

3.1. Descriptive Statistics Analysis

The descriptive statistics analysis results are given in Table 1. For cropland abandon-
ment, a total of 14.58 percent of farmers chose to abandon their cropland, and the average
proportion of the area of abandoned cropland in farmers’ contracted cropland area was
8.46 percent. These results were in accordance with China’s actual situation, that most
farmers do not abandon their cropland [7,26]. The average proportion of farmers who
accessed AMHSs was 29.81 percent. For the characteristics of the household head, most
of the household heads were male, the average age was 54.10, and the average years of
education were 7.58. The proportion of household heads who were village cadre was
12.13 percent, who engaged in multiple occupations was 35.18 percent, and who accessed
the internet with a mobile phone was 42.62 percent. For the characteristics of the house-
hold, the average proportion of children and seniors was 11.91 percent and 13.69 percent,
respectively. A total of 13.11 percent of households had accessed credit. The proportion
of nonagricultural income in the total household income was 60.26 percent, which also
suggested that nonagricultural income has become an important part of farmers’ income,
with the rapid urbanization and industrialization. For the characteristics of agricultural
production, the average area of cropland was 1.14 hectares and the average number of
land blocks was 4.59. A total of 43.12 percent of households owned agricultural machinery,
47.69 percent of households transferred land out, 30.90 percent of households had pur-
chased agricultural production insurance, and 11.37 percent of households participated in
a cooperative. For the characteristics of villages, 36.83 percent of the villages had disputes
relating to contracted land, and 13.16 percent of the villages were now located in the town.
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Table 1. Descriptive statistics analysis results.

Variables Description Mean SD

Cropland abandonment Whether farmers abandoned cropland
(1 = Yes; 0 = No) 0.15 0.35

The proportion of cropland abandonment The proportion of the area of abandoned cropland in farmers’
contracted cropland area (%) 8.46 25.41

AMHSs access Whether household accesses AMHSs
(1 = Yes; 0 = No) 0.30 0.46

Gender Gender of household head (1 = Male; 0 = Female) 0.94 0.24
Age Age of household head (Years) 54.10 10.31

Education Years of education of household head (Years) 7.58 3.03

Village cadre status Whether the household head is a village cadre
(1 = Yes; 0 = No) 0.12 0.33

Multiple occupations Whether household head engaged in multiple occupations
(1 = Yes; 0 = No) 0.35 0.48

Internet access Whether household head accesses the internet with mobile phone
(1 = Yes; 0 = No) 0.43 0.49

Proportion of children The proportion of children under the age of 14 (%) 11.91 16.13
Proportion of seniors The proportion of seniors over the age of 65 (%) 13.69 25.82

Access to credit Whether household has access to credit
(1 = Yes; 0 = No) 0.13 0.34

Proportion of nonagricultural income The proportion of nonagricultural income in the total household
income (%) 60.26 36.12

Area of cropland Area of cropland of household management (ha) 1.14 1.92
Land blocks Number of land blocks 4.59 4.29

Agricultural machinery ownership Whether household owns agricultural machinery
(1 = Yes; 0 = No) 0.43 0.50

Transfers of land out Whether household transfers land out
(1 = Yes; 0 = No) 0.48 0.50

Agricultural production insurance Whether household purchases agricultural production insurance
(1 = Yes; 0 = No) 0.31 0.46

Cooperative participation Whether household participates in a cooperative
(1 = Yes; 0 = No) 0.11 0.32

Contracted land dispute Whether contracted land disputes occur in the village
(1 = Yes; 0 = No) 0.37 0.48

Village location Whether the village is located in the town
(1 = Yes; 0 = No) 0.13 0.34

Observations 8345

3.2. The Impacts of AMHSs Access on Cropland Abandonment

We employed an extended probit regression and an extended interval regression to
empirically analyze the impacts of AMHSs access on the behavior and degree of cropland
abandonment. The identification strategy of adding control variables step by step was
used in these models, where the first regression only controlled the dummy variables of
year and provinces, and the second regression added other control variables based on
the first regression. The results are shown in Table 2; Model 1 and Model 2 show the
extended probit regression model estimation results for whether farmers abandoned their
cropland; and Model 3 and Model 4 show extended interval regression model estimation
results for the proportion of cropland abandoned by farmers. According to these models,
the results of the endogenous test (i.e., H0: endogenous variables are independent of
the dependent variables) are all significant at the level of 5%, which indicates that the
endogenous variables are related to the dependent variables, and it is appropriate to add
the instrumental variable to these models. The results of AMHSs access significantly reduce
the cropland abandonment, and Hypothesis 1 was verified. This is in accordance with
Deng et al. (2018) [7], who indicated that agricultural mechanization services can alleviate
the abandonment of cropland. Based on this, the interpretation of the model results is
mainly based on Model 2 and Model 4.
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Table 2. The estimation results of cropland abandonment.

Variables
Cropland Abandonment The Proportion of Cropland Abandonment

Model 1 Model 2 Model 3 Model 4

AMHSs access
−0.202 *** −0.185 ** −0.244 ** −0.203 *

(0.068) (0.073) (0.109) (0.115)

Gender
0.103 0.138

(0.077) (0.119)

Age 0.002 0.001
(0.002) (0.003)

Education
−0.017 *** −0.022 **

(0.007) (0.010)

Village cadre status −0.070 −0.103
(0.057) (0.088)

Multiple occupations 0.015 −0.028
(0.040) (0.062)

Internet access
0.161 *** 0.262 ***
(0.039) (0.061)

Proportion of children 0.132 0.186
(0.117) (0.180)

Proportion of seniors −0.136 −0.255 *
(0.084) (0.130)

Access to credit
0.021 0.007

(0.057) (0.089)

Proportion of nonagricultural income 0.111 * 0.231 **
(0.063) (0.097)

Area of cropland −0.054 *** −0.114 ***
(0.016) (0.027)

Land blocks
0.026 *** 0.039 ***
(0.005) (0.007)

Agricultural machinery ownership 0.025 −0.022
(0.043) (0.065)

Transfers of land out
0.195 *** 0.088
(0.038) (0.059)

Agricultural production insurance −0.019 −0.034
(0.043) (0.067)

Cooperative participation −0.014 −0.060
(0.060) (0.093)

Contracted land dispute 0.011 0.108 *
(0.040) (0.061)

Village location 0.219 *** 0.497 ***
(0.053) (0.082)

Year dummy Yes Yes Yes Yes
Province dummies Yes Yes Yes Yes

Constant
−1.829 *** −2.063 *** −2.963 *** −3.078 ***

(0.096) (0.193) (0.183) (0.316)
Instrumental variable Yes Yes Yes Yes

Endogenous test 0.143 *** 0.143 *** 0.107 ** 0.104 **
(0.047) (0.050) (0.047) (0.050)

Wald χ2 523.02 *** 613.00 *** 363.88 *** 405.97 ***
Observations 8345 8345 8345 8345

*** p < 0.01, ** p < 0.05 and * p < 0.1.

As shown in Model 2, the AMHSs accessed by farmers reduced the cropland aban-
donment at the 5% statistical significance level and the probability of farmers reducing
cropland abandonment was 18.5%. In terms of the impact of other control variables on
farmers’ cropland abandonment, the years of education of household heads significantly
reduced the abandonment of cropland. The household heads’ access to the internet with a
mobile phone can significantly increase cropland abandonment, because it can promote
farmers participation in off-farm work through convenient access to employment informa-
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tion [20,49,50]. Moreover, the proportion of nonagricultural income in the total household
income also has a significant and positive impact on cropland abandonment, which also
proved that off-farm employment is a major factor leading to cropland abandonment [10].
In addition, the land status, such as the area of cropland, the number of land blocks, and the
land transfers, is also an important determinant of cropland abandonment. Specially, the
larger the area of cropland managed by farmers, the lower the probability of abandoning
their cropland. This is consistent with Yan et al. (2016) [51], who suggested that expanding
the scale of cropland management is an effective way of reducing the abandonment of
cropland. However, the number of the land blocks has significantly increased the cropland
abandonment. Zhang et al. (2014) [25] also proved that much-fragmented cropland has
been abandoned in rural China. Farmers’ transfers of land out also significantly increased
the probability of cropland abandonment. In terms of the characteristics of the village,
farmers tended to abandon their cropland when their village was now located in the town,
which also proved that the process of urbanization has accelerated the abandonment of
cropland [52].

As shown in Model 4, the AMHSs accessed by farmers significantly reduced the
proportion of the area of abandoned cropland in farmers’ contracted cropland area, and
farmers’ access to AMHSs can reduce the proportion of cropland abandonment by 20.3%.
This study will not detail all of the regression results here to save space. It is worth
noting that the proportion of seniors has a significant and negative impact on cropland
abandonment. This is in line with Deng et al. (2018) [27], who indicated that elderly farmers
help curb cropland abandonment. Many migrant workers do not want to give up their
rural land use rights to maintain social security and benefits [38,53], so they may give
the cropland to the elderly farmers in the household for management. In addition, the
villages with disputes relating to contracted land significantly increased the proportion of
abandoned cropland, which also suggested the importance of stable use rights of cropland.

3.3. Robustness Check

In this section, we tested the robustness of the estimation results. First, following Xu
et al. (2018) [10], we used a Probit model and a Tobit model to test the robustness of the
results estimated by an extended probit regression and an extended interval regression,
respectively. As shown in Table 3, AMHSs access reduced cropland abandonment in both
the Probit and Tobit models but the results were not significant. This indicates that estima-
tion results are biased in the above two models, due to ignoring the endogenous problems.
Second, we also compared the results estimated by the IV-Probit model and the IV-Tobit
model. The results are given in Table 3; the exogenous Wald test values are both signifi-
cantly non-zero at the 5% statistical level, rejecting the hypothesis that all of the explanatory
variables are exogenous. Moreover, the access to AMHSs has significantly reduced the
cropland abandonment in the above two models, while the coefficients estimated by the
IV-Probit model were bigger than the extended probit regression model and estimated by
the IV-Tobit model were smaller than the extended interval regression model.

In addition, we also compared the results estimated by different key variables to test
the robustness [29]. Our study selected the variable of whether farmers’ access to the
machinery plowing, sowing, and harvesting services (i.e., comprehensive mechanized
services (CMSs)) to approximately replace the original key variable. In particular, ma-
chinery plowing, sowing, and harvesting are the main links of agricultural production.
The farmers’ access to the above three links of services can represent their agricultural
production capacity. Moreover, AMHSs are an important part of CMSs. As shown in
Table 3, the results of the endogenous test are both significant at the level of 1%, which also
proved that the endogenous variables are related to the dependent variables. CMSs’ access
significantly reduced the probability of cropland abandonment and the proportion of the
area of abandoned cropland in farmers’ contracted cropland area.
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Table 3. Robustness check models estimation results.

Variables

Cropland Abandonment The Proportion of Cropland Abandonment

Probit Model
IV-Probit

Model
Different Key

Variable a Tobit Model
IV-Tobit
Model

Different Key

Variable b

AMHSs access −0.014 −0.199 ** - −0.005 −0.132 * -
(0.043) (0.078) - (0.040) (0.072) -

CMSs access - - −0.381 *** - - −0.423 ***
- - (0.083) - - (0.132)

Control variables Yes Yes Yes Yes Yes Yes
Year dummy Yes Yes Yes Yes Yes Yes

Province dummies Yes Yes Yes Yes Yes Yes

Constant −2.099 *** −2.060 *** −1.995 *** −1.878 *** −1.858 *** −3.015 ***
(0.193) (0.193) (0.193) (0.185) (0.185) (0.316)

Instrumental variable No Yes Yes No Yes Yes
Wald test of exogeneity - 8.14 *** - - 4.48 ** -

Endogenous test - - 0.274 *** - - 0.210 ***
Observations 8345 8345 8345 8345 8345 8345

*** p < 0.01, ** p < 0.05 and * p < 0.1; a the results estimated by the extended probit regression model; b the results
estimated by the extended interval regression model.

In summary, the above results confirmed that the results estimated by the extended
probit regression model and the extended interval regression model are robust. In addi-
tion, this also proved that the IV-Probit model and IV-Tobit model cannot fit the binary
endogenous covariables well.

3.4. Heterogeneity Analysis

According to the results of Table 2, the control variables of the area of cropland under
household management, the proportion of seniors, and the proportion of nonagricultural
income all have a significant impact on cropland abandonment. Thus, this study further
analyzed the heterogeneity of the impact of AMHSs access on cropland abandonment
across different scales of cropland managed by farmers, the household composition (i.e.,
whether this was a household with seniors), and nonagricultural income (i.e., with and
without nonagricultural income). Furthermore, we also analyzed the heterogeneity across
different regions (i.e., the eastern region includes the provinces of Hebei, Zhejiang, and
Fujian, the central region includes the provinces of Jilin, Heilongjiang, Anhui, Henan, and
Hunan, and the western region includes the provinces of Sichuan, Yunan, Shaanxi, and
Xinjiang). To save space, this study only listed the results of the impact of AMHSs access
on whether farmers abandon their cropland. The results are shown in Table 4.

For the different cropland scales, AMHSs accessed by farmers significantly reduced
cropland abandonment only in small-scale groups, and the impacts were higher than the
full sample. This may be because the ability of small-scale farmers to manage cropland is
weaker and the relative costs of cropland abandonment are smaller than those of medium-
and large-scale farmers. For the household composition groups, a group of households
without seniors gaining access to AMHSs significantly reduced the cropland abandonment,
and the impacts were higher than the full sample. However, there were no significant
impacts in the group of households with seniors. The above results also proved that
those households with seniors were less likely to abandon their cropland, as the elderly
in the households can manage the cropland [54]. For nonagricultural income, the AMHSs
accessed by farmers significantly reduced cropland abandonment only in those households
with nonagricultural income. These results verified Hypothesis 2, that is, that AMHSs can
effectively alleviate the impact of labor migration on cropland abandonment. In addition,
for different regions, the AMHSs accessed by farmers significantly reduced cropland
abandonment only in the eastern region, with a higher level of economic development
and more nonagricultural employment opportunities. This is consistent with Deng et al.
(2018) [7], that is, the regions with a higher nonagricultural employment rate have more
abandoned cropland.
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Table 4. Heterogeneity analysis results.

Variables

Different Cropland Scale Groups
Household

Composition
Nonagricultural

Income
Different Region

Small-
Scale

Medium-
Scale

Large-
Scale

With
Seniors

Without
Seniors

With
Nonagri-
cultural
Income

Without
Nonagri-
cultural
Income

Eastern Central Western

−0.670 *** −0.170 0.121 0.009 −0.264 *** −0.192 ** −0.091 −0.525 *** −0.058 −0.227
AMHSs
access (0.135) (0.132) (0.147) (0.149) (0.086) (0.077) (0.287) (0.174) (0.101) (0.168)

Control
variables Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Year
dummy Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Province
dummies Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Constant −5.995 −3.115 *** −1.452 *** −1.629 *** −2.232 *** −2.086 *** −1.695 ** −1.869 *** −1.907 *** −1.878 ***
(296.596) (0.446) (0.350) (0.378) (0.238) (0.204) (0.738) (0.496) (0.304) (0.279)

Instrumental
variable Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Endogenous
test

0.380 *** 0.201 ** −0.043 0.022 0.190 *** 0.137 *** 0.148 0.264 ** 0.083 0.165
(0.084) (0.094) (0.092) (0.101) (0.058) (0.053) (0.185) (0.114) (0.070) (0.105)

Wald χ2 323.30 *** 245.40 *** 206.50 *** 178.03 *** 473.53 *** 547.13 *** 52.87 *** 72.84 *** 312.43 *** 341.16 ***
Observations 2946 2702 2697 2628 5717 7345 1000 1496 3630 3219

*** p < 0.01, ** p < 0.05.

In addition, this study further analyzed the heterogeneity of household composition
and nonagricultural income (i.e., with groups with nonagricultural income and containing
seniors, with groups with nonagricultural income but without seniors). The results are
shown in Table A1 (Appendix A), the AMHSs accessed by farmers significantly reduced
cropland abandonment only in those groups of households with nonagricultural income
but without seniors. This also proved that the rural elderly labor force can curb the impact
of labor migration on cropland abandonment to a certain extent.

4. Discussion

Prior studies have proved that labor migration and high agricultural production costs
are the main factors causing the abandonment of cropland [10,22]. Based on these factors
and the actual situation of China’s agricultural production, this study mainly focuses on
the problem of whether AMHSs accessed by farmers can reduce cropland abandonment.
We used the data from 8345 samples collected by the Survey for Agriculture and Village
Economy in 2019 and 2020, and employed the extended probit regression model and the
extended interval regression model to empirically analyze the relationship between AMHSs
access and cropland abandonment. Our results revealed that AMHSs accessed by farmers
can significantly reduce cropland abandonment in rural China. The research results can
provide a theoretical reference for the government to promote agricultural mechanization
services and reduce cropland abandonment.

Interestingly, the heterogeneity analysis results of our study showed that AMHSs
accessed by farmers significantly reduced cropland abandonment in small-scale groups,
groups of households without seniors, groups of households with nonagricultural income,
those located in the eastern region, and groups of households with nonagricultural income
but without seniors. On the one hand, household management by smallholders (small-
holder refers to those who operate cropland area that is less than 3.33 hectares) is still
the main form of agricultural management in China, and accounts for more than 98.00%
of the total number of farmers [55]. They may not purchase agricultural machinery for
agricultural production due to the small management scale, fragmented cropland, and high
fixed costs of the agricultural machinery. In this case, the low level of agricultural mecha-
nization, imperfect land transfer market, and high nonagricultural wages will make them
more inclined to abandon their cropland, while accessing AMHSs can effectively reduce
cropland abandonment. This finding is consistent with the Chinese government’s policy
aimed at promoting modern agricultural practices to small farmers through developing the
agricultural mechanization services market. On the other hand, population aging is a social
phenomenon faced by all countries in the world, including China with 13.50 percent elderly
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people [56]. However, the surplus elderly labor force can still manage the cropland when
the young and middle-aged labor force participate in non-agricultural work [26,54]. This
undoubtedly proves that the elderly labor force may be an important resource to manage
the cropland, which will reduce the cropland abandonment caused by labor migration.
However, if the elderly labor force lacks farm successors, future land use issues should be a
concern for scholars and governments, which may threaten food security and sustainable
agriculture [57]. There are regional differences in the impacts of AMHSs access on cropland
abandonment, which mainly has a significant impact on the eastern region. In addition,
this study also proved that AMHSs access can alleviate the impact of labor migration on
cropland abandonment.

This study provides some policy implications to reduce cropland abandonment. Our
results show that AMHSs accessed by farmers can reduce cropland abandonment, which
implies that policymakers should actively promote the development of agricultural mecha-
nization services and build a perfect services market, especially for labor-intensive services
(e.g., AMHSs). In addition, heterogeneity analysis showed that AMHSs have a more sig-
nificant impact on reducing the abandonment of cropland by small-scale farmers, which
also implies they may be the main group engaged in cropland abandonment in rural China.
Thus, policymakers should strengthen the agricultural production support policies for
small-scale farmers, such as subsidies for the use of agricultural mechanization services.
This will help to realize the organic connection between small farmers and modern agri-
culture practice. Although elderly farmers can alleviate the cropland abandonment to
some extent, the government should focus on farm successors in the future and contin-
uously optimize the mode of agricultural mechanization services to better help farmers
manage cropland.

This study mainly has two limitations as follows:

(1) This study only analyzed the impacts of AMHSs on cropland abandonment, while
the impact of other services (such as agricultural machinery plowing, sowing, and
irrigation services) was not analyzed. Although the AMHSs represent one of the
“heaviest” agricultural production links. Thus, future research is required to explore
the impact of other services on cropland abandonment, so as to provide a more
comprehensive reference for the developing agricultural mechanization services and
reducing cropland abandonment;

(2) Given the limitations of the paper length and questionnaire design, the potential chan-
nels (e.g., land transfer) of the impacts of AMHSs access on cropland abandonment
have not been explored. Although we found that AMHSs can effectively alleviate the
impact of labor migration on cropland abandonment, we still need to explore other
channels in future research. In this case, we can provide more evidence on how to
reduce cropland abandonment in rural China.

5. Conclusions

Based on the above analysis, the major conclusions are as follows:

(1) AMHSs accessed by farmers significantly reduced the probability of cropland aban-
donment by 18.5%;

(2) AMHSs accessed by farmers significantly reduced the proportion of the area of
abandoned cropland in farmers’ contracted cropland area by 20.3%;

(3) Heterogeneity analysis results showed that farmers’ access to AMHSs significantly
reduces cropland abandonment in small-scale groups, groups without elderly house-
holds, with nonagricultural income groups, in the eastern region, and in groups with
nonagricultural income but without seniors.

In conclusion, our study confirms that AMHSs accessed by farmers can reduce crop-
land abandonment in rural China, which is also beneficial to ending hunger, achieving
food security, and promoting sustainable agriculture.
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Appendix A

Table A1. Heterogeneity analysis results.

Variables
Household Composition and Nonagricultural Income

With Nonagricultural Income and Seniors With Nonagricultural Income but without Seniors

AMHSs access
−0.060 −0.250 ***
(0.158) (0.091)

Control variables Yes Yes
Year dummy Yes Yes

Province dummies Yes Yes

Constant
−1.956 *** −2.318 ***

(0.481) (0.249)
Instrumental variable Yes Yes

Endogenous test 0.033 0.177 ***
(0.109) (0.062)

Wald χ2 172.70 *** 421.71 ***
Observations 2345 5000

*** p < 0.01.
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Abstract: Climate change is severely disrupting ecosystem services and crop productivity, resulting
in lower crop growth and yields. Studies have emphasized the importance of assessing conservation
practices through crop modelling to improve cropland productivity. There is a lack of accurate
information in the performance of conservation practices as well as data for improved crop modelling.
No-tillage sorghum–cowpea intercrop experiments were established to assess the productivity of
four sorghum cultivars and cowpea at two densities of 37,037 and 74,074 per plants and generate
data for improved crop modelling. The leaf area index (LAI) varied in sorghum cultivars and cowpea
densities during the two growing seasons. Cultivars Enforcer and NS5511 produced the highest
grain yields of 4338 kg per ha and 2120 kg per ha, respectively, at Syferkuil. Ofcolaco’s Enforcer and
Avenger were the highest yielding cultivars at Ofcolaco, with mean yields of 2625 kg per ha and
1191 kg per ha, respectively. At Syferkuil, cowpea yield was 93% and 77% more in sole compared to
binary cultures during the growing seasons at Syferkuil. At Ofcolaco, sole yielded approximately
96% more grain than binary. The findings confirm that for the sorghum–cowpea intercrop to improve
overall system productivity, cowpea density should be increased.

Keywords: climate-smart agriculture; grain yield; yield components; intercropping system; land
equivalent ratio

1. Introduction

Grain sorghum and cowpea are two of the most important grain crops grown in
South Africa, particularly in Limpopo Province, where they are staple foods for many
subsistence farmers [1]. When conditions are favourable, smallholder farmers can produce
up to 20,000 tons per ha of grain sorghum [2]. Cowpeas are also grown in the province
for domestic consumption, with the excess sold at the local market to generate revenue.
Temperature extremes and precipitation fluctuations have long hampered grain sorghum
production in Southern Africa [3,4]. Furthermore, anthropogenic activities such as con-
ventional agriculture, overuse of chemical fertilizers, and continuous cultivation of the
same crop on the same plot of land have contributed approximately 12% of the greenhouse
gases emitted into the atmosphere globally [5,6]. These practices’ negative impact has also
contributed to severe land degradation [7,8].

Agriculture must become more productive and diverse to cope with climate change
and increased natural resource constraints [9]. Producing more food with fewer resources
while preserving and improving farmers’ livelihoods is a global challenge. Adopting
climate-smart agricultural practices such as intercropping, and conservation tillage can
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boost crop productivity and alleviate food insecurity in many Limpopo province areas [10].
Intercropping is defined as the simultaneous cultivation of two crops on the same plot of
land [11], whereas a no-tillage system is the practice of preparing the soil with minimal soil
disturbance [12]. The two systems are widely used around the world due to their efficient
use of resources such as land and water, as well as their ability to improve soil fertility and
crop intensification. Intercropping system combined with no-tillage system have proved to
improve the crop productivity through soil moisture conservation [13].

The most common system used in South Africa is maize-legume intercropping. How-
ever, with average maize production threatened by climate change, sorghum has been
projected to be one of the most viable substitute crops due to its ability to withstand the
harsh conditions in South Africa. As a result, sustainable grain sorghum management and
crop use as a maize substitute can secure food for the general populace while mitigating
climate change scenarios [14]. Intercropping grain sorghum with cowpea improves soil
fertility due to nitrogen fixation by the legume crop. Crop models can be used to assess the
productivity of traditional agronomic practices such as intercropping systems in a changing
climate. However, in South Africa, the availability of data required to run crop model
simulations remains a challenge [15]. The main goal was to evaluate the productivity of
four sorghum cultivars (Avenger, Enforcer, Titan, and NS5511) intercropped with cowpea
(betch witch) under two cowpea densities and to generate data that can aid in climate-smart
practices and crop model analysis.

2. Materials and Methods

2.1. Experimental Sites

A field experiment was carried out in two distinct agro-ecological regions of Limpopo
province during the 2018–19 and 2020–21 cropping seasons. The first location was the
University of Limpopo Experimental Farm in Syferkuil, which was located at 23◦50′02.7′′ S
and 29◦41′25.5′′ E. The area receives 350 to 500 mm of rainfall per year, with average
maximum and minimum temperatures of 15 ◦C and 30 ◦C, respectively. The second
location was Itemeleng Ba-Makhutjwa Primary Cooperative at Farmers Field at Ofcolaco,
which was located at 24◦06′38.3′′ S and 30◦23′11.8′′ E near Tzaneen. Ofcolaco receives
approximately 650 to 700 mm of rainfall per year, with an average maximum and minimum
temperatures of 18 ◦C and 35 ◦C, respectively. The two locations also have different soil
types: sandy-clay at Syferkuil and clay-loam at Ofcolaco [16]. The experimental sites were
both previously used to plant soybeans, followed by two years of fallow under no-till
dryland conditions.

2.2. Weather Conditions

Two automatic weather stations near or at the experimental sites were used to provide
daily weather data. At the University of Limpopo experimental farm (Syferkuil), the
weather station was located at the farm whereas, at Ofcolaco, a rain gauge placed at the site
and an automatic weather station situated 27.9 km from the experimental site were used to
access daily weather data during the period of experimentation.

2.3. Soil Samples

Soil samples were collected before planting at the depth of 0–30 cm and 30–60 cm
using a random sampling method at the two experimental sites. A total of four composite
samples per sampling depth from each location, representing the experimental blocks was
collected and analysed in the laboratory for chemical and physical properties (Table 1). The
samples were sieved to pass through a 2 mm sieve and analysed for chemical properties.
Phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), manganese (Mn)
and copper (Cu) were following the procedure of Mehlich-III multi-nutrient extraction
method. Soil pH was determined in potassium chloride (KCl) [17], soil bulk density using
a metal ring at each soil depth following the procedure of [18]. Available mineral nitrogen
(N) was determined using the colorimetric method for ammonium and nitrate. The bray
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method was used to determine available phosphorus (P), cation exchange capacity (CEC)
following the procedure of [19]. Walkley and Black method were used to determine organic
carbon (org. C). Soil particle size was determined using the hydrometre method [20]. Before
planting, Syferkuil soil had higher K, Ca and Mg macronutrients and low Phosphorus P
compared to the soil from Ofcolaco. However, Ofcolaco soil had higher micronutrients
Zn, Mn and Cu compared to Syferkuil soil. The results further indicated that soil from
Ofcolaco has high organic carbon of 1.38% compared to Syferkuil which had about 0.6%
organic carbon.

Table 1. Pre-planting soil chemical and physical properties from Syferkuil and Ofcolaco in the
two seasons.

Soil Properties Syferkuil Ofcolaco

2018/19 2020/21 2018/19 2020/21

P (mg/kg) 22.00 26.89 53.75 29.3
K (mg/kg) 433.00 276.36 234.00 158.99
Ca (mg/kg) 1119.75 1059.61 917.25 742.73
Mg (mg/kg) 558.50 592.455 152.25 156.54

Exch. Acidity (cmol/kg) 0.03 0.02 0.04 0.03
Total cations (cmol/kg) 11.32 14.35 6.47 6.65

Acid sat. (%) 0.00 0.00 0.75 0.66
pH (KCL) 6.35 - 6.06 -

Zn (mg/kg) 1.48 2.77 5.48 7.75
Mn (mg/kg) 17.50 13.64 48.25 37.98
Cu (mg/kg) 4.08 2.89 5.13 4.48
org. C (%) 0.60 0.63 1.38 1.37

N (%) 0.05 0.07 0.05 0.06
Clay (%) 30.00 - 23.25 -

Fine silt (%) 7.50 - 8.25 -
Coarse silt and sand (%) 65.50 - 72.25 -

Texture class Sandy clay loam - Clay loam -

2.4. Experimental Design and Management

Prior to planting, the land at both locations was prepared by first reducing the size of
weeds using a motorised slasher, followed by the application of Roundup, a non-selective,
systematic, broad-spectrum glyphosate-based post-emergence herbicide one month after
slashing. A 250 mL volume of Roundup was used in 10 L of water. The trial was planted
10 days after herbicide application as randomised complete block design (RCBD) in a
factorial arrangement with four blocks (replications) under a no-tillage condition. The
experimental treatments comprised four grain sorghum cultivars namely Avenger, Enforcer,
Titan and NS5511 and two cowpea (var. Betch Witch) densities. Sorghum and cowpea
were planted in both sole and binary cultures. Grain sorghum density was maintained at
37,037 plants per ha for each cultivar. Each experimental unit was 3.0 m × 3.6 m consisting
of four rows of sorghum and four rows of cowpea in the intercropped treatment. The net
plot size was 604.8 square metres at each experimental site. For grain sorghum, seeds were
planted at inter- and intra-row spacings of 0.9 m and 0.3 m, respectively. Cowpea was
planted at an inter-row spacing of 0.9 m and intra-row spacings of 0.3 and 0.15 m to obtain
treatment densities of 37,037 and 74,074 plants per ha, respectively. The spacing between
sorghum and cowpea in the intercropped treatment was thus 0.45 m. The trials were
planted on the 17 January 2019 and 20 November 2020 at Syferkuil, whereas at Ofcolaco,
the planting dates were 23 March 2019 and 21 November 2020. Each experimental unit
received phosphorus in a form of superphosphate (10.5% P) at 20 kg P per ha, based on
preplant soil fertility analysis. Nitrogen was applied as Limestone Ammonium Nitrate
(LAN) (28% N) at a rate of 100 kg N per ha in a split application of 50 kg N per ha
each at planting and knee height of grain sorghum. All fertilisers were banded along the
row. Standard crop management practices including thinning, weeding, and pest control
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for both crops were monitored and addressed when necessary throughout the cropping
season. Aphids and stalk borer infestation in cowpea and grain sorghum were controlled
using Cypermethrin 200 cm. Hundred and twenty (120) mL of Cypermethrin was diluted
with 64 L of water. The damage due to bird attack on sorghum grains from flowering
to physiological maturity was prevented by covering sorghum heads using a protective
translucent nylon mesh net at the onset of the milk stage.

2.5. Data Collection

Leaf Area Index (LAI) data was collected from two weeks after emergence per ex-
perimental unit and continued every two weeks until physiological maturity. The data
were collected using AccuPAR LAI Ceptometre LP-80 (Decagon Devices, Inc., Pullman,
WA, USA) on middle rows of binary and sole cultures of grain sorghum and cowpea
between 10:00 a.m. and 1:00 p.m. LAI on individual fully expanded flag leaves of three
plants within an experimental unit was measured at 3 min interval. In the 2020/21 cropping
season, cowpea at Ofcolaco failed to produce grain. Hence, only the grain yield of the
2018/19 cropping season from Ofcolaco is presented in this paper. At harvesting, 10 plants
with their heads were sampled from two middle rows within an area of 2.7 square metres
to determine biomass and grain yield. All cowpea plants from a 2.7-square-metre area were
harvested with pods to determine grain yield and biomass. Cowpea leaves that dropped to
the ground were retrieved on a continuous basis after flowing to add to the final biomass
at harvest. Biomass was oven-dried in the laboratory at 65 ◦C for 72 h and weighed using a
weighing balance to get the weight of dry matter. Grains collected from a 2.7-square-metres
area were taken to the laboratory to determine grain yield and yield components. Grain
yield was determined by weight of grains per plot and converted to kg per ha. Three grain
sorghum from the harvested heads were sampled from 10 heads harvested to determine
head weight and head length. The 3 plants were threshed separately to determine seed
weight per head as well as shelled head weight. We determined 1000 seed weight by
counting and weighing 1000 grain sorghum seeds. Cowpea pod weight was obtained by
weight pods collected per plot in 2.7 per square metres and 100 seed weight was determined
by counting as well as weighing 100 cowpea seeds. Harvest index (HI) and land equivalent
ratio (LER) for each crop were calculated using the following formulas:

HI (%) = (Grain yield)/(stover yield+grain yield) * 100 (1)

LER = YSbinary/YSsole + YCbinary/YCsole (2)

where YSbinary is yield of sorghum in intercropping, YSsole is yield of sorghum in sole
culture, YCbinary is yield of cowpea in intercropping, and YCsole is yield of cowpea in
sole culture.

2.6. Data Analysis

After checking the relevant model assumptions including normality, independence,
and constant variance, we used a multivariate analysis of variance (ANOVA) model to
fit each response variable using the Statistical Analysis System (21 SAS version 9.4). In
grain sorghum, the four cultivars were regarded as factor 1 and the cropping system
as factor 2. In the case of cowpea, the cropping system was factor 1 while density was
factor 2. For LAI, days after planting (time), cultivars and cropping system were tested for
interaction for grain sorghum. The LAI interaction for cowpea was tested among days after
planting, cropping system, and density. The interaction of yield and yield components, as
well as the harvest index of grain sorghum, was tested between cultivars and cropping
system. In cowpea, the interaction was tested between cropping systems and density.
Mean separation was performed where the means were different using the least significant
difference (LSD) at probability levels of p ≤ 0.05. Land equivalent ratio (LER) was used to
assess the productivity and effectiveness of the intercropping system.
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3. Results

3.1. Weather Conditions during Growing Seasons

Syferkuil had daily average minimum and maximum temperatures of 12 ◦C and 27 ◦C,
respectively, with a total rainfall of 349 mm in 2018/19 and 292 mm in the 2020/21 growing
period (Figure 1). Rains of about 156.49 mm and 10 mm were received throughout the
planting period at Syferkuil in the 2018/19 and 2020/21 cropping seasons.

 

Figure 1. Syferkuil daily rainfall, maximum and minimum temperature during 2018/19 and 2020/21
cropping seasons.

At Ofcolaco, the maximum and minimum temperatures across the two seasons were
31 ◦C and 18 ◦C, respectively, with a total rainfall of 261 mm in 2018/19 and 608 mm in
2020/21. During planting months Ofcolaco received rainfall of 5 mm in 2018/19 and 38 mm
in 2020/21. The highest rainfall (about 130 mm) in 2018/19 was received in December,
when minimum and maximum temperatures were 22 ◦C and 35 ◦C, respectively. These
were higher compared to the other months. However, in 2020/21, the highest rainfall was
received in December, when temperatures were lower compared to other months (Figure 2).

 

Figure 2. Ofcolaco daily rainfall, maximum and minimum temperature during 2018/19 and 2020/21
cropping seasons.
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3.2. Grain Yield and Yield Components of Sorghum and Cowpea

The cropping system and density of the companion cowpea crop had no effect on grain
yield of sorghum cultivars at the test sites over two seasons. Grain sorghum cultivars, on the
other hand, showed a significant variation (p ≤ 0.05) in grain yield over the two cropping
seasons at Syferkuil and Ofcolaco (Figures 3 and 4). The results from Syferkuil revealed
that cultivars Enforcer and NS5511 outperformed Avenger and Titan, with an average
grain yield of 4153 kg per ha during the 2018/19 cropping season, while Avenger and
Titan produced an average yield of 2607 kg per ha. According to the results, 85.86 kg
per ha more grain yield was harvested in 2018/19 at this location than in 2020/21. The
cultivar NS5511 with yield of 2120 kg per ha outperformed the cultivars Enforcer, Avenger,
and Titan, which had mean yields of 1942 kg per ha, 1652 kg per ha, and 1561 kg per ha,
respectively (Figure 3).

 

Figure 3. Grain yield of four sorghum cultivars evaluated at Syferkuil during 2018/19 and 2020/21
cropping seasons. Vertical bars represent LSD value (p ≤ 0.05) for mean separation.

 

Figure 4. Grain yield (GY) of four grain sorghum cultivars evaluated at Ofcolaco during 2018/19 and
2020/21 cropping seasons. Vertical bars represent LSD value (p ≤ 0.05) for mean separation.

The grain yield of the sorghum cultivars at Ofcolaco was inconsistent across seasons
(Figure 4). Enforcer and Titan, for example, produced higher grain yields than NS5511 and
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Avenger in the 2018/19 cropping seasons, averaging 2562 kg per ha and 1584 kg per ha,
respectively. However, in 2020/21, NS5511, Avenger, and Enforcer outperformed Titan,
which produced a yield of 910 kg per ha.

Harvest index (HI) based on grain production differed significantly (p ≤ 0.05) between
grain sorghum cultivars at the two locations and cropping seasons. Across the two cropping
seasons and two locations, Enforcer consistently had the highest harvest index compared
to the other cultivars (Figure 5). NS5511 had the second highest harvest index at Syferkuil
compared to Avenger and Titan during the 2018/19 cropping season, but the HI were
similar in the other seasons and locations.

.

Figure 5. Harvest index of four grain sorghum cultivars in the two agro-ecological regions across
different cropping seasons. Different letters indicate that the means were different at p ≤ 0.05.

Regarding grain sorghum yield components, a significant variation (p ≤ 0.05) was
observed among the grain sorghum cultivars at Syferkuil during the two cropping seasons
except for 1000 seed weight and seed weight per head, which did not differ during the
2020/21 cropping season (Table 2). The cultivar Enforcer was generally superior in most of
the yield components compared to the other cultivars during the 2018/19 cropping season
at this location, except for shelled head weight. The cultivar NS5511 had a relatively higher
1000-seed weight and seed weight per head compared to Avenger and Titan. The cultivar
Avenger had a lower seed weight per head and harvest index compared to the cultivar
Titan, regardless of having a longer head length, shelled head weight, and head weight
compared to the other cultivars in the 2018/19 cropping season. In the 2020/21 cropping
season, all the cultivars had a high head length and harvest index compared to cultivar
NS5511 (Table 2). The results further revealed that cultivar Avenger produced fewer seeds
per head compared to all other cultivars but had a relatively higher head length and shelled
head weight. The mean head length and shelled head weight were 29.09 cm and 18.82 g,
respectively.

At Ofcolaco, the results indicated that all yield components significantly differed
among the grain sorghum cultivars during the two cropping seasons, except head length,
which did not vary in 2020/21 (Table 3). The cultivar Avenger was superior in many of the
yield components measured compared to all other cultivars except 1000 seed weight and
harvest index during the 2018/19 cropping season. Furthermore, the seed weight per head
of Avenger and NS5511 (48.15 g per head and 40.10 g per head) was higher than the grand
mean of 30.47 g per head. However, the two cultivars (Avenger and NS5511) had lower
HI compared to the grand mean. The results further indicated that Enforcer and Titan
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obtained a higher average HI of 23.94% compared to Avenger and NS5511, with an average
of 19.13%. However, the two cultivars (Avenger and NS5511) obtained about 63.79% more
seed weight head per head compared to Enforcer and Titan. In the 2020/21 cropping season,
the results showed that although there was no statistical variation among the cultivars,
the cultivar Avenger had the tendency to produce a higher head length. Although there
was no statistically significant difference between cultivars Avenger and NS5511, Avenger
had higher head weight and seed weight per head. The cultivar (Avenger) also had a high
shelled head weight of 14.26 g per head and a higher 1000 seed weight of 6.29 g compared
to all the other cultivars.

Table 2. Yield components of four grain sorghum cultivars evaluated at Syferkuil during 2018/19
and 2020/21 cropping seasons.

Syferkuil 2018/19

Cultivars
Head

Length (cm)
Head Weight
(g Head−1)

Shelled Head
Weight (g Head−1)

1000-Seed
Weight (g)

Seed Weight Head
(g Head−1)

Enforcer 27.54 a 109.13 a 47.01 ab 28.17 a 61.21 a

NS5511 25.07 b 92.39 b 43.06 ab 23.88 b 49.03 b

Avenger 26.08 ab 77.19 bc 49.65 a 21.76 c 27.49 c

Tittan 25.34 b 71.76 c 39.93 b 27.82 a 31.80 c

p ≤ 0.05 * * * * *
Grand mean 26 87.62 44.91 25.41 42.38
LSD value 1.79 16.09 8.93 1.51 156.3

Syferkuil 2020/21

Enforcer 28.59 a 108.97 ab 14.47 b 39.41 90.13
NS5511 26.54 b 112.15 a 16.55 ab 43.02 90.83
Avenger 29.09 a 98.35 b 18.82 a 38.61 82.39

Tittan 28.67 a 99.31 b 17.45 a 41.03 81.95
p ≤ 0.05 * * * ns ns

Grand mean 28.22 104.7 16.82 40.52 86.33
LSD value 1.22 11.6 2.93 6.39 12.92

Means followed by the same letter are not significantly different based on LSD (p ≤ 0.05). * = Significantly different
at p ≤ 0.05; ns = not significantly different at p ≤ 0.05.

Table 3. Yield components of four grain sorghum cultivars evaluated at Ofcolaco during 2018/19
and 2020/21 cropping season.

Ofcolaco 2018/19

Cultivars
Head

Length (cm)
Head Weight
(g Head−1)

Shelled Head
Weight (g Head−1)

1000-Seed
Weight (g)

Seed Weight Head
(g Head−1)

Enforcer 25.61 ab 28.33 c 7.43 b 35.69 c 17.71 b

NS5511 21.91 b 50.04 b 6.68 b 45.76 a 40.10 a

Avenger 30.95 a 70.03 a 12.91 a 43.59 ab 48.15 a

Tittan 29.59 a 24.69 c 8.08 b 39.98 bc 15.91 b

p ≤ 0.05 * * * * *
Grand mean 27.02 43.27 8.78 41.26 30.47
LSD value 8.81 11.99 2.23 5.68 9.82

Ofcolaco 2020/21

Enforcer 30.1 28.37 b 7.40 b 4.09 b 24.29 b

NS5511 30.34 40.36 a 9.87 b 4.55 b 35.80 a

Avenger 30.98 44.53 a 14.26 a 6.29 a 38.24 a

Tittan 30.91 32.37 b 9.88 b 4.47 b 27.91 b

p ≤ 0.05 ns * * * *
Grand mean 30.58 36.41 10.35 4.85 30.81
LSD value 2.02 7.63 1.31 30.2 6.62

Means followed by the same letter are not significantly different based on LSD (p ≤ 0.05). * = Significantly different
at p ≤ 0.05; ns = not significantly different at p ≤ 0.05.

During the 2018/19 cropping season, cowpea grain yield was 63 percent higher under
high density versus low density at Syferkuil (Figure 6). However, grain yield was 32%
higher under high density compared to low density in the 2020/21 cropping season.
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Figure 6. Grain yield of cowpea under two densities of cowpea grown at Syferkuil during contrasting
seasons. Different letters indicate that the means were different at p ≤ 0.05.

In sole compared to binary culture, cowpea produced a higher grain yield in sole with
a mean of 1534 kg per ha and 992 kg per ha in high and low density, respectively, during
the 2018/19 cropping season (Figure 7). Although in binary cultures there was no statistical
difference between treatments, the grain yield of cowpea was higher when intercropped
with Titan, followed by NS5511, with a grain yield of 852 kg per ha and 718 kg per ha,
respectively. In the 2020/21 cropping season, grain yield was significantly affected by the
cropping system. Similar to the 2018/19 cropping season, the results indicated that cowpea
attained a higher grain yield when grown in sole compared to binary culture, with a mean
of 5045 kg per ha in high density sole and 3411 kg per ha in low density sole (Figure 7).

 

Figure 7. Grain yield of cowpea under in binary and sole cultures grown at Syferkuil during two
contrasting seasons. Different letters indicate that the means were different at p ≤ 0.05.

Grain yield among cowpea treatments was higher under high cowpea density com-
pared to lower density, with means of 3175 kg per ha and 1233 kg per ha, respectively, at
Ofcolaco during the 2018/19 cropping season (Figure 8).

267



Agriculture 2022, 12, 733

 

Figure 8. Grain yield of cowpea under two densities of cowpea grown at Ofcolaco during the 2018/19
cropping season. Different letters indicate that the means were different at p ≤ 0.05.

The results from Ofcolaco revealed that, in binary cultures, cowpea attained the highest
yield of 1701 kg per ha when intercropped with Avenger followed by when intercropped
with Titan, which produced 1508 kg per ha (Figure 9). Although intercropping with Enforcer
attained the lowest grain yield compared to all treatments in binary and sole cultures, a
higher harvest index was obtained by this treatment compared to binary cultures.

 

Figure 9. Grain yield of cowpea under in binary and sole cultures grown at Ofcolaco during 2018/19
cropping season. Different letters indicate that the means were different at p ≤ 0.05.

There was no significant variation (p ≤ 0.05) in the cowpea harvest index according
to the cropping system at Syferkuil and Ofcolaco during the two cropping seasons. Sole
cowpea under high density had a higher harvest index compared to the other cowpea treat-
ments during the 2018/19 and 2020/21 cropping seasons at the two locations (Figure 10).
The cowpea intercrop with Avenger had the lowest harvest index during the 2018/19
cropping season at Syferkuil. Furthermore, cowpea intercrop with Enforcer and Titan
had a higher harvest index compared to sole cowpea in low density culture during the
same season. At Ofcolaco and Syferkuil during the 2018/19 and 2020/21 cropping seasons,
respectively, binary cultures were not statistically different (Figure 10).
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Figure 10. Harvest index of cowpea in binary and sole cultures at Syferkuil and Ofcolaco during
2018/19 and 2020/21 cropping seasons. Different letters indicate that the means were different at
p ≤ 0.05.

Assessing the yield components, the weight of 100 seeds was not significantly different
between binary and sole cultures of cowpea at Syferkuil during the 2018/19 cropping
season. However, significant variation (p ≤ 0.05) was found for this yield component in the
2020/21 cropping season. Pod weight per plot was influenced by the cropping system in
both seasons at this location (Table 4). The weight of 100 seeds was not significantly affected
by the cropping system at Ofcolaco among cowpea treatments in binary and sole cultures
during the 2018/19 cropping season. However, pod weight per plot was significantly
(p ≤ 0.05) affected by the intercropping system for cowpea treatments. The cowpea sole
under high density resulted in a high pod weight per plot compared to all other treatments
(Table 4).

Table 4. Yield components of cowpea in binary and sole cultures evaluated at Syferkuil and Ofcolaco
during the 2018/19 and 2020/21 cropping season.

Syferkuil 2018/19 Syferkuil 2020/21 Ofcolaco 2018/19

Treatments 100-seed
weight

pod weight per
plot

100-seed
weight

pod weight per
plot

100-seed
weight

pod weight per
plot

Cowpea–Enforcer 16.17 139.73 c 15.54 b 336.56 b 14.71 364.10 b

Cowpea–NSS5511 16.24 167.23 c 14.51 c 384.06 b 14.68 355.97 b

Cowpea–Avenger 16.17 114.72 c 14.65 c 321.87 b 14.29 440.97 b

Cowpea–Titan 16.78 199.10 bc 15.53 b 383.44 b 14.88 307.22 b

Cowpea–High Sole 16.22 325.51 a 15.54 b 681.02 a 14.96 778.94 a

Cowpea–Low Sole 16.39 285.19 ab 16.61 a 398.36 b 14.74 715.51 a

p ≤ 0.05 ns * * * ns *
Grand mean 16.33 205.25 15.39 417.55 14.71 493.79
LSD value 0.86 79.31 0.69 99.31 1.05 170.16

Means followed by the same letter are not significantly different based on LSD (p ≤ 0.05). * = Significantly different
at p ≤ 0.05; ns = not significantly different at p ≤ 0.05.

3.3. Partial and Total Land Equivalent Ratio (LER) of Sorghum and Cowpea

The partial land equivalent ratio of cowpea ranged from 0.4 to 0.7 at Syferkuil during
the 2018/19 and 2020/21 cropping seasons, respectively. The partial of grain sorghum
at Syferkuil was between 0.7 and 1.3 in the 2018/19 and 2020/21 cropping seasons. At
Ofcolaco, the partial land equivalent ratio was between 0.4 and 0.6 for cowpea and 0.8–1.4
for grain sorghum in the 2018/19 and 2020/21 cropping seasons. The total LER was above
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1.0 in all grain sorghum and cowpea intercrop treatments (Table 5). At Syferkuil, Enforcer
had a higher LER when intercropped with low cowpea density compared to high cowpea
density, with means of 1.8 and 1.3, respectively, during the 2018/19 season. Avenger
had a total LER of 1.6 and 1.7 under low and high density, respectively. However, Titan
obtained 1.5 and 1.6 total LER under low and high density, respectively. The results also
indicated that Avenger and NS5511 intercropped with cowpea high density had a total
LER of 1.7, whereas NS5511 and Titan intercropped with low density had a total LER of 1.6
in the 2018/19 cropping season. In the 2020/21 cropping season, Titan intercropped with
cowpea under low and high density had a total LER of 1.8 and 1.9, respectively. Enforcer
intercropped with cowpea low density had the lowest total LER of 1.3 compared to all
treatments. At Ofcolaco, total LER ranged from 1.4 to 1.9, with the highest observed in
NS5511 intercropped with cowpea high density (Table 5).

Table 5. Total land equivalent ratio of grain sorghum and cowpea at Syferkuil and Ofcolaco during
2018/19 and 2020/21 cropping seasons.

Treatments Syferkuil 2018/19 Syferkuil 2020/21 Ofcolaco 2018/19

Enforcer + Cowpea-low 1.7 1.3 1.7
Enforcer + Cowpea-high 1.3 1.4 1.2
NSS5511 + Cowpea-low 1.5 1.6 1.9
NSS5511 + Cowpea-high 1.7 1.6 1.3
Avenger + Cowpea-low 1.6 1.5 1.6
Avenger + Cowpea-high 1.7 1.7 1.5

Titan + Cowpea-low 1.6 1.8 1.5
Titan + Cowpea-high 1.5 1.8 1.6

Low = 37,037 plants per ha, high = 74,074 plants per ha.

3.4. Leaf Area Index of Sorghum and Cowpea in Binary and Sole Cultures

At Syferkuil, leaf area index (LAI) was significantly different (p ≤ 0.05) among
grain sorghum cultivars at Syferkuil during the 2018/19 and 2020/21 cropping seasons
(Figure 11). NS5511 had a higher LAI compared to the other sorghum cultivars, followed by
Enforcer during the 2018/19 cropping season. However, Enforcer was superior compared
to the other cultivars in the 2020/21 growing season.

 

Figure 11. Leaf area index of four grain sorghum cultivars evaluated at Syferkuil during 2018/19 and
2020/21 cropping seasons. Different letters indicate that the means were different at p ≤ 0.05.

There was no variation among grain sorghum cultivars for LAI at Ofcolaco during
the 2018/19 cropping season. However, in 2020/21 there was a significant variation in LAI

270



Agriculture 2022, 12, 733

among the cultivars (Figure 12). The results revealed that NS5511 and Avenger were higher
than Enforcer and Titan during the 2020/21 cropping season.

 

Figure 12. Leaf area index of four grain sorghum cultivars at Ofcolaco during 2018/19 and 2020/21
cropping seasons. Different letters indicate that the means were different at p ≤ 0.05.

There was a significant interaction effect between the cropping system and days after
planting of cowpea at Syferkuil during the 2018/19 and 2020/21 cropping seasons. The
results indicated that, in the 2018/19 cropping season, cowpea treatments had higher LAI
at 63DAP, excluding cowpea sole under high density. Cowpea sole high density started at
a higher rate and remained steady until 83DAP (Figure 13). During the 2020-21 cropping
season, cowpea treatments started at a low rate and increased until 67DAP, then decreased
until 104DAP (Figure 13).

 

Figure 13. Leaf area index of cowpea treatments in binary and sole cultures at Syferkuil during
2018/19 and 2020/21 cropping seasons.

The results from Ofcolaco were similar to those at Syferkuil, with significant interaction
occurring between the cropping system and days after planting during the two cropping
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seasons. Cowpea treatments had a similar trend during the 2018/19 growing season, with
the highest LAI being between 49DAP and 83DAP (Figure 14). However, in the 2020–21
cropping season, cowpea treatments had fluctuating LAI across the days after planting.

 

Figure 14. Leaf area index of cowpea treatments in binary and sole cultures at Ofcolaco during.

4. Discussion

The variation in temperatures and rainfall received during the cropping seasons as a
result of climate change influenced the agronomic performance of grain sorghum cultivars
at the two locations. Ofcolaco was generally warmer than Syferkuil during the 2018/19
and 2020/21 cropping seasons, which may have resulted in variation in crop performance
and grain yield. Other studies have reported that the differences in grain yield of sorghum
were due to distinct agro-ecological regions which varied across seasons [21,22]. From
our study, grain sorghum generally performed better in 2018/19 compared to the 2020/21
cropping seasons, and vice versa for cowpea. The cropping system and the density of the
companion crop cowpea did not influence the grain yield of sorghum cultivars at the two
test locations across different seasons. The results were contrary to what was observed
in another study [23]. The authors reported that sorghum was significantly influenced
by the treatment combination in the sorghum-legume intercrop. Grain sorghum cultivars
showed a significant variation in terms of grain yield due to the adaptive mechanism of the
crop, which varied with cultivar, location, and season. Similar results have been reported
elsewhere [24–26].

The density of cowpea and the cropping system significantly influenced grain yield
and yield components of cowpea in the two agro-ecological regions and across the cropping
seasons. The findings were in line with other studies in which the authors reported that
the yield of cowpea was highly influenced by crop density [27]. However, cowpea density
did not improve in the pearl millet–cowpea intercrop [28]. In this study, cowpea produced
a higher grain yield when grown under high density (74,074 plants per ha), either in
binary or sole compared to low density (37,037 plants per ha). Increased density probably
allowed more cowpea plants to compete for light and water in binary cultures through
improved root density and, ultimately, high yield accumulation. Similar results have been
reported by other studies [29–31]. In the sole, cowpea produced more grain yield in the sole
compared to the binary culture at Syferkuil and Ofcolaco during the 2018/19 and 2020/21
cropping seasons. This is mainly due to increased canopy size (LAI), which is important
for monitoring crop growth and accumulation of grain yield [32].

The results also revealed that cowpea performed better at Syferkuil when intercropped
with Titan compared to when intercropped with other grain sorghum cultivars. However,
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at Ofcolaco, cowpea had a higher yield when intercropped with Avenger, although the
results were based on one season of data. High interspecific competition between crops is
required for the efficient use of growth resources [33]. However, the efficient use of those
resources must be greater than the interspecific competition [34]. In this study, there was
high competition for resources such as water, light, etc., between grain sorghum cultivars
and cowpea intercrop at Syferkuil, which hindered cowpea yield accumulation under low
density when intercropped with Enforcer and Ns5511. However, at Ofcolaco, there was
complementarity between cowpea and the two grain sorghum cultivars (Avenger and
Titan) in the binary system.

Yield components are important variables used to determine the yield potential of
crops in response to different agro-ecological regions [35]. In this study, yield components
varied from one location to another and across seasons. For instance, at Syferkuil, Enforcer
and NS5511 obtained the highest seed weight per head compared to Avenger and Titan,
ultimately resulting in a higher grain yield during the two cropping seasons. Therefore,
under the growing conditions of Syferkuil, the seed weight per head can be used to recom-
mend cultivars Enforcer and NS5511 for high-grain-yield production. At Ofcolaco, Enforcer
and Titan were superior cultivars in 2018/19, whereas in the 2020/21 cropping season,
NS5511 and Avenger obtained higher grain yields. These indicate that the adaptation of
grain sorghum cultivars at Ofcolaco is highly dependent on the growing conditions of a
particular season. During the two cropping seasons, NS5511 and Avenger had higher seed
weight per head compared to Enforcer and Titan. Hence, head weight and seed weight per
head can be used by breeders as selection criteria for the recommendation of cultivars to
local growers [36]. The higher grain yield of cowpea was explained by the pod weight per
plot, which was consistent throughout the cropping seasons at the two test locations.

The leaf area index of a crop canopy is an important parameter that can be used to
predict growth and yield [37]. At Syferkuil, the leaf area index of grain sorghum was
significantly affected by the cropping system as well as the cultivar. During the two
cropping seasons, Enforcer and NS5511, which ultimately accumulated more grain yield,
had a higher leaf area index compared to the other cultivars. At Ofcolaco, the leaf area
index was significantly influenced by the growing period during 2018/19, whereas in
2020/21, the binary had a higher leaf area index compared to the sole cultures. This further
explains the variation in grain yield among grain sorghum cultivars at Ofcolaco. The leaf
area index of cowpea was influenced by the cropping system, DAP, as well as cropping
seasons. The LAI was higher at 40 and 63 DAP, depending on the cowpea treatment. The
capturing of light by canopies at late flowering to mid pod formation stages is important
for optimum grain accumulation [32,37].

LER was used in this study to measure the grain sorghum and cowpea intercrop
efficiency relative to sole cropping. According to the results, the total LERs were found to
vary with the growing seasons and treatments for grain sorghum and cowpea. However,
the total LER values calculated were all greater than 1.0 in the test locations and across
different seasons, indicating a high yield advantage in the binary cultures and more efficient
productivity compared to the sole cultures. Several studies have reported LER values
greater than 1.0 in sorghum–cowpea [8,38], sorghum–soybean [39] and maize–cowpea [40].
The results further indicated that the LER was influenced by the density of cowpea as well
as the grain sorghum cultivar in intercrop at each experimental site. LER variation due
to mixture in various planting patterns has also been reported elsewhere [28,41,42]. The
high LER observed in this study was due to the efficient use of resources such as light,
water, and nitrogen between grain sorghum cultivars and cowpea [43]. The goal of growers,
as well as breeders, is high grain yield, which depends on other yield variables. Hence,
the relationship between yield and yield components is important, whether it be positive
or negative. According to the results, the strength of the correlation between grain yield
and yield components varied with cultivar, intercropping system, and cropping season
as well as the agro-ecological region. In conclusion, grain sorghum cultivars were not
affected by either cropping system or the density of a companion crop cowpea. Enforcer
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and NS5511 produced higher grain yield at the two test locations compared to Avenger and
Titan. The productivity of cowpea was influenced by the cropping system as well as the
crop density. Cowpea performed better in terms of grain yield in sole compared to binary
cultures. However, the yield of cowpea improved in binary cultures when the density was
74,074 plants per ha. Head weight of sorghum and pod weight of cowpea can be used
as selection criteria for recommendation of cultivars to grow at Syferkuil and Ofcolaco.
Based on the results of this study, grain sorghum–cowpea intercrop can be adopted as
a climate-smart practice to improve yield compared to mono-cropping. However, the
density of cowpea and grain sorghum cultivars should be taken into consideration, as
they affect the productivity of the two crops. The research also discovered that in binary
cultures, more organic carbon was left in the soil (Table 1), implying that the system could
improve soil fertility and benefit subsequent crops. The data generated from this study
could be useful in simulating the productivity of intercropping practice as a climate-smart
method using crop modelling techniques. It is further suggested that a similar study be
carried out to investigate the biological nitrogen fixation of the legume crop cowpea in
response to intercropping with different cultivars of grain sorghum. In addition, for better
recommendations, the impact of intercropping systems on soil carbon dynamics should
be investigated.
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Abstract: In order to curb the phenomenon of grassland degradation caused by human activity,
China has begun the exploration of grassland eco-compensation, setting an example for the ecological
protection of grasslands and sustainable use of resources around the world. At this stage, China has
invested more than 170 billion yuan in grassland eco-compensation, benefiting 12 million farmer and
herder households. The related research involves various perspectives, scopes, and methods, but
lacks systematic reviewing. This study reviews the relevant theoretical and practical research and
explores the connotations and effects of grassland eco-compensation in China. In general, the current
grassland eco-compensation in China is a large-scale ecological-economic institutional arrangement
with the following five characteristics: (1) the goals are to maintain the grassland ecosystem services
and increase the income of herder households; (2) the main bodies are governments and herder
households; (3) the main method is financial transfer payments; (4) the compensation standards
are based on the opportunity costs of the herder households’ responses as the lower limits and the
grassland ecosystem service values as the upper limits; and (5) it is a comprehensive compensation
system that requires legal, regulatory, technological support and long-term mechanisms. Since 2011,
driven by the grassland eco-compensation policy, the income levels of herder households in each
pilot area have generally increased, and the overall ecology of grasslands has slightly improved.
However, there are still some areas where overload is common. Additionally, there are regional
differences in the satisfaction degree of herder households, which is mainly affected by factors such
as family income, compensation cognition and family holding grassland scale. Our analysis shows
that the shortcomings of current theoretical research are mainly reflected in the low precision of
scientific compensation standards, the lack of a basis for differentiated standards, and the single
compensation method. The shortcoming of practical research is that most effect evaluations cannot
reflect the role of eco-compensation in it. This study suggests that future work should focus on the
response mechanism of herder households and the improvement of the compensation measures.
At the same time, the scope of research should be expanded, and we should learn from advanced
compensation experience in other fields.

Keywords: payment for ecosystem services; grassland eco-compensation; eco-compensation policies
in China

1. Introduction

With the deterioration of the natural ecosystem and the development of research on
ecosystem services, humans have gradually realized the important economic value of the
ecosystem services [1]. However, in the interaction between humans and nature, human
activities often lead to external effects on others [2]. For example, planting trees, watershed
management and soil remediation always produce positive externalities. Overgrazing,
excessive fertilization and untreated sewage discharge always produce negative external-
ities [3,4]. Without intervention, the protectors often terminate the protective behaviors,
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because it is difficult to obtain benefits from the positive externalities. Meanwhile, de-
stroyers benefit from not being punished by negative externalities, and thus tend to keep
destroying. For a long time, this lack of ecological justice has ultimately led to the overuse
of resources, which harms the interests of all [5]. In order to achieve sustainable supplies
of ecosystem services and internalize the externalities of the ecosystem services, many
countries have begun to explore eco-compensation [4].

In the second half of the 20th century, the concept of sustainable development grad-
ually reached a consensus in the international community. Some developed countries
have taken the lead in the exploration and practice of eco-compensation. Internationally, a
concept similar to eco-compensation is “payment for ecosystem services (PES)”. PES was
first widely practiced in forest vegetation restoration, and related research includes a legal
framework [6], transaction costs [7], case analysis [8] and so on. While it has produced
some eco-economic benefits in forestry systems, PES has gradually been introduced into
more and more other ecological conservation fields [9–12].

Eco-compensation research in China started relatively late. However, under the
national conditions of promoting the construction of ecological civilization, the Chinese
government attaches great importance to improving the eco-compensation mechanisms.
At present, China has formed an overall layout of eco-compensation that is dominated by
the government, with central financial transfer payments as the main source of funds, and
governments at all levels as the main body of implementation [13]. Additionally, it has
achieved remarkable results in various ecosystems [14–16], ecological function areas [17],
resource extraction areas [18] and agricultural planting areas [19,20].

As the world’s largest terrestrial ecosystem, grasslands account for about 37% of the
world’s non-glacial area [21] and 30–40% of China’s land area [22], and have important
ecological functions [23]. In recent years, grassland degradation has been widespread in
many countries [24–26], posing huge challenges to the sustainable provision of grassland
ecosystem services [27–29]. However, compared with forests, watersheds, farmland and
other fields, there are relatively few studies on grassland eco-compensation around the
world. In 2011, in order to restore the ecological function of grassland and promote the
sustainable development of livestock husbandry, China officially established the grassland
eco-compensation mechanism [30]. It has set a model for global grassland ecological
protection and has attracted the attention of many scholars [31,32]. Facing this new field,
this study aims to explore the connotation and effects of grassland eco-compensation in
China by reviewing the current research. Then, according to the results, we point out the
shortcomings of the current research and provide ideas for the future work.

2. Overview of Grassland Eco-Compensation in China

Grassland eco-compensation in China was first officially proposed at the executive
meeting of the State Council on 12 October 2010. The meeting pointed out that due to
long-term overgrazing and insufficient investments in grassland ecological protection,
China’s grasslands are seriously degraded. At the same time, due to the single employment
(livestock husbandry), the income growth of herder households is slow. Therefore, since
2011, the central government has paid a large amount of funds every year (over 170 billion
yuan by 2021) to implement grassland eco-compensation in China’s pilot pastoral areas.
The framework of grassland eco-compensation is that the government provides financial
support to herder households, encourages them to transform livestock husbandry, and
then reduces the grazing intensity of natural grasslands to restore ecological functions. The
core measure is to divide the natural grasslands in the pilot area into grazing prohibition
(GP) areas and grass–livestock balance (GLB) areas. GP areas are prohibited from grazing
or allow very little grazing in some areas, and the government provides subsidies for
the grassland contractors. As for GLB areas, the local management department gives
reasonable grazing limits according to the current situation of grassland resources. Then,
the government provides rewards to contractors who comply with the limits.
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Since a large number of the papers are presented in Chinese, this study briefly describes
the research overview of eco-compensation through the CNKI (China national knowledge
infrastructure) database. We set the topic as “Payments for (Grassland) Ecosystem Service
or (Grassland) Eco-Compensation or (Grassland) Ecological Protection Compensation or
(Grassland) Ecological Product Value Realization”. Journal sources include SCI, EI, CSCD
and CSSCI, and the papers sampled included those published up to 2021. In the end, a total
of 3902 research papers were retrieved (Figure 1). The results show that eco-compensation
research can be traced back to 1998, entered a rapid development stage from 2004 to 2009,
and then stabilized. Among these papers, 267 are related to grassland eco-compensation,
accounting for 6.84% of the total. They were first seen in 2005, and have remained relatively
stable in number since 2009.

Figure 1. Overview of Eco-Compensation Research.

Therefore, although the Chinese government attaches great importance to grassland
eco-compensation, it is still relatively lacking in the eco-compensation research field as
a whole, and it is necessary to sort out the existing papers and provide ideas for sub-
sequent research. This study aims to explore the connotations and effects of grassland
eco-compensation in China. Section 3 summarizes the research progress of grassland
eco-compensation theory in China. Specifically, the concept of eco-compensation is first
obtained by comparing with PES, which is used internationally (Section 3.1). Then, com-
bined with the characteristics of grassland eco-compensation (Section 3.2), the connotations
of grassland eco-compensation in China are summarized (Section 3.3). Section 4 presents
the research progress in grassland eco-compensation practice in China. Specifically, the
connotations of eco-compensation are used to interpret the current China grassland eco-
compensation policy (Section 4.1), and then, combined with the evaluation research of the
policy in four aspects (Section 4.2), the effects of China’s grassland eco-compensation are
obtained (Section 4.3). Finally, according to the conclusion (Section 5) and the insufficiencies
of the current research (Sections 3.3 and 4.3), this study provides three important directions
for future work (Section 6).
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3. Progress in Theoretical Research on Grassland Eco-Compensation in China

3.1. The Connotation of Ecological Compensation in China

Eco-compensation in China is similar to the concept of PES widely used around the
world, but there are still some differences between the two [33,34]. For PES, although schol-
ars have not formed a unified understanding, many studies agree that PES is an effective
economic means to ensure the sustainable supply of ecosystem services [35–37]. It links the
private interests of landowners with the public benefits of conservation managements [38].
The basic framework of PES is to provide financial incentives for private landowners to
implement conservation measures that continue to provide critical ecosystem services
(e.g., climate regulation, nutrient cycling, water conservation, etc.) [39].

As for China’s eco-compensation, the widely accepted definition holds that “eco-
compensation is a public institutional arrangement that uses government and market
means to regulate the interests of ecological protection stakeholders. It aims to protect the
ecology and promote the harmonious development of humans and nature, and formulate
standards according to the value of ecosystem services, ecological protection costs, and
development opportunity costs” [13]. From this definition, both eco-compensation and
PES are processes that treat ecosystem services as commodities and are traded among
stakeholders. Additionally, the goals of both are to achieve the sustainable supply of
ecosystem services and protect the interests of suppliers [37]. However, the two are
not exactly equivalent. First, eco-compensation has a wider application range than PES.
PES is mainly about rewarding conservation behaviors of ecosystem services, but eco-
compensation also includes charging for behaviors that damage ecosystem services [40].
Secondly, PES emphasizes voluntariness and belongs to a typical incentive mechanism.
However, eco-compensation in China is often a strict public system arrangement. It is a
large-scale eco-economic project that is led, managed, and guided by governments [41]. We
take the grassland eco-compensation involved in this study as an example. Among the two
core measures, GLB is to reward the herder households who reach the reasonable grazing
limits, which is similar to PES. However, for GP, the regulation stipulates that grazing
is not allowed in the designated area, which has a certain degree of compulsion. This
distinction is based on China’s current national conditions and the special historical period
of ecological civilization construction. A certain degree of compulsion, on the one hand,
can help many residents in ecologically fragile areas with relatively low levels of education
realize the importance of ecological protection, and on the other hand can support them
to increase their income. In conclusion, although there are many similarities, China’s
eco-compensation has wider application scope and stricter policy measures than PES.

3.2. Research Progress of Grassland Eco-Compensation Theory in China

Referring to relevant definitions and research frameworks, the current theoretical
research on eco-compensation mainly includes five aspects: compensation goals, compen-
sation main bodies, compensation standards, compensation methods, and compensation
systems [34,42–44]. Therefore, this study will sort the research based on these five aspects.

3.2.1. Research on Compensation Goals

In recent decades, China’s grasslands have been severely degraded [45]. Human
activities, represented by overgrazing, are believed to be the dominant factor behind this
phenomenon [46,47]. Therefore, the restoration of grassland ecosystem services through
management has naturally become the basic goal of eco-compensation [48]. However,
herder households are one of the core stakeholders in grassland eco-compensation. To
solve the problem of negative externalities of grassland ecosystem services, it is necessary
to coordinate the relationship between herder households and grasslands. Therefore, some
scholars believe that improving the livelihood of herder households should also be one of
the goals of grassland eco-compensation [49]. On the other hand, according to the instruc-
tions of the central government and related documents, grassland eco-compensation should
consider ecological protection and income growth at the same time [30]. Compensation
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funds should be directed towards poverty-stricken areas and populations [50]. On the
whole, the goals of grassland eco-compensation should include the restoration of ecological
functions and increasing the income of herder households.

3.2.2. Research on Compensation Main Bodies

The main bodies of eco-compensation include the suppliers and buyers of ecosystem
services. Different land use patterns affect the provision of ecosystem services. Therefore, it
is generally believed that the potential provider of ecosystem services is the owner/user of
the land [51]. For grassland eco-compensation, the contributors to grassland protection, the
losers relating to grassland ecosystem destruction, and the builders of grassland ecological
industries are mainly herder households [48]. Therefore, herder households are undoubt-
edly the providers of grassland ecosystem services. As for the buyers of ecosystem services,
these can be either a clear ecosystem service user or a third-party (such as the government)
ecosystem service user [51]. However, studies have shown that government compensation
is more effective than user compensation as the scope of compensation expands [52,53].
Therefore, for grassland eco-compensation in China, having the government as the buyer
of ecosystem services is a better choice [54]. In summary, the main bodies of grassland
eco-compensation in China are the government and herder households.

3.2.3. Research on Compensation Standards

Compensation standards are one of the core contents of eco-compensation. China
is rich in grassland resources, and various types face different degrees of degradation.
Scholars have chosen different pilot pastoral areas to study grassland eco-compensation
standards (Table 1).

Table 1. Summary table of studies on grassland eco-compensation standards in China.

Management Measure Scholar Research Area Calculation Method
Theoretical Standard

(Yuan/ha)

Grazing prohibition

Qi et al. [55] Xilin Gol,
Inner Mongolia Willingness to be paid 270

Hu et al. [56]
3 counties including

Siziwang Banner,
Inner Mongolia

Opportunity cost 123.15

Wei and Zong [57] Maqu County, Gansu minimum data 1751.7

Yang et al. [58] Xilin Gol,
Inner Mongolia Willingness to be paid 85.95

Gong et al. [59] Inner Mongolia
Autonomous Region Opportunity cost 713.25

Grass-livestock balance

Qi et al. [55] Xilin Gol,
Inner Mongolia Willingness to be paid 135

Wei and Qi [60] Maqu County, Gansu Opportunity cost 330
Wei and Qi [61] Maqu County, Gansu Willingness to be paid 189.15

Zhou et al. [62] 5 counties including
Shanshan, Xinjiang Willingness to be paid 130.5

Among the calculation methods, the willingness to be paid method allows the house-
holds to personally assess the impacts of the eco-compensation measures on the original
production methods, and then gives the expected compensation standards. The oppor-
tunity cost method involves calculating the economic losses of the households due to
the response to eco-compensation measures through the researchers’ surveys, which are
mainly the livestock income that should have been generated by livestock reduction. The
minimum data method first specifies the target ecosystem service values to be restored,
and then calculates the required compensation standards. There are pros and cons to each
of these methods, but generally, algorithms that consider the value of ecosystem services
will receive higher theoretical compensation standards. The theoretical compensation stan-
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dards obtained through the willingness to pay method or the opportunity cost method are
relatively low. Accordingly, the task force on eco-compensation mechanisms and policies
suggests that the basic criterion for determining the eco-compensation standard should be
lower than the ecosystem service values and higher than or equal to the opportunity costs
and restoration costs [5].

3.2.4. Research on Compensation Methods

Compensation methods determine the efficiency of compensation, which can be
divided into financial compensation and industrial compensation [19,63]. Financial com-
pensation is a way to directly provide subsidies for herder households and encourage
them to transform traditional livestock husbandry. However, such compensation’s effect is
always inefficient, because it is difficult for herder households to spontaneously change
the current production status without the support of training, supervision, equipment,
etc. [64,65]. Industrial compensation is currently in the exploratory stage, and its purpose
is to help herder households get rid of their dependence on traditional livestock husbandry.
The government can help them to upgrade their industries or obtain alternative incomes by
providing policies, technologies, and equipment [44]. This is conducive to fundamentally
solving the problem, but it is obviously more difficult than financial compensation.

However, no matter what compensation method is ultimately chosen, financial com-
pensation in the short term is inevitable. There are two ways to allocate funds for grassland
eco-compensation, namely the quota based on the grassland scale of the households or the
quota based on household population [66]. Both ways have their pros and cons. A quota
based on the grassland scale can better reflect the ecosystem service values and opportunity
cost provided by herder households, but it is easy to widen the income gap between house-
holds [31]. A quota based on the household population will be relatively balanced, but it
ignores opportunity costs [66]. At present, a fund allocation method that is both balanced
and can reflect the opportunity costs of households is still being explored [67].

3.2.5. Research on Compensation Systems

A complete compensation system is a necessary condition to ensure the progress of
grassland eco-compensation [68]. After sorting out previous studies, China’s grassland
eco-compensation system should include the following important contents. The first is the
legal system. With the continuous development of compensation, existing laws and regula-
tions should also keep pace with the times to form a legal system that can cover the entire
process of grassland eco-compensation [69]. The second is a strong supervision system.
Without strict supervision measures, the implementation efficiency of grassland eco- com-
pensation is likely to be low, and it is difficult to achieve the desired effects [70]. The third
is strong scientific and technological support. The transformation of production methods
has greatly increased the requirements for production technology. Herder households need
more production training to adapt to such transformation [71]. The fourth is a long-term
mechanism. Fundamentally curbing overload cannot be achieved in a short period of time,
and requires a long-term compensation mechanism to continue to advance [71].

3.3. Summary and Analysis of Theoretical Research

Combined with relevant conclusions, we can conclude that the current grassland
eco-compensation in China is a large-scale ecological-economic institutional arrangement
with the following five characteristics: (1) the goals are to maintain the grassland ecosystem
services and increase the income of herder households; (2) the main bodies are governments
and herder households; (3) the main method is financial transfer payments; (4) the compen-
sation standards are based on the opportunity costs of the herder households’ responses
as the lower limits and the grassland ecosystem service values as the upper limits; and (5)
it is a comprehensive compensation system that requires legal, regulatory, technological
support and long-term mechanisms.
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Although a lot of progress has been made in the research on grassland eco-compensation
in China, there are still some aspects to be improved. According to the framework of the
compensation, the government provides financial support to herder households, encour-
ages them to transform livestock husbandry, and then reduces the grazing intensity of
natural grasslands to restore ecological functions. We can divide such a mechanism into two
processes, namely the compensation process of the government (government–household)
and the response process of herder households (household–grassland).

The current research on the government compensation process has covered the five
basic aspects. Among them, the determination of compensation goals, the identification
of the main compensation bodies and the needs of compensation systems have almost
reached a consensus between scholars. However, the research on compensation standards
and compensation methods is still weak. As one of the core issues of the eco-compensation
mechanism, the current research on compensation standards only provides a reasonable
compensation range (more than or equal to the opportunity costs and less than the ecosys-
tem service values) through different calculation methods. However, such a large range is
not enough to be a scientific basis for guiding practice. The final scientific standards should
be precise. In addition, due to the large area of pastoral areas in China, there are many
differences between nature and social status. It is necessary for governments at all levels
to formulate differentiated compensation standards according to regional characteristics.
However, the current research is not enough to meet such a requirement. After the com-
pensation standards are clarified, multiple compensation methods are also essential. If a
single government compensation method is maintained for a long time, it will inevitably
bring a huge burden to the government’s finances. Finding how to give full play to the
advantages of the market is an important basis for realizing the long-term mechanisms
of grassland eco-compensation, but this cannot be supported by the current research on
compensation methods.

As for the response process of herder households, there are very few related studies.
Some scholars found that when many herder households in pilot areas received compen-
sation and did not reduce livestock as required, they often attributed the reason to the
lack of a supervision system [64,65]. We agree that strong supervision will certainly help
herder households to reduce livestock and improve compensation efficiency. However,
achieving full supervision in the 255 million ha pilot area would mean significant costs.
In addition, current research cannot guarantee whether the long-term strict supervision
will bring about other social and economic problems. Therefore, it is necessary to explore a
rational method for motivating households to respond to compensation.

4. Research Progress on Grassland Eco-Compensation Practice

4.1. Status of Compensation Policy

China’s grassland eco-compensation is promoted by the policy of subsidies and re-
wards for grassland ecological protection (PSRGEP), officially launched in 2011 (Figure 2).
Currently, about 255 million hectares of natural grassland in 13 pilot provinces/autonomous
regions are divided into GP areas and GLB areas. The unified standard given by the central
government is a GP subsidy of 112.5 yuan/ha and a GLP reward of 37.5 yuan/ha. However,
in the process of implementation, the government also encourages each pilot area to make
appropriate adjustments from these unified standards according to local circumstances.
In addition, in order to promote the transformation and development of livestock hus-
bandry, the government also provides subsidies for planting grass, optimizing species, and
updating production materials for households in the pilot areas.

4.2. Resrearch of Compensation Effects

China’s PSRGEP has been implemented for more than 11 years. Scholars chose differ-
ent perspectives to evaluate the compensation effects, mainly focusing on the following four
aspects: changes in household income, changes in grassland ecology, effect of households’
reduction in livestock, and degree of households’ satisfaction. We have reviewed typical
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effect evaluation studies. In order to visualize the results, the evaluation result grades were
set according to the conclusions of the studies (Table 2).

 

Figure 2. Overview of PSRGEP.

Table 2. Grading criteria for compensation effects.

Indicator Good Moderate Poor

Income change Average income increases of
more than 10%

Average income changes less
than 10%

Average income decreases of
more than 10%

Ecological improvement Evaluation results are positive
and significant

Evaluation results are
not significant

Evaluation results are
negatively significant

Livestock reduction Average reduction in livestock
by more than 10%

Average stocking rates vary
by less than 10%

Average increase in livestock
by more than 10%

Satisfaction level Satisfied with more than 60%
of households

Satisfied households
between 40–60%

Satisfied with less than 40%
of households

Since 2011, the Chinese government has invested more than 170 billion yuan in the
grassland eco-compensation mechanism, benefiting more than 12 million farmer and herder
households, and rehabilitating 255 million hectares of grasslands [72]. Overall, China’s
grassland eco-compensation has achieved remarkable results [73] (Table 3). First, through
the method of financial compensation, grassland eco-compensation has directly and ef-
fectively improved the income level of herder households [74,75]. Additionally, there is
a positive correlation between the extent of the improvement and the amount of com-
pensation funds [65]. As for the ecological changes to grassland, in the past 10 years,
scholars have shown the overall improvement of grassland ecology in China through
various indicators such as the NDVI index, grassland comprehensive vegetation coverage,
theoretical stocking capacity calculated by remote sensing technology and grassland moni-
toring data [76,77]. However, the effect is relatively slight [78]. Therefore, the grassland
eco-compensation mechanism has positively achieved the two main compensation goals
overall. Of course, there are also some areas at the micro level that have negative income or
ecological effects [77,79].

As for the livestock reduction and satisfaction level of herder households, although
they do not directly feedback the goals of compensation, they also affect the efficiency
and effects of eco-compensation. Many households in the pilot areas have a long-term
dependence on traditional livestock husbandry. Therefore, compared with the change
in income, the current effect of reducing livestock is not obvious [64,65,80]. Finally, the
satisfaction degree of the households to grassland eco-compensation varies in different
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regions. The influencing factors mainly include family income, policy cognition, family
grassland scale and so on [81,82].

Table 3. Results of PSRGEP effect evaluations.

Indicator Scholars Research Area Grade

Income change
Yin [74] Urat Back Banner, Inner Mongolia Good

Zhang et al. [83] Xinjiang Autonomous Region Good
Liu and Zhang [79] 4 cities including Ordos, Inner Mongolia Good

Ecological
improvement

Liu et al. [76] 54 counties, Inner Mongolia Good
Hou et al. [78] All pilots in China Good

Liu [77] 73 counties, Inner Mongolia Moderate

Livestock
reduction

Gao et al. [65] 70 villages, Inner Mongolia Moderate
Yin et al. [32] 15 counties including New Barag Left Banner, Inner Mongolia Poor

Zhang et al. [84] 8 counties including Siziwang Banner, Inner Mongolia Good

Satisfaction level
Li et al. [85] Siziwang Banner, Inner Mongolia Moderate

Yang et al. [82] 6 counties including Tianzhu, Gansu Good
Hu et al. [86] 3 counties including Siziwang Banner, Inner Mongolia Moderate

4.3. Summary and Analysis of Practical Research

China’s PSRGEP is a practice closely integrated with grassland eco-compensation
theory. Because of the huge investment, wide coverage and large number of beneficiaries,
scholars pay great attention to its effects. Current studies accurately reflect the status of
PSRGEP in pilot areas in China. The results show that with the background of PSRGEP,
the income of herder households increased significantly and the grassland ecology slightly
improved. It is difficult to fundamentally curb the phenomenon of overgrazing, and there
are regional differences in the degree of satisfaction of herder households with the policy.

However, the status is not a real effect. Taking grassland ecological improvement
as an example, on the one hand, the analysis of the status cannot reflect the efficiency
of compensation. The current study suggests that the grassland ecological quality has
slightly improved after compensation—for example, the increase in grassland vegetation
coverage obtained through the NDVI index measured by remote sensing and the increase
in theoretical stocking capacity obtained through grassland biomass monitoring [76–78].
However, no study can draw definite conclusions: is this improvement enough to match
the financial investment of more than 170 billion yuan? Is the current level of compensation
the most appropriate? Regrettably, current research cannot link compensation measures
and compensation effects well. On the other hand, the analysis of status cannot highlight
the role of compensation. Scholars always only use eco-compensation as a time boundary
for comparison when evaluating grassland ecological improvement. Such results are
caused by both natural and human factors. For example, the impact of climate change
on ecosystems cannot be ignored. So how do we strip away other factors and focus on
the real effect of eco-compensation? There are few relevant studies. Likewise, grassland
eco-compensation significantly increases the income of herder households. However, it
is worth noting that what the government provides for GP and GLB is compensation, not
donations. The income increases of herder households due to grassland eco-compensation
should be reflected in sustainable industrial transformation and upgrading. However, the
existing studies rarely integrate the change in income with the actual production. If the
households just received the compensation funds and did not respond to the compensation,
such an increase in income would not be sustainable and cannot reflect the real effects of
eco-compensation. Therefore, it is difficult to reflect the role of eco-compensation in the
current effect evaluations.

5. Conclusion and Discussion

In summary, this study sorts the relevant theoretical and practical research in recent
years, explains the connotations of grassland eco-compensation in China from five aspects,
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and then evaluates the effects from four perspectives. The results show that the current
grassland eco-compensation in China is a large-scale ecological-economic institutional
arrangement with the following five characteristics: (1) The goals are to maintain the
grassland ecosystem services and increase the income of herder households; (2) the main
bodies are governments and herder households; (3) the main method is financial transfer
payments; (4) the compensation standards are based on the opportunity costs of the herder
households’ responses as the lower limits and the grassland ecosystem service values as
the upper limits; and (5) it is a comprehensive compensation system that requires legal,
regulatory, technological support and long-term mechanisms. Since 2011, driven by the
PSRGEP, the income levels of herder households in each pilot area have generally increased,
and the overall ecology of grassland has been slightly improved. However, there are still
some areas where overload is common. Additionally, there are regional differences in
the satisfaction degree of herder households, which is mainly affected by factors such
as family income, compensation cognition and family grassland scale. In general, the
shortcomings of current theoretical research are mainly reflected in the low precision of
scientific compensation standards, the lack of a basis for differentiated standards, and the
single compensation method. The shortcoming of practical research is that most effect
evaluations cannot reflect the role of eco-compensation in it.

In December 2021, China officially started the third round of its grassland eco-compensation
policy. At the important beginning stage of the third round, this study can provide a ref-
erence for policymakers to comprehensively review China’s grassland eco-compensation
mechanism in the first two rounds.

As for the academic contribution of this research, it mainly includes the following two
aspects: the first is providing supplements for the field of eco-compensation. Grassland is
the largest terrestrial ecosystem, but it is relatively lacking in the field of eco-compensation
research. This study sorts the theory and practice of grassland eco-compensation in China,
and points out the insufficiency of the current research, so as to provide directions for the
improvement of grassland eco-compensation research system. The second is setting out
a model for grassland ecological protection. Grassland degradation is occurring in many
regions of the world. The exploration of grassland eco-compensation in China can provide
a reference for global grassland ecological protection.

6. Future work

Combined with the current research status and the problems in the compensation
process, we suggest that future research on grassland eco-compensation theory and practice
could focus on the following aspects:

1. Research on the response mechanism of herder households

The response of herder households is the core link of grassland eco-compensation
in China, which determines the efficiency and effect of compensation to a large extent.
Whether it is the problem of overgrazing being difficult to solve, or the compensation
effect being difficult to describe, the key reason is that the response mechanism of herder
households is still unclear. We believe that this mechanism can be divided into three steps.
First, how do the households respond? Current research is almost exclusively concerned
with livestock reduction. However, in fact, herder households have various forms of
response compensation, such as the optimization of livestock structure, the optimization of
livestock breeds, land transfer, and the development of grass growing industry [30]. These
forms are also advocated by PSRGEP, which are beneficial to grassland ecological protection
and worth attention from scholars. Second: what factors influence the response of the herder
households? The response of herder households to eco-compensation is a complex process
that may involve many theories such as livelihood strategies and planned behaviors. Taking
livelihood strategies as an example, according to the sustainable livelihood framework,
the factors affecting the response strategies (such as livestock reduction) of farmers may
not be limited to public policies, but may also include other direct and indirect factors
such as the vulnerable environment [87], livelihood assets [88], and other institutional
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changes [89]. Finding out the influencing factors or processes affecting livestock reduction
by herder households may help to improve the supporting policies and achieve a more
ideal compensation effect. Finally, the livelihood and ecological effects of the households’
response are important. Compensation has changed the production and living conditions of
the herder households. To study the resulting livelihood and ecological effects is to evaluate
the compensation effect from the perspective of compensation mechanism, which obviously
highlights the role of eco-compensation more than the current evaluation results [90].
Macroscopically, pastoral areas not included in the compensation pilots can be used as the
reference group for adjacent compensation pilots. Microscopically, the herder households
who did not respond to the compensation in the same pilot area can be the reference group
for the households who responded to the compensation. Such a series of studies will help
us to better improve the compensation theory and examine the effects of compensation.
In addition, the existing ecological effect research only focuses on the grassland resources
itself. However, other ecological effects brought about by compensation management are
also worthy of attention, such as the impacts on the soil environment and the impacts on
carbon emissions from livestock husbandry.

2. Improvement of the compensation measures

Compensation standards and compensation methods are the core contents of eco-
compensation measures [91,92]. The current calculation methods of compensation stan-
dards include the willingness to pay method, the opportunity cost method, and the ecologi-
cal service accounting method, which correspond to the relevant theories of psychology,
economics and ecology. The results obtained by a single theory are very different and
have obvious limitations. Therefore, we suggest that future research should try to combine
multidisciplinary theories to form a unified comprehensive accounting system. The system
should consider the existing mature theories as well as the government’s financial ability
to pay, the livelihood status of the herder households, the ecological status, and other
restrictive factors. Performing this work not only helps to improve the scientific quality of
theoretical standards, but also enhances the comparability between regions and provides a
basis for differential compensation. For the compensation methods, it is difficult to form
a stable long-term mechanism with a single government compensation. Future research
could focus on market compensation mechanisms, which can include the following three
aspects: first, research on the confirmation and registration of grassland resources, specifi-
cally how to establish clear ownership of grassland and improve the property rights system
of grassland assets to provide conditions for the establishment of the market mechanism;
second, research on market-based financing methods, exploring the feasibility green stocks
and insurance products based on grassland ecological functions; and third, research on
industries with grassland characteristics, exploring the grassland ecological industry chain
financial model and the livestock husbandry franchise management system.

3. Expand the scope of research and learn from successful experiences

At present, there are 13 pilot provinces for grassland eco-compensation in China, but
the research area selected by scholars are mainly concentrated in Inner Mongolia, Gansu and
Ningxia, relatively few in Xinjiang and Tibet, and almost none in other provinces. Here, we
suggest that the scope of research should be expanded. On the one hand, different regions
may expose different problems in the compensation process, and exploring more pilots can
be an easy way to discover details that have been overlooked in theoretical research. On the
other hand, when the research scope is expanded to a certain level, it helps to enhance the
comparability between regions with similar background conditions. Researchers can select
successful cases to provide a model for guiding compensation practices in other regions. In
addition, China’s grassland eco-compensation started in 2011 and is still in the stage of ex-
ploration and development. However, eco-compensation in other areas can be traced back
to the 1990s or even earlier. Future research should try to combine eco-compensation expe-
rience in other fields with grassland research. For example, forest ecological compensation
has practical experience in several major projects [93–95]. Watershed eco-compensation has
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cooperation experience between different regions [96–98]. Marine eco-compensation has
legislative experience [99,100]. Farmland ecological compensation has good effect evalua-
tion experience [101–103]. Furthermore, there is also international experience in specialized
payments for various ecosystem services, such as biodiversity conservation [104,105], water
provision [106], carbon dioxide fixation [107]. Absorbing these advanced experiences will
accelerate the improvement of grassland eco-compensation in China.
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