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Introduction: The replacement of chemical fertilizer with organic fertilizer is an 
important way to improve agricultural non-point source pollution and achieve 
green agricultural development. However, the current adoption rate of organic 
fertilizer among farmers is relatively low, and the economic and environmental 
benefits of organic fertilizer are difficult to realize.

Methods: Based on the assumption of bounded rationality and combining 
evolutionary game theory, this paper constructs a symmetric game model of 
farmers under three scenarios: no external intervention, government incentives, 
and digital technology integration, deeply exploring the strategy choices of 
farmers and the effectiveness of intervention measures in different scenarios.

Results and discussion: Income levels have a differentiated impact on farmers’ 
learning and imitation behaviors. Government subsidies can significantly 
increase the willingness to apply organic fertilizer in the short term, but due 
to the heavy financial burden, it is difficult to sustain in the long run. Policy 
promotion can strengthen farmers’ moral constraints, but the effect of moral 
constraints is limited due to the long-term nature of ecological moral cultivation. 
In the absence of government subsidies, developing digital technology can 
also promote adopting organic fertilizer. The breakthrough of this paper lies 
in integrating behavioral insights, incentive policies, and digital technologies to 
comprehensively analyze the influencing factors of organic fertilizer application, 
and explore how to encourage farmers to adopt organic fertilizer in the absence 
of subsidies. This contributes to the formulation and improvement of organic 
fertilizer subsidy policies, with both theoretical and practical significance for 
enhancing agricultural competitiveness and achieving the green transformation 
of agriculture.
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1 Introduction

Fertilizers are essential production materials for ensuring food production and achieving 
green agricultural development (He et  al., 2020). However, the long-term excessive and 
inefficient use of fertilizer has caused serious agricultural non-point source pollution issues 
(Savci, 2012; Guo and Wang, 2021). Governments around the world have introduced policies 
to limit the use of chemical fertilizers: the U.S. Natural Resources Conservation Service 
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launched the “Organic Agriculture Environmental Incentives 
Program” to provide production guidance and technical services to 
organic producers, offering financial support to farmers, with a 
maximum subsidy of $20,000 per year. The European Union 
introduced the Water Framework Directive, aiming to 
comprehensively regulate water resources, particularly to address 
nitrogen, phosphorus, and many other chemical pollutants from 
pesticides, fertilizers, and heavy metals. Japan follows the natural 
farming scientific model, using the “nature-substance” cycle 
mechanism to reduce pesticide and fertilizer use. Since Chinese 
government proposed the initiative of “reduction and efficiency 
enhancement of chemical fertilizer” in 2015, by 2022, the amount of 
agricultural fertilizer application and grain yield in China were 50.79 
million tons and 686.53 million tons, respectively. The former 
decreased by 16% compared to 2015, while the latter increased by 4% 
compared to 2015.1 Although the initiative has achieved certain 
results, the agricultural non-point source pollution and food safety 
issues caused by the long-term chemical fertilizer application remain 
significant factors constraining green agricultural development 
(Shuqin and Fang, 2018). To this end, the 2024 “China’s No. 1 Central 
Document” once again emphasized the need to “solidly promote the 
reduction and efficiency enhancement of chemical fertilizer and 
pesticide, and advance comprehensive prevention and control of 
agricultural non-point source pollution.”

Organic fertilizer, as environmentally friendly fertilizer, mainly 
include manure-based fertilizer, compost, green manure, and mixed 
fertilizer. Their main characteristic is that they convert organic matter 
into nutrients beneficial for plant growth through natural degradation. 
Promoting the standardized production and scientific use of organic 
fertilizer plays an irreplaceable role in improving crop quality and 
yield, reducing environmental pollution, and achieving resource 
recycling (Maroušek et al., 2016). With the deepening of research, the 
application of biochar has provided an important breakthrough 
direction for promoting the replacement of chemical fertilizer with 
organic fertilizer. As an effective soil amendment, biochar can 
significantly reduce nitrate levels in crops, improve soil structure, and 
enhance the soil’s ability to retain water and nutrients, thereby 
increasing the fertility of organic fertilizer (Maroušek et al., 2018). In 
the future, with the reduction of production costs and the 
improvement of technologies, biochar will play an increasingly 
important role in agricultural production (Marousek et al., 2024). In 
recent years, nutrient recovery has become a key component of 
sustainable agriculture, focusing on recovering nutrients from 
agricultural waste, urban organic waste, and industrial by-products to 
achieve a circular agricultural economy. Research has shown that 
recovering phosphorus from waste not only helps reduce agriculture’s 
reliance on fertilizer but also provides significant economic returns 
(Maroušek and Gavurová, 2022; Stávková and Maroušek, 2021). 
Alternative biowaste valuation methods provide a quantitative basis 
for the promotion of organic fertilizer. These methods not only 
effectively assess the environmental and economic benefits but also 
help in understanding the long-term value and potential of converting 
biowaste into organic fertilizer (Maroušek et al., 2023, 2020). Against 
the backdrop of rising fossil fuel prices, the production costs of 

1 Data source: China Statistical Yearbook 2023.

chemical fertilizer are continually increasing (Vochozka et  al., 
2020a,b). The replacement of chemical fertilizer with organic fertilizer 
has become a new norm to alleviate the conflict between economic 
benefits and environmental protection and achieve green 
transformation and sustainable development in agriculture. However, 
the adoption rate of organic fertilizer among farmers is not high (Yu 
et al., 2019). Understanding the evolutionary mechanism of farmers’ 
adoption of organic fertilizer is of great significance for advancing 
green agricultural development.

Existing research has primarily focused on the willingness and 
behavior of applying organic fertilizer, and have produced a large 
number of innovative findings. Overall, the factors influencing farmers’ 
fertilization strategies are complex and diverse. Individual 
characteristics such as a farmers’ gender, age, education level, and 
whether they have had special experiences can all affect the replacement 
of chemical fertilizer with organic fertilizer (Xie et al., 2021). Family 
endowments such as farming intentions, income levels, and land 
management scale also influence farmers’ fertilization strategies (Fang 
et al., 2021). As research has deepened, some scholars have begun to 
explore the influence of psychological factors such as risk perception 
and ecological awareness on farmers’ decision-making from a 
behavioral economics perspective. For instance, risk aversion may lead 
farmers to prefer applying chemical fertilizer, which they are proficient 
in and can bring stable returns. Weak environmental awareness causes 
farmers to overlook environmental protection and makes it difficult to 
recognize the ecological benefits of organic fertilizer, thereby reducing 
their willingness to apply organic fertilizer (Chen et al., 2018; Wang 
et al., 2021). The learning and imitation behaviors among farmers can 
also influence their fertilization preferences because they may choose 
group strategies due to the demonstration effect and herd mentality 
(Tian et al., 2022). From the perspective of external environmental 
characteristics, factors such as financial subsidies (organic fertilizer 
subsidies), government promotion, and advances in digital technology 
all have a significant positive impact on farmers’ organic fertilizer 
application (Wang et al., 2018; Li et al., 2024).

However, existing research tends to focus on individual factors, 
such as farmer behavior and exogenous incentives, that influence 
organic fertilizer use, lacking a holistic analytical framework. On the 
one hand, most studies concentrate on how to increase farmers’ overall 
willingness to apply organic fertilizer, but income differences can affect 
farmers’ risk tolerance, technology acceptance, and motivations for 
learning and imitation. High-income farmers generally have better 
economic foundations and educational levels, making them more likely 
to adopt emerging technologies. In contrast, low-income farmers, due 
to limited funds, are more sensitive to risks and face more challenges 
during technology adoption. The differentiated impact of income levels 
is often overlooked by scholars. On the other hand, financial subsidies 
and government promotion are effective incentives for encouraging 
organic fertilizer application, yet they tend to have varying policy effects. 
Existing studies usually focus on a single policy, lacking comparative 
analysis between them. Moreover, due to the financial pressure caused 
by subsidy policies, there may be cases where subsidies are reduced if 
the policies fail to achieve the desired outcomes. How can farmers’ 
willingness to apply organic fertilizer be ensured in this scenario? This 
issue is largely ignored in current research. Additionally, in the context 
of rapid digital economic development, digital technologies, with their 
low cost, high efficiency, and precision, can effectively promote organic 
fertilizer technology. Although some scholars have begun to study the 
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impact of digital technology on agricultural technology extension 
(Singh et al., 2023; Xu et al., 2023; Du et al., 2023), there is still a lack of 
theoretical analysis on how digital technologies affect the replacement 
of chemical fertilizer with organic fertilizer.

The excessive use of chemical fertilizer has led to a series of 
environmental issues, including soil degradation, water pollution, and 
greenhouse gas emissions, which not only constrain the sustainability 
of agricultural production but also incur significant economic costs. 
Although governments worldwide have implemented corresponding 
fertilizer management policies, the rapid effectiveness and low cost of 
chemical fertilizer make it difficult to achieve the desired outcomes. 
Organic fertilizer, as a green production technology, combines both 
environmental and economic benefits. Exploring the feasibility of 
replacing chemical fertilizer with organic fertilizer has become 
increasingly urgent and necessary. From the investors’ perspective, 
profitability is a key factor in evaluating investment projects. They not 
only focus on short-term returns but also place greater emphasis on the 
project’s long-term benefits and risk levels (Pavolova et al., 2021; Akbari 
et al., 2021). In the agriculture sector, the input of production factors is 
often influenced by market returns. Only when organic fertilizer 
technology demonstrates long-term profitability and provides stable 
income for farmers are they more motivated to overcome production 
inertia and adopt it. However, due to the high costs of organic fertilizer 
and the uncertainty of its market returns, the adoption rate of organic 
fertilizer is generally low (Huang et al., 2019). Therefore, increasing the 
adoption rate of organic fertilizer is a crucial prerequisite for achieving 
coordinated economic and environmental development. Based on the 
above analysis, this paper aims to address the following questions:

 • What is the effect of learning and imitation behaviors on farmers 
with different incomes?

 • How do external factors (government incentives and digital 
technology) influence farmers’ strategy choices and alter the 
system’s steady state?

 • How to encourage farmers to apply organic fertilizer in situations 
with low or even zero subsidies?

To address above questions, this paper first constructs a symmetric 
game model of farmers without external intervention. By adjusting the 

initial willingness, this paper analyzes the impact of learning and 
imitation behaviors on applying organic fertilizer. Subsequently, this 
paper considers the impact of government incentives on farmers’ 
fertilization strategies. Through partial equilibrium strategy analysis, 
stability analysis, and sensitivity analysis of key influencing factors, 
this paper discusses the effectiveness of financial subsidies and 
government promotion. Based on this, this paper further discusses 
how digital technology influence farmers’ fertilization strategies, 
aiming to provide a more comprehensive perspective for promoting 
organic fertilizer. The symmetric game model of farmers under the 
three scenarios is shown in Figure 1.

The potential marginal contributions of this paper are mainly 
reflected in the following three aspects: firstly, this paper analyzes the 
impact of chemical fertilizer on the ecological environment and 
introduces the concept of “ecological utility.” Based on this, it sets 
differentiated ecological utility curves for farmers with different income 
levels, and then analyzes the influence of ecological utility on applying 
organic fertilizer. Secondly, the existing research mostly adopts qualitative 
and descriptive statistical methods to study issues related to the 
replacement of chemical fertilizer with organic fertilizer (Fang et al., 
2021; Yang et al., 2020; Chen et al., 2022), but this paper explores the 
strategic evolution of farmers from a dynamic perspective. By 
constructing symmetric game models of farmers under different 
scenarios, the paper comprehensively analyzes the evolution of farmers’ 
fertilization strategies in three contexts: no external intervention, 
government incentives, and the embedding of digital technology, making 
the research conclusions more relevant to the current situation. Thirdly, 
financial subsidies are an important incentive to promote organic 
fertilizer. However, maintaining high subsidies over the long term can 
impose a financial burden on the government, so how to promote 
farmers to apply organic fertilizer in a low-subsidy or even zero-subsidy 
scenario? By comparing the mechanisms of financial subsidies and 
digital technology, this paper analyzes the impact of digital technology 
on farmers’ fertilization strategies in the context of zero financial subsidies.

The remaining content of this paper is organized as follows: In 
Section 2, we outline the evolution of China’s fertilizer regulation 
policies. Section 3 describes the theoretical framework and ecological 
utility curve. Section 4 constructs evolutionary game models under 
three different scenarios and conducts sensitivity analysis of key 

FIGURE 1

The symmetric game model of farmers under the three scenarios.
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influencing factors. Section 5 further discusses the effects of 
government incentives and digital technology. The implications and 
conclusions are explained in Section 6.

2 Evolution of China’s fertilizer 
regulation policies

Fertilizer, often referred to as the “food for crops,” plays a crucial 
role in increasing agricultural production and farmers’ income. 
However, the extensive application of fertilizer has also resulted in 
serious environmental pollution problems. To this end, Chinese 
government has made adaptive adjustments to fertilizer policies. This 
paper, considering the key milestones in China’s fertilizer policy 
changes, divides the evolution of fertilizer policies into three stages: 
the stage of encouraging increased application of chemical fertilizer 
(1949–1994), the stage of balancing the adjustment of fertilization 
structure with encouraging increased application of chemical fertilizer 
(1995–2014), and the stage of replacing chemical fertilizer with 
organic fertilizer (2015–present), as shown in Figure 2.

2.1 The stage of encouraging increased 
application of chemical fertilizer (1949–
1994)

In the early years after the founding of the People’s Republic of 
China, China faced severe food shortages and there was an urgent 
need to increase the chemical fertilizer application to boost grain 

yield. On the one hand, China increased fertilizer supply by investing 
heavily in the construction of large fertilizer factories and provided 
subsidies for fertilizer production materials, prices, and electricity. 
China also imported fertilizer from abroad to meet domestic demand 
when necessary. On the other hand, the agricultural sector promoted 
chemical fertilizer through agricultural machinery extension stations, 
raising farmers’ awareness and guiding them applying fertilizer. As a 
result, the amount of fertilizer application increased from 1 million 
tons in the 1950s to 10 million tons by the late 1970s. However, due to 
limited supply capacity of chemical fertilizer, organic fertilizer 
remained the primary source of fertilizer input in China for a 
considerable period.

After the reform and opening up, the Household Contract 
Responsibility System reform unleashed production vitality, leading 
to an increase in the demand for chemical fertilizer. The 1982 “China’s 
No. 1 Central Document” explicitly stated, “Actively increasing the 
supply of phosphorus, potassium, and micronutrient fertilizer,” while 
also emphasizing that “fertilizer distribution should be reasonably 
adjusted among regions, increasing supply to areas with medium and 
low fertility.” To further increase the supply of fertilizer and boost 
farmers’ enthusiasm for applying fertilizer, China implemented a dual 
pricing system for fertilizer in 1985. The “Decision of the CPC Central 
Committee on Further Strengthening Agricultural and Rural Work” 
in 1991 clearly stated, “Planning the construction of a number of large 
fertilizer factories and chemical mines, and accelerate the 
modernization of small and medium-sized fertilizer factories.” At the 
same time, various preferential policies were provided for fertilizer 
production, such as tax incentives and reduced railway freight rates, 
effectively increasing the supply of fertilizer. In 1987, the central 

FIGURE 2

Stages of fertilizer policy evolution.
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government issued the “Implementation Measures for Linking Grain 
Contract Procurement with the Supply of Fertilizer and Diesel,” 
stipulating that, Allocating some fertilizer and diesel linked to grain 
contract procurement, with 3 kg of high-quality standard fertilizer and 
1.5 kg of diesel provided for every 50 kg of trade grain. To curb the 
rapid rise in prices of chemical fertilizer, the State Council issued the 
“Notice on Strengthening the Price Management of Agricultural 
Production Materials and Implementing Maximum Price Ceilings for 
Their Main Varieties” in 1993, strictly limiting the ex-factory and sales 
prices of chemical fertilizer. By 1994, China’s fertilizer application 
amount reached 33.179 million tons, approximately 3.75 times that 
of 1978.

During this stage, although some documents occasionally 
mentioned the rational application of chemical fertilizer, in the context 
of grain yield and addressing food security, such documents did not 
raise awareness of the rational application of chemical fertilizer.

2.2 The stage of balancing the adjustment 
of fertilization structure with encouraging 
increased application of chemical fertilizer 
(1995–2014)

As fertilizer application increased, soil quality significantly 
declined, and fertilizer application efficiency remained low. To this 
end, the Chinese government introduced a series of policy measures 
to adjust the fertilization structure. In 1995, the Ministry of 
Agriculture launched the “Fertile Soil Plan” nationwide, focusing on 
the production of organic fertilizer. The plan required that each 
hectare of land receive no less than 30 tons of organic fertilizer 
annually, with an annual increase of 5%.2 The 2005 “China’s No. 1 
Central Document” proposed, “Promoting the comprehensive 
utilization and harmless treatment of organic fertilizer, encourage 
farmers to apply more farmyard manure, and increase soil organic 
matter.” In the following 4 years (2006–2009), the “China’s No. 1 
Central Document” continued to advocate for the promotion of the 
“Fertile Soil Plan.” Additionally, it encouraged farmers to grow green 
manure and return straw to the fields. Starting from June 1, 2008, 
taxpayers producing and selling organic fertilizer products were 
exempted from value-added tax (VAT). In addition to organic 
fertilizer, the Chinese government also encouraged farmers to adopt 
slow-release fertilizers.

To reduce blind and excessive fertilization, soil testing and 
formulated fertilization were initiated nationwide in 2005. The 2006 
“China’s No. 1 Central Document” proposed, “Increasing subsidies for 
soil testing and formulated fertilization, and continuing to implement 
pilot projects for conservation tillage demonstration and soil organic 
matter enhancement subsidies.” Soil testing and formulated 
fertilization transitioned from a departmental initiative to a 
government action, with increasing subsidies gradually provided to 
support these practices. To address the “last mile” issue of soil testing 

2 In fact, as early as 1988 and 1991, the Chinese government had already 

issued the “Notice on Paying Attention to and Strengthening Organic Fertilizer 

Work” and the “Notice on Further Strengthening Organic Fertilizer Work,” 

respectively.

and formulated fertilization, the Ministry of Agriculture issued the 
“Opinions on Further Promoting Enterprise Participation in Soil 
Testing and Formulated Fertilization” in 2008, encouraging enterprises 
to participate in and guide farmers in formulated fertilization. In 2012, 
the nationwide pilot action for the promotion of formulated fertilizers 
through farmer-enterprise cooperation was further implemented. In 
2014, the Ministry of Agriculture and the Ministry of Finance issued 
the “Notice on Carrying Out Soil Testing and Formulated Fertilization 
Work in 2014,” which proposed initiatives such as the demonstration 
project for scientific fertilization by new agricultural operators, the 
promotion of formulated fertilizers through farmer-enterprise 
cooperation, and the promotion of formulated fertilizers tailored to 
local conditions. By the end of 2014, the central government had 
invested a total of 7.8 billion yuan to promote soil testing and 
formulated fertilization. The cumulative reduction in unreasonable 
fertilization exceeded 10 million tons.3

At the same time, to ensure the supply of fertilizer and encourage 
farmers to apply them, the Chinese government did not reduce the 
intensity of fertilizer subsidies during this stage. In 2003 and 2006, the 
National Development and Reform Commission (NDRC) required all 
industrial and commercial entities, except for the fertilizer industry, 
to increase electricity prices. In 1998, the Chinese government 
implemented preferential railway freight rates for fertilizer 
transportation and exempted it from the railway construction fund. 
Although fertilizer transportation prices were moderately increased 
in 2009, the exemption from the railway construction fund continued. 
Moreover, subsidies for fertilizer transportation in China increased 
from 6.37 billion yuan in 2003 to 7.91 billion yuan in 2011. 
Additionally, fertilizer products were exempted from value-added tax 
(VAT), with related VAT subsidies amounting to $871 million in 2004 
and $676.2 million in 2010 (Li et al., 2014).

2.3 The stage of replacing chemical 
fertilizer with organic fertilizer (2015–
present)

Although adjusting farmers’ fertilization structures can reduce 
blind fertilization and improve fertilizer application efficiency, the 
amount of fertilizer applied by farmers continued to increase, reaching 
its peak in 2016 at approximately 59.84 million tons, with an average 
application rate of 328.65 kg/ha, far exceeding the global average of 
120 kg/ha. In response, China initiated the fertilizer reduction action. 
In 2015, the Ministry of Agriculture issued the “Action Plan for Zero 
Growth in Fertilizer Use by 2020,” which explicitly proposed 
controlling the growth rate of fertilizer application to within 1% from 
2015 to 2019, striving to achieve zero growth in fertilizer application 
by 2020, and initially establishing a scientific fertilization management 
and technology system. At the same time, considering the ample 
organic fertilizer resources and the relatively low proportion of 
organic fertilizer application, China began implementing the action 
to replace chemical fertilizer with organic fertilizer. In May 2016, the 

3 Ministry of Finance: Central government support for soil testing and 

formulated fertilization achieves significant results (http://www.gov.cn/

xinwen/2014-04/16/content_2660833.htm).
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State Council issued the “Soil Pollution Prevention and Control 
Action Plan,” which proposed “Encouraging farmers to increase the 
organic fertilizer application and reduce the chemical fertilizer 
application.” The 2017 “China’s No. 1 Central Document” explicitly 
proposed for the first time the initiation of pilot projects for replacing 
chemical fertilizer with organic fertilizer.4 In February of the same 
year, the Ministry of Agriculture issued the “Action Plan for Replacing 
Chemical Fertilizer with Organic Fertilizer in Fruits, Vegetables, and 
Tea,” selecting 100 key counties (cities, districts) for fruits, vegetables, 
and tea to carry out demonstration projects for replacing chemical 
fertilizer with organic fertilizer. Each county was subsidized with 10 
million yuan. In 2018, an additional 50 pilot counties were added, and 
the crop selection expanded from fruits, vegetables, and tea to include 
crops with significant fertilizer-saving potential, such as strawberries, 
mangoes, and pears. The “National Strategic Plan for Quality-Oriented 
Agriculture (2018–2022)” released in 2019 proposed “replacing some 
chemical fertilizer with organic fertilizer to achieve a combination of 
organic and inorganic methods.” Additionally, it further selected 175 
counties to carry out the replacement of chemical fertilizer with 
organic fertilizer in fruits, vegetables, and tea, and 300 counties to 
implement fertilizer reduction and efficiency improvement. In 2020, 
the central government further improved the pilot support policies. 

4 In April 2017, the Ministry of Agriculture launched the Five Major Actions 

for Agricultural Green Development, which included the action of replacing 

chemical fertilizer with organic fertilizer in fruits, vegetables, and tea.

These improvements included encouraging new agricultural operating 
entities to lead small farmers in participating in the organic fertilizer 
replacement pilot projects. In terms of support methods, the focus was 
on government procurement of services and technical subsidies, 
vigorously promoting the purchase of services from socialized service 
organizations for the organic fertilizer application in fields (see 
Table 1).

3 Theoretical analysis

3.1 Analytical framework based on 
evolutionary game theory

Evolutionary game theory is a broad approach to studying the 
interaction and strategic choices of agents. It establishes evolutionary 
game models centered on replicator dynamics equations and 
evolutionary stable states, which, respectively, represent the stable 
state of evolutionary games and the process of dynamically converging 
to such a stable state (Zhao et  al., 2024). Compared to the static 
equilibrium of traditional game theory, evolutionary game theory 
addresses the issues of bounded rationality and learning mechanisms. 
It provides an effective mathematical model for predicting agents’ 
behavior choices and serves as a powerful tool for analyzing strategy 
evolution of individuals in complex systems (Coninx et al., 2018; Xie 
et al., 2018). Whether farmers choose to replace chemical fertilizer 
with organic fertilizer is influenced by a combination of factors, 
including internal factors such as herd mentality, as well as external 

TABLE 1 Main content of China’s fertilizer policies.

Year Policy document Main content

1982 China’s No. 1 central document
Increasing the supply of phosphorus, potassium, and micronutrient fertilizer. Fertilizer distribution 

should be reasonably adjusted among regions

1987
Implementation Measures for Linking Grain Contract 

Procurement with the Supply of Fertilizer and Diesel

Allocating fertilizer and diesel linked to grain contract procurement, with 3 kg of high-quality 

standard fertilizer and 1.5 kg of diesel provided for every 50 kg of trade grain.

1991
Decision of the CPC Central Committee on Further 

Strengthening Agricultural and Rural Work

Planning the construction of a number of large fertilizer plants and chemical mines, and accelerate 

the modernization of small and medium-sized fertilizer plants.

1993

Notice on Strengthening the Price Management of 

Agricultural Production Materials and Implementing 

Maximum Price Ceilings for Their Main Varieties

Strictly limiting the ex-factory and sales prices of chemical fertilizer.

2005 China’s No. 1 central document
Promoting the comprehensive utilization and harmless treatment of organic fertilizer, encourage 

farmers to apply more farmyard manure, and increase soil organic matter.

2006 China’s No. 1 central document
Increasing subsidies for soil testing and formulated fertilization, and continuing to implement pilot 

projects for conservation tillage demonstration and soil organic matter enhancement subsidies.

2014
Notice on Carrying Out Soil Testing and Formulated 

Fertilization Work in 2014

The demonstration project for scientific fertilization by new agricultural operators, the promotion of 

formulated fertilizers through farmer-enterprise cooperation, and the promotion of formulated 

fertilizers tailored to local conditions.

2015 Action Plan for Zero Growth in Fertilizer Use by 2020
Controlling the growth rate of fertilizer use to within 1% from 2015 to 2019, striving to achieve zero 

growth in fertilizer use by 2020.

2017 China’s No. 1 central document Proposing the initiation of pilot projects for replacing chemical fertilizer with organic fertilizer.

2019 National Strategic Plan for Quality-Oriented Agriculture
Replacing some chemical fertilizer with organic fertilizer to achieve a combination of organic and 

inorganic methods.

2024 China’s No. 1 central document
Promoting the reduction and efficiency enhancement of chemical fertilizer and pesticide, and 

advance comprehensive prevention and control of agricultural non-point source pollution.
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factors such as government incentives and digital technology. 
Evolutionary game theory emphasizes the impact of interactions 
between groups and environmental changes on agents’ strategies 
(Friedman, 1991). Using evolutionary game theory to analyze the 
replacement of chemical fertilizer with organic fertilizer aligns well 
with practical logic. Therefore, this paper proposes the following 
analytical framework based on evolutionary game theory, as shown in 
Figure 3.

3.1.1 Herd mentality
A fundamental aspect of evolutionary game theory is that 

individuals achieve changes in group behavior through dynamic 
processes such as learning, imitation, and mutation (Roca et al., 2009). 
Due to bounded rationality and information asymmetry, farmers find 
it difficult to accurately assess the costs and benefits of different 
fertilization strategies, and blindly changing production decisions 
carries significant risks. In uncertain situations, learning and imitation 
can partially replace rational calculation (Tang and Song, 2015). When 
some farmers choose to apply organic fertilizer and achieve significant 
increases in their profits, other farmers using chemical fertilizer will 
notice this difference and imitate the decision (Samuelson, 1997). 
However, if applying organic fertilizer does not result in a noticeable 
increase in profits, farmers will continue to choose chemical fertilizer 
for agricultural production. Therefore, herd mentality drives farmers 
to choose the fertilization strategy that yields higher returns.

3.1.2 Government incentives
According to evolutionary game theory, changes in the external 

environment can also influence individuals’ strategy choices (Friedman, 
1991). Government incentives alter the cost–benefit levels for farmers, 
serving as external factors that influence farmers’ decisions to replace 
chemical fertilizer with organic fertilizer. These incentives specifically 
include two means: financial subsidies and government promotion.

3.1.2.1 Financial subsidies
Financial subsidies, as they directly increase farmers’ disposable 

income and face less resistance to acceptance, are an effective measure 
to incentivize farmers to apply organic fertilizer in the short term. This 
is manifested as direct economic compensation provided by local 
governments (Takeshima and Nkonya, 2014). Currently, providing cash 
subsidies based on the scale of cultivation is the most common form of 
subsidy.5 By implementing financial subsidies, local governments can 
effectively incentivize farmers to change their agricultural production 
methods and leverage the positive externalities of organic fertilizer. For 
farmers, financial subsidies can effectively compensate for the potential 
loss that might arise from technological substitution (Shi et al., 2020), 
altering the cost–benefit level under the organic fertilizer strategy, and 
thereby increasing their willingness to apply organic fertilizer. Existing 
literature has shown that incentive-based compensation policies often 

5 In Jinshan District, Shanghai, subsidies of 200 yuan per ton are provided 

to farmers who use commercial organic fertilizers. In Haining, Zhejiang 

Province, financial subsidies are implemented for the promotion and application 

of commercial organic fertilizers, with a subsidy standard of 300 yuan per ton. 

In Beijing, a subsidy of 480 yuan per ton is provided for up to 1 ton of 

commercial organic fertilizer per mu of land.

have a more direct governance effect compared to government 
promotion (Falconer and Hodge, 2001; Maille et al., 2009).

3.1.2.2 Government promotion
Local governments need to balance the economic and 

ecological benefits of agricultural technologies. On the one hand, 
applying organic fertilizer can produce green and environment-
friendly agricultural products, enhancing the market 
competitiveness and added value of agricultural products, thereby 
promoting the sustainable development of green agriculture and 
regional economies (Chen et al., 2022). On the other hand, local 
governments represent the interests of the public and have a higher 
demand for improving the ecological environment. Local 
governments will strengthen the promotion and education of 
organic fertilizer and environmental protection, improving 
farmers’ technical knowledge and environmental awareness, 
thereby creating moral constraints on their fertilization behavior. 
However, the application of organic fertilizer is influenced by 
perceived usefulness and perceived ease of use (Hu et al., 1999), as 
well as resistance from farmers’ habitual production behaviors 
(Bocquého et al., 2014). Therefore, government promotion has a 
long-term impact on the application of organic fertilizer.

3.1.3 Digital technology
Farmers’ production decisions mainly depend on factors such as 

production costs and agricultural information. Digital technology can 
provide farmers with more targeted and timely technical advice and 
policy information at low cost and high efficiency, thereby promoting 
the replacement of chemical fertilizer with organic fertilizer (Aker, 2011). 
On the one hand, digital technology can reduce the adoption cost of 
organic fertilizer. As a new agricultural production technology, organic 
fertilizer carries the risk of improper application (Van Campenhout et al., 
2021). Digital technology can provide targeted technical guidance to 
farmers, enhancing their understanding and mastery of organic fertilizer, 
and reducing learning cost. Furthermore, the development of internet 
technology offers the potential to alleviate information asymmetry 
between farmers and agricultural suppliers (Tadesse and Bahiigwa, 
2015). By purchasing agricultural materials online, farmers can not only 
optimize their purchasing decisions and reduce procurement cost but 
also increase their awareness of market regulations for agricultural 
materials, thereby promoting the replacement of chemical fertilizer with 
organic fertilizer. Digital technology, especially modern computing 
methods, can optimize agricultural production and distribution 
processes, thereby reducing resource waste, enhancing the quality and 
market competitiveness of agricultural products, and achieving 
commercial success (Valaskova et al., 2024; Kliestik et al., 2024). In 
addition, digital technology can analyze consumer behavior and predict 
market demand, enabling precise marketing activities and creating a 
more favorable market environment for the promotion of organic 
fertilizer. On the other hand, digital technology can strengthen farmers’ 
moral constraints. The government can use digital platforms to more 
efficiently promote and educate about ecological protection and green 
policies, helping farmers understand the harms of excessive chemical 
fertilizer application and the environmental benefits of organic fertilizer, 
thereby enhancing their ecological awareness and stimulating their 
willingness to apply organic fertilizer. The analytical framework for 
digital technology promoting farmers’ application of organic fertilizer is 
shown in Figure 4.
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3.2 Ecological utility curves for farmers 
with different income levels

As an environment-friendly fertilizer, organic fertilizer has 
significant advantages in improving the quality of cultivated land and 
enhancing environmental benefits (Lee, 2010). Excessive application 
of chemical fertilizer can lead to agricultural non-point source 
pollution, thereby affecting farmers’ pursuit of environmental quality. 
This paper introduces the concept of “ecological utility” (Liu et al., 
2024), meaning that as the application of chemical fertilizer increases, 
the perceived ecological utility by farmers gradually decreases. Given 
the differences in income levels among farmers in China, the 
ecological utility curves for farmers with different income levels vary.

High-income farmers typically have higher demands for 
environmental quality, use more advanced agricultural production 
techniques, and apply fertilizer in a relatively scientific and reasonable 
manner. These individuals assign a higher utility value to environmental 
quality, and their utility perception is more elastic with respect to 
environmental quality. In the initial stage, due to advanced 
environmental protection measures and scientific fertilization strategies, 
the impact of chemical fertilizer application on overall environmental 
quality is relatively small, resulting in a slow decline in the ecological 
utility curve. However, as the amount of chemical fertilizer applied 
increases, environmental quality rapidly deteriorates. Individuals 
become more sensitive to environmental degradation, and the ecological 
utility begins to decline at an accelerated rate. Ecological utility (U ) is a 
function of the chemical fertilizer application (Q ). The ecological utility 
curve for high-income farmers, ( )=U f Q , is shown in Figure 5a.

Low-income farmers invest less in environmental protection, 
apply fertilizer in a more extensive manner, and lack scientific 
guidance. Their expectations for environmental quality are lower, and 
their utility perception is less elastic with respect to environmental 
quality. In the initial stage, due to the lack of scientific management in 
fertilizer application, its impact on environmental quality is significant. 
Additionally, the absence of environmental regulation measures can 
lead to the “broken window effect,” which further exacerbates 
environmental degradation, causing a rapid decline in ecological 
utility. As the chemical fertilizer application increases, environmental 

quality continues to decline. However, due to the lower elasticity of 
individuals’ utility perception with respect to environmental quality, 
changes in ecological utility are relatively gradual. The ecological 
utility curve for low-income farmers is shown in Figure 5b.

As the chemical fertilizer application increases by equal amounts, 
the individual’s ecological utility decreases, represented by 1U , 2U , and 
3U , with > >1 2 3U U U . Based on the above analysis, for high-income 

farmers, − < −1 2 2 3U U U U ; for low-income farmers, − > −1 2 2 3U U U U .

4 Evolutionary game model

4.1 Symmetric game model of farmers 
without external intervention

4.1.1 Scenario description
During the fertilization process, farmers adjust their strategies 

based on the strategies of other farmers in the region, and this 
adjustment process is an evolutionary one. Specifically, farmers may 
choose organic fertilizer for agricultural production to pursue 
ecological utility and improve the quality of agricultural products, but 
the market value of green products is uncertain, and organic fertilizer 
requires higher costs. On the other hand, chemical fertilizers are less 
expensive and provide stable returns, but they are detrimental to 
environmental protection. After multiple rounds of games, farmers 
will choose the strategy that yields the highest returns based on their 
experience. This section first constructs a symmetric game model of 
farmers in the scenario without external intervention, analyzing the 
impact of imitation and learning mechanisms among farmers on 
strategy choices. The game framework is shown in Figure 6.

4.1.2 Model assumptions
Based on evolutionary game theory, in order to construct a 

scientific and reasonable game model and clearly elaborate on the 
stability of strategies and equilibrium points as well as the relationships 
between various factors, this paper proposes the following assumptions:

Assumption 1: One of the central principles of evolutionary game 
theory is that agents participate in repeated games under the 

FIGURE 3

Analytical framework of factors influencing replacement of chemical fertilizer with organic fertilizer.
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assumption of bounded rationality until the game system evolves 
towards a stable state over time (Weibull, 1997). This model is a 
two-party symmetric game model with farmers as the main subjects, 
divided into Farmer A and Farmer B. It is assumed that information 
asymmetry exists during the game process, and all farmers have 
bounded rationality with differences in analysis and judgment 
abilities. Farmers’ strategy choices gradually adjust over time, and they 
improve their learning and imitation abilities during the game process, 
thereby making decisions that best align with the current environment 
and their own interests.

Assumption 2: For ease of analysis, we  typically use binary 
strategies to analyze agents’ strategies (Xing et al., 2023; Sun et al., 
2023). It is assumed that farmers have only two fertilization strategies: 
“organic fertilizer” and “chemical fertilizer.” Farmer A chooses 
“organic fertilizer” with a probability of x  and “chemical fertilizer” 
with a probability of ( )−1 x . Farmer B chooses “organic fertilizer” with 
a probability of y and “chemical fertilizer” with a probability of ( )−1 y .

Assumption 3: Organic fertilizers must be produced using organic 
waste as raw materials, undergoing multiple rounds of fermentation 
and decomposition through biological transformation. During this 
process, strict control of temperature, humidity, oxygen supply, and 
microbial activity is required. In contrast, chemical fertilizers can 
be mass-produced directly through industrial synthesis at a relatively 
lower cost. Moreover, the trace elements in chemical fertilizers can 
be rapidly absorbed by crops, leading to a quick increase in yield. In 
contrast, organic fertilizers release nutrients gradually through 
microbial decomposition, resulting in a delayed effect on soil 
improvement and yield enhancement. This slow-release characteristic 
requires farmers to invest more time. Therefore, using organic 
fertilizers entails not only higher economic costs but also greater time 
and management costs. Let 1C  and 2C  represent the costs of using 
organic and chemical fertilizers, respectively, where 1C > 2C .

Assumption 4: Excessive use of chemical fertilizers leads to 
agricultural non-point source pollution, reducing farmers’ overall 

FIGURE 4

The analytical framework for digital technology promoting farmers’ application of organic fertilizer.

FIGURE 5

(a,b) represent ecological utility curve for high-income farmers and low-income farmers, respectively.
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satisfaction with environmental quality. Given different amount of 
chemical fertilizer application =( 1,2,3iQ i , < <1 2 3)Q Q Q , farmers 
receive different ecological utility ( )= > >1 2 31,2,3,iU i U U U . As 
analyzed in Section 3.2, high-income farmers are more sensitive to 
environmental degradation. Therefore, the ecological utility of farmers 
with different income follows the relationship: 

> > <1 1 2 2 3 3, ,H L H L H LU U U U U U . To quantify ecological utility and 
compare the benefits of different strategies, this study follows Liu’s 
approach by introducing the Monetary marginal utility λi and 
converting farmers’ ecological utility using 

λ
i

i

U . Since high-income 

farmers have stronger consumption capacity and lower sensitivity to 
income changes, their marginal utility is lower than that of low-income 
farmers, i.e., λ λ<H L.

4.1.3 Payoff matrix
Based on the above assumptions, the payoff matrix for the 

symmetric game model of farmers without external intervention can 
be obtained, as shown in Table 2.

4.1.4 Expected payoff and replicator dynamics 
equation

According to evolutionary game theory and the constructed payoff 
matrix, the payoff functions and replicator dynamics equations for Farmer 
A and Farmer B under different decisions can be calculated as follows:

Let the expected payoffs for Farmer A when choosing “organic 
fertilizer” and “chemical fertilizer” be  11E  and 12E , respectively, with 
the average expected payoff being 1E , expressed by Equations 1–3, 
respectively. Then:

 
( )
λ

+ −
= −1 2

11 1
1yU y U

E C
 

(1)

 
( )
λ

+ −
= −2 3

12 2
1yU y U

E C
 

(2)

 ( )= + −1 11 121E xE x E  (3)

Since this model is a symmetric game model, the expected payoffs 
for Farmer B can be derived analogously, expressed by Equations 4–6:

 
( )
λ

+ −
= −1 2

21 1
1xU x U

E C
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( )
λ

+ −
= −2 3

22 2
1xU x U

E C
 

(5)

 ( )= + −2 11 121E yE y E  (6)

Based on the expected payoffs, the replicator dynamics 
equations for Farmer A and Farmer B can be derived, expressed by 
Equations 7,8:

 

( ) ( )
( ) ( ) ( )

λ

= −

 + − − −
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1 2 3
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21 2

1 2 3
2 1

1 2 1
1

F y y E E
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y y C C

 
(8)

4.1.5 Data source
The data source and parameter calibration in this paper are 

primarily based on the following principles:

FIGURE 6

Symmetric game model in the scenario without external intervention.
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 (1) Field research on farmers in Zhejiang Province. Our research 
team conducted field surveys in multiple regions, including 
Wenzhou, Taizhou, and Jiaxing, where we gathered detailed 
information on key factors affecting agricultural production 
costs, such as agricultural input usage, cropping structures, and 
fertilization practices. Based on these findings, combined with 
publicly available data from agricultural input platforms, 
we  estimated the application costs of different fertilizers, 
determining that the cost of organic fertilizer is 3, while the 
cost of chemical fertilizer is 1.

 (2) Policy reports and other public documents. We systematically 
reviewed relevant policy documents on organic and chemical 
fertilizers. Generally, subsidies for organic fertilizers account 
for approximately 30% of the purchase price, so the government 
subsidy is set at 1.

 (3) Existing literature and expert opinions. On the one hand, 
considering the consumption characteristics of farmers with 
different income, we referred to Liu’s approach in assigning 
values to the monetary marginal utility—setting it at 1 for 
low-income farmers and 0.8 for high-income farmers. On the 
other hand, for data that are difficult to obtain, such as 
ecological utility and farmers’ negative utility, we consulted 10 
senior experts in the field of environmental science from 
universities, research institutions, and government 
departments. The relevant parameters were determined by 
summarizing expert opinions and calculating the average value 
to ensure the scientific validity and reliability of the 
research data.

The specific parameter settings are shown in Table 3.
The simulation analysis process in this study is as follows:
First, we substitute the parameters into the replicator dynamic 

equations and conduct an initial simulation using MATLAB 
(Scenario 1: Symmetric game model of farmers without external 
intervention). Next, we analyze the sensitivity of key parameters 
such as government subsidies and government promotion. 
Specifically, we use the variable values of low-income farmers in 
Scenario 1 as the baseline and adjust key parameter values 
accordingly to examine the mechanisms of government intervention 
(Scenario 2: Symmetric game model of farmers under government 
incentives). Finally, we conduct a sensitivity analysis to explore the 
impact of digital technology on farmers’ strategies, aiming to 
provide a more comprehensive perspective on promoting the 
replacement of organic fertilizers for chemical fertilizers (Scenario 
3: Symmetric game model of farmers under the embedding of 
digital technology).

4.1.6 Preliminary evolutionary results
This section uses Matlab software to preliminarily simulate 

the evolution of the game system. To ensure the scientific 
accuracy and reliability of the results, the initial values of the 
parameters were adjusted and set based on field survey results 
and relevant research. The specific values are as follows: 

λ λ= = = = = = = = = =1 2 3 1 2 3 1 27, 5, 0.5, 0.8; 3.5, 2, 1, 1; 3, 1.H H H H L L L LU U U U U U C C  
Figures 7a,b represent the evolutionary trends of fertilization strategies 
for high-income and low-income farmers, respectively, under different 
initial willingness. Generally speaking, in the absence of external 
intervention, the learning and imitation behavior among farmers are 
important factors influencing organic fertilizer application. When 
some farmers adopt organic fertilizer and achieve good results, other 
farmers are likely to imitate their practices, and this influence shows 
differentiated effects at different income levels.

According to Figure 7a, regardless of the initial willingness, high-
income farmers will eventually choose organic fertilizer for 
agricultural production. As the initial willingness increases, the speed 
of the system evolving to a steady state accelerates. This indicates that 
through mutual learning and imitation, high-income farmers are 
better able to achieve the replacement of chemical fertilizer with 
organic fertilizer. On the one hand, farmers’ income levels determine 
their willingness to engage in green production and their input of 
factors at each stage (Hayati et al., 2009). High-income farmers have 
a stronger risk-bearing capacity and sufficient ability to purchase 
organic fertilizers. On the other hand, according to Maslow’s hierarchy 
of needs theory, farmers with higher income levels, once their basic 
material needs are met, will pursue higher-level ecological utility 
(Janker et al., 2019). Moreover, in high-income areas, new agricultural 
operating entities such as family farms and farmers’ cooperatives 
possess abundant human and social resources, making them likely 
pioneers in the application of organic fertilizer. Relying on their own 
influence, they can play a demonstrative role, guiding and motivating 
surrounding small farmers to learn and imitate, thereby enhancing 
their willingness to apply organic fertilizer (Hoang et al., 2006).

According to Figure 7b, although an increase in initial willingness 
helps to slow down the evolution of low-income farmers’ strategies 
towards zero, low-income farmers will ultimately choose to apply 
chemical fertilizer. The main reasons are that low-income farmers have 
a high degree of risk aversion and weak environmental awareness, 
leading them to prefer “quick and easy” agricultural techniques for 
short-term gains (Wang et al., 2018). They lack the economic foundation 
to achieve the replacement of chemical fertilizer with organic fertilizer 
through learning and imitation. Overall, high-income farmers are better 
able to adopt organic fertilizer, while chemical fertilizer are the common 
choice for low-income farmers. To increase the willingness of 
low-income farmers to apply organic fertilizer, it is necessary for the 
government to take intervention measures.

4.2 Symmetric game model of farmers 
under government incentives

4.2.1 Model construction
The main reasons for low-income farmers’ low willingness to apply 

organic fertilizer are the lack of purchasing ability and environmental 
awareness. Government incentives are effective measures to improve 

TABLE 2 Payoff matrix for the symmetric game model of farmers in the 
scenario without external intervention.

Farmer A

Organic 
fertilizer ( )x

Chemical 
fertilizer ( )−1 x

Farmer B

Organic 

fertilizer ( )y λ λ
− −,1 1

1 1
U U

C C
λ λ

− −,2 2
2 1

U U
C C

Chemical 

fertilizer ( )−1 y
λ λ

− −,2 2
1 2

U U
C C

λ λ
− −,3 3

2 2
U U

C C
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this situation (Lv et al., 2023). The government primarily increases 
low-income farmers’ willingness to apply organic fertilizer through 
financial subsidies and government promotion. Excessive application of 
chemical fertilizers not only negatively impacts farmers’ own production 
but also affects the surrounding ecosystem, leading to public scrutiny 
and regulatory pressure. Therefore, the government strengthens 
education and promotion of green technologies and ecological 
protection to raise farmers’ environmental awareness and guide them 
toward moral constraints through policy measures. When 
environmental damage occurs due to excessive chemical fertilizer use, 
farmers experience negative utility θ  due to guilt, representing their 
psychological loss from environmental harm. This is expressed as θ

λ
− . 

Additionally, given that organic fertilizers are generally more expensive 
than chemical fertilizers and may lead to short-term income losses, the 
government provides financial subsidies amounting to A to alleviate 
farmers’ economic burden.

The symmetric game framework of farmers under government 
incentives is shown in Figure 8, and the payoff matrix is shown in Table 4.

Since this model is a symmetric game model, the payoff situations of 
Farmer A and Farmer B are similar. Therefore, in this section and the 
subsequent game analysis, Farmer A is taken as an example, and the 
strategy evolution of Farmer B can be derived analogously. The expected 
payoffs for Farmer A were expressed by Equations 9–11, respectively.
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Based on the expected payoffs, the replicator dynamics equation 
for Farmer A can be derived as Equation 12:
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Take the partial derivative with respect to x, as shown in 
Equation 13:
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Let:
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According to the stability conditions of the replicator dynamics 
equation, when ( ) = 0F x  and ( )′ < 0F x  are satisfied, this point is the 
evolutionary stable point for Farmer A. According to Equation 14, 
when y = y*=, G(y)=0, and for any value of x, F(x) ≡ 0. When 
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= =

+ −
1 2 3 2
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L L L

L L L

C C A U U
y y

U U U
, ( ) = 0G y , and for any value 

of x , ( ) ≡ 0F x . Under this condition, the strategy choice of Farmer A 
does not change over time, and the stable strategy is any strategy. 
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, setting ( ) = 0F x  

yields two possible equilibrium solutions: =1 0x  and =2 1x . (1) 
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, ( ) < 0G y , 

( ) ( )′ = <1 0 0F x x∣  and ( ) ( )′ = >2 1 0F x x∣ , then =1 0x  is the 
evolutionary stable strategy for Farmer A. (2) When 

( )λ θ∗ − − + − −
> =

+ −
1 2 3 2

1 3 22
L L L

L L L

C C A U U
y y

U U U
, ( ) > 0G y , 

( ) ( )′ = >1 0 0F x x∣  and ( ) ( )′ = <2 1 0F x x∣ , then =2 1x  is the 
evolutionary stable strategy for Farmer A. Based on the above analysis, 
when ( ) ( ) θ

λ
+ − − − +

+ + − >1 2 3
2 1

1 2 1
0L L L

L

yU y U y U
A C C

, farmers 

will choose to apply organic fertilizer. Next, this paper will further 
discuss the impact of government incentives on farmers’ willingness 
to apply organic fertilizer.

( )λ θ∗ − − + − −
=

+ −
1 2 3 2

1 3 22
L L L

L L L

C C A U U
y

U U U
, and since

∗∂
<

∂
0y

A
, ∗y

decreases as A increases, meaning that when A rises, ∗>y y , and the 
stable point converges towards =2 1x . Therefore, the following 
corollary is made:

Corollary 1: Financial subsidies positively influence farmers’ 
willingness to apply organic fertilizer.

( )λ θ∗ − − + − −
=

+ −
1 2 3 2

1 3 22
L L L

L L L

C C A U U
y

U U U
, and since

θ

∗∂
<

∂
0y , ∗y

decreases as θ  increases, meaning that when θ  rises, ∗>y y , and the 

TABLE 3 Definition and initial value of each parameter.

Variable Description Assignment

( )= 1,2,3U iHi
Ecological utility of high-income 

farmers under different fertilization 

amounts

7, 5, 0.5

( )= 1,2,3U iLi
Ecological utility of low-income 

farmers under different fertilization 

amounts

3.5, 2, 1

λ λ,H L
Monetary marginal utility of farmers 

with different income

0.8, 1

( )= 1,2C ii
The cost of applying organic and 

chemical fertilizers

3, 1

A Subsidy for organic fertilizer 

application

1

θ Negative utility arising from ecological 

damage after policy promotion

0.2

a Digital technology level 0.2
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stable point converges towards =2 1x . Therefore, the following 
corollary is made:

Corollary 2: Government promotion helps to strengthen moral 
constraints, positively influencing farmers’ willingness to apply 
organic fertilizer.

4.2.2 Stability analysis
Under conditions of information asymmetry, the evolutionary 

stable strategy is necessarily a pure strategy (Selten and Selten, 1988). 
Setting ( ) ( )= = 0F x F y  yields four pure strategy equilibrium points: 
( ) ( ) ( ) ( )1 2 3 40,0 , 1,0 , 0,1 , 1,1E E E E . According to Lyapunov stability 

FIGURE 7

(a,b) represent evolutionary result for high-income farmers and low-income farmers, respectively.

FIGURE 8

Symmetric game model under government incentives.

TABLE 4 Payoff matrix for the symmetric game model of farmers under government incentives.

Farmer A

Organic fertilizer ( )x Chemical fertilizer ( )−1 x

Farmer B

Organic fertilizer ( )y
λ λ

+ − + −,1 1
1 1

U U
A C A CL L

L L

θ
λ λ
−

− + −,2 2
2 1

U U
C A CL L

L L

Chemical fertilizer ( )−1 y θ
λ λ

−
+ − −,2 2

1 2
U U

A C CL L
L L

θ θ
λ λ
− −

− −,3 3
2 2

U U
C CL L

L L

https://doi.org/10.3389/fsufs.2025.1527913
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Liao et al. 10.3389/fsufs.2025.1527913

Frontiers in Sustainable Food Systems 14 frontiersin.org

theory, the eigenvalues of the Jacobian matrix can be  used as a 
criterion for determining the evolutionary stability of local equilibrium 
points. A local equilibrium point satisfies the condition of asymptotic 
stability if and only if all eigenvalues are negative. Therefore, the 
Jacobian matrix is constructed based on the replicator dynamics 
equations, and its eigenvalues are calculated to determine whether the 
local equilibrium points are stable (see Table 5).

 

( ) ( )

( ) ( )

 ∂ ∂
   ∂ ∂ = =   ∂ ∂   

∂ ∂  

11 12

21 22

F x F x
J J x y

J
J J F y F y

x y

 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

θ
λ λ

θ
λ λ

  + − − − +  + −
− + + − −         =   + − − − + + − − − + + −         

1 2 3 1 3 2
2 1

1 2 31 3 2
2 1

1 2 1 21 2 1

1 2 121 1 2

L L L L L L

L L

L L LL L L

L L

yU y U y U U U Ux A C C x x

xU x U x UU U Uy y y A C C

( )4 1,1E  represents the ideal evolutionary stable point of this model, 
where all farmers choose organic fertilizer. According to the Lyapunov 
indirect method, if all the eigenvalues of an equilibrium point have 
negative real parts, then that equilibrium point is an evolutionary stable 
point. To achieve this ideal state, the eigenvalues of ( )4 1,1E  must all be less 
than 0. Therefore, the following constraint condition is derived: 
when θ

λ
− +

+ + − >1 2
2 1 0L L

L

U U A C C , meaning that the net income 

from applying organic fertilizer is higher than the net income from 
applying chemical fertilizer, ( )4 1,1E  is the evolutionary stable point of the 
game system.

4.2.3 Evaluation indicators
This paper measures the diffusion rate of organic fertilizer (see 

Equation 15) by calculating the average time required for organic fertilizer 
to spread to all farmers, and the effectiveness of the policy (see 
Equation 16) is assessed by the proportion of time saved in the diffusion 

of organic fertilizer (He and Liao, 2024). This paper measures the diffusion 
rate of organic fertilizer by calculating the average time required for 
organic fertilizer to spread to all farmers, and the effectiveness of the 
policy is assessed by the proportion of time saved in the diffusion of 
organic fertilizer (He and Liao, 2024). The specific calculation formulas 
are as follows:

 
= = …
∑
0 , 0,1,2, ,

T

t

d

x
T T t

T  
(15)

 

−
= 0d d

d

T Tp
T  

(16)

Where tx  represents the willingness to apply organic fertilizer at 

time T , T  represents the time when =1x , dT  is the average time 
required for organic fertilizer to spread to all farmers, and p is the 
proportion of time saved in the diffusion of organic fertilizer.

4.2.4 Sensitivity analysis
Based on corollary 1 and corollary 2, combined with the 

theoretical analysis framework of this paper, the key factors 
influencing farmers’ willingness to apply organic fertilizer include 
financial subsidies and government promotion. Therefore, this section 
will discuss the sensitivity of above parameters within constraint 
conditions. Let = = 0.3x y , representing the low initial willingness of 
low-income farmers to apply organic fertilizer, which also aligns with 
the current state of organic fertilizer replacing chemical fertilizer in 
China (Wang et  al., 2018). When simulating the sensitivity of 
parameters, other parameters are kept constant. The parameters in this 
paper are mainly obtained through three channels: firstly, based on the 
relevant subsidy policies issued by the Chinese government; secondly, 

TABLE 5 Stability analysis of equilibrium points.

Equilibrium point Eigenvalue 1 Eigenvalue 2

( )0,0 θ
λ
− +

+ + −2 3
2 1

U U
A C CL L

L
θ

λ
− +

+ + −2 3
2 1

U U
A C CL L

L

( )1,0 θ
λ

 − +
− + + − 
 

2 3
2 1

U U
A C CL L

L
θ

λ
− +

+ + −1 2
2 1

U U
A C CL L

L

( )0,1 θ
λ

− +
+ + −1 2

2 1
U U

A C CL L
L

θ
λ

 − +
− + + − 
 

2 3
2 1

U U
A C CL L

L

( )1,1 θ
λ

 − +
− + + − 
 

1 2
2 1

U U
A C CL L

L
θ

λ
 − +

− + + − 
 

1 2
2 1

U U
A C CL L

L
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through our field research with farmers in Jiaxing, Wenzhou, and 
Taizhou in Zhejiang Province, where first-hand data were 
collected from interviews; thirdly, in consultation with experts in 
the field of agriculture. Based on the information obtained from 
the above three channels, this paper has simplified the data 
processing, with the specific parameter settings as 
follows: λ θ= = = = = = = =1 2 3 1 23.5, 2, 1, 1, 3, 1, 0.2, 1L L L LU U U C C A .

4.2.4.1 The impact of financial subsidies on farmers’ 
fertilization strategies

Government subsidies can effectively reduce the purchase cost of 
organic fertilizer, alleviating the economic pressure on low-income 
farmers in terms of input costs, and play a crucial role in promoting 
organic fertilizer application (Wang et al., 2018). This section scales 
the financial subsidy parameter by −  50%,50%  based on the baseline 
value ( )=1A , setting = 0.5,0.75,1,1.25,1.5A , and θ = 0 to explore the 
net effect of financial subsidies on farmers’ willingness to apply 
organic fertilizer. The simulation results are shown in Figure  9. 
According to the simulation results, government subsidies have a 
significant positive impact on applying organic fertilizer. When 
<1.25A , government subsidies are insufficient to cover the high costs 

of organic fertilizer, leading farmers to prefer chemical fertilizer. 
When ≥1.25A , as the subsidy amount increases, farmers’ willingness 
significantly improves and eventually stabilizes at “1.” Organic fertilizer 
requires higher production costs and is an emerging technology with 
uncertain expected returns. When financial subsidies are low, rational 
farmers tend to apply chemical fertilizer to achieve more stable returns 
(Bocquého et al., 2014). As the subsidy amount increases, government 
subsidies boost farmers’ current disposable income, significantly 
increasing their willingness to apply organic fertilizer in the short 
term. However, compared to the baseline scenario, in the absence of 
moral constraints, promoting the application of organic fertilizer 
requires larger subsidies, which increases the financial burden on the 
government and is not conducive to the efficient allocation of 
resources (He et al., 2023).

4.2.4.2 The impact of government promotion on farmers’ 
fertilization strategies

Government promotion can eliminate farmers’ doubts about 
organic fertilizer, enhance their awareness of its economic and 
environmental benefits, and stimulate their sense of social 
responsibility. In this paper, the range of negative utility (θ ) generated 
by moral constraints is set as   0,1 , and θ  is assigned values with a step 
size of 0.2 within this range, i.e., θ = 0.2,0.4,0.6,0.8,1. The government 
subsidy is set to 0 to analyze the net effect of government promotion. 
The simulation results are shown in Figure 10a. According to the 
simulation results, increasing moral constraints has a certain positive 
effect on promoting farmers to apply chemical fertilizer. However, 
when θ ≤ 0.8, relying solely on moral constraints is not sufficient to 
achieve the replacement of chemical fertilizer with organic fertilizer. 
When θ =1, farmers’ strategies begin to evolve towards “1,” but they do 
not reach a stable state within the simulation period. To this end, 
we  further doubled the simulation period, setting = 20t . The 
simulation results are shown in Figure  10b. According to the 
simulation results, when θ =1, the farmers’ final strategy stabilizes at 
“1,” indicating that relying on government promotion to achieve a 
stable system state requires a longer time. Theoretically, relying solely 
on government promotion to strengthen moral constraints could 
achieve the replacement of chemical fertilizer with organic fertilizer. 
However, in reality, the establishment and cultivation of ecological 
morality is a time-consuming process, and it is difficult to achieve 
moral constraints at a level of θ =1 (Eekelaar, 2012). Additionally, 
farmers’ strategy is primarily based on the costs and benefits of their 
current decisions rather than purely moral factors, which limits the 
effectiveness of government promotion.

4.2.4.3 The combined impact of financial subsidies and 
government promotion on farmers’ fertilization strategies

The “Porter Effect” suggests that reasonable environmental 
regulation policies can promote technology application. The first-
mover advantage created by this can offset the costs of environmental 
governance, achieving a win-win situation for both economic 
development and environmental protection. Although government 
subsidies can achieve significant incentive effects in the short term, 
they will increase the financial burden of the government. Moral 
constraints often take a long time to manifest, and the effect is limited. 
In practice, the government often adopt both financial subsidies and 
government promotion to intervene in farmers’ fertilization strategies. 
Based on this, this paper sets θ = 0.2,0.4,0.6 to represent low, medium, 
and high levels of moral constraints, respectively. At the same time, 
the subsidy parameter is adjusted within the −  50%,50%  range, i.e., 
= 0.5,0.75,1,1.25,1.5A , to comprehensively analyze the effects of the 

policy combination. The simulation results are shown in Figure 11. 
According to the simulation results, as moral constraints increase, 
financial subsidies at the same level have a stronger incentive effect. 
Strengthening government promotion can enhance farmers’ intrinsic 
motivation to apply organic fertilizer, reduce their dependence on 
financial subsidies. Financial subsidies can directly change the cost–
benefit situation of farmers, achieving more immediate incentive 
effects in the short term, effectively compensating for the slow impact 
of government promotion. To more intuitively demonstrate the policy 
efficiency, this section calculates the proportion of time saved in the 
diffusion of organic fertilizer based on the formulas from Section 
4.2.3, as shown in Table 6.

FIGURE 9

The impact of financial subsidies on farmers’ willingness to apply 
organic fertilizer when θ = 0.
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There have already been successful cases in promoting the 
replacement of chemical fertilizer with organic fertilizer through a 
combination of government incentive policies. Anji Songming White 
Tea Co., Ltd. is a leading white tea enterprise in Anji County and has 
been actively exploring the replacement of chemical fertilizer with 
organic fertilizer in recent years. To support this initiative, the Anji 
government has actively introduced an implementation plan for 
promoting organic fertilizer application and conducted training on 
the technology for replacing chemical fertilizer with organic fertilizer. 
Financial subsidies have also been provided. For example, Songming 
White Tea Co., Ltd.’s 600 mu organic tea garden received subsidies of 
600 yuan, 420 yuan, and 300 yuan per mu in 2017, 2018, and 2019, 
respectively. With government promotion and financial support, Anji 
Songming White Tea Co., Ltd. has become a key demonstration unit 
for the replacement of chemical fertilizer with organic fertilizer in 
Anji, and has influenced surrounding agricultural entities to apply 
organic fertilizer.

4.3 Symmetric game model of farmers 
under the embedding of digital technology

4.3.1 Model construction
The development of digital technology provides new opportunities 

to accelerate the replacement of chemical fertilizer with organic 
fertilizer. Based on this, this section sets a digital level ( )α  to measure 
the impact of digital technology on farmers’ willingness to apply 
organic fertilizer. Specifically, digital technology can reduce the 
adoption cost of organic fertilizer. When farmers apply organic 
fertilizer, the cost is reduced to ( )α− 11 C . At the same time, the 
government can use digital platforms to conduct promotion and 
education more efficiently, thereby strengthening farmers’ moral 
constraints. As a result, the negative utility increases to ( )α θ+1 . The 
game framework after the embedding of digital technology is shown 
in Figure 12. Combining Table 2, we can derive the farmers’ payoff 
matrix after the embedding of digital technology, as shown in Table 7.

FIGURE 10

(a) Represents the impact of government promotion on farmers’ fertilization strategies under the scenario where the subsidy is zero. (b) Shows the 
evolutionary results after extending the simulation period.

FIGURE 11

(a, b, c) represent the impact of government subsidies on farmers’ fertilization strategies when government promotion is 0.2, 0.4, and 0.6, respectively.
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The payoff function for Farmer A after the embedding of digital 
technology can be expressed as Equations 17–19:

 

( ) ( )α
λ

+ −
= + − −1 2

11 1
1

1L L

L

yU y U
E A C

 
(17)

 

( ) ( )α θ
λ

+ − − +
= −2 3

12 2
1 1L L

L

yU y U
E C

 
(18)

 ( )= + −1 11 121E xE x E  (19)

The replicator dynamics equation can be expressed as 
Equation 20:

 

( ) ( )
( ) ( ) ( )

( )
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λ

α

 + − − − + +
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2 1
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L
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(20)

Take the partial derivative with respect to x, as shown in 
Equation 21:
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Let:

 

( ) ( ) ( ) ( )

( )

α θ
λ

α

+ − − − + +
=

+ + − −

1 2 3

2 1

1 2 1 1

1

L L L

L

yU y U y U
G y

A C C  
(22)

According to the stability conditions of the replicator dynamics 
equation, when ( ) = 0F x  and ( )′ < 0F x  are satisfied, this point is 
the evolutionary stable point for Farmer 
A. ( ) ( )λ α α θ∗  − − − + − − + = =

+ −
1 2 3 2

1 3 2

1 1
2

L L L

L L L

C C A U U
y y

U U U

, ( ) = 0G y ,  

According to Equation 22, when y = y*=, G(y)=0, and for any value of 
x, F(x) ≡ 0. Under this condition, the strategy choice of Farmer A does 

not change over time, and the stable strategy is any strategy. When 

( ) ( )λ α α θ∗  − − − + − − + ≠ =
+ −

1 2 3 2

1 3 2

1 1
2

L L L

L L L

C C A U U
y y

U U U
, setting 

( ) = 0F x  yields two possible equilibrium solutions: =1 0x  and =2 1x . 
(1) When ( ) ( )λ α α θ∗  − − − + − − + = >

+ −
1 2 3 2

1 3 2

1 1
0

2
L L L

L L L

C C A U U
y

U U U
 

and ( ) ( )λ α α θ∗  − − − + − − + < =
+ −

1 2 3 2

1 3 2

1 1
2

L L L

L L L

C C A U U
y y

U U U
, 

( ) < 0G y , ( ) ( )′ = <1 0 0F x x∣  and ( ) ( )′ = >2 1 0F x x∣ , then =1 0x  is 

the evolutionary stable strategy for Farmer A. (2) When 
( ) ( )λ α α θ∗  − − − + − − + > =

+ −
1 2 3 2

1 3 2

1 1
2

L L L

L L L

C C A U U
y y

U U U

, ( ) > 0G y , 

( ) ( )′ = >1 0 0F x x∣  and ( ) ( )′ = <2 1 0F x x∣ , then =2 1x  is the 
evolutionary stable strategy for Farmer A. Based on the above analysis, 
when ( ) ( ) ( ) ( )α θ

α
λ

+ − − − + +
+ + − − >1 2 3

2 1
1 2 1 1

1 0L L L

L

yU y U y U
A C C

, 

farmers will choose to replace chemical fertilizer with organic fertilizer.
( ) ( )λ α α θ∗  − − − + − − + =

+ −
1 2 3 2

1 3 2

1 1
2

L L L

L L L

C C A U U
y

U U U

, and 

since
α

∗∂
<

∂
0y , ∗y decreases as α  increases, meaning that when α  rises, 

∗>y y , and the stable point converges towards =2 1x . Therefore, the 
following corollary is made:

Corollary 3: Digital technology positively influences farmers’ 
willingness to apply organic fertilizer.

4.3.2 Sensitivity analysis
Long-term subsidies can easily lead to opportunistic behavior and 

increase the financial burden. The ideal scenario for subsidies is to 
gradually reduce the amount until it is phased out of the market (Hao 
et al., 2022). When the government provides subsidies, the cost of 
organic fertilizer for farmers decreases from 1C  to − 1A C . With the 
embedding of digital technology, the negative utility caused by moral 

constraints for farmers increases from θ
λ

 to 
( )α θ

λ
+1

, and the cost of 

organic fertilizer decreases from 1C  to ( )α− 11 C . Subsidy policies and 

TABLE 6 Policy efficiency under different incentives.

Subject Government 
promotion

Financial 
subsidies

Policy 
efficiency

Farmer A θ = 0.2

= 0.5A /

= 0.75A −25%

= 1A –

= 1.25A 8%

= 1.5A 12%

Farmer A θ = 0.4

= 0.5A −61%

= 0.75A −14%

= 1A –

= 1.25A 3%

= 1.5A 8%

Farmer A θ = 0.6

= 0.5A −18%

= 0.75A −7%

= 1A –

= 1.25A 21%

= 1.5A 23%

“/” indicates that in this scenario, farmers’ willingness to apply organic fertilizer tends toward 
0; “–” represents the policy efficiency in the baseline scenario.
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digital technology alter the cost–benefit situation through different 
mechanisms. When government subsidies are zero, can the dividends 
released by digital technology achieve the replacement of chemical 
fertilizer with organic fertilizer? To answer this question, this section 
sets the subsidy parameter to 0 and adjusts the digital level on this 
basis. Since the main participants of the game are low-income farmers, 
with a lower level of digital development, the baseline value for the 
digital level is set at α = 0.2. The digital level ranges from   0,1 , and this 
section gradually increases the digital level with a step size of 0.1, that 
is, setting α = 0.2,0.3,0.4,0.5,0.6. The simulation results are shown in 
Figure  13. According to the simulation results, the digital level 
positively influences farmers’ willingness to apply organic fertilizer. 
When α = 0.2, the moral constraints and cost reduction effects 
brought by digital technology are limited. In the absence of financial 
subsidies, applying organic fertilizer requires higher costs, leading 
farmers to prefer chemical fertilizer. As the digital level increases, 
farmers’ willingness to adopt organic fertilizer significantly improves, 
and the speed at which it evolves to a steady state accelerates. When 
α ≥ 0.4, farmers’ willingness to apply organic fertilizer stabilizes at 1. 
This indicates that digital technology can effectively enhance farmers’ 
willingness to apply organic fertilizer, producing effects similar to 
those of financial policies.

5 Further discussion

Whether farmers choose to apply organic fertilizer is a rational 
decision made after weighing costs and benefits. If the net benefits after 
adoption are higher than before, farmers tend to choose organic fertilizer. 
The increase in net income is partly due to the rise in market returns. In 
recent years, as consumer income has increased, environmental 
awareness has grown, and concerns about food safety have intensified, 
the demand for green agricultural products in China has significantly 
increased (Wang and Wang, 2010; Jin et al., 2020). Compared to chemical 
fertilizer, organic fertilizer can significantly improve the quality of 
agricultural products (Midingoyi et al., 2019). When demand orientation 
and structure change, it incentivizes farmers to adopt new production 
technologies to meet market demand (Schmookler, 1966). Specifically, if 
the market is efficient, the improvement in product quality due to 
organic fertilizer will lead to price increases through the price 
mechanism, thereby increasing farmers’ income. Therefore, the key to 

FIGURE 12

Symmetric game model under the embedding of digital technology.

TABLE 7 Payoff matrix for the symmetric game model under the 
embedding of digital technology.

Farmer A

Organic 
fertilizer ( )x

Chemical 
fertilizer ( )−1 x

Farmer B
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A CL
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FIGURE 13

The impact of digital level on farmers’ willingness to apply organic 
fertilizers when = 0A .
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encouraging farmers to apply organic fertilizer lies in the market value 
of green agricultural products being recognized (Waithaka et al., 2007; 
Huang et al., 2018). However, the development of the green agricultural 
product market in China is still not fully mature and relies on 
government guidance to establish a standardized market system. 
Therefore, the government needs to improve the unified standards for 
quality testing and certification of green agricultural products to reflect 
the market principle of “high quality, high price.” At the same time, on 
the consumer side, the government should strengthen the promotion to 
guide consumer preferences towards green and organic agricultural 
products, driving a transformation in production methods and achieving 
the replacement of chemical fertilizer with organic fertilizer (Goetzke 
et al., 2014).

The increase in net income also comes from the reduction of 
production costs. Farmers applying organic fertilizer need to bear 
additional technology adoption costs, including input costs, risk 
costs, and learning costs, among others. Currently, China’s market 
mechanism for green agricultural products is still underdeveloped, 
leading to uncertainty in the economic returns of these products. 
Combined with the high costs, farmers lack sufficient motivation to 
choose organic fertilizer (Yu and Zhang, 2009). Financial subsidies, 
as a non-market-oriented and inclusive incentive method, can 
directly increase farmers’ disposable income and reduce technology 
adoption costs, thereby encouraging farmers to apply organic 
fertilizer. This serves as an effective supplement when market 
guidance mechanisms are not fully developed. However, existing 
research shows that financial subsidies are effective only in the short 
term and can easily lead to the awkward situation of “using when 
subsidized, stopping when not.” This makes it difficult to 
fundamentally stimulate farmers’ willingness to apply organic 
fertilizer (Takeshima and Nkonya, 2014). The reason is that the 
target group for financial subsidies is large and dispersed, making 
the supervision and monitoring of organic fertilizer costly. This can 
easily lead to speculative behaviors such as “subsidy fraud,” and 
through farmers’ herd mentality and imitation, it can result in 
widespread opportunistic behavior (Zhang and Luo, 2022). 
Moreover, the financial burden brought by subsidies presents a 
practical challenge for the long-term sustainability of subsidy 
policies (Fan et  al., 2023). Therefore, the government need to 
accelerate the development of the green agricultural product 
market, stimulating farmers’ willingness to adopt organic fertilizer 
by enhancing product value, thereby creating a self-enforcing 
mechanism compatible with financial subsidies. The development 
of digital technology provides a potential solution to improve the 
current situation.

The deep integration of digital technology with the agricultural 
materials procurement can enrich the forms of agricultural factor 
markets, reduce the level of information asymmetry between farmers 
and suppliers, and increase farmers’ options and comparisons of 
agricultural materials. This enables farmers to obtain higher-quality 
organic fertilizer at lower prices and with greater efficiency (Wang 
et al., 2023). In the production phase, providing technical training 
through platforms like short videos and agricultural apps can deepen 
farmers’ technical and ecological understanding, reducing the learning 
costs associated with organic fertilizer (Weng et al., 2023). At the same 
time, digital technologies such as agricultural IoT devices, big data, 
cloud computing, and 5G can enable digital information monitoring 

and sensing, precise quantitative decision-making, and intelligent 
precision operations and management throughout the entire 
agricultural production process, ensuring high yields and high quality 
of crops (Yi et  al., 2021). In the field of agricultural product 
distribution, promoting the efficient circulation of green agricultural 
products is key to bridging the “last mile” from farmland to dining 
table. Accelerating the integration of digital technology with sales can 
help address the constraints of traditional agricultural product sales 
models, such as single consumer groups, poor information 
communication, and low efficiency despite high costs, thereby 
increasing the rate of transformation from agricultural commodity 
capital to monetary capital (Wang et al., 2023). Currently, the primary 
form of integrating digital technology with agricultural product sales 
is through e-commerce. E-commerce platforms break the limitations 
of physical space, expanding customer bases and market reach (Liu 
and Kao, 2022). At the same time, by collecting and analyzing data, 
farmers can improve their sensitivity to changes in demand, enabling 
them to adjust production decisions promptly, ensure effective 
coordination across all stages of agricultural production and 
operation, and reduce the risk of unsold products. In terms of 
agricultural product transportation, using digital methods such as 
temperature control systems and cold chain technology can effectively 
improve the logistics environment, thereby ensuring the economic 
value of agricultural products (Onwude et al., 2020).

From an international perspective, based on the findings of this 
study, the learning and imitation behavior of high-income farmers 
have played a positive role in promoting the application of organic 
fertilizer. By leveraging the demonstration effect of new agricultural 
operating entities such as family farms, agricultural cooperatives, 
and leading enterprises, it is possible to effectively encourage more 
farmers to apply organic fertilizer. This strategy can be promoted 
in economically developed countries. For example, in the 
Netherlands, agricultural cooperatives centralize the purchasing, 
production, and promotion of organic fertilizer, allowing farmers 
to obtain high-quality organic fertilizer at lower costs. On this 
basis, the cooperatives also actively organize technical training and 
experience exchange activities to help farmers master green 
production technologies. In contrast, it is difficult to achieve 
agricultural green transformation for low-income farmers by 
relying solely on self-learning and imitation. Financial subsidies 
and government promotion become effective incentives in this 
context, making this strategy suitable for developing countries with 
lower agricultural production levels. For example, in India, the 
government provides organic fertilizer production subsidies, 
especially for impoverished regions and smallholders, while also 
collaborating with agricultural technology departments to offer 
technical support for farmers. In Brazil, the government not only 
introduces financial subsidies and tax exemptions but also 
frequently organizes farmers’ conferences and field schools to 
provide technical training for farmers. Furthermore, the 
development of digital technologies offers great potential for 
promoting green agricultural production. As revealed in this paper, 
digital technologies can significantly enhance the efficiency of 
organic fertilizer promotion. In recent years, artificial intelligence, 
through technologies such as big data, machine learning, and the 
Internet of Things (IoT), has enabled precise analysis of various 
factors in agricultural production, including soil quality, climate 
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change, and crop growth conditions, thereby providing farmers 
with scientific and personalized agricultural technical support 
(Kliestik et  al., 2023; Dvorský et  al., 2023). In the practice of 
promoting organic fertilizers through digital technology, the IoT 
technology in the United States can monitor soil health and crop 
growth in real-time and facilitate precise fertilization. In Germany, 
precision agriculture equipment helps farmers flexibly adjust 
fertilization plans based on land needs. In developing countries 
like Kenya and India, digital technologies are mainly used to build 
digital platforms to provide technical guidance.

6 Conclusions and policy implications

6.1 Conclusion

The replacement of chemical fertilizer with organic fertilizer is the 
optimal choice for alleviating resource and environmental pressures in 
China, enhancing grain productivity, ensuring food safety, and achieving 
green agricultural development (Chu et  al., 2012). Based on the 
assumption of bounded rationality, this paper constructs symmetric game 
models of farmers under three scenarios: no external intervention, 
government incentives, and the embedding of digital technology. It 
differentially analyzes the fertilization decisions and evolutionary paths of 
farmers with different income levels. On this basis, the paper further 
discusses the impact of government incentives and digital technology on 
the willingness of low-income farmers to apply organic fertilizer. The 
main conclusions are as follows: First, income level has a differentiated 
impact on farmers’ herd behavior. High-income farmers can effectively 
adopt organic fertilizer through learning and imitation, while the 
application of chemical fertilizer remains a common choice for 
low-income farmers. Second, government subsidies can significantly 
increase the willingness to adopt organic fertilizer in the short term, but 
due to heavy financial burdens, it is difficult to sustain in the long run. 
Policy promotion can strengthen farmers’ moral constraints, but the effect 
of moral constraints is limited due to the long-term nature of ecological 
moral cultivation. Third, in the scenario where government subsidies are 
withdrawn, digital technology can significantly reduce the cost of 
technology adoption for farmers, while further strengthening their moral 
constraints, thereby promoting the application of organic 
fertilizer technology.

6.2 Policy implications

Based on the above conclusions and the current state of organic 
fertilizer replacing chemical fertilizer in China, this paper proposes 
the following policy recommendations.

Firstly, the government should integrate digital technology to 
promote organic fertilizer. On the one hand, the government should 
increase investment in construction to address shortcomings in digital 
infrastructure, accelerating the development of high-speed, smooth-
running, and universally accessible communication networks that 
cover both urban and rural areas, thereby providing practical 
guarantees for the embedding of digital technology. On the other 
hand, the government should emphasize the primary role of farmers 
and strengthen educational and training efforts for them, guiding 
farmers to actively learn digital technology and improve their digital 
literacy, thereby providing human resources support for the 

embedding of digital technology. On this basis, digital platforms such 
as short videos, official accounts, and agricultural apps can 
be leveraged to promote content related to replacing chemical fertilizer 
with organic fertilizer, enabling farmers to access accurate and 
practical technical information in a timely manner and reducing the 
risks of improper technology application.

Secondly, the organic fertilizer subsidy policy should be improved by 
implementing differentiated standards for farmers with different income 
levels and providing subsidies based on their actual circumstances. 
Additionally, it is important to pay attention to farmers’ feedback on 
organic fertilizer subsidies and the quality of organic fertilizer, as well as 
their policy demands. The promotion of organic fertilizer subsidy policies 
should be strengthened, and the subsidy situation should be publicly 
disclosed in a timely manner to increase farmers’ awareness of the policies.

Finally, green agricultural development should rely not only on 
financial subsidies but also on the intrinsic behavioral constraints of 
farmers. Therefore, the government should increase investment in 
ecological education, enhancing farmers’ awareness of the environmental 
benefits of organic fertilizer and strengthening their intrinsic motivation 
to apply organic fertilizer. Additionally, farmers’ herd mentality and 
imitation behavior are important factors. New agricultural operating 
entities, such as family farms and specialized large-scale farms, have a 
more comprehensive understanding of green agricultural technologies 
like organic fertilizer. Using these entities as entry points for technology 
promotion can have a demonstrative effect on ordinary farmers, 
increasing their willingness to apply organic fertilizer and thereby 
promoting green agricultural development.

6.3 Limitations and future research 
directions

The theoretical significance of this paper lies in providing a 
comprehensive framework for understanding farmers’ application of 
organic fertilizer. It analyzes the differentiated effects of learning and 
imitation behaviors, incentive policies, and the effectiveness of digital 
technologies. In terms of practical implications, this paper offers policy 
recommendations for promoting the organic fertilizer application. 
However, there are certain limitations: First, the analysis is limited to 
the perspective of evolutionary game theory, neglecting other 
theoretical frameworks such as innovation systems, decision support 
systems, and institutional economics. Future research could consider 
integrating multiple theoretical frameworks, such as innovation 
systems and institutional economics, to gain a more comprehensive 
understanding. Second, this paper only considers the interests of 
farmers, while the promotion of organic fertilizer often involves more 
stakeholders, such as fertilizer distributors. Additionally, this paper 
performs a sensitivity analysis under the premise of government 
intervention, but whether the government has sufficient motivation to 
intervene depends on the cost–benefit situation after intervention. 
There exists a certain level of game theory between the government and 
farmers. Furthermore, the market value of agricultural products is also 
an important factor in incentivizing farmers to adopt organic fertilizers. 
Future research can further incorporate other stakeholders, such as the 
government and fertilizer distributors, and consider market-related 
variables such as price and sales volume, and their impact on system 
evolution. Third, the analysis of the evolutionary game model requires 
high-quality and representative data to predict the behavior of 
stakeholders. Although the data in this paper come from survey cases 
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and policy documents, the methods of data collection and some of the 
values still exhibit a certain degree of subjectivity. Moreover, in reality, 
stakeholders’ decisions are often influenced by factors such as 
incomplete information, cognitive limitations, and emotions, making 
it difficult for the evolutionary game model to fully analyze all these 
factors. Therefore, future research could further improve the model by 
incorporating additional factors for empirical testing.
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