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Abstract: The regulation of pesticide operations still faces numerous challenges and issues. Conflicts
of interest and power struggles among the government, pesticide operators, and farmers are crucial
factors that impact the effectiveness of regulation. To enhance efficiency and ensure the quality
and safety of agricultural products through stakeholder cooperation, this paper presents a dynamic
evolution model based on the theory of evolutionary games. The model incorporates the government,
pesticide operators, and farmers and evaluates the stability and effectiveness of the stakeholder coop-
eration mechanism under different circumstances. The research findings indicate the following: The
relationships between the government, pesticide-operating enterprises, and farmers are characterized
by intricate dynamics of cooperation and competition, coordination and contradiction, reciprocity,
and mutual detriment. The stability and effectiveness of the stakeholder cooperation mechanism
vary depending on different parameters. Several factors influence the stability of the stakeholder
cooperation mechanism, with regulatory supervision from the government, stringent penalties for
non-compliant pesticide operations, and strong incentives for farmers’ oversight being the most
significant. The stakeholder cooperation mechanism can establish an evolutionary stabilization
strategy when these factors reach a certain threshold. This study contributes to understanding the
operational mechanisms of stakeholder cooperation in pesticide operation regulation and offers
decision support and policy recommendations to relevant stakeholders for advancing the sustainable
development and optimization of pesticide operation regulation.

Keywords: agricultural product safety; pesticides; stakeholders; pesticide operator; government;
farmer; evolutionary game

1. Introduction

The quality and safety of agricultural products is a significant global concern that
directly affects human health and survival [1-3]. The World Health Organization reported
that approximately two billion individuals fall ill each year after consuming unsafe food,
with around 420,000 deaths [4]. Overuse of pesticides poses one of the most significant
threats to the quality and safety of agricultural products due to agricultural surface pollu-
tion. While pesticides play a vital role in crop protection, disease prevention, and enhancing
agricultural productivity and yield, their irrational use can lead to severe environmental [5]
and human health problems [2]. Exposure or accidental ingestion of pesticides results in an
estimated 300,000 deaths globally each year [6].

To effectively address and mitigate the issue of agricultural surface pollution stem-
ming from the excessive use of pesticides, comprehensive management at various levels is
essential, with a crucial focus on strengthening pesticide operation regulation [7]. Pesticide
operation regulation encompasses overseeing pesticide procurement, storage, packaging,
sales, and related services to ensure pesticide quality, safety, and appropriate utilization [3].
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However, numerous challenges persist in the regulation of pesticide operations in both
China and other developing nations, which encompass unregulated pesticide sales, ex-
cessive pesticide residues, and inadequate pesticide oversight [3,8-10] (refer to Table 1).
Therefore, it holds significant theoretical significance and practical value to explore meth-
ods for improving and refining the regulatory mechanisms governing pesticide operation
to enhance the quality and safety of agricultural products.

Table 1. Challenges in the regulation of pesticide operations.

Challenge

Reason

Inadequate system design

Pesticide operation regulation laws and regulations are imperfect, and there are still some
ambiguities and loopholes in pesticide classification, registration, approval, standards, testing,
and supervision.

Pesticide operator speculation

Pesticide operators have resorted to low-price competition, false advertising, and illegal
additives, which have undermined the order and credibility of the pesticide market.

Overuse by farmers

Farmers blindly increase the amount and frequency of pesticides, leading to serious consequences
such as crop damage, residues in agricultural products, and contamination of soil and water sources

In regulating pesticide operations, conflicts of interest and power dynamics exist
between the government, pesticide operation enterprises, and farmers [11-13]. As the
regulating entity, the government must guarantee the quality and safety of agricultural
products while protecting public interests [3]. This may involve restricting or prohibiting
the utilization of certain types or brands of pesticides to mitigate their usage [13]. In contrast,
pesticide operating enterprises may engage in deceptive practices to promote specific types
or brands of pesticides and even sell government-owned pesticides without regulatory
compliance to boost sales [14]. Meanwhile, farmers’ efforts to prevent and manage pests
and diseases can lead to disregarding non-compliant behaviors of pesticide operating
enterprises or misusing certain types or brands of pesticides [15]. These actions can
compromise the safety and quality of agricultural products and environmental protection.
As the interests of the three parties are not entirely aligned and can be contradictory,
stakeholder analysis and optimal institutional design are necessary to improve the efficacy
and efficiency of pesticide operation regulation.

Research on pesticide operation regulation has been conducted both domestically
and internationally, with a primary focus on the following areas: firstly, analyzing the
factors that influence the safety of pesticide use, such as farmers” knowledge, attitudes,
and behaviors [16-18]; secondly, evaluating the economic, social, and environmental
impacts of pesticide use safety, including farm incomes, human health, and biodiver-
sity [19-21]; and thirdly, proposing policy recommendations and management strategies
for pesticide use safety, such as laws and regulations, economic incentives, and technical
training [22-25]. However, the majority of studies concentrate on the issues related to
pesticide use and its governance, particularly focusing on the government, farmers, and
consumers, with relatively few studies on the main actors in pesticide operation. Addi-
tionally, the complex interplay between the government, pesticide operation enterprises,
and farmers is often overlooked [26,27]. These characteristics present significant challenges
and difficulties in pesticide operation regulation, emphasizing the need for comprehen-
sive research that adopts a multi-perspective and multi-dimensional approach to analyze
cooperative mechanisms.

Evolutionary game theory is a powerful theoretical tool that combines principles
from both evolutionary biology and game theory [28,29]. It allows for the analysis of how
rational players with limited information and in uncertain environments adapt their strate-
gies through processes such as learning, imitation, and variation [30]. Eventually, these
players reach an evolutionary stable equilibrium state. The applications of evolutionary
game theory span across various fields, including industrial policy [31], environmental
policy [32], and supply chain management [25,33]. These studies have yielded valuable
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insights, which serve as the foundation for this paper. Therefore, we utilized evolutionary
game theory to investigate how cooperative mechanisms can enhance the efficiency and
effectiveness of pesticide operation regulation while also ensuring the safety and quality of
agricultural products.

The research framework encompasses the following aspects: Firstly, an analysis of
the interests and roles of the government, pesticide operators, and farmers was conducted,
drawing upon existing literature and case studies. Secondly, evolutionary game theory
was utilized to conceptualize stakeholders involved in pesticide operation regulation as
players with varying strategies. This approach enabled the deduction of potential game
behaviors among them and the establishment of a dynamic evolution model accordingly.
Lastly, numerical simulations were performed to analyze the stability and effectiveness
of the stakeholders’ cooperation mechanism under different conditions. By employing
these research methods, this paper aims to delve into the factors influencing stakeholder
cooperation in pesticide regulation, with the ultimate objective of providing information to
aid policymakers in establishing regulations about the use of agricultural chemicals. The
overarching goal is to facilitate more effective and sustainable practices in the management
of pesticide operations.

2. Literature Review

Pesticide operational regulations play a crucial role in contemporary agricultural
production, encompassing the use, storage, and distribution of pesticides, as well as their
impact on agroecosystems and human health [23,24]. However, this realm faces numerous
challenges influenced by both internal and external factors. Internal factors encompass a
company’s management capabilities, operational norms, and compliance, whereas external
factors include the policy environment, societal perceptions, and market demand. Recent
research highlights the utilization of biological control agents as a promising approach
to crop protection and pest management [34]. Moreover, studies examining the attitudes
and behavioral patterns of agricultural specialists emphasize the significant influence of
these factors on pesticide application techniques [35,36]. Extensive attention has also been
given to factors affecting personal protection, health costs, and farmers’ pesticide-handling
practices [37]. In response to these issues, scholars have proposed several solutions, such as
establishing a framework for maximum permissible limits of pesticide residues [38], review-
ing strategies for pesticide contamination and agro-ecosystem bioremediation [39,40], and
exploring the use of biochar for managing pesticide contamination in soil [41]. Furthermore,
certain studies have focused on prioritization assessment methods and limitations inherent
in the environmental monitoring of pesticides [42]. In conclusion, while scholars have
proposed various approaches to address the problems and challenges of pesticide operation
regulation, further research, and practical implementation are still warranted to effectively
address the impacts of internal and external factors in this field.

Research suggests that stakeholder collaboration can lead to improved pesticide qual-
ity, cost reduction, increased yields, and risk reduction. For instance, a study recommended
enhancements in internal algorithms for pesticide fate modeling, pathway representation,
transport/pollution control, and other hydrological-related areas to better reflect natural
conditions and address environmental researcher and local decision-makers concerns by
combining them with other models or management tools [43]. Collaborative efforts can
also help manage pesticide operations companies [44]. In Vietnam’s Sero Province, a
study examined five factors affecting the management of pesticide operating firms, such
as legal document contents enforcement methods and managerial competencies [36]. In
Cambodia’s rice farming communities, stakeholder interactions are essential to preserving
conditions and mechanisms for transitioning from pesticide use to sustainable pest control
practices [45]. Moreover, collaboration between stakeholders can enhance farmers’ percep-
tion of pesticide safety by analyzing their knowledge of safe pesticide management [46]
and resisting pesticide resistance [47]. Regarding soil management, stakeholder coopera-
tion can integrate environmental capacity based on pesticide risk assessment and provide
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overall protection of soil quality [48]. Overall, stakeholder collaboration plays a vital role
in pesticide operation regulation, promoting quality improvement, cost reduction, yield
enhancement, and risk reduction. Effective cooperation among government, pesticide
operators, and farmers is crucial to addressing regulatory challenges and encouraging
sustainable agricultural development.

In general, the current body of research extensively examines stakeholder behaviors
and influencing factors in pesticide operation regulation from a static perspective [14,49].
However, this approach overlooks the dynamic evolution process and interactions among
stakeholders. Moreover, existing studies primarily concentrate on pesticide use issues
and governance, particularly focusing on the government, farmers, and consumers, while
research on pesticide operation and business entities is relatively scarce. Furthermore,
these studies fail to consider the game relationship between the government, pesticide
operation enterprises, and farmers [26,27]. To address these limitations, this study adopts
an evolutionary game theory and Incorporates the tripartite subjects of the government,
pesticide operating enterprises, and farmers. The aim is to analyze the interactive rela-
tionship among these stakeholders in pesticide operation regulation and explore potential
evolutionary stability. By employing this approach, the present paper seeks to bridge the
gaps in previous research and delve into the characteristics and potential of collaborative
mechanisms in pesticide operation regulation.

3. Model Design
3.1. Description of the Problem

China has implemented a comprehensive policy framework to oversee the production,
distribution, and utilization of these chemicals. In response to non-compliance within
the pesticide operation sector, the Chinese government has introduced a series of policies.
An example is the Regulations on the Administration of Pesticides, which serves as the
fundamental legislation governing pesticide management in China. This regulation defines,
classifies, registers, produces, operates, utilizes, supervises, and manages pesticides. It also
clarifies the responsibilities of various levels of government and related departments, as
well as the penalties for violating the law. Additionally, the Measures for the Administration
of Pesticide Operation Licenses outline the requirements, procedures, timelines, and fees
associated with obtaining pesticide operation licenses. These measures also specify the
validity period and procedures for making changes to operation licenses, as well as the
quality control and usage guidelines that operators must adhere to.

The primary objectives of these policies are to ensure the quality and safety of pes-
ticides, as well as to foster the sound development of the pesticide industry. The key
stakeholders involved in implementing these policies encompass various departments
such as governmental bodies at all levels, agricultural agencies, trade and commerce
departments, quality supervision authorities, and environmental protection agencies. Ad-
ditionally, certain policies target farmers, consumers, and the general public, aiming to
encourage their active participation. These policies employ several essential tools, in-
cluding the establishment of standards, enforcement and inspection systems, traceability
management systems, information disclosure mechanisms, as well as reward and penalty
systems. By regulating every aspect of pesticide production, distribution, and usage, these
policy tools effectively enhance the regulatory and management frameworks for pesticide
quality. Consequently, they safeguard the integrity and safety of pesticide products (see
Table 2).

As the entities primarily responsible for overseeing pesticide operations, governments
may enact policies to encourage or constrain the conduct of other stakeholders based
on their objectives and incentives. Pesticide operators, which engage in activities such
as pesticide operation, sales, or services, play a vital role in the regulation of pesticide
operations. These enterprises are predominately motivated by profit maximization and
may adopt varying operational strategies in response to market forces, competition, costs,
benefits, and government regulations. Farmers, who cultivate crops and utilize pesticides,
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represent the end-users in pesticide operation regulation. Their primary goals revolve
around improving crop yields and quality to secure their livelihoods and increase their
incomes. To accomplish these objectives, farmers may employ differing pesticide usage
strategies based on the benefits of various approaches. Additionally, farmers may be
motivated to participate in supervising pesticide enterprise operations to enhance the
effects of pesticide use while attaining greater benefits. This process is influenced by
government guidance and the behavioral strategies employed by pesticide enterprises.

Table 2. Policy analysis of pesticide operation regulation in China.

Dimension

Description

Policy target

To ensure the quality and safety of pesticides, to promote the green development of the pesticide industry and
agriculture, to meet market demand, to improve agricultural efficiency and effectiveness, and to protect the
environment and health.

Policy body

Subjects of policy formulation and implementation: national and local legislative, administrative, supervisory,
and judicial authorities. Targets of regulation: agriculture, industry and commerce, quality supervision,
environmental protection, and other relevant departments. Mobilization of participating social actors: farmers,
consumers, and the public.

Policy tools

Laws and regulations, administrative regulations, normative documents, industrial planning, standard setting,
licensing system, registration system, testing and monitoring system, law enforcement and inspection system,
traceability management system, information disclosure system, rewards, and punishments.

In the regulation of pesticide operations, there exist intricate relationships involving
the government, pesticide operators, and farmers (Figure 1). These relationships encompass
cooperation and competition, coordination and contradiction, as well as mutual benefit and
mutual detriment. The behavior exhibited by these three parties is contingent upon their
objectives, motivations, capabilities, constraints, credibility, trust, and external factors such
as the market, institutional environment, and social context. To advance the sustainable
development of pesticide operation regulation, it becomes imperative for these parties to
attain a harmonious balance between their respective interests and societal welfare through
effective communication, negotiation, and cooperation. In this regard, the design of an
incentive-compatible system assumes critical significance.

Pesticide operating
enterprise

Participate in
social supervision

Encourage participation in
social supervision

Figure 1. Evolutionary gaming system for operational regulation of pesticides.

3.2. Model Assumptions

This paper posits the following assumptions based on the aforementioned analysis
(refer to Table 3):
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Table 3. Parameters.

Parameters Description

x Probability that a government regulator chooses to strictly regulate

y Probability that a pesticide operator chooses to operate in compliance

z Probability that a farmer chooses to monitor

Ug Political performance of strict regulation by government regulators

Ce Costs of strict regulation by government regulators

F Penalties per unit of pesticide imposed on pesticide operators by government regulators

s Probability of detecting non-compliance of pesticide operators by strict government regulation
A Incentives per unit of pesticide to farmers from government regulators

M Compensation per unit of pesticide to farmers from pesticide operators

Ce Costs per unit of pesticide of non-compliant operations for pesticide operators

Cn Costs per unit of pesticide of compliance for pesticide operators

p Price of pesticides

Q The sales volume of pesticides

d Proportion of discounts on firm returns due to farmers” monitoring when firms operate in non-compliance
u Utility per unit of pesticide gained by farmers from purchasing pesticide products
Cm Monitoring costs per unit of pesticide of farmers

L, Losses per unit of pesticide-to-pesticide operating companies from farmer monitoring

P, Social responsibility preferences per unit of pesticide of pesticide companies

Pr Social responsibility preferences per unit of pesticide of farmers

Assumption 1. The present study examines three groups of participants, namely government
requlators, pesticide operators, and farmers. All three groups exhibit limited rationality. Government
regulators have the choice between regulation and non-strict regulation. Pesticide operators have the
choice between compliant operation and non-compliant operation, while farmers can choose between
supervision and non-supervision.

Assumption 2. The government regulator will opt for strict requlations with a probability of x
(where x € [0, 1]), while the probability of choosing non-strict regulations is 1 — x. For pesticide
operating firms, the probability of compliant operations is y (where y € [0, 1]), and the probability of
non-compliant operations is 1 — y. Similarly, farmers have a probability of z (where z € [0, 1]) to
choose supervision, while the probability of not choosing supervision is 1 — z.

Assumption 3. In this study, we utilize the following notations: Cq represents the cost associated
with implementing strict requlations by the government requlator, encompassing human, material,
and financial resources. Uq denotes the political benefits derived from enforcing strict regulations,
such as enhanced public trust, increased voter support, and improved international image. F refers
to the penalties per unit of pesticide imposed on pesticide operators by the government regulator,
including fines, confiscation of illicit income, and permit revocation. s refers to the probability of
the government unilaterally imposing strict requlations and discovering non-compliance among
pesticide operators, which depends on both the government’s enforcement capability and the ability of
pesticide operators to conceal their activities. Lastly, A represents the incentives per unit of pesticide
provided by the government regulator to farmers, comprising financial subsidies, technical training,
preferential policies, and other relevant inducements.

Assumption 4. In our analysis, we define the variables as follows: C. represents the cost per
unit of pesticide associated with non-compliant operations of pesticide enterprises, encompassing
expenses related to the procurement of substandard or counterfeit raw materials and the production
of unqualified or counterfeit products. Conversely, C, denotes the cost per unit of pesticide of
compliant operations for pesticide enterprises, including expenditures tied to the acquisition of
high-quality raw materials and the manufacturing of qualified products. R represents the price per
unit of pesticide. Q represents the sales volume of pesticides. The variable d captures the proportion
of revenue reduction experienced by enterprises due to farmers opting for choices in the event of
non-compliance. This proportion is contingent upon farmers’ knowledge and ability to discern the
quality of the enterprise’s products. Furthermore, P, denotes the preference for social responsibility
per unit of pesticide exhibited by pesticide enterprises, reflecting their concern for societal matters
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such as environmental preservation and public health. Lastly, when agribusinesses fail to comply,
L, denotes the loss per unit of pesticide incurred by pesticide operators due to farmers’ supervisory
actions, encompassing reputational damage, market share decline, and other associated detriments.

Assumption 5. In this study, we establish the following assumptions: U represents the utility per
unit of pesticide derived by farmers from the purchase of pesticide products, influenced by factors
such as product quality and price. Meanwhile, C, denotes the cost per unit of pesticide associated
with farmers’ supervision efforts, encompassing resources such as time, energy, and monetary
expenditures. Py signifies farmers’ preference for social responsibility per unit of pesticide, reflecting
the extent to which they prioritize societal concerns, including issues related to environmental
preservation and public health. Finally, M denotes the level of compensation per unit of pesticide
provided to farmers by pesticide enterprises, encompassing measures such as product returns,
exchanges, indemnification for losses, and other relevant forms of restitution.

3.3. Model Building

Taking into account the aforementioned assumptions, we construct a mixed-strategy
game matrix in this paper to represent the interactions among government regulators,
pesticide operating companies, and farmers. The game matrix is presented in Table 4.

Table 4. Payment matrix.

Strict Regulation of Government Non-Strict Regulation of Government

Non-Compliant
Operation of

Non-Compliant

Compliant Operations Operation of

of Enterprises

Compliant Operation
of Enterprises

Enterprises Enterprises
U —Co —AQ dll—;QEA%f(IZ\i 0 0
Monitoring of farmers (P=Ca+Pe) Q “r- Lce)_Q o (P=Cu+Pe) Q @P=Ce=M-1L)Q
(A+U7Cm+Pf—P) A+M+dU—Cp+ Py B B @U-Cn+M+Pr—d
0 —dP)0 U—-Cn+Pr—P)Q P O
o Uy — Cg FsQ—Cq 0 0
No monitoring of (P~ Cn+P)Q (P—Ce—Fs)Q (P—Cn+P)Q (P~Co)Q
rmer (U-P)Q (U-P)Q (U-PQ (U-P)Q

We denote the expected return for the government when it chooses the “strict regula-
tion” strategy as E11, which is formulated in Equation (1).

Ein = (1—y)((—Cg+FQs)(1—z) + (—C¢ — AQ+ FQ)z) + y((—Cg + Ug) (1 —z) + (—Cg — AQ+ Ug)z) (1)

We denote the expected return for the government when it chooses the “non-strict
regulation” strategy as Ej,, which is formulated in Equation (2).

Eip=0 (2)
The average expected return for the government is E;, expressed as Equation (3).
Ey = xEn + (1 —x)Ep )

As a result, the replicated dynamic equation for the probability of a government
choosing the “strict regulation” strategy is Equation (4).

F(x) = x(E;1 —E1) = (=14 x)x(Cy — Ugy — FQ(—=1+y)(s(—1+2z) —z) + AQz) (4)

Similarly, the replicated dynamic equations for the probability of a pesticide operator
choosing the “compliant operation” strategy and the probability of a farmer choosing the
“monitoring” strategy are shown in Equations (5) and (6), respectively.
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F(y) = y(Ea —
F(z) = z(Es1 — E3) =

E;) = —(-1+y)y(Cc — Cy + Pe + Fsx + Lez + Mz + Pz — dPz + Fxz — Fsxz)Q (5)

(f

14+2)z(Cy — Pr— Ax + M(=1+y) + (-1+d)U(-1+y) + P(-1+d+y—dy)Q (6)

4. Model Analysis

By consolidating Equations (4)—(6), we derive a three-dimensional dynamical system
(I) represented by Equation (7).

F(x) = (=1+x)x(Cqg — Ugy — FQ(—1+4y)(s(—1+z) —z) + AQz)

y) =—(—1+y)y(C. Cn+Pg+st—|—Lez—l—Mz—i-Pz—dPZ—i-sz—stz)Q )
z

F(z) =(=142)z(Cy = Py — Ax + M(-1+y) + (-1+d)U(-1+y)+ P(-1+d+y—dy)Q

When the replicated dynamic equation system reaches zero, it signifies a cessation in
the alteration of speed and direction of strategy adjustment for the three entities within
the pesticide operation enterprise governance evolution game system. This indicates the
attainment of a relatively stable equilibrium state within the system. Consequently, the
equilibrium solutions for the pesticide operation enterprise governance evolution game
system are: (0, 0, 0), (0,0, 1),(0,1,0), (1,0,0),(1,1,0),(1,0,1),(0, 1, 1), (1,1, 1), denoted as
(x*, y*, z*). To achieve this equilibrium, it is necessary to satisfy the conditions F(x) = F(y)
= F(z) = 0 as stated in Equation (8). According to Lyapunov stability theory, a system is
deemed stable when all eigenvalues of its Jacobian matrix have negative real components.
The Jacobian matrix for the system can be computed as follows:

Fy(y) F(y) F(y) (8)
E(z z

(z) FE(2)

Table 5 presents the eigenvalues obtained by substituting each equilibrium solution
into the aforementioned Jacobian matrix.

Table 5. Eigenvalues of game equilibrium solutions.

Equilibrium Eigenvalue 1 Eigenvalue 2 Eigenvalue 3

(0,0,0) —Cg+FsQ (C.—Cy+P)Q (—Cn+M+P—U+dU+P—-dP)Q
0,0,1) —AQ—-Co+FQ C—Cy+Le+M+P,+P—dP)Q Cn—M-Pr+U—-dU—-P+dP)Q
0,1,0) —Co + Ug (—Cc+Cyp—P)Q (=Cm +Pp) Q

(1,0,0) —FsQ (Cc—Cu+P.+Fs)Q A-=Cp+M+Pr—U+dU+P—-dP)Q
(1,1,0) Ce — Ug (—Cc+Cyp — P, —Fs)Q (A=Cn+PpQ

(1,0,1) AQ+Cye—FQ C.—Cy+F+Le+M+P,+P—dP)Q (—A+Cm—M—Pf+U—dU—P+dP)Q
0,1,1) —AQ—Co+ U (-Cc+Cp—Le—M—-P,—P+dP)Q (Cn—PpQ

(1,1,1) AQ+Cg — (-Cc+C,—F—-L,—M—-P,—P+dP)Q (-A+Cn—PpQ

According to Lyapunov theory, a Jacobian matrix is considered asymptotically stable
when all of its eigenvalues (A) are less than 0. Conversely, it is deemed unstable when all
eigenvalues (A) are greater than 0. Additionally, the equilibrium point becomes unstable
when the Jacobian matrix possesses both positive and negative eigenvalues (A), giving
rise to a saddle point [29]. Utilizing the discriminant criterion mentioned above, (0, 0, 0),
0,0,1),(0,1,0),(1,0,0),(1,1,0),(1,0,1),(0,1,1), and (1, 1, 1) represent stable equilibrium
strategies when certain conditions are fulfilled.

Scenario 1. Under the conditions of —Cg +FsQ<0,(C.—Cy,+P;)Q<0,(—Cyy + M +
Pf —U+dU+P—-dP)Q<0,(0, 0, 0) is the stable equilibrium strategy. In this scenario,
the high costs associated with governmental regulations compared to the revenue generated from
the fines imposed on pesticide operators result in insufficient incentives for effective regulation.
Pesticide operators bear compliance costs and often prioritize limited social responsibility, which



Agriculture 2023, 13, 2288

9 of 20

diminishes their motivation to comply with requlations. Additionally, farmers face substantial
monitoring expenses or minimal benefits from monitoring, reducing their incentive to actively
engage in oversight. The government lacks robust laws, requlations, and enforcement mechanisms to
effectively address non-compliant pesticide enterprises. Issues such as corruption, benefit transfers,
and requlatory failures further compound these challenges. Intense competition within the market
drives some companies to resort to producing substandard or counterfeit products by utilizing
low-quality raw materials to minimize costs and maximize profits. Furthermore, farmers” lack of
knowledge about pesticide quality and potential risks exacerbates the situation, leading them to
utilize low-priced or non-compliant pesticides without adequately considering the associated health
and environmental hazards.

Scenario 2. Under the conditions of —A Q — C¢ +FQ<0,(Cc —Cy+Le+ M+ P, +R—dR +
P—-dP)Q<0,and (Cy, — M — Pr+U— dU—P+dP)Q<0,(0,0,1) is the stable equilibrium
strategy. In this scenario, the costs and benefits associated with governmental regulations outweigh
the fines collected, leading to a lack of regulatory incentives. Pesticide operators encounter high
compliance costs and exhibit minimal preferences for social responsibility, potentially opting for
compensation over adherence to regulations. On the other hand, farmers face minimal monitoring
expenses, strong preferences for social responsibility, and may receive substantial compensation for
non-compliance, thereby increasing their motivation to actively monitor pesticide usage. Challenges
in this scenario encompass governmental negligence, corruption, benefit transfers, and regulatory
failures. The intense competition within the pesticide market may drive some companies to produce
substandard or counterfeit products, exposing them to legal risks and resistance from farmers.
However, farmers’ awareness of pesticide quality could lead to dissatisfaction with government
inaction, prompting increased monitoring efforts on their part.

Scenario 3. Under the conditions of —Cq + Uy < 0, (=Cc + Cy — Pe) Q <0, and (—Cyy, + Pf)
Q <0, (0, 1, 0) is the stable equilibrium strategy. In this scenario, the costs associated with
governmental requlation outweigh its political effectiveness, leading to insufficient requlatory
incentives. However, pesticide companies encounter lower compliance costs compared to non-
compliance costs and demonstrate social responsibility preferences, motivating them to comply
with requlations. Conversely, farmers face high monitoring expenses or lack social responsibility
preferences, reducing their motivation to actively monitor pesticide usage. Challenges in this scenario
include governmental indifference or irresponsibility towards pesticide quality, corruption, and
benefit transfers resulting in regulatory failures. Pesticide operators may choose compliant products
due to considerations such as social responsibility and brand reputation. Furthermore, farmers and
consumers may lack awareness of green consumption and pesticide quality identification, resulting
in inadequate monitoring measures.

Scenario 4. Under the conditions of Co —FsQ<0,(Cc—Cyp+Pe+Fs)Q<0, and
(A—-—Cy+M+ Pf —U+dU+P—-dP)Q<0, (1,0, 0) is the stable equilibrium strat-
egy. In this scenario, the government possesses regulatory incentives since the cost of requlation
is lower than the revenue generated from fines. However, pesticide operators may lack compliance
incentives due to high costs or low social responsibility preferences. Similarly, farmers may lack
motivation for monitoring due to high costs or limited monitoring benefits. Challenges in this
scenario encompass government prioritization of environmental protection and public health, as well
as social pressure and international influence. This could lead to increased fines and penalties for
non-compliant pesticide companies. Additionally, intense competition within the pesticide market
may drive some firms to produce substandard or counterfeit products, resulting in government
crackdowns and farmer boycotts. Moreover, farmers and consumers may possess limited aware-
ness of green consumption and pesticide quality identification, leading to dissatisfaction with the
government’s monitoring efforts.

Scenario 5. Under the conditions of C¢ — Ug <0, (=Cc +Cy — P, — Fs<0) Q,and (A — Cy, + Pf)
Q <0, (1, 1, 0) is the stable equilibrium strategy. In this scenario, the government possesses
requlatory incentives as the cost of requlation outweighs political performance. However, pesticide
operators may lack motivation to comply due to low costs, limited social responsibility preferences,
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or the potential benefits of non-compliance. Similarly, farmers face obstacles in monitoring due to
high costs or insufficient benefits. Challenges in this scenario include government prioritization of
environmental protection and public health, resulting in strengthened laws, regqulations, enforcement,
and increased fines for non-compliant pesticide companies. Pesticide operators may opt for compliant
products to ensure long-term development prospects. The lack of knowledge on pesticide quality and
identification among farmers, as well as the low awareness of green consumption among consumers,
may lead to inadequate monitoring measures.

Scenario 6. Under the conditions of AQ+Cy —FQ<0,(Cc —Cy+F+ Lo+ M+ P+ R
—dR+P—-dP)Q<0,(-A+Cp —M—-Pr+U—-dU—-P+dP)Q<0,(1,0,1)is the
stable equilibrium strategy. In this scenario, the government possesses low regulatory costs and
high political performance, resulting in requlatory incentives. However, pesticide operators lack
motivation to comply due to high costs, limited social responsibility preferences, or the potential
benefits of non-compliance. Conversely, farmers have low monitoring costs and significant gains and
are willing to engage in monitoring activities. The government prioritizes environmental protection
and public health, leading to strengthened laws, requlations, enforcement, and increased fines for
non-compliant pesticide companies. Intense competition within the pesticide market may result in
some firms producing substandard or counterfeit products, leading to government crackdowns and
farmer opposition. While farmers possess knowledge of pesticide quality, they express dissatisfaction
with government inaction and pesticide company practices, prompting them to take the initiative
in monitoring.

Scenario 7. Under the conditions of —A Q — Cg + Uy <0, (=Cc+Cy —Le —M — Pe — R+dR
—P+dP)Q<0,(Cy — Pf) Q<0,(0,1, 1) is the stable equilibrium strategy. In this scenario,
the government faces a lack of regulatory incentives due to the higher costs involved and the lower
rewards compared to fine revenues. However, pesticide operators are motivated to comply with
regulations due to lower costs and a stronger preference for social responsibility or the benefits derived
from compliance. Similarly, farmers have minimal monitoring costs and demonstrate a high level
of social responsibility, which drives their willingness to actively monitor the situation. Moreover,
pesticide companies choose to prioritize compliant pesticide operations due to their concerns for
social responsibility and the preservation of their brand reputation. While farmers possess a certain
level of knowledge and the ability to identify pesticide quality, they also express dissatisfaction and
frustration towards the government and pesticide companies” inaction. This dissatisfaction prompts
them to take the initiative in proactively monitoring pesticide companies.

Scenario 8. Under the conditions of AQ+ Cg — Uy <0, (=Cc+Cy —F—Le —M — P, — R+
dR—P+dP)Q<0,and (—A+Cy, — Pf) Q<0,(1,1,1) is the stable equilibrium strategy. The
favorable scenario stimulates the government to actively enforce requlatory measures, benefiting
from cost-effective regulations and demonstrating strong political performance. In addition, pesticide
operators find compliance highly incentivizing due to the low costs associated with adherence, a
deep commitment to social responsibility, or substantial benefits derived from complying. Farmers
willingly participate in monitoring activities, incurring minimal expenses while reaping significant
advantages. This scenario represents an ideal state wherein environmental protection and public
health are given top priority, leading to reinforced requlations and robust law enforcement. Pesticide
companies prioritize social responsibility and safeguarding their brand reputation. Meanwhile,
farmers possess relevant knowledge and may also be influenced by public opinion, resulting in their
making compliant pesticide choices and proactively monitoring pesticide activities.

5. Numerical Simulation

To gain a more intuitive understanding of the game mechanism and evolutionary
stability in pesticide management, we conducted numerical simulations using Python 3.8.
Previous studies have emphasized the importance of accurately capturing the internal
patterns of change to construct a simulation model [50,51]. With this in mind, we aimed
to ensure logical consistency when setting the parameters. Our parameter settings were
guided by two main criteria. Firstly, we strove to achieve an ideal stable equilibrium condi-
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tion based on the results of model analysis. This approach enhances the self-consistency
of the model. Since empirical data may not always be readily available or the real-world
complexity may hinder extracting relevant information, using idealized parameters has
been a common practice in similar studies [52,53].

Additionally, to align our analysis with the real-world scenario, we conducted research
on the Agricultural and Rural Bureaus in Guangzhou and Xuzhou, China. We aimed to
understand the dynamics and game relationships among the key stakeholders involved in
pesticide management. During inspections, enforcement officers from the Agricultural and
Rural Bureaus may directly inspect the pesticide usage of companies suspected of selling
substandard pesticides within their designated areas. They also conduct inspections of
agricultural households or businesses to uncover potential cases of substandard pesticide
use. The key actors in this context include the enforcement officers, pesticide sellers, and
farmers. According to Article 56 of the Pesticide Management Regulations, if a pesticide
seller is found to be operating with substandard products, the authorities have the right
to seize the substandard pesticides, confiscate illegal gains, and impose fines. By taking
legal action against those who engage in the sale of substandard pesticides, the agricultural
and rural departments maintain order in pesticide management and protect the legitimate
rights and interests of farmers.

Based on the previous analysis, to achieve effective stakeholder cooperation, we need
to satisfy the conditions A Q + C; — Uy <0, (-Cc+Cy —F—-L,—M — P, —R+dR —
P+dP)Q<0,and (—A + Cy, — Ps) Q <0. At this point, (1, 1, 1) is the stable equilibrium
strategy. To meet these requirements, we assigned specific parameter values based on the
results of our survey of individual player costs and benefits in a single game, including
the cost and benefit of a single regulator’s enforcement, a single pesticide business (or
individual farmer), and a single farmer. The costs and benefits of the game are generally
within the range of thousands of yuan. Without loss of generality, we can set the parameters
as follows: C¢ = 2 thousand yuan, U, = 5 thousand yuan, F = 0.2 thousand yuan, s = 0.6,
A = 0.2 thousand yuan, C, = 0.2 thousand yuan, C, = 0.4 thousand yuan, P = 0.4 thousand
yuan, Q =10 cases, d = 0.6, P, = 0.1 thousand yuan, L. = 0.1 thousand yuan, U = 0.4 thousand
yuan, Cy, = 0.2 thousand yuan, Py = 0.1 thousand yuan, and M = 0.1 thousand yuan.

Based on our survey, the proportion (x) of government regulation is influenced by
policies, law enforcement, administrative efficiency, and social responsibility. Government
regulation levels vary across regions and time. The Chinese government currently prior-
itizes pesticide regulation, suggesting a relatively high value for x, but implementation
challenges limit effectiveness. An initial value of 0.6 is suggested. In the competitive pesti-
cide market, some enterprises engage in non-compliant practices but face government and
societal supervision. The parameter (y) representing this behavior should be relatively low,
considering potential losses and reputation damage. An initial value of 0.4 is recommended.
Farmers have an incentive to monitor compliance, but their dispersed distribution and
limited knowledge introduce uncertainty. The value of z should range between 0.4 and 0.6,
with an initial value of 0.5. A simulation period of 10 is recommended to reflect dynamic
evolution and steady-state characteristics while managing complexity and uncertainty. In
addition, the simulation period should reflect the dynamic evolution process and steady-
state characteristics. However, a too-long simulation period can increase complexity and
uncertainty. A simulation period of 10 is recommended based on related research.

5.1. Impact of Initial Behavioural Strategies on the Evolutionary Game

Figure 2 illustrates the dynamic evolution of an evolutionary game system under
varying initial conditions. In Figure 2a, a small initial value of strict government regulation
(x) leads to a stable equilibrium strategy of (0, 0, 0), while a large initial value results in
(1, 1, 1). Figure 2b,c depict the influence of pesticide operators” compliance operation
(y) and farmers’ supervision (z), respectively. Notably, the system converges to a stable
equilibrium strategy of (1, 1, 1) regardless of the initial values of y and z. This indicates that
the evolutionary direction of the system is primarily shaped by the strength of government
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regulation, while the choices of firms and farmers are constrained by it. Furthermore,
Figure 2d showcases two possible stable equilibrium strategies (0, 0, 0 and 1, 1, 1) based on
the parameter assignments in this study. This reflects the current dichotomy in pesticide
quality and safety issues in China, with some regions and enterprises achieving high levels
of management and safety, while others still face significant problems.

(a) (b)

Figure 2. Impact of initial behavioral strategies on the evolutionary game. Note: (a) impact of x
variation on the evolutionary game; (b) impact of y variation on the evolutionary game; (c¢) impact of
z variation on the evolutionary game; and (d) combined impact of simultaneous variations in x, y,
and z on the evolutionary game.

5.2. Impact of Behavioural Parameters of Governments on the Evolutionary Game

Figure 3 illustrates the relationship between government regulators’ behavioral choices
and various factors such as political performance, regulation costs, penalties on agribusi-
nesses, probability of detecting non-compliant operations, and incentives for farmers. This
study reveals that the likelihood of strict regulation by government regulators is influenced
by their political performance (Figure 3a), penalties imposed on agribusinesses (Figure 3c),
and the probability of detecting non-compliant operations (Figure 3d). Conversely, it de-
creases with regulation costs (Figure 3b) and incentives provided to farmers (Figure 3e).
This implies that regulators carefully consider the benefits and costs of strict regulation
and its impact on both pesticide operators and farmers when making regulatory decisions.
Moreover, the probability of strict regulation by government regulators influences the
behavioral choices of pesticide operators and farmers. Specifically, when regulators adopt
strict measures, the likelihood of compliant operations by pesticide operators and moni-
toring by farmers increases, and vice versa. Thus, strict regulation serves as an effective
means to curb non-compliance by pesticide operators and encourage farmer participation
in monitoring. However, this study also highlights the potential limitations of farmer
incentives provided by regulators. While such incentives significantly enhance the proba-
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bility of farmer monitoring (Figure 3e), their associated costs may diminish the regulators’
motivation to engage in regulation. Consequently, financial-based incentives may not be as
sustainable as desired.
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Figure 3. Impact of behavioral parameters of governments on the evolutionary game. Note: (a) impact
of U, variation on the evolutionary game; (b) impact of C; variation on the evolutionary game;
(c) impact of F variation on the evolutionary game; (d) impact of s variation on the evolutionary
game; and (e) impact of A variation on the evolutionary game.

5.3. Impact of Behavioural Parameters of Pesticide Operators on the Evolutionary Game

Figure 4 depicts the relationship between a pesticide firm’s behavior and factors such
as compliant and non-compliant operation costs, sales revenue, lost revenue discounts for
non-compliance, losses from farmer monitoring, and social responsibility preferences. This
study shows that the likelihood of pesticide operators operating in compliance increases
with higher non-compliant operation costs (Figure 4a), lower compliant operation costs
(Figure 4b), greater price (Figure 4c), reduced percentage of loss discount (Figure 4d), larger
loss to pesticide operating firms from monitoring by farmers (Figure 4e), and stronger social
responsibility preferences (Figure 4f). This indicates that firms carefully weigh the benefits
and costs of their behavior and its effect on the government and farmers when deciding
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to operate in compliance. Moreover, the probability of pesticide operators” compliant
operations influences the behavior of the government and farmers. Specifically, compliant
operation increases the likelihood of strict regulation by the government and monitoring
by farmers, and vice versa. Thus, the compliant operation of pesticide operators can reduce
the cost of regulation, improve the political performance of government regulators, and
increase purchasing utility and monitoring incentives for farmers. However, this study
also highlights that as the proportion of firms’ revenue discounts due to farmer monitoring
increases, the probability of compliant operation reduces (Figure 4d). This may be due to
firms perceiving non-compliant operations as more profitable than compliant ones, which
may not bring enough competitive advantage or market recognition. Therefore, the gov-
ernment and farmers should consider the impact on social responsibility preferences and
brand image while formulating and implementing pesticide quality monitoring policies, in
addition to punishment and reward mechanisms for pesticide operators.
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Figure 4. Impact of behavioral parameters of pesticide operators on the evolutionary game. Note:
(a) impact of C, variation on the evolutionary game; (b) impact of C,, variation on the evolutionary
game; (c) impact of P variation on the evolutionary game; (d) impact of d variation on the evolutionary
game; (e) impact of L, variation on the evolutionary game; and (f) impact of P, variation on the

evolutionary game.
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5.4. Impact of Behavioural Parameters of Farmers on the Evolutionary Game

Figure 5 showcases the relationship between farmers’ behavior and factors such as
purchase utility, monitoring cost, compensation amount, and social responsibility prefer-
ences. This study reveals that farmers are more likely to engage in monitoring when their
purchase utility decreases (Figure 5a), monitoring cost decreases (Figure 5b), compensation
amount increases (Figure 5c), and social responsibility preferences increase (Figure 5d).
This indicates that farmers consider the costs and benefits of monitoring pesticide operators,
as well as their impact on themselves and society, before making a decision. Furthermore,
farmers’ monitoring behavior also influences the choices of pesticide operators and gov-
ernment regulators. Specifically, when farmers actively monitor, there is an increased
likelihood of pesticide operators operating in compliance and government regulators
enforcing strict regulations, and vice versa. Hence, farmers’ monitoring can effectively
discourage non-compliant behavior by pesticide operators and enhance the efficiency of
regulatory efforts by the government. However, it should be noted that when farmers
have high purchase utility, even with incentives or preference benefits from government
regulators, their probability of monitoring does not significantly increase (Figure 5a). This
might be attributed to farmers excessively relying on pesticide products to improve crop
yield or quality while neglecting the potential hazards of such products on food safety and
environmental pollution. Consequently, this study suggests that when formulating and
implementing pesticide quality regulation policies, government regulators should take into
account not only the incentives for farmers but also the impact on their purchase utility

and awareness of responsible consumption.
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Figure 5. Impact of behavioral parameters of farmers on the evolutionary game. Note: (a) impact of U
variation on the evolutionary game; (b) impact of Cy, variation on the evolutionary game; (c) impact
of M variation on the evolutionary game; and (d) impact of Py variation on the evolutionary game.

6. Discussion

The regulation of pesticide operations is crucial for ensuring the quality and safety
of agricultural products. However, in China, this domain encounters numerous practical
challenges, including inadequate government regulatory capacity, frequent violations by
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pesticide operators, and irregularities in pesticide use by farmers. These challenges have
resulted in inefficient and ineffective regulation of pesticide operations, posing a threat
to the sustainability and environmental friendliness of agricultural production. To tackle
this issue, this paper delves into enhancing the efficiency and effectiveness of pesticide
operation regulation through stakeholder cooperation mechanisms.

This paper presents a novel approach to examining pesticide operation regulation
through the application of evolutionary game theory, which provides a fresh theoretical
framework and analytical tool for this field. The proposed model not only takes into
account the strategic interaction and interest game among the government, pesticide op-
eration enterprises, and farmers but also considers aspects such as the impact of external
environmental factors on their behavior. The simulation method used in this study is also in-
novative; computer simulation technology was utilized to effectively simulate and observe
how the strategic choices and behavioral outcomes of the three parties’ subjects change un-
der different circumstances. Additionally, this study explores how stakeholder cooperation
mechanisms can enhance the efficiency and effectiveness of pesticide operation regulation.

To gain a comprehensive understanding of the issues surrounding the regulation of
pesticide operations in China, this study delved into multiple cases involving the sale of
counterfeit pesticides and the improper labeling of production dates. One notable case
involved an agricultural supplies company suspected of trafficking counterfeit pesticide
“Dicamba” across provinces via an e-commerce platform. Upon investigation, law enforce-
ment officers uncovered that the label “25% Dicamba Aqueous Solution” actually contained
a mere 0.04% Dicamba and the banned ingredient Paraquat, unequivocally confirming it as
counterfeit. Further inquiries revealed that the company had obtained a pesticide operation
license in Tianjin but was engaged in the sale of counterfeit pesticides in Jiangsu Province.
Through the collaborative efforts of farmers, the Rural Committee, the Public Security
Bureau, and others, five suspects were apprehended, and 4.5 tons of pesticides valued at
20 million yuan were seized. These cases underscore the efficacy of government oversight
and regulation, as well as the cooperation of farmers, in addressing non-compliant practices
within the pesticide industry.

Through extensive research and case analysis, this study identifies several signifi-
cant issues within China’s pesticide operation regulation. These problems include a low
probability of effective regulation, weak penalties, and insufficient incentives provided by
government regulators. Consequently, there is a lack of motivation for pesticide operators
to comply with regulations and adhere to best practices. Moreover, inadequate information
communication and a lack of trust between pesticide operators and farmers contribute
to farmer dissatisfaction with the quality of products and services offered by pesticide
operators. This dissatisfaction further leads farmers to seek alternative, informal channels
for purchasing pesticides. Additionally, farmers’ limited knowledge and improper use of
pesticides pose threats to the overall quality and safety of agricultural products. These find-
ings are consistent with the simulation outcomes presented in this paper, demonstrating
that the model and methodology employed hold significant theoretical and practical value.

By conducting analysis, we have established an institutional framework through
which cooperation can be achieved (Figure 6). To realize a cooperative mechanism for
pesticide management, it is necessary to optimize the system design to improve the ef-
ficiency and quality of pesticide management and ensure the safety and effectiveness of
pesticides. The guiding principles are compliance, integrity, fairness, and mutual benefit.
The stakeholders involved in the cooperation include government regulatory departments,
pesticide manufacturers, and pesticide users. The cooperative mechanisms and approaches
include establishing collaborative platforms with multiple participants such as industry
associations and regulatory agencies. Developing cooperation plans to clarify the respon-
sibilities and obligations of each party ensures smooth collaboration. Implementing an
information-sharing mechanism strengthens communication and coordination among all
parties. Measures for ensuring and incentivizing cooperation include formulating relevant
laws and regulations to ensure compliance. Providing technical training and information
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support enhances the cooperative capabilities of all parties. Clearly defining mechanisms
for risk and benefit sharing ensures fair cooperation. Establishing evaluation mechanisms
allows for assessing and rewarding cooperative achievements.
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Figure 6. Institutional framework for pesticide management.

Based on this study’s findings, the following recommendations for institutional opti-
mization are proposed: Firstly, government regulatory agencies should enhance regulatory
effectiveness by increasing the frequency of inspections and monitoring. Additionally,
stronger penalties and incentives should be implemented to encourage compliance with
laws and regulations among pesticide operators, thereby improving the overall quality of
their products and services. Establishing a risk-based regulatory framework, setting clear
regulatory objectives and indicators, strengthening the training and capacity building of
regulatory personnel, and implementing effective complaint and reporting mechanisms
are essential steps. Secondly, government regulatory agencies need to facilitate information
communication and trust-building between pesticide operators and farmers. This can be
achieved through the establishment of dedicated information platforms, comprehensive
training programs, and promoting exchanges and interactions. These measures aim to
foster collaborative relationships between the two parties. Lastly, government regulatory
agencies should prioritize educating and guiding farmers, focusing on enhancing their
knowledge and skills regarding pesticide use. This includes teaching them how to use
pesticides safely, effectively, and responsibly, as well as guiding the proper disposal of
pesticide waste and containers.

7. Conclusions

The primary aim of this academic paper is to investigate strategies for enhancing the
efficiency and effectiveness of pesticide operation regulation through the implementation
of a stakeholder cooperative mechanism. This approach ultimately aims to safeguard the
quality and safety of agricultural products. To achieve this goal, an evolutionary game
theory framework is employed to develop a dynamic model involving three key stakehold-
ers: the government, pesticide operation enterprises, and farmers. By utilizing computer
simulation methods, this model is numerically evaluated. The principal discoveries derived
from this study are as follows:

The relationship between the government, pesticide operators, and farmers, involves
a complex interplay of coordination and contradictions, as well as reciprocity and mutual
detriment. This necessitates effective cooperation between these parties to ensure the
realization of their respective interests and those of society. Such cooperation is critical for
promoting sustainable development in pesticide operation regulation.

The stability and efficacy of stakeholder cooperation mechanisms can vary under
different parameter conditions. The following equilibrium strategies have been identified
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as stable under specific conditions: E; (0, 0, 0), E» (0,0,1), E3 (0,1,0), E4 (1,0,0), E5 (1, 1, 0),
E¢(1,0,1),E; (0,1,1),and Eg (1,1, 1).

The stability of the stakeholder cooperation mechanism is influenced by several
critical factors. Among these factors, the regulatory oversight conducted by government
authorities, the severity of penalties imposed on non-compliant pesticide operations, the
strength of incentives for farmers’ oversight, and the establishment of effective information
communication and trust-building measures between pesticide operators and farmers
are of utmost importance. Once these factors reach a certain threshold, the stakeholder
cooperation mechanism can establish an evolutionary stabilization strategy and attain
social optimality.

This study acknowledges certain uncertainties and limitations that should be con-
sidered. Firstly, the assessment of stakeholder cooperation mechanisms’ stability and
impact in this paper relies on computer simulation methods. However, the accuracy and
reliability of the simulation results may be influenced by uncertainties or variations in the
model parameters and the diversity or randomness of the initial conditions encountered in
practical settings. Secondly, it is important to note that the empirical evidence is limited to
case studies conducted in China. This paper specifically focuses on the current situation
and challenges associated with pesticide operation regulation in China, making the find-
ings relevant and practical within this context. However, it is essential to recognize that
different countries or regions may have distinct policy environments, market conditions,
and social contexts regarding pesticide operation regulation. These variations could po-
tentially affect the applicability and effectiveness of stakeholder cooperation mechanisms.
Furthermore, it is worth noting that the current research primarily emphasizes cooperation
mechanisms while overlooking the economic, social, and environmental effects of different
game equilibriums.

Building on the analysis above, this paper proposes several avenues for future research.
Firstly, it is recommended to broaden the range of research methods and techniques used
to establish the effectiveness and feasibility of the stakeholder cooperation mechanism.
Conducting empirical studies or case analyses to evaluate the impact of different strategies
and interventions on enhancing stakeholder cooperation will provide better insights into the
strategic choices and behavioral outcomes of stakeholders under differing circumstances.
Additionally, it will help assess the impact of stakeholder cooperation mechanisms on
the efficiency and effectiveness of pesticide operation regulation. Secondly, the scope and
applicability of the stakeholder cooperation mechanism can be expanded by integrating it
with other agricultural production management issues such as seed management, fertilizer
management, and water resource management. This comprehensive approach will enable a
more in-depth consideration of the multifaceted factors involved in agricultural production,
leading to improved sustainability and environmentally friendly agricultural practices.
Thirdly, future research should also aim to explore the heterogeneity among stakeholders
by considering factors such as the size and type of farms, the experience and expertise of
pesticide operators, and the regulatory capacity of different governments. Investigating
their incentive mechanisms for agricultural product safety and environmental outcomes
will also be crucial. Fourthly, there is a need for further research in different countries and
contexts to validate and extend the findings of this study.
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