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Introduction: Addressing the issue of land abandonment in rural areas is a critical
strategy for ensuring national food security and promoting high-quality
agricultural and rural development.

Methods: Based on the assumption of bounded rationality, this paper constructs
an evolutionary game model involving three key stakeholders: farmers, village
collectives, and local governments. By integrating system dynamics, we simulate
and analyze the behavioral strategies of participants, examining the mechanisms
of government regulation. Additionally, we explore the moderating role of
agricultural social services and further investigate the impact of incentive and
penalty measures.

Results: (1) under specific constraints, the system evolves toward the optimal
equilibrium (1,1,1); (2) government policies influence the strategic choices of
farmers and village collectives, with excessively high or low incentive and penalty
measures proving ineffective in mitigating land abandonment; (3) compared to
incentives, penalty measures exhibit a more substantial impact on addressing land
abandonment; (4) enhancing agricultural social services can strengthen the
effectiveness of incentive and penalty policies.

Discussion: Based on these results, the paper offers policy recommendations
from four perspectives: regulatory reform, the integration of incentives and
penalties, flexible subsidies, and enhanced collaboration among key
stakeholders, thereby providing both theoretical insights and practical
guidance for addressing land abandonment.

incentive and penalty mechanism, tripartite evolutionary game, land abandonment,
system dynamics, government policy

1 Introduction

Land is a vital natural resource for human survival and the foundation for ensuring
national food security. However, with the rapid development of secondary and tertiary
industries, there has been a significant shift of labor from the agricultural sector to non-
agricultural sectors. This labor shortage in rural areas has led to the extensive
underutilization of farmland and even the emergence of land abandonment. According
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TABLE 1 Policy documents on land abandonment from 2012 to 2024.

10.3389/fenvs.2025.1576883

Year Documents Content

2012 National Land Consolidation and Rehabilitation Plan (2011-2015) Strictly protect cultivated land, build high-standard basic farmland, and elevate
land consolidation to a national strategy

2013 No. 1 Central Document Implement and improve the strictest system for cultivated land protection, and
intensify efforts to promote the construction of high-standard farmland

2014 Regulations on the Conservation and Intensive Use of Land Implement the basic national policy of cherishing, rationally utilizing land, and
effectively protecting cultivated land

2015 Policies on Deepening Rural Reform, Developing Modern Agriculture, and Launch the project for cultivated land protection and quality improvement

Boosting Farmers’ Income

2016 National Land Consolidation and Rehabilitation Plan (2016-2020) Vigorously promote the consolidation of agricultural land and the construction of
high-standard farmland

2019 Rural Land Contract Law If land manager unilaterally changes the agricultural use of the land, abandons
cultivation and leaves the land idle for more than two consecutive years, causes
serious damage to the land, or severely destroys the ecological environment of the
land, the land manager shall be liable for compensation for the damage caused to
the land and its ecological environment

2021 Guiding Opinions on the Overall Utilization of Abandoned Land to Promote the | Orderly promote the utilization of abandoned land

Development of Agricultural Production

2021 National High-Standard Farmland Construction Plan (2021-2030) Support soil fertility improvement on abandoned land

2022 No. 1 Central Document Implement strict measures for cultivated land protection, enforce joint
responsibility of the Party and government for cultivated land protection, and
strictly adhere to the red line of 1.8 billion mu of cultivated land

2023 Regulations on the Administration of Funds for Cultivated Land Construction = No subsidies will be provided for abandoned land or for the “compensatory” areas

and Utilization and quality in the process of maintaining the balance between cultivated land

occupation and compensation that do not meet the conditions for cultivation

2023 No. 1 Central Document Focus on protecting and controlling the use of cultivated land, and strengthening
the construction of high-standard farmland

2024 No. 1 Central Document Strictly implement the cultivated land protection system and promote the
utilization of abandoned land according to local conditions

2025 No. 1 Central Document Key arrangements have been made for cultivated land protection from three
aspects: “strictly safeguarding the quantity of cultivated land, improving its
quality, and controlling its usage.”

to the Statistical Bulletin on the Development of Human Resources
and Social Security in 2022, approximately 58% of rural labor
nationwide transitioned to non-agricultural employment in
China. Data from the China Rural Governance Research Center
of Wuhan University revealed that the level of land abandonment
nationwide was relatively high in 2023, with over 50% of the
abandoned land area and an abandonment rate of approximately
17.48%. Land abandonment in China currently manifests in three
key characteristics: Firstly, land abandonment is not only
prevalent in the relatively underdeveloped agricultural regions
of central and western China but also occurs in the more
economically advanced eastern and southern regions (Zhu
et al, 2021). Secondly, both explicit and implicit land
abandonment coexist, with implicit abandonment being more
common, particularly in areas with favorable agricultural
production conditions (Huang and Li, 2009). Thirdly, most
rural households have adopted a livelihood model based on
intergenerational labor division, combining part-time farming
with part-time employment, which has led to a shift from
land land
abandonment (Xia and He, 2017). The increasing trend of land

policy-driven abandonment to  structural
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abandonment exerts additional pressure on food production,
threatens food security, and hampers economic development,
thereby significantly obstructing the process of agricultural
modernization (Khanal and Watanabe, 2006).

Existing studies on land abandonment primarily focus on its
causes, impacts, and potential countermeasures. Scholars have
generally categorized the causes of land abandonment into three
main factors: Firstly, the development of secondary and tertiary
industries has led to an increase in non-agricultural employment
opportunities, resulting in a large migration of young and strong
labor forces from rural areas to cities in search of better economic
prospects (Levers et al., 2018). This shift has caused a significant
shortage rural labor, leading to substantial land underutilization,
which is widely regarded as the fundamental cause of land
abandonment (Huang et al., 2023). Secondly, the cost of
agricultural production has continuously increased with the
development of modern technology, while the prices of
agricultural products are generally low and even face the risk of
falling. These low economic returns have discouraged farmers
from continuing cultivation, contributing to land abandonment
(Zhang et al., 2016). Thirdly, the inefficiencies in the land transfer
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FIGURE 1
Theoretical framework for land abandonment governance.
TABLE 2 Core stakeholders’ profit and loss variable.
Game players Variables Definition
Farmers Rp Cultivation income
Ry Net income from non-agricultural employment
Cr Agricultural production cost
Cn Resource search cost
Village collectives Ly Reputation loss due to lack of coordination
Cy Coordination cost
A Coordination effort
u Cost increase factor
Local governments Cs Regulatory cost
Cum Land management cost
S Reward amount
Pr Penalty for not cultivation
Py Penalty for not coordination
Lg Reputation loss due to lack of regulation
a Reward allocation coefficient
Exogenous variable Cp Cost of agricultural socialized services
p Level of agricultural socialized services

mechanism, coupled with weak land management by grassroots  these factors, natural environmental conditions, such as climate
organizations such as village collectives, further results in land  change and agricultural viability, also play a significant role in
abandonment (Chen et al., 2024; Zhang et al., 2014). In addition to  influencing land abandonment (Zhang et al., 2014; Bhawana and
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TABLE 3 Payoff matrix for stakeholders.

Combinations

10.3389/fenvs.2025.1576883

Payoffs for game players

Farmers Village collectives Local governments
(J1,E1, Fr) Rp+aS-Cr~ (1-1)Cy ~ (1-p)Cp —Cy+ (1-a)S -Cs—pCp =S
(J1,E1, F2) Rp=Cp— (1-1)Cy - (1-p)Cp -Cy —Lg — pCp
(J1, E2, Fr) Rp +aS-Cp-Cy - (1-p)Cp Ly - Px Py —Cs = pCp —aS
(J1, E2, Fy) Rp—Cp—-Cy - (1-p)Cp —Ly —Lg - pCp
(]z,El,Fl) RT—PF —(1+[4)CV+(1—(X)5 PF—Cs—CM—(l—(X)S
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FIGURE 2
Evolutionary dynamic phase diagram of three participants.

Race, 2020). The impact of land abandonment depends on factors
such as the location, scale, and the social and natural environment
of the affected area (Rey-Benayas et al., 2007; Munroe et al., 2013;
Ustaoglu and Collier, 2018). On the one hand, many scholars
argue that land abandonment exacerbates soil erosion and reduces
biodiversity (Harden, 1996; Uematsu et al., 2010). On the other
hand, large-scale abandonment can leave land resources idle,
diminishing food production and impeding regional economic
development (Zhu et al., 2023). However, some scholars contend
that land abandonment does not necessarily correlate with a
decrease in cultivated land and may not severely impact long-
term food security. In fact, land abandonment could reduce the
frequency of land use, thereby safeguarding the land’s overall
production capacity (Zheng et al, 2023). To resolve land

abandonment, a dual approach involving technological
innovation and institutional reform is crucial. Scholars
commonly prioritize the reconstruction of agricultural

infrastructure (Liu et al., 2022), and advocate for strengthening
agricultural biotechnology and information technology as effective
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measures to mitigate land abandonment (Munaweera et al,
2022). Furthermore, promoting the transfer of cultivated
land and reinforcing the construction of new agricultural
operating entities are viewed as essential and effective
strategies to combat land abandonment (Zheng and chen,
2024; Zheng, 2024).

Although existing research has laid an important foundation for
understanding the issue of farmland abandonment, there are still
limitations in the following two aspects: First, although scholars
have already explored the role of incentives and penalties in
addressing land abandonment (Estacio et al., 2024; Van Leeuwen
et al,, 2019), their research primarily focuses on theoretical analysis
or the evaluating the effectiveness of a single policy. There is a lack of
differentiated analysis of incentives and penalties, and the combined
effects of multiple policy tools are also overlooked. Second, land
abandonment is a complex process that involves multiple
stakeholders, long timeframes, and dynamic changes. Existing
research, however, often adopts a single-stakeholder or static

perspective, overlooking the intricate interactions and evolving
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TABLE 4 Eigenvalues of equilibrium solutions in the game system.

Equilibrium solution Eigenvaluel Eigenvalue2 Eigenvalue3

(0,0,0) Rp =Ry —Cp—Cy - (1-p)Cp Ly - (1 +u)Cy Pr+Pn+Lg-Cs—Cy
(0,1,0) Rg =Ry —Cp— (1-1)Cy - (1-p)Cp —(Ly = (1 +u)Cy) Pp+Lg-Cs—Cy— (1-a)S
(0,0,1) aS+Pp+Rp —Rp —Crp —Cy - (1-p)Cp (1-a)S+Py+Ly - (1+u)Cy —(Pr+Py+Lg-Cs—Cy)
(0,1,1) aS+Pp+Rp—Rp —Cp - (1-1)Cy - (1-p)Cp -[(1-a)S+Pyx+Ly - (1+uCy] —[Pp+Lg—Cs—Cy— (1-0a)S]
(1,0,0) —(Rp =Ry —Cp—Cy - (1 -p)Cp) -Cy Py +Lg—Cs—aS
(1,1,0) =[Rr =Ry = Cr = (1-1)Cy = (1= p)Cp] -Ly - Cv) Lg-Cs=S

(1,0,1) —[aS+Pr+Rp — Ry —Cp —Cn — (1 - p)Cp] (1-a)S+Pyx+Ly-Cy —(Pn + Lg — Cs — aS)
(1,1,1) —[aS+Pr+Rp—Rr —Cr— (1-1)Cyx — (1-p)Cp] —[(1-a)S+Py+Ly-Cyl —(Lg-Cs=Y9)

Since the eigenvalues discussed above are influenced by multiple external variables, determining the stability of each equilibrium solution by analyzing the positivity or negativity of the
eigenvalues can be relatively complex. Therefore, in the following sections, the stability of the game system will be analyzed using system dynamics modeling.
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FIGURE 3

SD model of tripartite evolutionary game.

behaviors of the involved parties. Although some preliminary
studies have approached this issue from the perspectives of the
government and farmers (Sun et al., 2025), the crucial role of
village collectives has often been neglected. In China’s
agricultural structure, characterized by a “big country, small
farmers” model, village collectives play a pivotal role in land
and benefit distribution.

management, policy promotion,
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Including village collectives within the research framework for
land
comprehensive
collaborative

would  offer
the

various

abandonment governance
understanding  of

relationships among

a more
interactions and
stakeholders
involved in land governance.

Based on these considerations, this paper aims to address the

following essential questions:
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Selected Variables

Selected Variables
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FIGURE 4
Pure strategy simulation results.
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FIGURE 5
The impact of Pr on farmers and village collectives.
o How do the decisions of farmers, village collectives, and local agricultural  socialized services to enhance land

governments interact and affect the evolution of system stability?
o How can incentive and penalty mechanisms curb land

abandonment?
o How can government incentive and penalty policies be
improved in the context of the development of
Frontiers in Environmental Science
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use efficiency?
Evolutionary game theory is a robust tool for analyzing the

behavior and strategy evolution of individuals in complex systems
(Xie et al, 2018). System dynamics, on the other hand, is a
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FIGURE 6
The impact of Pr on village collectives and farmers.
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FIGURE 7
The impact of Pr and Py on farmers and village collectives.
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1
0.8
0.6
0.4
0.2 ’
0
0 2 4 6 8 10
Time (Year)
— PF=1 — current — PF=3

FIGURE 8
The impact of Pr on local governments.

simulation method that integrates both qualitative and quantitative ~ analyze their dynamic changes over time (Forrester, 1987). This
analysis, emphasizing development, connectivity, and movement. It

study combines evolutionary game theory with system dynamics to
is commonly used to simulate the structure of complex systems and

construct a tripartite evolutionary game model involving farmers,
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FIGURE 10
The impact of incentive and penalty mechanism on three subjects.

village collectives and local governments, exploring potential
equilibrium points, the stability conditions under which the three
stakeholders reach an equilibrium state, and the sensitivity of key
variables to examine the system’s evolutionary process. Building on
this, the study further incorporates the level of agricultural socialized
services and analyzes the effects of government incentive and
penalty policies under different scenarios, aiming to provide a
more comprehensive perspective for addressing the issue of land
abandonment.

Comparing with existed literature, this paper makes the
following three contributions:

First, this paper fully considers the coordination role of village
collectives in land management, constructing a dynamic game
model involving local governments, village collectives, and
farmers to characterize the long-term dynamic effects of
government incentive and penalty policies on land abandonment.

Second, from a micro perspective, the study thoroughly
examines the mechanisms of incentive and penalty policies,
comparing the effects and interactions of these measures in the
governance of land abandonment.

Third, the study further analyzes the mechanism of incentive
and penalty policies by considering the moderating effect of regional
agricultural socialized services. Given the differences in the levels of
agricultural socialized services, farmers’ responses to incentive and
penalty policies may vary. This underscores the critical role of
agricultural socialized services in policy implementation and
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farmer decision-making, offering both theoretical foundations
and practical guidance for formulating targeted incentive and
penalty measures in different regions.

The rest of this paper is organized as follows: Section 2 provides
the research background and theoretical analysis. Sections 3
constructs evolutionary game model. Section 4 incorporates
system dynamics for numerical simulation and sensitivity
analysis. The

in Section 5.

conclusions and implications are explained

2 Research background and
theoretical analysis

2.1 Land abandonment

Land abandonment refers to the phenomenon where suitable
arable land is left uncultivated and deliberately allowed to lie idle and
become wasteland, and it can be classified into narrow and broad
senses. In the narrow sense, land abandonment typically refers to
farmers either giving up their existing land or reducing cultivation,
resulting in land being left fallow, encompassing both permanent
and seasonal abandonment (Tan, 2004). For instance, the Food and
Agriculture Organization (FAO) of the United Nations defines
abandoned land as arable land that has not been used for
agricultural production for more than 5 years. Broadly speaking,
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The impact of r incentive and penalty mechanism on three subjects when p = 0.5.
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FIGURE 12

The impact of incentive and penalty mechanism on three subjects when p = 0.7.

land abandonment includes not only the idleness or cessation of
farming activities on farmland but also the underutilization of land
resources, encompassing both visible and hidden forms of
abandonment (Huang and Li, 2009).

From a global perspective, Europe began experiencing land
abandonment in the early 20th century due to a continuous
decline in population, with the phenomenon spreading from the
1950s 2021). land
abandonment in mountainous regions occurred in the mid to

onward (Dolton-Thornton, Large-scale
late 20th century. Even today, land abandonment remains
prevalent in many countries across North America, Europe, and
beyond (Subedi et al, 2022).
abandonment began in the 1980s. The reform of the rural

In China, large-scale land

management system improved agricultural productivity, leading
to a surplus of agricultural products. At the same time, rapid
urban economic development provided farmers with numerous
non-agricultural employment opportunities, triggering a wave of
rural migration and subsequent large-scale land abandonment. In
1992, the promotion of the second round of land contract policies
alleviated the problem of land abandonment to some extent.
However, after 1997, a surplus of agricultural products emerged
again, leading to increased production without corresponding
income growth, and land abandonment began to spread once
more. Following the agricultural tax reform in 2004, farmers’
enthusiasm for grain production was stimulated in the short
term, helping to contain land abandonment to some degree.
Nevertheless, as the policy effects waned and even negative
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incentives emerged, land abandonment resurged and began to
show increasingly severe trends. Currently, land abandonment
has become a widespread issue in China, with approximately two
million square kilometers of cultivated land being abandoned
annually. According to the Third National Land Survey released
in 2021, the total area of cultivated land in China is approximately
12.78 million hectares. Land abandonment not only contributes to
soil erosion and affects biodiversity, but also poses a threat to food
security and hinders economic development. In recent years, to curb
the further deterioration of land abandonment, maintain the red line
of 1.8 billion acres of arable land, and ensure food security, the
Chinese government has implemented a series of policy measures, as
shown in Table 1.

2.2 Theoretical analysis

Public policy is regarded as a series of collective goals formulated
by governments to guide and improve behaviors aimed at solving
individual or collective problems. It reflects the authoritative
distribution of public interests by the government for society as a
whole. The primary objective of public policy is to communicate
policy intentions from policymakers to recipients, thereby
facilitating policy implementation (Roth Deubel, 2006). Land
through the
dissemination and guidance of policy information among the

policy primarily promotes land governance

government, agricultural support organizations, and agricultural
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Policy objective
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Strictly implement the cultivated land protection system
and promote the utilization of abandoned land

-

Incentive mechanisms
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Socialized services

Regulation strategy

Pressure mechanisms

Participation mechanism

|

Develop differentiated policies

\

/

|

Governance effect

Suppress land abandonment and improve land quality.

FIGURE 13
Analytical framework for land policy formulation.

producers. Public policy tools for land governance in China exhibit
the following characteristics: First, policy tools vary depending on
the target audience, with a predominance of negative incentive tools.
Second, policy tools continue to evolve over time (Wang, 2017).
The primary avenues through which public policy addresses
land abandonment are incentive mechanisms and pressure
2013).
eliminate the potential for non-cooperation among stakeholders,

mechanisms (Tian, Incentive mechanisms reduce or
thereby positively influencing system performance (Haddi and
Benchaiba, 2015). These mechanisms primarily focus on material
subsidies and can be broadly categorized into three types: result-
based payments, action-based payments, and hybrid payments
(Raina et al, 2024). The governance of land abandonment
heavily depends on the guidance and support provided by
governments. From a top-level design perspective, the
government comprehensively considers various factors such as
the rational use of land resources, the protection of the ecological
environment, and the safeguarding of farmers’ interests to establish
effective incentive mechanisms. Pressure mechanisms, on the other
hand, refer to rigid regulations and limitations in policy
implementation, which significantly affect the behavioral choices
of stakeholders. Insufficient or absent authoritative constraints may
lead to negative behaviors such as evasion, flexibility, and non-
cooperation. Pressure mechanisms are essential for ensuring the
effectiveness of land governance, primarily manifested in the

establishment of a responsibility investigation mechanism by

governments  using their authority. By cdlarifying the
responsibilities of all stakeholders, these constraints penalize
farmers for abandoning land and village collectives for

uncoordinated actions, thereby maximizing the speculative costs
for responsible parties and suppressing land abandonment.

Frontiers in Environmental Science

2.3 Evolutionary game

Traditional game theory models typically focus on static

equilibrium analysis, assuming that all participants make

instantaneous decisions based on complete information.
However, these static models often overlook the dynamics in the
decision-making process and the constantly changing patterns of
interaction among participants, especially in complex systems where
decision-makers frequently face incomplete information and
bounded rationality. Evolutionary game theory is a generalized
approach for studying agent interactions and strategic choices,
establishing models based on replicator dynamics equations and
evolutionarily stable states, which represent the stable states of
evolutionary games and the dynamic convergence process
towards these states, respectively (Zhao et al.,, 2024). Compared
to the static equilibrium of traditional game theory, evolutionary
game theory addresses issues of limited rationality and learning
mechanisms. By utilizing replicator dynamics and evolutionarily
stable states, it captures the evolution of strategies during long-term
interactions, making it a powerful tool for analyzing individual
behavior and strategic evolution in complex systems (Xie et al., 2018;
Coninx et al., 2018).

Addressing land abandonment requires the collaborative
of farmers, collectives, and local

involvement village

governments. Farmers are the direct beneficiaries of
improvements in land abandonment and play a key role in land
governance. They must consider external incentive and penalty
policies, their own development conditions, and prospects for
non-agricultural employment when deciding whether to engage
in agricultural production, with the goal of maximizing their

benefits. Government support for land governance is reflected in
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three main areas: first, introducing relevant incentive policies to
stimulate farmers’ production enthusiasm; second, strengthening
supervision over land abandonment and implementing penalty
measures to regulate abandonment behaviors; and third, enhancing
the development of agricultural socialized services to support
agricultural production. As an intermediary organization, the
plays a
communication and ensuring the effective implementation of policies.

village collective coordinating role in facilitating
Based on the above analysis, the theoretical framework

constructed in this study is shown in Figure 1.

3 Model assumptions and construction
3.1 Model assumptions

Evolutionary game models are commonly employed to analyze the
evolution of individual behaviors and strategies within complex
systems, where the evolutionary process is often influenced by
external environments, individual characteristics, and interaction
rules. Reasonable assumptions not only help to eliminate secondary
interfering variables and focus on the core driving mechanisms but also
the
Furthermore, clear assumptions aid in defining the scope of the

ensure logical ~consistency of mathematical derivations.
study, making the conclusions more persuasive and applicable.
Therefore, to construct game models in a more scientific and
rational manner, and to clearly elucidate the stability of strategies
and equilibrium points among various parties as well as the
influence

relationships among different elements, this paper

proposes the following assumption:

Assumption 1: One of the central principles of evolutionary
game theory is that agents participate in repeated games under
the assumption of bounded rationality until the game system
evolves toward a stable state over time (Weibull, 1997). This
model involves three primary stakeholders: farmers, village
collectives and local governments. Each of these stakeholders
operates under bounded rationality, continuously learning from
one another throughout the game process to make decisions
that best align with the evolving environment and their
own interests.

Assumption 2: Farmers, as direct participants in agricultural
production, and there are two strategies for land use. The first
strategy is to cultivate, which is denoted as J;, with a probability of x.
And the second strategy is not to cultivate, which is denoted as J,
with a probability of 1-x. The set of strategies for farmers is

(]b]l) = (x,l—x).

Assumption 3: Village collectives, as coordinators, and there are
also two strategies. The first strategy is to coordinate, which is
denoted as E;, with a probability of y. And the second strategy is not
to coordinate, which is denoted as E,, with a probability of 1 — y.
The set of strategies for farmers is (E;, E;) = (y,1 - ).

Assumption 4: Local governments, as administrators, have two

strategies. The first strategy is to regulate, which is denoted as F,
with a probability of z. And the second strategy is not to coordinate,
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which is denoted as F,, with a probability of 1 —z. The set of
strategies for farmers is (Fy, F,) = (2,1 - z).

The variables and their denotations used in this paper are listed
in Table 2.

Different strategies will bring different profits. According to the
various combinations of strategies and the corresponding profits, the
game payoff matrix is shown in Table 3.

3.2 Construction and solution of the
evolutionary game model

3.2.1 Expected revenue function of farmers

The expected revenue for farmers choosing to cultivate or
abandon their land, as well as the average expected revenue, are
(E11, E12, Ey), expressed by Equations 1-3.

Ey, ZyACN‘FZOCS‘l'RF—CF—CN—(l—p)Cp (1)
Ei, = Ry —zPr )
Ei =xEn + (1 -x)Eyp, (3)
3.2.2 Expected revenue function of village
collectives
The expected revenue for village collectives choosing
coordination or incoordination, as well as the average expected
revenue, are (E,, Ex, Ez), expressed by Equations 4-6.
E21 =x[,tCV+Z(1—oc)S— (1+H)CV (4)
Ey =-Ly —zPy )
E, = yE;; + (1 - )’)E 22 (6)

3.2.3 Expected revenue function of local
governments

The expected revenue for local governments choosing to
intervene or not to intervene as well as the average expected
revenue, are ( Esj, Esp, E3), expressed by Equations 7-9.

E; =X[CM—PCP—OCS—PF]—y[(l—a)S+PN]+PF+PN—CS

-Cu
7)
Esy = —xpCp — Lg (8)
E; = zE3 + (1 - 2)Exn ©)]

The replication dynamic equations for farmers, village
collectives, and Local governments are expressed by Equation 10.

F(y)=y(1-y)(xuCy +2z((1 —a)S+ Py)+ Ly — (1 +u)Cy)
F(z)=z(1-2)(x(Cy —aS—=Pg) - y((1 - a)S+ Py) + Pp + Py + Lg — Cs — Ci)

(10)

{F(x):x(lx)(yACN+z(th+PF)+RFRTCFCN (1-p)Cp)

3.3 Analysis of local stability strategy
3.3.1 Farmers

The replicator dynamics equation for Farmers can be derived as
Equation 11:
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F(x) =x(l—x)(y)LCN+z(aS+Pp)+RF—RT—CF—CN— (l—p)Cp)

(11)

Take the partial derivative with respect to x, as shown in
Equation 12:

F'(x) = (1 —2x)(y)LCN +Z(“S+P}:)+RF—RT—CF—CN— (1 —p)Cp)

(12)
Let:
G(y)=yACy+2(aS+Pp)+Rp —Rr —Cr —Cy — (1 - p)Cp
(13)

According to the stability conditions of the replicator dynamic
equation, when F (x) = 0 and F’ (x) <0, the point is an evolutionary
stable point for farmers. According to Equation 13, when
y = y* = RexCrCnr fc)ip =S+ Rr "G (y) = 0, and for any value
of x, F(x) = 0. At this point, the strategy choice of farmers does not
change over time, and the stable strategy is any arbitrary strategy.

When y + y* _ RT+CF+CN+(l_f():‘gp_z<us+PF)_RF’ let F(x)

get two possible equilibrium solutions, x; = 0 and x, = 1.

=0, and we

(1) When y* Ry +Cf+CN+(I—féip—z(a&P,.)—Rf >0, y

< y RT+CF+CV+(1—p)CP z (aS+Pp)— RF G(y) <0,
F'(x)|(x; =0)<0, andF (x)] (x2 = 1) >0. In this case, x| =
0 is the evolutionary stable strategy for farmers.

(2) When y> y — Rr+Cp+Cy+(1 p)Cp ~z(aS+Pr)— RF G(y) >0,
F'(x)|(x; =0)>0,and F' (x)l(xz =1)<0.In th1s case, x; =
1 is the evolutionary stable strategy for farmers.

3.3.2 Village collectives
The replicator dynamics equation for Village collectives can be
derived as Equation 14:

F(y)=y(1-y)(xuCy +z((1 - a)S+ Py) + Ly - (1 +u)Cy)
(14)

Take the partial derivative with respect to y, as shown in
Equation 15:

F'(y)=(1-2y)(xuCy +2z((1 —a)S+ Py) + Ly — (1 + u)Cv)
(15)

Let:

G(Z)=X‘HCV+Z((1—(X)S+PN)+LV—(1+‘bl)CV (16)

According to the stability conditions of the replicator dynamic
equation, when F (y) = 0 and F’ (y) <0, the point is an evolutionary
stable point for village collectives. According to Equation 16, when
%# G (z) = 0,and for any value of y, F(y) = 0.

At this point, the strategy choice of village collectives does not

z=2z*

change over time, and the stable strategy is any arbitrary strategy.

% _ (14u)Cy—Ly—xuCy
When z # z* = oy

possible equilibrium solutions, y; =0 and y, = 1.

, let F(y)=0, and we get two

(1+p)Cy —Ly —xpuCy _ (1+p)Cy—Ly—xpCy
(1) When z* = —onre >0 z<z* = one

G(2)<0, F()I(y1=0)<0, and F'(»)|(y»=1)>0. In
this case, y; =0 is the evolutionary stable strategy for
village collectives.
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(2) When z>z* = W, G(2)>0, F' ()| (y1 =0)>0,
and F' (y)|(y, = 1) < 0. In this case, y, = 1 is the evolutionary

stable strategy for village collectives.

3.3.3 Local governments
The replicator dynamics equation for 3 Local governments can
be derived as Equation 17:

F(z)=2(1-2)(x(Cyy—aS—Pr) — y((1 - a)S+ Py) + Pr + Py
+LG _CS —CM) (17)

Take the partial derivative with respect to z, as shown in
Equation 18:

F'(z)=(1-22) (x(Cy —aS—Pp)— y((1 - a)S+ Py) + P
+Pyn +LG _CS —CM) (18)

Let:

G(X):x(CM—aS_PF)_y((l—a)S+PN)+PF+PN+LG—Cs

—Cy
(19)

According to the stability conditions of the replicator dynamic

equation, when F(z) = 0 and F' (z) <0, the point is an evolutionary

stable point for local governments. According to Equation 19, when

y((1-a)S+Py)+Cs+Cp—Pp—Pn—.
Cy—aS—Pr

z, F(z) = 0. At this point, the strategy choice of local governments

x=x*= Lé G(x) = 0, and for any value of

does not change over time, and the stable strategy is any arbitrary
y((l a)S+Pn)+Cs+Cpr—Pp—Pn— Lc

CoraS e let F(z) =0,

and we get two possible equilibrium solutions, z; =

strategy. When x # x*
=0and z, = 1.

(1) When X+ y((l a)S+Pg);_C§;CI;\4F—PF—PN—LG >0,
((1-a)S+PN)+Cs+Cp—Pr—Pn—L,
x<xt=2 Ty P”F EoINTG G(x) <0,

F'(2)|(z1 =0)<0, and F'(2)|(z5 = 1) > 0. In this case, z; =
0 is the evolutionary stable strategy for local governments.
(2) When x> x* =2 f”S*Pwa*_C;;CPj Prefvle G(x)>0,

F'(2)|(z1 =0)>0, and F'(z)|(z, =1)<0. In thlS case, z; =
1 is the evolutionary stable strategy for local governments.

The evolutionary dynamic phase diagram of three participants is
shown in Figure 2.

3.4 Stability analysis

When farmers, village collectives, and local governments engage
in repeated games and no longer alter their strategies, the strategy
combinations of all agents converge to an Evolutionarily Stable State
(ESS). To identify the local stationary points and system stable
points in the dynamic system, set Equation 10 equal to zero, which
indicates that the strategies of the agents no longer change over time,
and each participant’s choice represents the optimal strategy. At this
point, we obtain nine local equilibrium points: E; (0,0,0),
E,(0,1,0), E;(0,0,1), E,(0,1,1), Es(1,0,0), FEs(1,1,0),
E;(1,0,1), Es(1,1,1), Eg (x*, y*,2%), x*€[0, 1], y*<€[0, 1], 2*€ [0, 1].

The equilibrium point can be called an ESS if and only if it is a
strict Nash equilibrium and a pure strategy Nash equilibrium
(Ritzberger and Weibull, 1995; Selten, 1988). Therefore, the
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mixed strategy Eq is not a stable strategy. To determine the ESSs, the
partial derivatives of Equation 10 with respect to x, y and z are
solved to obtain the Jacobian matrix, as shown in Equation 20. The
eigenvalues of the local stationary points are shown in Table 4.

roF(x) OF(x) OF(x)1
0x ay 0z
Ju Ji Jis oF oF oF
_ _|9F(y) 9F(y) 9F(y)
J=\|Jn Ju Jazs |= o p) 3% (20)
Tn Tn T 7
dF(z) 0F(z) O0F(z)
L ox oy oz |
- Zx)( %:\Ci.vc':(éitl(’:)j;)‘ep) x(1-x)\Cy x(1-x)(aS+Pr)
y(1-y)uCy (- Zy)( “[X‘;g‘,“is(t fL])EvLL ) y(1=2)[(1-a)S+Py)
2(1-2)(Cy - aS - P) ~2(1-2)((1- @S+ Py) (1fk)("‘C“L;f‘f;f’f{Gyf[é;%ffp”))

4 System dynamics modeling and
scenario simulation

4.1 System dynamics modeling

In this paper, a system dynamics (SD) model is constructed to
simulate the evolutionary game among farmers, village collectives,
and local governments. This model consists of three subsystems: the
farmer subsystem, the village collective subsystem, and the local
government subsystem, which is shown in Figure 3. The initial
conditions of the SD model are as follows INITIALTIME =
0,FINALTIME = 60, TIMESTEP =0.25, Units for Time =
Month. Based on field research and comprehensive feedback
from farmers, village collective managers, local government
officials, and experts in related fields, the external parameter
variables are defined. The parameter settings are as follows: Ry =
5Rr=35Cp=2 Cy=1Cy=05Cp=2Cy=15Cs=15,
Lg=4Ly=158=3 Py=15P:=2p=061=03 pu=
0.3,a = % The relationships between the model’s variables are
defined by Equations 1-10.

4.2 Simulation analysis

4.2.1 Pure strategy simulation analysis

This section conducts stability testing by making slight
adjustments to the behavioral probabilities of each agent and
observing changes in the system’s equilibrium state, with the
results shown in Figure 4. Taking U,(0,1,0) as an example,
according to Figure 4-(1), all three agents maintain their initial
strategies throughout the simulation period, and the game system
remains in an equilibrium state; however, the stability of this
equilibrium needs further verification. By keeping the initial
strategies of farmers and village collectives unchanged and
slightly adjusting the government regulation probability to 0.01,
the original equilibrium state of the game system is disrupted, and
the equilibrium solution changes from U, (0, 1,0) to U4(0,1,1), as
illustrated in Figure 4-(2). To verify the stability of Uy, we keep the
initial strategies of village collectives and local governments
unchanged and slightly adjust the farming probability to 0.01. As
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shown in Figure 4-(3), the equilibrium state is disrupted again, and
the equilibrium solution changes from U,4(0,1,1) to Ug(1,1,1).
Next, while keeping the farming probability and the government
regulation probability unchanged, we adjust the coordination
probability to 0.3. According to Figure 4-(4), the equilibrium
solution remains Ug(1,1,1). Similar results are obtained when
verifying other equilibrium solutions using the same method, as
the system’s game strategies eventually evolve towards Ug (1,1, 1).
Us(1,1,1)
evolutionary game model.

Therefore, is the equilibrium solution for this

4.2.2 The impact of the penalty mechanism

The penalty mechanism can only be triggered when the
government intervenes. This section examines the impact of the
penalty mechanism on farmers and village collectives, using
E5(0,0,1) as the initial game strategy. To explore under what
conditions the system achieves Pareto optimality, this section first
sets Pr = 1,2,3. The simulation results are presented in Figure 5.
According to the result, the penalty for farmers significantly
improves land abandonment. The possible reason is that raising
the penalty will increase the cost of land abandonment for farmers,
making them more inclined to cultivate to avoid losses. As more
farmers opt to cultivate, village collectives are required to further
enhance their coordination role. Therefore, strengthening the
penalty for farmers can, to some extent, improve the
coordination probability of village collectives.

Adjusting the penalty for lack of coordination, with values of
Py =1, 1.5,2, the simulation results are presented in Figure 6. The
results indicate that the strategic decisions of village collectives are
significantly influenced by penalty mechanism. Increasing the
penalty effectively reduces passive and negligent behavior among
village collectives, helps maintain work discipline, and consequently
enhances the likelihood of coordination. However, when the
coordination probability significantly increases, there is no
notable change in the strategic choices of farmers. This suggests
that relying solely on village collectives is insufficient to address land
abandonment.

Simultaneously adjusting the penalty for farmers and village
collectives, the simulation results are presented in Figure 7. When
local governments increase the penalty for both subjects, the effect is
most pronounced, with a greater impact on farmers. Therefore, to
improve regional land management, governments must not only
regulate the behavior of village collectives, but also strengthen
supervision over farmers’ land abandonment to curb the trend at
its source.

This section discusses the impact of penalty on local
governments. The adjustment scheme remains consistent with
the previous discussion, and the simulation results are presented
in Figure 8. According to the result, the more the penalty, the faster
the government strategy evolves to a stable state. Although a high-
level penalty scheme can increase the probability cultivating, it may
also lead to some farmers choosing hidden abandonment under
pressure, which refers to reducing inputs in labor and resources on
the land, resulting in a decline in land utilization, in order to evade
regulatory penalties. Hidden abandonment can further increase the
difficulty of government supervision, and from the perspective of

cost-benefit analysis, local governments require more human and

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1576883

Liao et al.

financial costs. When the high costs cannot be met, the
governments’ strategic choice trends towards “non-intervention”.

4.2.3 The impact of the incentive mechanism

The incentive mechanism can only be activated under the
condition of government intervention. This section examines the
impact of the incentive mechanism on the strategic choices of
farmers and village collectives, using E;(0,0,1) as the initial
game strategy. Setting S =2,3,4, the simulation results are
presented in Figure 9-(1), (2). Increasing the reward amount has
a significantly positive effect on the strategic choices of both subjects.
And the impact of incentive mechanism is particularly pronounced
for farmers. This can be attributed to the fact that increasing the
reward reduces production and operational costs for both farmers
and village collectives, thus alleviating financial pressure. As farmers
are the direct beneficiaries of land management, economic
incentives increase their share of income from agricultural
production, thereby enhancing their motivation to farm (Zhao
and cheng, 2014).

Next, we analyze the impact of the incentive mechanism on
government decision-making, with the results presented in Figure 9-
(3). The influence of the incentive mechanism on government
strategies follows a similar trend to that of the penalty
mechanism. Although increasing rewards in the short term can
help mitigate the issue of land abandonment and accelerate the
stabilization of the game system, long-term high rewards may place
substantial financial pressure and could lead to issues such as
farmers exploiting subsidies. This prompts the government to
adopt a non-intervention strategy in the later stages, potentially
resulting in dereliction of supervisory duties.

4.2.4 Comparative analysis of incentive and
penalty mechanism

This section further compares incentive and penalty
mechanism. As shown in Figure 5-(1) and Figure 9-(1), the
regulatory effect of punitive measures on farmers’ land

abandonment is stronger than the guiding effect of incentive
measures. The possible reason is that farmers’ decisions are not
based on absolute income calculations but rather take their existing
land rights and interests as a psychological reference point. If land
abandonment is punished, it is perceived as a direct threat to their
established interests, resulting in losses below the reference point.
Cultivation subsidies, as “potential gains,” tend to have their
incentive effect weakened (Kahneman and Tversky, 2013).
Therefore, compared to incentive measures, the losses brought by
punitive measures have a greater impact on farmers’ behavior.
However, solely relying on economic penalties to compel
farmers to engage in agricultural production often fails to achieve
the intended policy objectives. On the one hand, the profit margins
of small-scale farming are relatively low, and fines directly reduce
agricultural income levels. On the other hand, forcing farmers to
return to farming also constrains their opportunities to increase
income through business operations, employment, and other
their  livelihood
Furthermore, land abandonment can be categorized into active

channels, thereby weakening resilience.

and passive abandonment. Imposing penalties for passive
abandonment resulting from lagging infrastructure development

or ecological constraints, essentially shifts the cost of land
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governance to agricultural operators through administrative
means. This not only increases the burden on farmers but also
violates the principle of fairness. Although some developed
countries have implemented policies
Japan’s

Strengthening the Foundation of Agricultural Management and

for penalizing land

abandonment, such as Law on Promotion of
the European Union’s Common Agricultural Policy (CAP), simply
emulating such penalty policies in developing countries may not
land the

effectiveness of penalty mechanisms, developing countries can

effectively ~ address abandonment. Considering
combine production realities by restricting land abandonment
through methods such as reclaiming land management rights,
reducing subsidies, promoting land transfer, and developing
agricultural socialization services. For example, in China,
Farmland converted to other uses or abandoned is not included
in the scope of compensation for farmland protection. Our
land

abandonment is particularly severe and current incentive

research findings offer important insights: when
measures and institutional innovations fail to resolve the issue,
punitive measures can be appropriately applied under strict
conditions.

Simultaneously adjusting the strength of both incentives and
penalties, the simulation results are shown in Figure 10. When both
incentive and penalty levels are low, farmers’ strategic choices still
tend towards “cultivation,” but they do not fully reach a game
equilibrium within the simulation period, and village collectives
require more time to stabilize. High levels of incentives and penalties
have a greater effect, but their comparative advantage is limited.
From the perspective of local governments, adopting high-level
incentive and penalty measures could lead to issues such as
hidden abandonment, subsidy abuse, and fiscal

ultimately prompting the government to

pressure,
choose a non-
intervention strategy in later stages.

4.2.5 The impact of incentive and penalty
mechanism under agricultural socialized service
High-level incentives and penalties can effectively address land
abandonment in the short term, but their long-term sustainability is
limited by financial burden. With the ongoing development of the
agricultural division of labor, agricultural socialized services have
rapidly advanced and gradually become an essential component in
promoting agricultural production (Qiu et al., 2021). Therefore, this
paper explores the impact of agricultural socialized services by
setting p = 0.5,0.6,0.7. Based on these adjustments, the strength
of incentives and penalties is also modified to examine the changes
in the strategic choices of the subjects under different scenarios. The
simulation results for p = 0.6 are shown in Figure 10, while those for
p =0.5and p = 0.7 are presented in Figures 11, 12, respectively. In
general, when the strength of incentives and penalties remains
constant, an increase in agricultural socialization services
accelerates the probability of farmers choosing to cultivate. From
the government’s perspective, improving agricultural socialized
services can be more effective than merely increasing the total
it of land

management while alleviating economic pressures on local

reward amount, as ensures the effectiveness
governments. This improvement also enhances the flexibility of
the incentive mechanism, thereby strengthening the overall impact

of both incentive and penalty policies.
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In conclusion, incentive and penalty mechanism plays a critical
role in curbing land abandonment, with the effectiveness of these
policies being significantly influenced by agricultural socialized
services. To further promote management innovation in land
governance and improve the relevant policy framework, this
study, combining simulation results with China’s practical
experience in land governance, proposes the analytical framework
shown in Figure 13. This framework comprises three key stages:
defining policy objective, formulating regulation strategy, and
achieving governance effect. Among these, formulating regulation
strategy is the core step in addressing land abandonment. This phase
requires a comprehensive consideration of the synergistic effects
between incentive and penalty policies, agricultural socialized
services, stakeholder participation mechanisms, and regional
specificities, in order to develop differentiated policies that guide
the scientific and rational use of land resources.

5 Conclusions and discussion
5.1 Conclusions

The key to addressing land abandonment and improving land
use efficiency lies in balancing the expected benefits of the three key
stakeholders and fostering a stable collaborative relationship among
them. Based on the assumption of bounded rationality, this paper
integrates evolutionary game theory with system dynamics to
construct an SD evolutionary game model involving farmers,
village collectives, and local governments. The results indicate
that the strategies of all three stakeholders ultimately converge to
the equilibrium state of (1,1,1). The strategy of local governments
significantly influences the strategic choices of farmers and village
collectives. As the levels of incentives and penalties increase, the rate
at which the stakeholders reach a stable state accelerates. However,
high-level incentives and penalties can give rise to unintended
consequences, such as hidden land abandonment, abuse of
subsidies, and financial burden on governments. The regulatory
effect of punitive measures is stronger than the guiding effect of
incentive measures, but relying solely on penalties increases the
burden on farmers and weaken their livelihood resilience.
Developing countries should integrate measures such as land
transfer and subsidy adjustments to achieve more sustainable
land governance. The level of agricultural socialization services
plays a positive role in addressing land abandonment. In addition
to ensuring agricultural income and enhancing farmers’ willingness
financial burden on

to cultivate, it can also alleviate the

governments, particularly under high-level incentive mechanisms.

5.2 Policy recommendations

Based on the above conclusions and taking into account the
current situation of land abandonment in China, this paper
proposes the following four policy recommendations:

Improving the land supervision system and enhance government
service capabilities. As the proportion of hidden land abandonment has
gradually increased in recent years, the government cannot continue to
adopt a one-size-fits-all regulatory model of “either cultivation or
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abandonment.” Deepening the understanding of land abandonment
and implementing scientific supervision are urgent priorities for
improving the situation. Therefore, the government must further
deepen the reform of the land inspection system and maximize its
guiding role.

Scientifically setting the penalty threshold and establishing a linkage
mechanism between incentives and penalties. On the one hand, it is
necessary to continue improving the subsidy system to effectively
enhance farmers’ farming income and motivation. Meanwhile, pilot
programs for punitive measures can be carried out in regions with
established governance foundations and regulatory capacity, in order to
explore diversified policy combinations that integrate incentives and
penalties, thereby achieving a dynamic balance between encouragement
and constraint. Additionally, when formulating policies, it is crucial to
take into account government financial capacity to mitigate the
potential negative impacts that excessive incentives and penalties
may bring.

Enhancing agricultural socialized services and flexibly utilizing
subsidy forms. Although direct cash subsidies can directly increase
farmers’ income, they can also easily lead to issues such as abusing the
subsidy and regulatory difficulties. Therefore, shifting from a single
form of cash subsidy to a diversified range of subsidies, including cash
subsidies, subsidies for agricultural machinery purchases, agricultural
insurance subsidies, and subsidies for agricultural loans, can better
adapt to the current status of agricultural production.

Guaranteeing the dominant position of farmers and
leveraging the coordinating role of village collectives. Farmers
are the main practitioners and direct beneficiaries of solving land
abandonment so that their dominant position should be fully
guaranteed. And village should promptly
communicate the latest policy directives to farmers, connect

collectives

farmers with agricultural social service organizations, to
maximize their coordinating role.

5.3 Discussion

The theoretical contribution of this paper lies in constructing an
evolutionary game model for managing land abandonment,
exploring in depth the strategic interactions and equilibrium
states among farmers, village collectives, and local governments.
It comparatively analyzes the relative effects and interactions of
incentive and penalty measures and further examines the
moderating role of agricultural socialized services. Compared
with existing studies, which mainly focus on the incentive effects
of financial subsidies (Forrester, 1987; Tan, 2004), few have paid
attention to the synergistic effects of incentive and penalty measures
and their dynamic evolution. This paper advances the field at both
the theoretical modeling and policy simulation levels by
the of
punishment policies, clarifying the important role of agricultural

comparatively analyzing mechanisms reward and
socialized services in alleviating governance pressure, expanding the
research paradigm of policy mix in land governance, and responding
to the current practical demand for the coordinated use of diverse
governance tools under the context of “common prosperity.”

In the context of increasing pressure on farmland protection and
food security, how to effectively use policy tools to incentivize

farming and constrain land abandonment has become a central
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issue in land governance practice. Subsidy policies can increase
farming returns and reduce production costs, making them highly
rational and feasible. Penalty measures, theoretically, can constrain
irrational abandonment behavior and ensure the effective use of
land resources. However, due to the potential impact of penalties on
farmers’ livelihood resilience, excessive punishment may reduce
income or even exacerbate land abandonment. Policymakers
must carefully consider the legitimacy and implementation
boundaries of punitive measures. To ensure policy effectiveness
while protecting farmers’ interests, it is necessary to propose more
targeted penalty mechanism designs to achieve a dynamic balance
between land governance and farmer protection. First, economically
developed areas in eastern China, where land abandonment remains
prominent, should be prioritized for pilot projects to evaluate and
optimize the design of penalty measures. Second, a graded penalty
mechanism should be established, focusing mainly on warnings for
short-term abandonment and gradually increasing penalties for
long-term abandonment, giving farmers space to adjust their
behavior. Third, penalties and incentives should be linked—for
instance, using fines collected to subsidize actively farming
households, thereby creating a positive incentive cycle. Finally,
leveraging the supervisory role of village collectives, a community
consultation mechanism should be established to encourage farmers
to resume cultivation through flexible governance rather than rigid
punishment.

This theoretical framework is equally applicable from an
international perspective. As subsidy policies serve as an
important tool for addressing land abandonment, governments
worldwide have generally established differentiated financial
support systems to incentivize farmers to continue farming, such
as the European Union’s agricultural subsidy policies and the
United States’ Conservation Reserve Program. However, relying
solely on subsidies is difficult to fundamentally curb land
abandonment; in the long run, restraint mechanisms are still
necessary. This finding aligns with international experiences such
as Japan’s “Act on the Promotion of Strengthening the Foundation
of Agricultural Management” and the European Union’s Common
Agricultural Policy. For developing countries, however, blindly
implementing punitive policies is not conducive to land
governance, and they need to introduce diversified policy
measures such as land transfer and subsidy adjustments to
constrain land abandonment. Furthermore, agricultural socialized
services, as an important institutional arrangement for addressing
land abandonment, play a significant role in reducing production
costs and increasing land utilization rates, becoming a core support
for promoting sustainable land governance. Drawing on
international experiences, future policies should make concerted
efforts in government regulation, the combination of incentives and
penalties, agricultural socialized services, and technological
empowerment to enhance land use efficiency, ensure food
security, and promote sustainable development in rural areas.

Building on this research, future studies could be expanded in
the following areas: (1) The analysis in this paper is limited to the
perspective of evolutionary game theory, overlooking alternative
theoretical frameworks such as innovation systems, decision support
systems, and institutional economics. Future research could
integrate multiple theoretical perspectives to provide a more
comprehensive understanding of the mechanisms behind reward
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and punishment policies. (2) The analysis of the system dynamics
model requires more accurate data to predict the behavior of
stakeholders. The simulation in this paper relies on a single
period of survey data and lacks support from multiple years of
longitudinal survey data, which may lead to prediction biases
regarding the evolutionary path of stakeholders’ behavior.
Additionally, while this paper explores the role of incentive and
penalty mechanisms through theoretical modeling and simulation, it
lacks empirical testing. Future research should further improve the
model and use household surveys, behavioral experiments, or
micro-tracking data to empirically verify the marginal effects and
behavioral feedback of reward and punishment mechanisms.
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