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Abstract

Soil erosion control is an important aspect of promoting ecological civilization and a key
support mechanism for achieving the ‘dual-carbon’ goals. The successful implementation
of PPP (Public-Private Partnership) projects for soil erosion control requires widespread
participation from farmers. Therefore, it is necessary to study the evolutionary mecha-
nisms of farmer participation behavior and the process of their state transformation, as
well as exploring how to enhance farmers’ participation willingness. First, a dynamic
group model of farmers’ participation behavior was constructed by dividing them into
five states: unknown, observing, participating, rejecting, and immune. Then, the strategic
interactions between the government, social capital, and farmers under the PPP model
were considered, and this was coupled with the dynamic group model. Finally, Chong-
qing City was taken as a typical case for numerical simulation to analyze the evolutionary
patterns of farmers participation behavior. The results indicate that: (1) synergistic effec-
tive government regulation and active enterprise governance can elevate the farmer par-
ticipation rate to approximately 71% and facilitate the convergence of the system toward
a stable high-participation equilibrium; (2) government subsidies need to be controlled
within a reasonable range to ensure policy effectiveness; (3) improving government pub-
licity and enhancing the social atmosphere can increase farmers’ participation rate to ap-
proximately 71% and 78%, respectively, significantly boosting their willingness to partic-
ipate; (4) improving the social security system and reducing perceived risks can help in-
crease farmers’ participation rate. The research conclusions can provide a valuable refer-
ence for local governments in China in formulating soil erosion control policies.

Keywords: soil erosion control; PPP projects; farmers evolution; willingness; evolutionary
game; SEIR model

1. Introduction

Soil erosion represents a critical challenge to ecological security and sustainable de-
velopment in China [1]. Triggered by sloping farmland cultivation, overgrazing, and un-
sustainable land-use practices, soil erosion not only reduces land fertility and degrades
ecosystems but also leads to secondary disasters such as river siltation and reservoir sed-
imentation [2]. Its extensive impacts and the complexity of control efforts make soil
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erosion a formidable governance task [3]. Effectively managing soil erosion is therefore of
great significance for maintaining ecosystem stability, ensuring food security, supporting
the achievement of dual-carbon goals, and promoting rural revitalization. In terms of gov-
ernance approaches, the traditional government-led model achieved certain results in its
early stages. However, as the scope and depth of governance expanded, its limitations,
primarily its heavy reliance on public fiscal input, have become increasingly apparent.
This model faces challenges such as insufficient funding, limited regulatory efficiency, and
excessive pressure on local governments [4,5]. To alleviate these fiscal constraints and en-
hance governance efficiency, the introduction of social capital into ecological governance
has emerged as a significant innovative direction. This shift is driven by the ongoing re-
form of the ecological civilization system and the guiding principle of “government steer-
ing and societal participation” [6]. Through cooperation models such as Public-Private
Partnership, the government and enterprises can form complementary advantages in pro-
ject financing, technological innovation, and long-term operation and maintenance. How-
ever, soil and water conservation projects generally have characteristics such as strong
externalities, dispersed benefits, and long investment recovery periods, making it difficult
to create sustainable incentives relying solely on administrative orders or fiscal subsidies.
The issue of how to form a sustainable incentive balance between government incentives,
corporate profits, and ecological benefits has become a core challenge for social capital to
effectively participate in soil erosion control.

In this context, the introduction of carbon trading mechanisms provides new policy
tools for soil erosion control. As one of the most market-efficient emission reduction mech-
anisms currently available, carbon trading can internalize the external benefits of ecolog-
ical protection through price signals [7], achieving the dual goals of “promoting govern-
ance through carbon” and “generating wealth through carbon”. With forestry carbon
sinks [8], agricultural soil carbon sinks [9], and other projects gradually being incorpo-
rated into the carbon market system, soil and water conservation projects possess poten-
tial advantages for participation in carbon trading because of their significant carbon se-
questration and enhancement functions. In recent years, local practices of soil and water
conservation carbon sink trading have been successively implemented across various re-
gions in China: the soil and water conservation carbon sink project in Malong District,
Qujing City, Yunnan Province, was successfully signed at the Fifth China Soil and Water
Conservation Academic Conference; the carbon sink transaction in the Xiaonanshan wa-
tershed of Youyu County, Shanxi Province, was completed in Taiyuan; and Lingchuan
County, Guilin, Guangxi Zhuang Autonomous Region, realized the first soil and water
conservation carbon sink transaction in the Pearl River Basin. These practices indicate that
soil and water conservation carbon sinks have transitioned from theoretical exploration
to market operation stages. Under this mechanism, the government can create positive
incentives for companies’ green investments by setting carbon trading rules; companies
can obtain carbon benefits through governance activities, achieving a synergy of economic
and ecological benefits. At the same time, carbon trading revenues can also be partially
returned to the farming community, enhancing their enthusiasm for land transfer and
participation in governance. In this way, carbon trading not only serves as a market-based
regulatory tool in the context of environmental economics but can also become an institu-
tional link that drives multi-party collaborative governance.

However, in stark contrast to its institutional potential and policy expectations, farm-
ers’ participation in PPP-based soil and water conservation projects remains generally low
in practice. This structural contradiction of “high potential-low participation” has become
a critical bottleneck constraining the effectiveness of multi-actor collaborative governance.
Consequently, the “farmer participation” link, as the most concentrated manifestation of
this contradiction, constitutes the weakest component in the governance chain. To
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overcome this bottleneck, it is first necessary to gain a deeper understanding of the inter-
nal logic underlying farmers’ behavioral choices. Existing research often treats farmers as
a homogeneous group with uniform strategies. However, in reality, they exhibit signifi-
cant heterogeneity in terms of land dependency, policy awareness, and risk perception.
This diversity leads to divergent behavioral choices: some farmers actively engage in con-
servation efforts, others remain passive, and some reject participation due to emotional
attachment to land or short-term interests. These differences not only affect the coverage
and sustainability of contiguous governance but also determine the actual effectiveness of
policy incentives and carbon market mechanisms. Therefore, constructing a dynamic pop-
ulation model that accounts for this group heterogeneity to accurately characterize and
analyze farmer participation behavior constitutes an important scientific issue.

At the same time, the dynamics of the farming community are not isolated, but rather
the result of dynamic evolution influenced by government and corporate strategy adjust-
ments. The government’s intensity of publicity, subsidy levels, and regulatory strength
can influence farmers’ willingness through trust transmission and policy expectations;
corporate governance attitudes can alter farmers’ judgments of project benefits and risks;
conversely, farmers’ collective responses will feedback and impact the effectiveness of
government policy implementation and corporate investment return expectations, form-
ing a multi-level behavioral interaction and strategic synergy. This study aims to construct
an analytical framework from a dynamic evolutionary perspective that reflects the mech-
anisms of multi-agent interaction and behavior dissemination, in order to reveal the for-
mation logic and enhancement path of farmers’ participation willingness.

2. Literature Review

2.1. The Evolving Roles of Government, Private Sector, and Farmers in Collaborative
Governance

In recent years, the governance of soil and water conservation, both globally and in
China, has been undergoing a paradigm shift from a “government-dominated, project-
driven” model toward a framework of “multi-stakeholder collaboration and long-term
governance.” Existing research indicates that the traditional centralized model, with the
government at its core, is increasingly revealing limitations in fiscal sustainability, gov-
ernance efficiency, and adaptability to complex ecosystems. It struggles to meet the prac-
tical demands of soil erosion control, which are characterized by long-term commitment,
uncertainty, and multiple, often competing, objectives [10]. Under this emerging para-
digm, the roles and positioning of the government, private sector, and farmers have un-
dergone significant transformation. The underlying governance logic has shifted from
unidirectional administrative enforcement to a synergistic, multi-agent evolution driven
by incentives and constraints [11]. The government is transitioning from a traditional “di-
rect provider” to an “institutional designer and regulator.” Studies show that by estab-
lishing governance rules, providing initial incentives, and implementing performance
oversight, the government guides the participation of social capital and farmers in ecolog-
ical governance. This approach aims to reduce fiscal pressure while enhancing govern-
ance efficiency [12]. The private sector is increasingly becoming a crucial investor, tech-
nology provider, and long-term operator in governance projects. Collaborative models
such as Public-Private Partnerships (PPP) are recognized for introducing market effi-
ciency and technological innovation. However, the profit-driven nature of private capital
may also induce opportunistic behaviors, necessitating regulation through well-designed
incentive and constraint mechanisms [13]. Farmers, as the direct implementers of conser-
vation measures and providers of ecosystem services, constitute the micro-foundation for
the long-term stability and operation of governance projects [14]. Unlike their passive role
as mere executors in the traditional model, the new paradigm emphasizes farmers’ active
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participation decisions, which are shaped by their expected benefits, risk perceptions, and
social interactions [15]. In summary, soil and water conservation governance is evolving
into a multi-stakeholder collaborative framework defined by government guidance, pri-
vate sector participation, and farmer involvement [16]. Within this context, systematically
characterizing the strategic choices and co-evolutionary dynamics among the government,
private sector, and farmers during their long-term interactions has become a central the-
oretical issue for understanding and advancing collaborative governance.

2.2. Influencing Factors of Farmers’ Participation Willingness

Soil erosion is an important environmental issue both in China and globally. Its gov-
ernance effectiveness depends not only on engineering and technological measures but
more fundamentally on the behavioral responses of farmers. As key providers of land,
farmers’ behavioral choices directly determine the scope of governance and the long-term
sustainability of outcomes. The behavior change of farmers is a multi-stage dynamic pro-
cess. Policy awareness is a fundamental factor, and farmers’ understanding of governance
policies significantly affects their decision making and judgment [17]. Government subsi-
dies, as the most direct economic incentive, can effectively reduce farmers’ participation
costs and increase their willingness to engage [18]. Emotional attachment to land [19]
forms a psychological constraint, and strong emotional ties often reduce farmers” willing-
ness to transfer land. Social atmosphere [20] has an important influence through group
interactions, with a positive community atmosphere encouraging active imitation among
farmers. Additionally, factors such as the proportion of non-farm household income [17],
risk perception [21], environmental vulnerability [22], and participation in social insur-
ance [22] also play significant roles. Although existing research has identified these key
factors, most analyses are static, failing to reveal the dynamic transmission mechanisms
of these factors within the group and their impact on the evolution of farmers’ decision-
making states.

2.3. Application of SEIR Model

The SEIR model originates from epidemiology and is primarily used to simulate the
transmission dynamics of infectious diseases within populations. It classifies individuals
into four states: Susceptible (S), Exposed (E), Infected (I), and Recovered (R). With the
advancement of interdisciplinary research, the SEIR model has been widely applied
across multiple fields due to its strong capability in characterizing the mechanisms of be-
havioral diffusion within groups.

In the field of public health, this model has not only been employed to simulate the
transmission of norovirus infections in hospitals, demonstrating that timely isolation can
effectively prevent outbreaks [23], but it has also been integrated with digital technologies
during major epidemic responses to provide a scientific basis for developing contingency
plans and allocating medical resources [24]. Moreover, scholars have analyzed the impact
of media publicity and education on disease transmission by incorporating recurrence
rates and nonlinear incidence rates [25]. At the same time, the application of the SEIR
model has expanded to areas such as society, economy, and management: in public opin-
ion management, some studies have used this model to analyze the transmission mecha-
nisms of online public opinion surrounding major engineering projects [26]. In the realm
of public safety, studies have simulated the self-organized spread of passenger panic dur-
ing subway emergencies [27]. In organizational behavior, the model has been applied to
examine the diffusion of tacit knowledge within enterprises [28]. In information science,
scholars have studied the effects of user opinion evolution on information dissemination
in online social networks, considering the homepage effect on the dissemination process
[29]. These studies fully demonstrate the adaptability and practicality of the SEIR model
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in addressing complex diffusion problems. In this study, farmers participating in soil ero-
sion control are not isolated individuals; their decision-making behaviors are profoundly
influenced by social networks such as neighbors and relatives. The diffusion process of
behavioral intentions closely resembles the mechanisms underlying the spread of infor-
mation and perceptions. Therefore, diffusion models are well-suited for investigating the
evolutionary patterns of participation intentions among farming communities in govern-
ance initiatives.

2.4. Evolutionary Game Theory

To depict the dynamic interaction mechanisms of multiple entities in environmental
governance, evolutionary game theory has been widely applied in fields such as ecologi-
cal governance, pollution control, and green buildings. This theory breaks through the
traditional game theory’s assumption of “perfect rationality” and can illustrate the dy-
namic process in which participants gradually approach equilibrium through imitation,
learning, and strategic adjustments under conditions of bounded rationality. It is espe-
cially suitable for analyzing governance behaviors with long-term interaction characteris-
tics.

In public affairs management, such as ecological and environmental governance, the
evolutionary game frameworks were used to analyze behavioral interactions among di-
verse stakeholders, including the government, private capital, and rural communities. The
government guides the direction of governance through financial subsidies and adminis-
trative regulation [30]; social capital weighs governance strategies between governance
costs and external incentives [31]; and farmers, as the managers of ecological resources
and the implementers of governance measures, directly determine the breadth and sus-
tainability of ecological governance through their willingness to participate and behav-
ioral responses [32]. Related studies indicate that factors such as subsidy intensity, regu-
latory costs [18], and reputation mechanisms [33] are key variables for the system’s evo-
lution towards an ideal equilibrium state. With continuous innovation in governance
models, the PPP model has gradually emerged as a significant pathway to enhance project
operational efficiency and alleviate fiscal pressure. This model has been widely employed
in areas such as water pollution control [34], infrastructure [35], public service projects
[36], green waste management [37], energy [38], public rental housing [39], and building
renovation [18], also providing a referable institutional framework for soil erosion gov-
ernance. However, during PPP cooperation, the interest game among multiple stakehold-
ers remains a core challenge in advancing projects. Although single policy variables can
influence stakeholder strategies to some extent, whether stable collaborative governance
emerges and persists fundamentally depends on the interactions and dynamic feedback
mechanisms among multiple variables within the system.

Current research has made significant progress in identifying key influencing factors
and macroeconomic equilibrium paths, but most models are still based on the assumption
of consistent individual responses, overlooking the heterogeneity and interaction effects
within the group. While this assumption facilitates theoretical analysis, it struggles to re-
flect the behavioral differentiation and diffusion patterns triggered by factors such as pol-
icy signals, social learning, and herd behavior in real-world governance.

2.5. Application of Carbon Trading in Environmental Governance

Carbon trading, as an efficient market-based environmental governance mechanism,
has been widely applied globally to incentivize emission reduction activities. In recent
years, its scope of application has gradually expanded from traditional industrial sectors
to emerging fields such as ecological restoration and agricultural carbon sequestration,
marking a shift in carbon trading from a purely ‘end-of-pipe emission reduction’ tool to a
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comprehensive policy instrument that also encompasses the ‘source-based carbon seques-
tration’ function.

Studies show that forestry carbon trading can not only regulate the welfare effects of
emission reduction policies and mitigate the negative economic impacts of policies such
as carbon taxes but also enhance the enthusiasm of enterprises to participate in carbon
sequestration management, facilitating the synergistic achievement of economic and eco-
logical benefits [8,40]. Regarding grassland ecosystems, scholars point out that its carbon
sequestration function is stable and can be transformed into economic value through car-
bon trading, providing support for regional carbon neutrality [41,42]. The carbon trading
mechanism has also demonstrated significant importance in the ecological restoration of
mining areas [43]. In the marine domain, related studies have explored the feasibility of
incorporating fisheries carbon sinks into the trading system, suggesting that this could not
only generate direct benefits for fishermen and enterprises but also incentivize their par-
ticipation in ecological restoration activities such as marine ranching, forming a market-
based governance pathway [44,45]. In the agricultural domain, incorporating agriculture
into the carbon trading system is considered a significant driver of the green and low-
carbon transformation, and it works synergistically with government subsidies, carbon
taxes, and other policies, promoting the adoption and diffusion of low-carbon agricultural
technologies [46].

Therefore, the carbon trading mechanism not only provides a market-based pathway
for greenhouse gas emission reduction but also demonstrates broad potential in fields
such as ecological restoration, agricultural carbon sequestration enhancement, and blue
carbon governance. Through price signals and revenue feedback, it can effectively incen-
tivize corporate green investment, guide governments in optimizing policy structures,
and enhance public and farmer willingness to participate in ecological efforts, thereby
fostering synergistic effects in environmental governance on a broader scale. However,
existing research predominantly focuses on the operational mechanisms of carbon mar-
kets themselves or the behavioral analysis of single stakeholders, and it has not yet sys-
tematically embedded the carbon trading mechanism into a dynamic game-theoretic
framework focused on farmer participation in PPP projects of soil erosion control.

In summary, existing studies on public participation behavior in environmental gov-
ernance largely remain at a static analytical level, failing to reveal the dynamic mecha-
nisms through which various influencing factors propagate and evolve via social net-
works. At the same time, the application of evolutionary game theory in environmental
governance mostly assumes homogeneity within groups, overlooking the heterogeneity
of public decision-making and the effect of social conformity. Furthermore, research on
carbon trading mechanisms primarily focuses on the macro-market level and has not been
systematically integrated into a multi-stakeholder game framework focused on farmers.
This study constructs a coupled analysis framework combining evolutionary game model
and the improved SEIR propagation model, revealing the interaction between the dy-
namic game of government—enterprise—farmer under the carbon trading mechanism and
the diffusion of farmers behavior, thus uncovering the internal mechanisms that affect the
evolution of governance systems. The main contributions are as follows: first, a “game-
propagation” coupled model suitable for heterogeneous farmers is developed, breaking
through the limitation of current research that treats farmers as a homogeneous group,
and establishing an integrated analytical framework that simultaneously captures both
internal group behavior spread and external strategy interactions. Second, it reveals the
transmission path of dynamic multi-party games under the carbon trading mechanism.
By transforming the dynamic game results of carbon sink benefits, government subsidies
and other factors into behavioral transmission parameters within the farmers, it clearly
unveils the internal mechanism driving the evolution of macro-participation patterns
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through market signals and policy interventions. Third, it systematically simulates the
dynamic trajectory of changes in the proportion of farmers in different states under vari-
ous scenarios, identifying key influencing factors for farmer participation and providing
quantitative references for policy design.

3. Model Construction and Solution
3.1. Analytical Framework

In the process of soil erosion control, farmers’ participation willingness directly in-
fluences the implementation and effectiveness of the control measures, making it a key
factor in achieving the governance objectives. The behavior of the farmers is influenced
by a combination of internal and external factors. On the one hand, there is frequent in-
formation exchange and behavior imitation among individuals within the farmers, with
varying levels of willingness to participate spreading through social learning and interac-
tion within the group, resulting in dynamic cognitive evolution and behavioral change;
on the other hand, external actors such as the government and enterprises, through policy
design, governance actions, and economic incentives, significantly influence farmers’ par-
ticipation decisions. The government shapes the external policy environment through
subsidies, supervision, and publicity, while enterprises influence governance expectations
and economic returns through governance investments and shared income. These exter-
nal game behaviors jointly affect the evolution of willingness within the farmers.

Building on this framework, it is necessary to construct a tripartite evolutionary game
analysis framework from the perspective of multi-agent interaction, involving the gov-
ernment, enterprises, and farmers, in order to reveal the evolution mechanism of farmers’
participation willingness under the joint influence of internal and external factors. This
framework offers insights for enhancing farmers’ participation and promoting the effi-
cient operation of the soil erosion control system. The analytical framework is shown in
Figure 1.

Subsidy
Incentive

v

— — — — Government Social Capital — — — -

Ecological
Benefits

N

Farmer Group

Figure 1. Framework of multi-agent interaction in PPP-based soil erosion governance.
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In the figure, S represents unknown farmers, E represents neutral farmers, I1 repre-
sents actively participating farmers, I represents farmers who refuse to participate, and R
represents immune farmers.

3.2. Propagation Model

To accurately depict the heterogeneous behaviors of farmers during the process of
soil and water conservation, this study categorizes farmers into five types based on their
information reception and decision-making status: Unknown Farmers (S) refer to those
who have not yet been exposed to conservation information; Neutral Farmers (E) are those
who have not yet decided on participation; Actively Participating Farmers (I1) are those
who have decided to participate and spread positive information; Refusing to Participate
Farmers (I2) are those who refuse to participate and may spread negative sentiments; Im-
mune Farmers (R) are those who have lost interest in or no longer pay attention to the
conservation projects. Based on this categorization, the basic assumptions are as follows.

3.2.1. Assumptions of the Propagation Model

Assumption 1. At time t, the proportions of unknown farmers, neutral farmers, actively partici-
pating farmers, farmers refusing to participate, and immune farmers within the total farmer pop-
ulation are represented by S(t), E(t), Ii(t), I(t), and R(t) respectively, satisfying S(t) + E(t) + Ix(t)
+ I(t) + R(t) = 1.

Assumption 2. The dissemination and transformation of farmers are influenced by both internal
and external factors. According to relevant studies [17,19,21,22,47], internal factors include Policy
Cognition Level (PCL), Land Emotional Attachment (LEA), and Risk Perception (RP). External
factors include Environmental Vulnerability (EV), Per Capita Arable Land Scale (PCALS), Non-
Farm Income Ratio (NFIR), Government Publicity Level (GPL), Social Atmosphere (SF), Social
Insurance Participation (SIP), and Soundness of the Land Transfer Service System (SLTSS). These
factors work together to influence farmers’ decision-making tendencies.

Assumption 3. To accurately express the cumulative effect of multiple influencing factors, a Sig-

moid function is introduced to represent the combined impact of multiple factors on the state tran-

sition probability. This function effectively simulates decision-making behaviors exhibiting “di-

minishing marginal effects” and “factor saturation,” ensuring probability values remain within

the interval (0, 1). For example, the probability of an unknown farmer (S) transitioning to an active

farmer (I1) at time t is calculated by the Sigmoid function, which integrates both internal and ex-
1

P, v = 130 @k oaX; raX )

ternal factors. This probability is denoted as , where 2 isa

parameter that adjusts the shape of the function, X represents the internal and external influenc-

ing factors, and %G denotes the weight coefficients for each factor. Following reference [48], & is
setto 10 and ® to 0.5.

Assumption 4. At time t, influenced by both internal and external factors, the probability of an
1

) . BZ 1 + ¢ 10(@GPL+0,SF+a;PCL-0.5) .
unknown farmer S converting to a neutral farmer E is ¢ , the probability
1

) ) L ) B, 1 4 o 10004 (-EV) a5 (I-PCALS)+ o, NFIR-0.3)
of converting to an actively participating farmer I1 is c , the

1

. ) o . Bs —10(0t7LEA+0t (1-SP1)+0 EV-+01 (1-NIRT) +0 RP0.5)
probability of converting to a rejecting farmer I2 is I+e ,
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1

—10(04,LEA+015 (1-SIP)+0,,RP—0.5)

4
and the probability of converting to an immune farmer R is l+e
Among these, the success rate of the conversion of the unknown farmer S to an actively participat-

ing farmer I and a neutral farmer E is BB 2, and the success rate of the conversion of the unknown

farmer S to a rejecting farmer 12 and an immune farmer R is B”B“.

Assumption 5. Influenced by their surrounding environment, a neutral farmer (E) transitions to
an actively participating farmer (I1) with probability A , to a resistant farmer (I2) with probability

. . 1=z, —2 .
22, and to a recovered farmer (R) with probability 1 "2 Resistant farmers (I2) and recovered
farmers (R) can be influenced by government supervision and the active governance strategies of

social capital, transitioning to actively participating farmers (I1) with probabilities XY ind

Xy respectively. Conversely, Actively participating farmers (1) and recovered farmers (R) may
be influenced by the spread of negative information, or by government inaction and the passive
governance strategies of social capital, transitioning to Resistant farmers (I2) with probabilities

m(1-x)1-y) . m1-x)1-y)

sistant farmers (I2) may lose interest in soil erosion control, transitioning to Recovered farmers (R)
1

, respectively. Actively Participating farmers (I1) and Re-

) o Z10(cty5 (1-SF)+0ty (I-SIP)+at; ,RP+0ty5 (1-SLTSS)—0.5)

with probabilities I+e and
1

|+ o 0@ LEA o (1=SIP) ot (1-GPL) 055 (1-SF)-0.3)

respectively. A Recovered farmer (R) transitions back to

1

—10(0t3GPLA+ 015, SF+00sSLTSS+016 (1-RP)-0.5)

an Exposed farmer (E) with probability l+e . Here, M denotes the
trust level of I1 farmers towards Iz farmers, M2 denotes the trust level of I» farmers towards I1
farmers, M3 00 ™4 denote the trust levels of R farmers towards I1 and 1> farmers, respectively.
3.2.2. Model Formulation

The improved SEIR diffusion model is illustrated in Figure 2. It captures the state
transition dynamics among different individuals within the farmer population, connect-
ing them into an interactive system through their interrelationships.
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1

By o~ 0@l Ed+en; (1=SPT)+eq, RP=0.5)

P

2uSF

Figure 2. Improved SEIR model.

Based on the assumptions outlined above, the dynamic differential equations gov-
erning the behavioral diffusion among farmers are formulated as follows:

dR(t)

ds(t 1 1
Y S() -, (1)
d(t) 1+ ¢ 100 (=EV)+t5 (1-PCALS) + NFIR —0.5) 1 1 o007l EAT 0y (1=STP) 0, EV oty (1-NFIR )ty RP=0.3)
1
B 1+ ¢ 1O(ulEATo; (1-SIP)ra;,RP-05) S(t)—B, 1+ ¢ \O(GPLYe;SF+osPCL-03) S(t)
dE(t) 1 1
dt =B, 1+ o 0@ GPL+a;SF+a;PCL-05) S(t) + 1+ o 1002 GPLt 03 SF+ 0 SLTSS oty (1-RP)-0.5) R(t)-zE(t)-z,E(t) - a- z, - 2,)E(t)
dl, (1) 1
d(t) =P 1 4 ¢ 10( (1=EV) a5 (1I-PCALS) o NFIR —0.5) S(t) + myxyR (t) + m,xyl, (D)1, (1) + 2 E(t) —m, (1-x)(1 - y)I, (DI, (1)
! I
_1+e710<a,5<1fsm+a,(,(psm)+<x,7Rmam(lfsussyo.s) 10)
dl, (1) 1 1
o= By oA T S e T a0 () — Tt s D e asn o5 ()
dt l+e (a7 3 ( )+ 10( )y ) 1+e (a9 20( +ay( )+ ( )-0.5)

+z,E(t) +m, (1 -x)(1-y)I, ()L, (t) + m, (1 -x)(1 - y)R(t) —m,xyl, (1)L, (1)

1 1

d(t) - 1+ & 10as (1=SF) ray (1=SIP) oy RP+ 45 (1-SLTSS)-0.5) L(t)+ 1+ ¢ 0ol B+ (1-SIPY by (1-GPL)+ oty (1-SF)-0.5)

—m,XyR(t) —m, (1 -x)(1-y)R(t) +B, 1+ o 10(@nLEA o5 (1-SIP) 0 RP-05) S(t) - 1+ o 10(@nGPL Yo SF+aSLTSSvay, (1-RP)-03)

L0+ A~z -2,)E(t)

1 1

R(t)

3.3. Evolutionary Game Model

In the governance of soil and water conservation, the government, enterprise, and
farmers function as the core participating entities. Traditional game theory, based on as-
sumptions of “complete rationality” and “static equilibrium,” is inadequate for modeling
their long-term interactions, as these actors operate under constraints such as incomplete
information, uncertain returns, and fluctuating policy continuity. In particular, farmers’
decision making is characterized by bounded rationality: they cannot precisely calculate
long-term ecological or carbon sequestration benefits. Instead, their strategy adjustments
rely on two learning mechanisms: experiential learning (perceiving actual benefit changes
from government and enterprise actions) and social learning (imitating seemingly more
successful strategies of peers). Thus, their choice between active and passive participation
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is a dynamic, iterative process of adaptation through trial-and-error and comparison. Evo-
lutionary Game Theory (EGT) provides a framework designed to analyze the long-term
behavioral evolution of such boundedly rational populations. It abandons the search for
one-time optimal solutions, focusing instead on dynamic changes in the proportion of
strategies within a group. Its core mechanism—replicator dynamics—formalizes this
learning process: the growth rate of a strategy depends on its payoff relative to the popu-
lation average, which corresponds to the real-world social diffusion where farmers imitate
more successful strategies. Therefore, EGT captures the “learning—adaptation—iteration”
evolution of multi-agent interactions more realistically than static models. Based on this,
our study constructs a tripartite evolutionary game model to reveal the logic of strategy
co-evolution and collaborative governance under incentive mechanisms.

In this model, the government, as a provider of institutions and a guardian of public
interests, aims to achieve a balance between ecological, economic, and social benefits.
Through subsidies, regulation, and policy advocacy, the government guides enterprises
and farmers to participate in governance. However, when regulatory costs exceed the eco-
logical benefits derived from governance, the government may tend to adopt a “laissez-
faire” strategy. Conversely, if active regulation can effectively improve governance per-
formance and enhance public trust, the government will choose “active regulation” to
promote the achievement of policy objectives. Enterprises, as the implementers and inves-
tors in governance, seek to maximize their own economic benefits. However, when subsi-
dies are insufficient or regulation is lax, enterprises may resort to “passive governance”
or even “perfunctory governance” to reduce short-term costs, reflecting opportunistic
tendencies. Farmers, as land providers and potential beneficiaries of ecological services,
are influenced by a variety of factors, including policy awareness, dependence on land,
and the social atmosphere. When government regulation is robust, enterprises engage ac-
tively in governance, and subsidy and benefit-sharing mechanisms are reasonable, farm-
ers are more willing to provide land. However, in cases of unstable policy implementation
or uncertain profits, farmers may choose to withdraw.

Consequently, the government, enterprises, and farmers form an evolutionary game
relationship driven by dynamic feedback. The government’s regulatory intensity and sub-
sidy levels influence the expected returns of enterprises and farmers, thereby guiding
their strategic adjustments. In turn, enterprises’ governance attitudes and investment lev-
els affect both government policy performance and farmers’ payoff perceptions. Critically,
within the large population of farmers, strategies propagate through social learning as
individuals imitate those yielding higher perceived returns. This population-level learn-
ing and diffusion process constitutes the core micro-mechanism of system evolution,
which is formally captured by the replicator dynamics. As the game iterates, the strategy
mix of each group dynamically adjusts and may converge to a stable state. The simulta-
neous realization of synergistic benefits occurs only when the system stabilizes at an equi-
librium characterized by active government regulation, proactive enterprise governance,
and widespread farmer participation—a state where the interrelations among all actors
evolve from conflict toward stable, mutualistic cooperation.

Assumptions of the Evolutionary Game Model

Assumption 6. The government, social capital, and farmers are all assumed to be rational agents.
The government’s strategy set is {requlate, not requlate}, the strategy set of enterprise is {active
governance, passive governancef, and the strategy set of farmers is {participate and disseminate
positive information, not participate and disseminate negative information, not pay attention and
not disseminate}. The probability that the government chooses regulation is X, and conversely is
1 =X | The probability that enterprise chooses active governance is > , and conversely is ' =V .
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The probabilities that farmers choose to participate and disseminate positive information, not par-

ticipate and disseminate negative information, and not pay attention and not disseminate are ™,

ZZ, and -z,

—Z .

2, respectively.
Assumption 7. The change in the soil erosion modulus before and after governance can serve as a
criterion for judging whether enterprise implements active governance. Let the soil erosion modu-

lus before governance be EO Active governance by enterprise is characterized by its full effort to
implement control measures, significantly reducing regional erosion intensity by increasing in-

. . . C
vestment in funds, technology, and management. In this case, the governance cost is ~ ©', and the

post-governance soil erosion modulus is reduced to E (& 0>. In contrast, when enterprise
adopts a passive governance strategy, it typically addresses governance tasks with low input, for-

CeZ (C62<Cel)

malized or perfunctory methods. Its governance cost is lower, denoted as , but the

post-governance soil erosion modulus only decreases to EZ, with E2>E1, indicating significantly
inferior effectiveness compared to active governance.

Assumption 8. The soil erosion control project can only be completed with farmer participation.
Assuming enterprise employs terracing measures for soil erosion control, this governance approach
combines carbon sequestration benefits with crop economic benefits. When farmers participate, en-
terprise shares the carbon sink revenue and crop revenue with farmers at a proportion ®. Both
parties can obtain carbon sink revenue and crop revenue. Under active governance by enterprise,

the shareable carbon sink revenue is (EO _El) 'S GT T
(% +k- (B, _EO)).S.PN. Here, S

, and the obtainable crop economic reve-

. ) G. . ) )
nue is is the land area, — T is the soil organic carbon mass

fraction, ~¢ is the carbon price, Y is the pre-governance crop yield per unit area, K is the coef-

ficient representing the impact of post-governance soil erosion modulus change on yield, and N
. . . . . . . k -(E,—E)-S:

is the crop price. In this scenario, the government gains ecological benefit ¢ (B, —E)-S GT,
where k. is the coefficient representing the impact of carbon sequestration on government ecolog-
ical benefit. If enterprise chooses passive governance, the obtainable carbon sink revenue is

(Ey-E,)-S-G; 'PC, and the crop economic revenue is (Y +k-(E, -E,)-S: PN- The government

gains ecological benefit k. -(E, _EZ).S.GT. If farmers do not participate, enterprise still incurs

C,(C>C,

preliminary research and preparation costs Ca for active governance, s2° for passive
governance. However, without farmer participation, enterprise cannot complete the soil erosion
control task, rendering the project and carbon sink trading incapable of generating substantive
benefits.

D

Assumption 9. Government regulation entails providing a subsidy to enterprise and a sub-

D . L .
sidy 2 to farmers when enterprise engages in active governance and farmers participate. If en-
terprise adopts passive governance, the government imposes a penalty Y on it. The government

also bears a regulatory cost Cg. In cases where farmers actively participate and enterprise under-
takes active governance, but the government fails to provide timely positive incentives such as
subsidies, both farmers and enterprise may exert pressure on the government through appeals or
other means. Consequently, the government faces collective pressure and negotiation costs, denoted
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as 2. Furthermore, when farmers participate while enterprise chooses passive governance, the
enterprise incurs a reputation loss H If the government opts for non-regqulation under such cir-

cumstances, it suffers a credibility loss }g, reflecting diminished trust in its fulfillment of social
responsibilities and policy execution. Conversely, if enterprise implements active governance with
farmer participation, it gains a reputation enhancement R and is required to pay land transfer

R
rent L to the farmers.

Assumption 10. When farmers choose to participate, they incur a participation cost Cf If enter-
prise fails to conduct active governance despite farmer participation, its opportunistic behavior
undermines the farmers’ expected benefits. To compensate for the income loss arising from this
governance failure, either the government or enterprise must pay compensation for damages B
to the farmers. If farmers choose not to participate, the project cannot proceed effectively, leading to

the persistence or exacerbation of regional soil erosion. This results in negative impacts L on
farmers due to ecological degradation. Additionally, if farmers disseminate positive information
during the governance process, they gain an additional social influence benefit V ; if they spread
negative information, they bear a reputation loss W.

Based on the assumptions outlined above, the payoff matrix for the game among the
government, enterprise, and farmers is derived, as presented in Table 1.

Table 1. Payoff Matrix of Government, Enterprise and Farmers.

Government Regulation of Subsidies x

No Government Regulation and No Subsidy 1 -
X

Farmer

Enterprise Proactive
Governance y

Enterprise Passive Gov-
ernancel-y

Enterprise Proactive Enterprise Passive Gov-

Governance y

ermnancel-y

Participation in
and dissemina-
tion of positive
information 2,

kt'.(Eﬂ_El)'S'GT_
D,-D,-C,

k,-(Ey—E))-S-G; -
D,-C,-B+U

k,-(E,~E)-S-G,-H,

ka‘(Eusz)'S‘Gers

{(E,—E)-S-G,-P.+(Y, +
k-(E,—Ey)))-S-Py}-(1-w)
+D, -C, -R,S+R

{(E,—E,)-S-G,-P.+(Y, +
k-(E,=-E,;))-S-Py}-(1-)
-C,-U-R,S-H,

{(EofEl)'S'Gv .PC+(Y0+
k-(E,~E,)-S-P}-(1- o)
-C,-R,S+R

{(Eo 7E2)'S'Gr 'PC+(YO +
k-(E,=Ey))-S-By}-(1-w)
7C«2 737RLS7H1

{(EO_E1)'S'GT'PC
HY + k(B - E))-S B}

{(Eo_Ez)'S'GT'PC
HY + k- (B, - Ey))-S- B}

{(Eo_El)'S'GT'PC
HY k(B - ) S R0

(& -E)-S-G- k.
HE k(B -E)-S-Bj-o

+D,—C, + R S+V+W +D,-C, +B+R S+V+W -C +RS+V+W —C,+B+RS+V+W
Non-participa- 0 0 0 0
tion in and non- —C, -C, —C, -C,
dissemination
of negative in- V-w-L, V-w-L, V-w-L, V-w-L,
formation z,
Non-attention 0 0 0 0
and I.lon_.dls_ -, -C, -, -C,
semination
-7 -2, -V - I, -V - I, -V - L, -V - L,
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3.4. Game Stability Analysis
3.4.1. Construction of Replicated Dynamics Equations

The expected payoff for the government when adopting the regulation strategy is
denoted as G“, and the expected payoff when adopting the non-regulation strategy is

denoted as G, . The corresponding equations are presented as follows:

G, =yz(k, -(E,~E)-S-G; D, -D, _Cg)+(1_Y)Z1(ke -(E,-E,)-S-G; -D, _Cg -B+U) (1)

G, =yz (k, (B, ~E,)-S-G, ~H, ~P)+(1-y)z,k, - (E, ~E,)-S-G; ~H,~P) @)

The replicated dynamics equation for the government when choosing the regulation
strategy is as follows:

F(x) =x(l—x)[yzl(H2 -D —-H, +B—U)+Zl(l—]3 -D, _Cg -B+U)] 3)
Similarly, the replicated dynamics equation for enterprise when choosing the active
governance strategy is as follows:
F(y)=y(1-y)[xz,(D,+U -B)+z(((E, - E)SG,P. +k(E, - E,)SP,)1-w)+C,,-C, - C,, 4
+C,+R+B+H)+C,-C,] @
When farmers choose to participate and spread positive information, the replicated
dynamics equation is as follows:
F(Z)=Z[(1-Z){YI(E, - E)S -G, - P +k-(E, - E))-§-Py)o—B]+xD, 5
+(((Ey~E,)S -G, B+ (Y, + k-(E, — Ey))-S-P)o~C, + B+2V +W + L, +R,S)} — Z,(2V —=W)] ®)
When farmers choose not to participate and spread negative information, the repli-
cated dynamics equation is as follows:

F(Zz):Zz{(l_Zz)(ZV_W)_Zl{.V[((Ez_El)S'GT 'PC +k'(E1 _Eo)'S'PN)w_B]+XDz+[((Eo _Ez)S'GT 'PC
+(Y, +k-(E,-E)S-P)o-C, +B+2V+W+L, +R,S]}} ©)

3.4.2. Stability Analysis of Evolutionary Equilibria
Fx)=Hy)=Hz)=Hz)=0
tionary game system can be obtained. Among these, 15 equilibrium points satisfy the sta-

bility conditions for evolutionary dynamics, which are: E 0000 , E,(1,0.0.0) ,
E, 0100 E,001L00 EO000D EQGL0L0 E,4,0L0 EOLL® E,1,00D

By setting , 23 equilibrium points of the tripartite evolu-

E,, 0L0D , E, (,LLO) , E,,(L,10,D ,
g (CooLi=2V-W-R,S-RSY,0-2E,G,RSw+ 2E,GPSo+ 2E A Sko-2E P Sko |
13 D2 sty Yy
g (CoB-L -2W-R,S-PSY,0+EGRS0-E,GRS0+ERSko-ERSko
14 Dz s Vo Vs
g (CooLi—2W-R,S-PSY,w+2E,G RS0~ 2E,G,PSw+ 2B P Sko-2E R Ske) |
15 D2 s 1o Vs

C,-C,-B-H, —R+E,GPS-E,G,PS—E,PSk+E,P Sk
g (FiORS0+EGPSo+ERSko-E;RSko H+U-B-C,-D, 0
N D, -B+U "D, -B-H,+H, +U "’
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These locally stable equilibrium points are not necessarily stable for the entire system.
Their evolutionary stability can be determined by evaluating the Jacobian matrix of the
system, as shown in Equation (7). A more intuitive analysis can be facilitated through
numerical simulation.

[OF(x) OF(x) OF(x) OF(x)
ox = oy 0z, oz,
OF(y) OF(y) OF(y) oF(y)
ox oy ' 0z, 0z,
J= ()

OF(z,) 0F(z,) oF(z,) OF(z))
ox oy oz, 0z,
OF(z,) OF(z,) OF(z,) OF(z,)

E B B

ox oy | 0z, oz,

> >

aI;E(X) :X(Zl(B+Cg +D2—H3—U)+YZ1 (Dl _B_H2+H3+U))

+(7,(B+C, +D, ~H, -U)+yz (D, -B-H, +H,+ U))(x - 1)

where: l
OF(x) =xz, (X—l)(D1 -B-H,+H, +U)

. |
al;(x) =x(x-1)(B+C, +D, ~H, ~U+y(D, ~-B—H, +H, + U)) ag(x) 0

Z, Zz

FO) __y; (y-1)(D,-B+V)

ax 7
B-C,+C,+C,-C,+H +R
FO) __ gy CSZ_CSI+ZIE+(GtPCS(E1—Ez)—PNSk(El—Ez))(co _ 1)}
» +xz, (D, -B+U)
B-C,+C,+C,-C,+H,+R
~¥(ComCarz +(GPS(E, ~E,)~PSk(E, ~E,))(0 - 1)J+XZI(DI_B + )

() =-y(y-1)(B-C, +C,, +C, -C,, +H, +R +x(D, -B+U)

o OF(y)
=9
+(G,PS(E, —E,)-PSk(E, —E,))(® — 1)) oz,
F oF
% =-D,z,(z, ~1) % =z (B+u)(GtPCS(E1 ~E,)+P.Sk(E, -E, )))(z1 -1
OF(z,) B—C, +L, +2V+W+R,S+D,x+o(PS(Y, ~k(E, ~E,))-G,PS(E, ~E,))
=-z
oz, | ~v(B+0(GPS(E, ~E,) +P,Sk(E, ~E,)))
: )B—Cf+Lf+2V+W+RLS+D2x+(o(PNS(YO—k(EO—El))—GtPCS(El—EZ))
- (z,-1
- y(B+o(GPS(E, ~E,)+P,Sk(E, - E,)))
2,2V — W)
OF(z,) F(z
Tzl = —ZI(ZV - W) ‘ % = _DZZIZZ
0F(z,)

= ZIZZ(B+(D(GtPCS(E1 —E2)+PNSk(EO -E))))
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61;(222) =-2,(B-C, +L, +2V+W+R,S+D,x+o(PS(Y, -k(E,~E,))-G,PS(E,-E,))
1
- y(B+o(G PS(E, ~E,)+PSk(E, ~E)))))
%:_(ww)(zz 1)-2,QV-W)
Z,

B-C, +L, +2V+W+R,S+D,x +0(PS(Y, —k(E, ~E,))-G,PS(E, ~E,))
o ~y(B+0(GPS(E, ~E,)+PSk(E, -E,)))

4. Results and Discussion

Taking the Municipality of Chongqing, China, as an example because of the typical-
ity of its soil and water conservation, the following data are all determined by referring to
the relevant literature and official data of Chongqing.

All numerical simulations were implemented in MATLAB (R2022b).With reference
to [18,49], the initial proportions of farmers are assumed as follows:
S()=09. EB)=0. L,(H)=005. L)=005 RO=0 ... .«
are set to 1/2, and for 2 and 2 to 1/3. According to [50], the soil erosion intensity before
E, =3.75t/(hnt’ - a)

governance is assumed to be moderate, with a soil erosion modulus
After active governance, the intensity becomes slight, with a modulus of

E, =02t/ (hm’
E, =135t/ (hn?

'a). After passive governance, the intensity is light, with a modulus of

-a : : . .
) .The area for soil erosion control is assumed to be S =1hm” Referring

o [51], the soil organic carbon mass fraction is G‘ :5'4g/kg. Based on recent soil and

water conservation carbon sink trading projects, the carbon price R is set at 0.0000081
(10,000 CNY/t). Referring to [52], vegetables are selected as the agricultural product. Ac-
cording to [53], and considering the representativeness of sloping farmland soil erosion

in Municipality of Chongqing, the pre-governance vegetable yield per unit area % is set
to the average vegetable yield of Chongqing in 2023, 43,803.3 kg/hm2. According to [54],

the vegetable price R is set to the average farmgate price in 2023, 0.000369 (10,000
CNY/kg). Based on transaction announcements published on the official website of the

Chongqging Land Exchange, the land transfer rent Ry is set at 0.33 (10,000 CNY/hm?).

® js set to 0.2. According to the relationship between

Referring to [55], the parameter
soil erosion modulus and soil erosion depth (Soil erosion thickness = Soil erosion modu-
lus/Soil bulk density) and literature [56], the coefficient k is set to —0.013.

With reference to relevant literature, the parameters for the payoff matrix of each
agent in the evolutionary game, as well as the influencing factors and their weights affect-
ing farmer behavior transition, are established. The weight coefficients have been stand-
ardized to eliminate dimensional effects. The specific numerical values are presented in

Table 2.

Table 2. Parameter Values.

Parameter Category

Parameter Value References

Utility-Related Parameters

H, =10;H, =5.5;D, =4;D, =3;

1
B=LU=3;V=0.5W=0.5; [18]
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Farmer Trust Parameters

m,=0.5;m,=0.2;m,=0.3;m,=0.3; [18]

C, =4C, =20;C,, =12;

Cost Parameter C, =7:C, = 2:C, = 1; [18]
Reputation Loss Parameter H, =25 [57]
Ecological and Environmental L =L [58]
Damage Parameter
Reputation Gain Parameter R =3; [59]
Factors Influencing Farmers’ EV =0.218 GPL = 0.6375; (2]
Collective Behavior PCALS =0.1425;SIP =0.32;
Factors Infh.lencmg szlrmers NFIR = 0.812: PCL = 0.625: [17]
Collective Behavior
Social Atmosphere SF =0.8; [59]
Land Emotional Attachment LEA =0.7841; [19]
Soundness of .the Land Trans- SLTSS = 0.2441; [47]
fer Service System
Risk Perception RP =0.385; [21]
o, =0.506;a, =0.348; 0, = 0.146; 0., = 0.489;
o =0.359 0, =0.152; a, =0.102; 0, = 0.034;
o, =0.6150,, =0.192;0,, = 0.058;c,, = 0.526;
Weight Coefficient o, =0.175a, =0.298;a,; = 0.409; 0, = 0.190; [17,19,21,22,47]

a,; =0.323;0,, =0.078; a, =0.323;a,, = 0.108;
o, =0.337;a,, =0.232;a,, =0.424;0,, =0.291;
o,s = 0.055;a,, = 0.230;

By inputting the above parameters into the simulation model, the dynamic evolution
trajectory of the tripartite strategies of government, enterprise, and farmers, as well as the
density changes of different states of farmers, can be obtained, as shown in Figure 3a,b.
The results indicate that the system ultimately stabilizes at the evolutionary equilibrium

E'(1,1,1,0)

point , meaning the government chooses active regulation, enterprise engages
in active governance, and farmers participate in soil erosion control by providing land.
This suggests that, under the combined effect of external policy incentives and internal
behavioral feedback, the tripartite game system achieves a stable cooperative equilibrium.
In the initial stage of the model, the strategies of the government and enterprise are still
in a period of observation and adjustment, with “unknown farmers (5)” dominating the
farmer population. As the government’s publicity efforts increased and subsidy policies
were gradually implemented, governance information diffused among the farmers, and
individual cognitive levels continuously improved. The densities of “Neutral farmers (E)”
and “Active participants farmers (I1)” increased significantly, while “Immunized farmers
(S)” rapidly declined and approached zero. Concurrently, some farmers, influenced by
factors such as strong land attachment and heightened risk perception, exhibited re-
sistance. The density of “Resistant farmers (I2)” increased slightly in the initial phase.
However, as government regulation strengthened and enterprise pursued active govern-
ance, negative signals were gradually mitigated, and the proportion of this group slowly
declined over time, eventually stabilizing. Throughout the evolutionary process, the dis-
semination of positive and negative signals coexisted and interacted. The government’s
policy publicity and the active governance behavior of enterprise enhanced the diffusion
capacity of positive signals. Furthermore, through the externality and amplifying effect of
governance outcomes, the spread of negative signals was further suppressed. Conse-
quently, the overall behavioral intention of farmers showed a clear trend toward positive

https://doi.org/10.3390/xxxxx



Sustainability 2026, 18, 2024 18 of 40

transition. “Active participants (I1)” rapidly became dominant, with their density curve
significantly higher than those of other states in the figure and tending to stabilize. In
contrast, the densities of “Neutral farmers (E)” and “Resistant farmers (I2)” experienced
brief fluctuations before gradually declining and stabilizing at relatively low levels. The
density of the “immune (R)” group, which refers to individuals who gradually lose atten-
tion to governance affairs, slowly increases over time and remains stable at a lower level.

07

087

<
o

Density

Probability

N
~
T

021

(a) (b)

Figure 3. Dynamic game strategies and farmer participation: (a) Strategic choices of game players;

(b) Change curve of farmers density.

In summary, the simulation results shown in Figures 3 and 4 demonstrate that, under
the dual impetus of active government regulatory incentives and active enterprise gov-
ernance, the positive feedback mechanism within the governance system is continuously
strengthened. The behavioral evolution at the individual level and strategic coordination
at the macro level mutually reinforce each other, forming a virtuous cycle of policy incen-
tives and behavioral responses. The system ultimately achieves dynamic convergence
from an “externally driven incentive” state to an “endogenous steady-state participation.”
This establishes a stable governance structure focused on the active participation of farm-
ers, providing theoretical foundation and practical reference for multi-agent collaboration

and incentive mechanism optimization in soil erosion control.

—2C =2
)
eG54
9
C =8
9

——C.=2
g9

e G, 54
9

-C,=8 0.8t

0.8

o
=2}
T
=4
o

Probability

o

=
Probability
<
'S

021 02r

https://doi.org/10.3390/xxxxx



Sustainability 2026, 18, 2024

19 of 40

09
zw,Cg=2 |
een2,C 2 08T
g |
z,,C =4 i
9 07y
-mm 2, C o4 \ ——s
-2y, Cg=8 06 [T E |l
o \ |
B z, C,=8 - .
5 205K+ =g
© 9 L - ‘R
e |
o Soalt
o ’ T
b
03[ /%
T
i
02F %i
[ 01f/ - xm
Yy [f-~-3
LN — fi
. PR — N ‘
0 5 10 15 20 0 5 10 15 20
t t
(c) (d)
08 T 081
| —k—=8
08T E [
{
is :1 —C,=2
07| T
*,‘ a ---- C 4
06 [T C =8
T S —— g
2051+
Q04 jrr -
+ 7
03 1 »
N /
3 P
02— e il
Ve
0.1 /7 xm
O\'/‘ 0 . . S — )
0 5 10 15 20 0 5 10 15 20
t t
(e) ®

Figure 4. Dynamic game strategies and farmer participation: (a) Impact on government strategy

selection; (b) Impact on enterprise strategy selection; (c) Impact on farmer strategy selection; (d)

Curves of farmer densities in various states when
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4.1. Impact of Government Regulatory Costs on Tripartite Strategy Selection and Farmers’
Participation Willingness

By setting C, =2, C, =4, C, =8, the evolutionary trajectories of the game agents and
the density variation curves of farmers in different states were simulated, as shown in
Figure 4a—f. When regulatory costs are low, the government tends to adopt an active reg-
ulatory strategy, effectively promoting the implementation of soil erosion control projects
by providing subsidies to enterprise and farmers. This proactive stance further incentiv-
izes enterprise to actively engage in soil erosion control, while also enhancing farmers’
participation willingness, thereby driving the game system to gradually converge toward
the ideal equilibrium state (1, 1, 1) and forming a virtuous governance cycle. In this pro-
cess, the density of actively participating farmers (I1) quickly reaches its peak. However,
the time to reach this peak shortens as the speed of stabilization in government and social
capital strategies increases, reflecting the role of low regulatory costs in enhancing system
coordination and governance efficiency. Nevertheless, when government regulatory costs
increase, the evolutionary path of the system undergoes a significant shift. The peak den-
sity of actively participating farmers (I1) decreases markedly, and its density curve rapidly
approaches zero, while the size of the resistant farmers (Iz) increases substantially. This is
because, as regulatory costs rise, the returns from government regulation fall below those
of non-regulation, leading the government to tend toward a non-regulatory strategy and
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to cease subsidies for social capital and farmers. In the absence of effective government
constraints and incentives, social capital opts for passive governance, resulting in a decline
in governance quality and a lack of progress. The passive behaviors of both the govern-
ment and enterprise further undermine farmers’ trust in the governance project, increas-
ing the probability that originally active (I1) or neutral (E) farmers convert into resistant
participants (I2). As a result, the size of the resistant group continues to expand, eventually
surpassing that of the active participants, thereby hindering the effective implementation
of the soil erosion control project. This demonstrates that higher government regulatory
costs are increasingly detrimental to the advancement of soil erosion control initiatives.
To improve governance effectiveness, it is recommended to establish a collaborative gov-
ernance mechanism involving the government, enterprise, and farmers, and to introduce
technologies such as remote sensing, drones, video surveillance, and intelligent monitor-
ing to reduce regulatory costs. This approach would enhance the willingness of all parties
to participate and ensure the effective implementation of soil erosion control projects.

4.2. Impact of Government Subsidies Provided to Farmers on Tripartite Strategy Selection and
Farmers’ Participation Willingness

By setting D, =0, D, =3, D, = 6, the evolutionary trajectories of the game agents and
the density curves of farmers in different states were simulated, as shown in Figure 5a—f.
The simulation results indicate that the level of government subsidies provided to farmers
is a critical determinant of the governance system’s stability. When the government offers
a high level of subsidies to farmers, it initially boosts farmers” participation willingness
due to strong incentives, significantly increasing the density of actively participating
farmers in the short term. It also creates an imbalance in the cost-benefit structure of reg-
ulation, prompting the government to adjust its strategy to ‘no regulation, no subsidies’
as the substantial subsidies lead to accumulated financial pressure on the government.
The withdrawal of government strategy further triggers a decline in enterprise govern-
ance enthusiasm, reducing the momentum for governance, which in turn worsens farm-
ers’ expected benefits. This ultimately results in a chain of degradation along the path of
‘unsustainable subsidies —government not regulating or subsidizing—negative govern-
ance by enterprise —disintegration of farmer participation’. In this process, the density of
actively participating farmers exhibits a trend of rapid initial increase followed by an ac-
celerated decline towards zero. Conversely, the density of resistant farmers (I2) rises
quickly over time, eventually dominating the population. The system converges to a neg-
ative equilibrium characterized by governance stagnation.

As shown in Figure 5d, when D,= , farmers show a clear lack of willingness to
participate at the early stages of evolution because of the lack of direct economic incen-
tives. Their strategy quickly shifts toward refusal to participate. The widespread non-par-
ticipation of farmers makes it difficult for enterprise to form stable land cooperation rela-
tionships and long-term governance expectations, leading its governance strategy to
evolve into a passive state characterized by perfunctory and low-investment approaches.
Under these circumstances, although the absence of subsidy weakens the government’s
ability to guide the behavior of farmers and enterprise through economic incentives, the
pressures from governance failure and accumulating ecological risks within the system
do not disappear. After weighing the costs of regulation and potential ecological losses,
the government did not choose to completely withdraw from regulation but instead main-
tained a high yet constrained level of oversight. Consequently, the overall system exhibits
an evolutionary pattern of “low incentive—low participation—weak governance,” rather
than a state of complete governance abandonment. Specifically, the density of actively
participating farmers (I1) remains at a moderate level initially but gradually declines due

https://doi.org/10.3390/xxxxx



Sustainability 2026, 18, 2024

21 of 40

to the lack of sustained incentives. Correspondingly, the density of farmers refusing to
participate (I2) began to rise from the early stages of evolution and eventually dominated
the steady-state phase. This result indicates that, under conditions of insufficient incen-
tives, the system struggles to effectively stimulate and sustain the continuous participa-
tion of farmers. As a result, farmers’ decisions gradually converge towards a risk-averse
orientation, which in turn leads to the long-term inefficiency of soil erosion control efforts.

As we can see, a scenario with moderate subsidies achieves a better balance between
incentive strength and fiscal sustainability. The government can maintain a stable regula-
tory strategy, enterprise forms reliable revenue expectations, and farmers gradually build
sustained participatory trust over time. The system ultimately converges to a stable mode
of “moderate subsidies—strong regulation—active participation,” with the governance pro-
cess advancing steadily. Moderate subsidies help maintain the government’s regulatory
willingness within the limits of fiscal affordability, enhancing farmers’ trust in and en-
gagement with governance projects, and promoting a balanced and positive evolution of
the system toward ‘government regulation—active governance by enterprise—farmer par-
ticipation’. Thus, it is crucial for the government to implement reasonably moderate sub-
sidies and positive incentives to effectively stimulate farmers’ enthusiasm for participa-

tion.
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Figure 5. Dynamic game strategies and farmer participation: (a) Impact on government strategy

selection; (b) Impact on enterprise strategy selection; (c) Impact on farmer strategy selection; (d)

Curves of farmer densities in various states when 2 ; (e) Curves of farmer densities in various

states when D2 :6; (f) Effect of D2 on Il (t) .

4.3. Impact of Government Subsidies Provided to Enterprise on Tripartite Strategy Selection and
Farmers’ Participation Willingness

By setting D, =2, D, =4, D, =8, the evolutionary trajectories of the game agents and
the density curves of farmers in different states were simulated, as shown in Figure 6af.
The simulation results demonstrate that the level of government subsidies directly deter-
mines the evolutionary paths of the government’s regulatory willingness and the govern-

ance behavior of enterprise. As shown in Figure 6b, when !~ the government faces
relatively minor fiscal pressure, but its incentive effect on enterprise is limited, resulting

in a slow increase in the probability of enterprise adopting active governance. As shown

in Figure 6a,b, when D= , the probability of enterprise engaging in active governance
increases significantly under the drive of economic benefits, while the government can
maintain a relatively stable regulatory strategy. However, when the subsidy level is ex-
cessively high, enterprise responds rapidly to strong economic incentives, leading to a
quick rise in the probability of active governance in the short term. The reason is substan-
tial subsidies directly improve the expected returns of the governance project, stimulating
short-term enthusiasm from enterprise. Nevertheless, the government gradually with-
draws from regulation due to mounting fiscal pressure, ultimately pushing the entire gov-
ernance system into a state of failure. The subsidy policy, by influencing the behavior of
the government and enterprise, further transmit their effects to the farmer population,
triggering systematic changes in their participation behavior. Under a scenario of moder-
ate subsidies, government regulation and enterprise governance behaviors form a stable
complementarity, resulting in a continuous increase in farmers’ confidence in governance
projects. This is reflected in the steadily rising density of actively participating farmers
(L), which maintains a high level, while the density of farmers refusing to participate (I2)
ultimately trends towards zero over time. The system has successfully constructed a gov-
ernance pattern characterized by widespread participation. In contrast, excessively high
subsidies initially lead to a rapid increase in farmers’ participation willingness due to
strong incentives, but the ensuing issues of fiscal unsustainability result in a lack of gov-
ernment oversight and the alienation of social capital behaviors. This leads to a significant
reversal in farmers’ participation: the density of actively participating farmers rises
quickly but then declines rapidly towards zero, while the density of farmers refusing to
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participate rises quickly over time, ultimately dominating the group. This evolutionary
path reveals that an excessive reliance on subsidy incentives, while neglecting fiscal sus-
tainability, can undermine the long-term stability of the governance system.
In conclusion, subsidy policies serve as both a key lever for incentivizing cooperation
and a double-edged sword that affects the stability of the multi-actor governance system
for soil erosion control. An appropriate subsidy level can establish a stable balance of in-
terests and behavioral synergy among the government, enterprise, and farmers, thereby
promoting the long-term healthy functioning of the governance system. However, exces-
sive subsidies may lead to weakened regulation and governance failure due to fiscal pres-
sure and behavioral distortion. Therefore, when formulating subsidy policies, the govern-
ment should seek the optimal balance between incentivizing effectiveness and fiscal sus-

tainability, ensuring the governance system achieves the best balance between efficiency
and stability.
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Figure 6. Dynamic game strategies and farmer participation: (a) Impact on government strategy

selection; (b) Impact on enterprise strategy selection; (c) Impact on farmer strategy selection; (d)

1 ; () Curves of farmer densities in various

Curves of farmer densities in various states when

D, =8

states when

; (f) Effect of D on Il (t)

4.4. Impact of Penalties on Tripartite Strategy Selection and Farmers’ Participation Willingness

By setting U=1,U=3,U=6, the evolutionary trajectories of the game agents and
the density variation curves of farmers in different states were simulated, as shown in
Figure 7a—f. The simulation results indicate that the intensity of penalties imposed by the
government on enterprise profoundly alters the evolutionary path of farmers’ states by
influencing the government’s regulatory strategy and the governance behavior of enter-
prise. When the punitive measures are relatively weak, enterprise tends to adopt passive
governance strategies due to the low costs of facing punishment, directly resulting in in-
effective soil erosion control efforts. At this time, although the government can continue
to supervise by investing human and material resources, the inability of regulation to ef-
fectively change enterprise behavior leads to the long-term regulatory benefits being less
than the costs. As rational decision makers, the government ultimately tends to choose to
withdraw from regulation. This series of chain reactions ultimately transmits to the farmer
level: the density of actively participating farmers (I:) only experiences a brief increase at
the beginning of governance, followed by a rapid decline due to ineffective governance.
Concurrently, the density of resistant farmers (Iz) continues to increase over time, eventu-
ally occupying a dominant position and leading to a phenomenon of “participation col-
lapse”. In contrast, when the punitive measures are elevated to a higher level, the system
presents a completely different evolutionary trend. Under strong punitive constraints, the
incentives for active governance by enterprise are enhanced, and the benefits of govern-
ment regulation significantly increase, thereby forming a virtuous cycle of ‘effective reg-
ulation—active governance’. In this environment, farmers’ trust in the effectiveness of gov-
ernance increases, leading to a rapid rise in the density of actively participating farmers
(L), which stabilizes at a high level, while the density of resistant farmers (Iz) gradually
decreases and approaches zero, resulting in a system that achieves a collaboratively stable
governance equilibrium.

As we can see, in order to effectively restrain the governance behavior of enterprise,
the government must establish a punishment mechanism with sufficient deterrent power.
Reasonable punishment standards should be enough to significantly lower the specula-
tive profit expectations of enterprise, making it not worth the risk. Only in this way will
enterprise be forced to shift towards active governance, thus promoting the formation of
a virtuous cycle in the system: ‘effective government regulation—-enterprise’s responsible
governance-broad farmer participation’. Conversely, any punishment that is insufficient
to restrain will likely encourage speculative behavior, ultimately leading to the systemic
collapse of the governance system.
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Figure 7. Dynamic game strategies and farmer participation: (a) Impact on government strategy

selection; (b) Impact on enterprise strategy selection; (c) Impact on farmer strategy selection; (d)

Curves of farmer densities in various states when U =1; (e) Curves of farmer densities in various

states when U = 0 ; (f) Effect of U on Il (t)

4.5. Impact of Farmers’ Costs on Tripartite Strategy Selection and Farmers’ Participation
Willingness

With the parameters set as G=4G=7G :10, as shown in Figure 8a—f, the simula-

tion produces the evolutionary trajectories of the agents and the density dynamics of farm-
ers for different states. The results indicate that farmers’ participation costs are a key factor
determining the stability of the governance system. As illustrated in Figure 8a-d, when
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Probability

C =4

, farmers are more inclined to actively participate, with their participation levels
increasing rapidly and stabilizing at a high value. Consequently, the density of active par-
ticipants rises significantly, while the proportions of hesitant and non-participating farm-
ers decline, shifting the population toward a “high-participation” state. Active engage-
ment by farmers provides social capital with a stable cooperative foundation and stable
expected returns, thereby incentivizing proactive corporate governance. Improved corpo-
rate performance, in turn, enhances policy effectiveness, enabling the government to
achieve objectives with lower marginal costs while maintaining high levels of regulation
and incentives. Through this positive feedback, the strategies of the three parties reinforce
one another, ultimately driving the system to converge toward an ideal equilibrium char-
acterized by active government regulation, proactive corporate governance, and wide-
spread farmer participation —forming a stable, virtuous governance cycle.

However, as shown in Figure 8a—c,e, when G :10, the evolutionary path of the sys-
tem undergoes a fundamental reversal, triggering a series of negative chain reactions. First,
the excessively high participation cost significantly diminishes farmers” expected returns,
leading them to rationally shift toward passive or outright non-participation. The density
of active participants peaks at a low level in a short time and then declines rapidly, even-
tually approaching zero. Second, the widespread non-participation of farmers under-
mines the implementation foundation of soil erosion control projects, making it difficult
for enterprise to secure stable returns through collaborative governance. In the absence of
farmer cooperation, enterprises tend to adopt passive governance strategies to avoid high
investment and uncertain risks. Finally, faced with the simultaneous adoption of passive
strategies by both farmers and enterprise, governments anticipate that continuing strict
regulation and subsidy policies will yield limited substantive outcomes and may even
result in sunk fiscal costs. Consequently, the rational choice for the government also grad-
ually shifts toward reducing enforcement intensity, manifested as relaxed or symbolic su-
pervision.

This demonstrates that farmer participation cost is a key constraint influencing the
success or failure of collaborative soil erosion control under the PPP model. To break the
governance deadlock in high-cost scenarios, policy efforts should focus on effectively re-
ducing farmers’ actual participation costs through measures such as fiscal subsidies, tech-
nical support, organizational coordination, and institutional safeguards. Doing so can re-
activate farmers’ participation willingness, drive positive adjustments in the governance
behavior of enterprise and the regulatory strategies of the government, and ultimately
steer the system from a low-efficiency equilibrium toward a high-efficiency, collaborative
governance state.
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Figure 8. Dynamic game strategies and farmer participation: (a) Impact on government strategy
selection; (b) Impact on enterprise strategy selection; (c) Impact on farmer strategy selection; (d)

Curves of farmer densities in various states when

£ (e) Curves of farmer densities in various
=1 L(t
states when G=10 ; (f) Effect of G on i )

4.6. Impact of Social Atmosphere on Farmers’ Willingness

By setting SF=0.1, SF=0.5, SF = 0.9, the density change curves of farmers in various
states were simulated, as shown in Figure 9a—d. The results indicate that the social atmos-
phere plays a significant moderating role in the diffusion process of farmers’ participation
in soil erosion control. As shown in Figure 9a, when SF=0.1 although there is a certain
increase in the density of actively participating farmers (I1) in the early stages of the sys-
tem, the growth rate is limited and quickly stabilizes. In contrast, the density of immune

farmers (R) remains consistently high, indicating that most farmers exhibit “information
immunity” or “behavioral apathy” toward governance policies and social advocacy. This
suggests that in the absence of positive public opinion and group identity, it is difficult for
farmers to form attention and trust in governance projects, leading individuals to with-
draw from the diffusion chain of governance behavior and resulting in low overall partic-
ipation in the system. Meanwhile, the proportion of neutral farmers (E) remains at a cer-
tain level, further reflecting the weak diffusion of governance willingness under insuffi-
cient social atmosphere. As shown in Figure 9b, when SF=0.9 the density of actively
participating farmers (I1) rises rapidly and becomes the dominant group within a rela-
tively short period, while the density of immune farmers (R) decreases significantly. This
indicates that a favorable social atmosphere can enhance the transmission of trust and the
imitation effect among individuals, significantly increasing farmers’ recognition and
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enthusiasm for participation in governance projects, ultimately stabilizing the system at a
high participation rate state.

It is worth noting that the social atmosphere’s role in promoting farmers’ participa-
tion behavior exhibits a significant nonlinear characteristic. As shown in Figure 9c, the
increase in the density of active participants when the social atmosphere rises from a
lower level to a moderate level is smaller than the increase when it rises further from the
moderate level to a higher level. This indicates that the influence of the social atmosphere
on farmers’ decision-making participation is not a linear accumulation but instead shows
a clear amplification effect once a certain intensity threshold is reached. From the perspec-
tive of behavioral diffusion mechanisms, during the stage when the social atmosphere

evolves from weak to moderate levels, public opinion support and social advocacy have
gradually emerged, but they are still insufficient to transform into stable group consensus
and behavioral norms. Farmers remain highly sensitive to the uncertainties and potential
risks associated with participating in governance. However, as the social atmosphere fur-
ther strengthens and matures, group identity and demonstration effects begin to domi-
nate. Non-participation in governance gradually comes to be seen as a deviation from

group norms, significantly reducing farmers’ tendencies to wait and see or remain pas-

sive, thereby promoting the accelerated diffusion of proactive participation behaviors
within the system.

On the whole, the enhancement of the social atmosphere has not only improved the
efficiency of governance policy signal transmission but, more importantly, weakened in-
dividuals’ tendency towards ‘immunization’ by strengthening social recognition, thereby
driving the governance system to evolve from a state of low participation and fragmenta-
tion to one characterized by high participation and collaboration. This mechanism reveals
the role path of the social atmosphere as a key informal institution—it shapes group cog-
nition and behavioral norms, providing an indispensable social foundation for multi-
agent collaborative governance. Therefore, in the process of promoting soil erosion con-

trol, the phased role of building the social atmosphere should be given full attention: in
the early stages of governance, it is necessary to continuously strengthen the foundation
of social mobilization and public opinion guidance, creating conditions for the formation
of group identity; while once the social atmosphere reaches a certain level, the amplified
effect on farmers’ participation can be unleashed through strengthening the demonstra-

tion effect and collective recognition behaviors, thus enhancing the overall stability and
sustainability of the governance system.
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Figure 9. Evolution of Farmers: Impact of Social Atmosphere. (a) Change curves of farmer densities

in various states when SF=0.1; (b) Change curves of farmer densities in various states when

SF=0.9. (c) Effect of SE on Il (t);(d) Effect of SF on R(t).

4.7. Impact of Government Publicity Level on Farmers’ Willingness

By setting GPL =0.1, GPL =0.5, GPL =0.9, the density change curves of farmers in
various states were simulated, as shown in Figure 10a—d. As shown in Figure 10a, when
GPL =0.1  the system exhibits characteristics of “low transition-high immunity.” Since
the conversion rate from unknown farmers (S) to neutral farmers (E) is directly and posi-
tively influenced by the level of government publicity, a lower intensity of publicity sig-
nificantly suppresses this conversion channel, keeping the density of neutral farmers (E)
at a consistently low level. At the same time, limited publicity fails to effectively correct
farmers’ negative perceptions, leading some farmers who refuse to participate (I2) to fur-
ther convert into immune farmers (R). As a result, the system primarily evolves along the

path of S—I, >R

with the cumulative proportion of immune farmers (R) rising to a
higher level, while the growth of actively participating farmers (I1) is constrained due to
the lack of ‘new blood’ from the neutral (E) group. As shown in Figure 10b, when
GPL =0.9 the system exhibits a ‘high conversion-low immunity’ virtuous cycle. Strong
policy promotion significantly improves the conversion efficiency from S to E, resulting
in a distinct peak in the neutral farmers (E) group in the early stages. It provides a suffi-
cient source for the formation of actively participating farmers (I1) to drive the rapid in-
crease in the density of actively participating farmers (I1) to a higher level. At the same
time, high-level publicity effectively weakened the negative and rigid tendencies of farm-
ers refusing to participate (I2) by strengthening positive awareness and policy trust, thus
suppressing the transition from I to R and ultimately leading to a decrease in the propor-
tion of immune farmers.

Further analysis reveals that the role of government publicity exhibits a characteristic
of ‘significant in the early stages, slowing down later’. As shown in Figure 10c-d, when
the level of publicity is raised from low to moderate, the increase in the density of actively
participating farmers and the suppressive effect on the density of immune farmers are
significantly stronger than when the level is further raised from moderate to high, reflect-
ing the law of diminishing marginal returns in government publicity effectiveness. The
reason is that at the initial stage of publicity, there are many farmers in the community
who are either uninformed or in a wait-and-see state. Initial publicity can efficiently cover
and convert these ‘susceptible farmers’, quickly filling the knowledge gaps and building
basic trust, thus achieving significant effects. However, as the level of publicity rises, the
remaining unconverted farmers are mostly those with limited information, deep biases,
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or low trust in the government, making their conversion significantly more difficult. Ad-
ditionally, publicity mainly addresses the cognitive bottleneck, helping farmers under-
stand the policies and form basic awareness. But once most farmers have developed this
awareness, their behavioral decisions are more constrained by factors such as expected
benefits, risk perception, and trust in the policy. At this point, simply increasing the in-
tensity of publicity is unlikely to significantly raise the proportion of farmers who actively
participate, thus diminishing the marginal effect of publicity on the level of system par-

ticipation.

In summary, the government’s promotional efforts play a crucial role in regulating
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the path of farmers’ participation evolution: on one hand, they determine whether poten-
tial participants (S) can smoothly enter the decision-making pool (E); on the other hand,
they affect whether the group that rejects participation (I2) will continue to refuse or be
converted into immune individuals (S). Therefore, improving the level of promotion is
not only a prerequisite for expanding policy awareness and guiding potential partici-
pants, but also helps to consolidate the foundation of farmers’ participation to prevent the
loss of potential governance forces, thus promoting the formation of a sustainable and
stable collaborative governance pattern. This regulatory effect, combined with the dimin-
ishing returns in promotional effectiveness, provides clear implications for policy design:
in the early stages of governance, resources should be concentrated on high-intensity pro-
motion to quickly break through information barriers and establish a foundation for wide-
spread participation; once public awareness reaches a moderate level, the promotional
strategy should shift from expanding ‘quantity’ to deepening ‘quality’, and work in syn-
ergy with incentive mechanisms and institutional support measures, thereby systemati-
cally overcoming ‘decision-making bottlenecks’, continuously promoting farmers’ partic-

ipation towards higher levels and better structures, ultimately facilitating a stable and col-
laborative governance pattern.
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Figure 10. Evolution of Farmers: Impact of Government Publicity Level. (a) Change curves of farmer

densities in various states when OPL =0.1. (b) Change curves of farmer densities in various states

when GPL=0.9, (c) Effect of GPL on Il (t); (d) Effect of GPL on R(t) .

4.8. Impact of Social Insurance Participation on Farmers’ Willingness

By setting SIP =0.1, SIP =0.5, SIP =0.9, the density variation curves of farmers in
different states were simulated, as shown in Figure 11a—d. The results indicate that the
participation rate in social insurance (STP ) serves as a key social security factor, signifi-
cantly influencing farmers’ decision-making behavior in governance projects through a
risk-buffering mechanism. As shown in Figure 11a, when SIP=0.1 farmers exhibit a
strong tendency to avoid risks due to the lack of comprehensive social security, leading to
a slow growth in the density of actively participating farmers (I1) that ultimately stabilizes
at a relatively low level; meanwhile, the density of immune farmers (R) remains consist-
ently high, reflecting that some farmers choose to withdraw from governance participa-
tion due to concerns about livelihood risks. As shown in Figure 11b, when SIP=0.9 the
comprehensive social security effectively reduces the participation risks for farmers, re-
sulting in a rapid rise in the density of actively participating farmers (I1) that maintains at
a high level, while the density of immune farmers (R) is significantly suppressed to a lower
range. This trend demonstrates that social insurance, by providing risk protection, can
effectively enhance farmers’ confidence in participation and reduce their tendency to
withdraw from governance, thereby creating favorable conditions for the successful im-
plementation of soil erosion control projects. Therefore, it should pay attention to the com-
plementary construction of the social security system in the process of advancing ecolog-
ical governance. By increasing participation in social insurance, the risk resilience of farm-
ers can be strengthened, thereby promoting the sustainable advancement of governance
projects.
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Figure 11. Evolution of Farmers: Impact of Social Insurance Participation. (a) Change curves of

farmer densities in various states when SIP = 0.1 (b) Change curves of farmer densities in various

states when SIP=0.9 . (c) Effect of SIP on Il (t) ; (d) Effect of SIP on R(t) .

4.9. Impact of Risk Perception on Farmers’ Willingness

By setting RP =0.1, RP = 0.5, RP = 0.9, the density variation curves of farmers in dif-
ferent states were simulated, as shown in Figure 12a—d. The results indicate that risk per-
ception (RP) plays a significant moderating role in farmers’ decision-making processes.
It influences farmers’ risk expectations and cost perceptions of conservation outcomes,
thereby shaping the evolutionary path of their participation behavior. As shown in Figure

12a, when RP=0.1 farmers generally perceive the risks of conservation activities to be
small and have high confidence in policy returns, leading to a strong willingness to act.
The simulation curves show that the density of actively participating farmers (I1) rises
rapidly and reaches a high level within a short period, while the density of immune/re-
covered farmers (R) remains low. This suggests that, in an environment of low risk per-
ception, farmers are more likely to focus on the benefits of governance with less psycho-
logical hindrance from potential losses, thus fostering a stronger collective participation
drive. However, as shown in Figure 12b, when RP =0.9  farmers’ concerns about the
uncertainty of conservation benefits and potential losses significantly increase, suppress-
ing the formation of participation behavior. At this point, the density of actively partici-
pating farmers (1) rises slowly, remains at a lower level and the peak significantly de-

creases, while the density of immune farmers (R) continues to increase and occupies a

higher proportion, reflecting that farmers with high risk perceptions tend to adopt a wait-

and-see or withdrawal strategy. This psychological defensive effect suppresses the group
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diffusion process of governance participation and weakens the overall mobilization ca-
pacity of the system.

In summary, risk perception determines farmers’ willingness to engage in soil ero-
sion control by affecting their risk-benefit trade-off process. Low risk perception helps
form a ‘benefit-oriented” participation mechanism, while high risk perception may trigger
‘defensive exit’ behavior, leading to a decrease in governance participation rates. There-
fore, it is essential to improve project risk communication mechanisms and benefit guar-
antee systems to reduce farmers’ subjective risk perception, help them form rational ex-

pectations and stable confidence, and thereby facilitate a shift from “passive avoidance”
to “active participation.”
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Figure 12. Evolution of Farmers: Impact of risk perception. (a) Change curves of farmer densities in
various states when RP=0.1.

7

(b) Change curves of farmer densities in various states when
RP :0'9;(c) Effect of RP on Il(t);(d) Effect of RP on R(t).

Our simulations reveal that the equilibrium outcomes of the system are highly sensi-
tive to several key parameters. More importantly, these sensitivity patterns are not acci-

dental artifacts of numerical settings but are endogenously rooted in the specific behav-
ioral logics implied by the bounded rationality assumption.

(1) Social diffusion parameters (social atmosphere and government publicity). These pa-
rameters exhibit particularly high sensitivity because farmers rely heavily on social
learning and imitation under bounded rationality. Rather than making fully rational
payoff comparisons, farmers update their decisions by observing the behaviors of
neighboring agents. When the social atmosphere improves or government publicity

increases, the information diffusion rate within the social network accelerates, which
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readily generates an amplification effect through behavioral imitation. Consequently,
even small increases in these parameters may trigger a pronounced jump in farmers’
participation rate during the evolutionary process.

(2) Farmers’ economic perception parameters (government subsidies, social insurance
participation, and risk perception). These variables function as psychological thresh-
olds that regulate farmers’ participation decisions. Under bounded rationality, farm-
ers exhibit short-sightedness and loss aversion and thus respond more strongly to
immediate and certain costs and risks than to distant and uncertain benefits. Govern-
ment subsidies, social insurance participation, and risk perception jointly shape
farmers’ subjective evaluation of participation uncertainty and determine whether
the perceived payoff crosses a critical action threshold. Simulation results indicate
that these parameters primarily affect the system convergence speed and participa-
tion magnitude, rather than the fundamental evolutionary direction of the system.

(3) Government-enterprise institutional incentive parameters (regulatory cost, enter-
prise subsidies, and penalties). For the government and social capital, bounded ra-
tionality is manifested in the pursuit of observable short-term performance and net
benefits under conditions of informational complexity. Regulatory cost directly af-
fects the government’s supervision willingness, while enterprise subsidies and pen-
alties reshape the payoff structure of social capital. These parameters therefore act as
key levers driving strategy switching among governance actors. Although their var-
iation does not overturn the basic stability structure of the system, it directly deter-
mines the degree of multi-actor coordination and the final level of farmer participa-
tion.

Overall, the parameter sensitivities observed in this model are not numerical coinci-
dences, but endogenous outcomes of bounded-rational decision-making mechanisms
across heterogeneous actors.

5. Discussion

By constructing and analyzing a tripartite evolutionary game model involving the
government, private sector, and farmers, this study provides an in-depth exploration of
the dynamic evolutionary patterns of multi-agent collaborative governance for soil ero-
sion under the combined mechanism of PPP and carbon trading. The findings of this re-
search resonate profoundly with the existing literature on farmer behavior and collabora-
tive governance, while also making significant extensions in terms of dynamic mechanism
characterization and system barrier diagnosis.

First, regarding the influence of government-private sector synergy on farmers’ par-
ticipation, prior studies have widely indicated that government regulation and market
incentives are crucial external factors affecting farmers’ land-use decisions and engage-
ment in governance. For example, based on evolutionary game analysis, Chen et al.
found that government policy interventions significantly influence farmers’ land aban-
donment behavior [32]; Zhou et al. and He et al. further emphasized that, in the context
of agricultural green production and non-point source pollution control, strategic coordi-
nation between the government and enterprises is a key condition for promoting farmer
participation. The simulation results of this study build upon this finding by showing that
effective government regulation and proactive governance by private sector, do not func-
tion in isolation; rather, they form a positive feedback mechanism through synergistic
evolution, thereby significantly enhancing the stability of farmers’ participation in soil
erosion control and improving overall system governance performance.

Second, in terms of costs and incentive mechanisms, existing studies often examine
from a static or single-agent perspective how high governance costs and unreasonable
incentives may suppress farmers’ participation willingness [32]. By introducing
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government regulatory costs and subsidy structures, this study further reveals the inter-
nal mechanism of rational government withdrawal from regulation when regulatory costs
are excessively high or subsidy arrangements are imbalanced, as well as the subsequent
diffusion of passive governance by enterprises and negative behaviors among farmers.
This provides a dynamic evolutionary perspective on the formation pathway of multi-
agent coordination failure.

Regarding penalty mechanisms, He et al. pointed out that insufficient penalties
weaken the enthusiasm of enterprises for governance, thereby affecting governance out-
comes. The results of this study further indicate that, when penalty intensity fails to effec-
tively alter the expected returns of social capital, the system falls into a “constraint failure”
state, characterized by increased speculative behavior by enterprises, withdrawal of gov-
ernment regulation, and a sustained decline in farmers’ participation willingness, forming
a hard-to-reverse cycle of governance failure.

Furthermore, concerning the role of information dissemination and socio-psycholog-
ical factors, Yang et al. analyzed the influence of publicity and social atmosphere on resi-
dents’ green behavior by using a coupled dissemination—-game model. Building on this,
the present study finds that although government publicity and social atmosphere oper-
ate through different pathways, both contribute to stabilizing farmers’ participation by
enhancing cognitive levels and social trust, thereby suppressing the diffusion of an “im-
munized” state and promoting the system’s evolution toward a high-participation, high-
coordination governance equilibrium.

Finally, regarding risk factors, Liu et al. and Wang et al. used empirical evidence to
demonstrate that risk perception and social security levels significantly influence farmers’
land transfer and participation decisions [21,22]. The results of this study are consistent
with the direction of these studies and further reveal, from an evolutionary mechanism
perspective, how social insurance participation and moderate risk perception jointly con-
stitute a risk mitigation mechanism, thereby strengthening farmers’ confidence and long-
term stability in participating in governance.

The dynamic patterns and key-parameter sensitivities revealed by the model provide
an integrated theoretical framework for diagnosing the real-world barriers to farmer par-
ticipation in under the PPP governance model. Within this framework, it becomes clear
that farmers do not face a single constraint, but rather a multidimensional system of in-
terwoven obstacles. First, high participation and opportunity costs significantly weaken
farmers’ willingness to engage, especially under uncertain returns. Second, when govern-
ment regulatory costs are excessive or subsidy schemes are poorly designed, the institu-
tional credibility of PPP projects is undermined, eroding farmers’ confidence in long-term
cooperation. Moreover, insufficient penalty intensity may induce opportunistic behavior
by private sector, further weakening farmers’ trust in the governance system. At the same
time, inadequate policy communication and a weak social atmosphere constrain the dif-
fusion of positive information, while low levels of social security and heightened risk per-
ceptions amplify farmers’ exposure to uncertainty during the participation process. Taken
together, these factors constitute the major barriers to farmer participation within the PPP
framework. The discussion results indicate that insufficient participation does not stem
from any single cause, but rather from the interactive effects of economic incentives, insti-
tutional credibility, and the socio-psychological environment. This further highlights the
importance of systemic institutional design and multi-dimensional policy coordination in
the governance of soil erosion under PPP arrangements.
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6. Conclusions and Recommendations
6.1. Conclusions

In addressing the issue of farmers’ participation willingness in soil erosion control
under the Public—Private Partnership (PPP) model, this study integrates a dynamic group
model with a tripartite evolutionary game model involving the government, enterprise,
and farmers. It systematically analyzes the strategic interactions among these agents and
the dynamic evolution of farmers’ participation behavior. The main findings are as fol-
lows:

(1) Effective government regulation coupled with proactive governance by enterprise
significantly increases the proportion of farmers participating in soil erosion control.
Conversely, the absence of government oversight and passive governance by enter-
prise result in a continuous decline in farmers’ participation willingness and a rise in
the proportion of non-participants, considerably weakening governance effective-
ness.

(2) Lower government regulatory costs and moderate subsidies to enterprise and farm-
ers help enhance farmers’ participation willingness. Excessively high regulatory costs
or subsidy expenditures may undermine the government’s regulatory motivation,
triggering passive governance by enterprise and reduced farmers participation,
thereby lowering the operational efficiency of the governance system.

(3) When penalty intensity is insufficient to constrain the behavior of enterprise, a ten-
dency toward passive governance emerges. This weakens the government’s incen-
tive to regulate and leads to a sustained decline in farmers’ participation willingness,
making it difficult to sustain stable and effective governance.

(4) Enhanced government publicity and a favorable social atmosphere significantly in-
crease farmers’ participation willingness in soil erosion control, promoting the sys-
tem’s evolution toward a positive pattern characterized by “high awareness, strong
trust, and broad participation.”

(5) A well-developed social security system and a moderate level of risk perception help
establish a risk mitigation mechanism for farmers’ participation. These factors signif-
icantly raise the proportion of active participants and contribute to a relatively stable
state of high engagement within the system.

6.2. Recommendations

In promoting soil erosion control, the government plays a crucial leading role. To
achieve governance objectives, the government can systematically advance in the follow-
ing key areas:

(1) Establish a precise and efficient regulatory system that integrates government over-
sight with public supervision. Utilize technological means to enhance procedural
transparency and accountability, effectively curbing opportunistic behavior while
optimizing regulatory costs.

(2) Implement performance-based, differentiated subsidy policies. Shift fiscal support
from “universal distribution” toward “results-oriented incentives,” avoiding the
crowding-out effect of excessive subsidies on regulatory motivation and overall gov-
ernance efficiency.

(3) Foster a positive social environment for participation. Strengthen policy communi-
cation and community guidance to raise farmers’ awareness and social trust, lever-
aging social learning effects to encourage the spontaneous diffusion of participatory
behavior.

(4) Improve risk-sharing social security mechanisms. Link social insurance programs
with governance projects, and design reasonable risk-compensation and sharing
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arrangements to stabilize farmers” long-term income expectations and reduce partic-
ipation hesitancy.

(5) Encourage technological innovation and management optimization by social capital.
Through technological advances and improved management models, continuously
reduce governance costs and enhance ecological outputs, thereby consolidating pro-
ject profitability and farmers’ confidence.

(6) Establish a dynamic evaluation and adaptive adjustment mechanism. Develop a
multi-dimensional governance performance assessment framework and dynamically
link its outcomes with regulatory and subsidy instruments, ensuring the governance
system can continuously learn and optimize.

This study analyzes the dynamic interactions, influence transmission paths, and
group evolution patterns among the government, enterprise, and farmers in the collabo-
rative soil erosion management using dynamic evolutionary game theory and dynamic
group model systems. It offers insights for the formulation of soil erosion management
policies, but certain limitations still exist. First, the model uses a universal analytical
framework, failing to fully consider the regional differences in soil erosion types, eco-
nomic development levels, and socio-cultural characteristics between the northern and
southern regions of China. This has somewhat affected the applicability of the research
conclusions in specific regions. Secondly, the model treats regulatory costs, social atmos-
phere, risk perception, and other factors as independent variables, without adequately
capturing the potential nonlinear interactions between these factors, thereby simplifying
the complex coupling mechanisms in the real-world system. Future research could deepen
the exploration of the synergistic and offset effects among multiple factors by conducting
regional comparative analysis and introducing system dynamics methods and conducting
empirical validation through field surveys in representative regions such as Chongqing,
further enhancing the model’s explanatory power and practical guidance value.
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