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Abstract

Agricultural Heritage Systems (AHS) are pivotal in preserving rich agricultural production experience and traditional
culture, as well as in maintaining biodiversity and promoting sustainable development in agriculture and rural
economies. However, climate change poses significant threats to these systems, such as ecological degradation,
biodiversity loss, and shifts in agricultural production patterns. This study, grounded in theories of information asym-
metry and bounded rationality, constructs evolutionary game models for adaptive management of AHS under market
mechanisms and government guidance. By employing stability analysis and numerical simulation with Delay Differen-
tial Equations (DDE) that consider historical delays, and through sensitivity analysis, this research delves into the stra-
tegic evolutionary outcomes of stakeholders under various scenarios. It aims to provide theoretical insights and policy
recommendations for the dynamic protection and adaptive management of AHS in the face of climate change. The
findings indicate that the public goods nature of AHS, alongside externalities and information asymmetry, leads

to market failure. Sole reliance on autonomous actions by farmers and meteorological departments is insufficient

for optimal resource allocation and effective protection. Government intervention, through regulatory and incen-

tive measures, can effectively mitigate market failures and steer adaptive management of AHS towards efficiency

and sustainability. Moreover, the study identifies key factors for adaptive management, such as enhancing stakehold-
ers'initial willingness to participate, reducing the costs of adapting to climate change, optimizing cooperative benefit
distribution mechanisms, and increasing the profitability of resource cooperation. Sensitivity analysis of government
subsidies and penalty mechanisms further reveals the complex and critical role these policy tools play in fostering
stakeholder engagement. Based on these findings, the study recommends enhancing initial participation willingness,
controlling transformation costs to alleviate economic burdens, optimizing benefit distribution mechanisms to boost
cooperative resource profitability, and establishing dynamic subsidy and penalty mechanisms for optimal resource
allocation. The theoretical and practical contributions of this research lie in applying theories of information asym-
metry and bounded rationality to the adaptive management of AHS under climate change, enriching the theoretical
framework in this field, and providing scientific decision-making support for policymakers. By demonstrating an effec-
tive path for AHS protection through combined government and market mechanisms in the context of global climate
change, this research holds significant theoretical and practical implications for enhancing the efficiency of adaptive
management of AHS, protecting, and inheriting valuable agricultural cultural heritage.
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Introduction

In the context of global warming, rising sea levels,
and increasing frequency of extreme weather events,
climate change has become a key factor affecting
socio-economic growth, societal welfare, and the sus-
tainable development of ecological environments.
Thus, at the 28th United Nations Climate Change
Conference (COP28) held in the United Arab Emir-
ates in November 2023, the international community
was challenged to adopt bold and effective measures to
address the climate crisis. Agriculture, being one of the
industries most sensitive to climate change, exhibits a
complex interplay with climatic conditions. Climate
change, by increasing the frequency and intensity of
extreme weather events such as droughts and floods,
directly impacts the growth cycles, yield, and quality
of crops, thereby reducing the production efficiency
and income of farmers. Consequently, Agricultural
Heritage Systems (AHS) are particularly vulnerable to
climate impacts [1]. In response, the Food and Agricul-
ture Organization (FAO) launched a Global Important
Agricultural Heritage Systems (GIAHS) protection pro-
ject in 2002, with support from the Global Environment
Facility (GEF). The project aims to establish protection
systems for AHS, landscapes, biodiversity, and culture,
to raise awareness and knowledge among farmers about
the conservation of traditional agricultural culture,
and to utilize this knowledge to face developmental
challenges, thereby promoting sustainable agricultural
development. Specifically, the project seeks to dynami-
cally protect and adaptively manage traditional agri-
cultural systems that meet certain criteria on a global
scale. However, the dynamic protection and adaptive
management of AHS is a complex systemic project. Its
core lies in balancing traditional and modern farming
techniques to ensure that AHS can continue to adapt
and develop in the face of external pressures such as
climate change. Active participation from relevant
stakeholders is crucial for the conservation of cultural
heritage [2]. The process of dynamic protection and
adaptive management of AHS is a typical evolutionary
game, where the behavior and decisions of participat-
ing entities are driven not only by their own interests
but also by the actions of others and environmental
changes. Therefore, how to effectively utilize evolu-
tionary game theory to clarify the behavioral strategy
choices and evolutionary processes of stakeholders
involved in AHS protection under climate change, and

to promote dynamic protection and adaptive manage-
ment of AHS on a fair and cooperative basis, remains a
pressing issue to be addressed.

In the context of globalization and climate change, the
protection of Agricultural Heritage Systems (AHS) is
emerging as a distinct and significant branch of research
within the social sciences. Current studies on the protec-
tion of AHS provide a solid theoretical foundation for
this paper. The concept of agricultural heritage, initially
defined by Prentice [3], encompasses a range of agricul-
tural activities including farming, dairying, agricultural
museums, vineyards, fishing, and mining. In 2002, the
Food and Agriculture Organization (FAO) defined AHS
as unique land-use systems and agricultural landscapes
formed through long-term co-evolution and dynamic
adaptation with their rural environments. These systems
and landscapes, characterized by rich biodiversity, meet
local socio-economic and cultural development needs
and foster regional sustainable development. Since 2005,
the FAO has identified 67 Globally Important Agricul-
tural Heritage Systems (GIAHS) across 22 countries, with
China, Japan, and South Korea establishing their own
AHS protection systems [4—7]. AHS have become a focal
point of research, and their protection is recognized as
a crucial pathway to promoting sustainable agricultural
development. These systems, with their longstanding
land-use patterns and production methods, are highly
adapted to local natural environments, forming unique
ecosystem services. For instance, the rice-fish ecosystem
in Qingtian, China, has developed a distinctive carp pop-
ulation through long-standing practices of rice field fish
farming, enhancing genetic biodiversity. The interaction
between fish and rice, where fish excrements serve as fer-
tilizer for rice, improves soil fertility, reduces pests and
diseases, thereby promoting rice growth and effectively
reducing greenhouse gas emissions [8—12]. The Hani ter-
raced fields in China rely more on irrigation systems for
water regulation to enhance soil productivity and possess
a certain resilience against extreme droughts [13-16].
However, despite the numerous benefits of AHS, current
climate change poses significant risks to their protec-
tion, and most countries lack a comprehensive dynamic
protection mechanism and adaptive management frame-
work for AHS under the backdrop of climate change.
This deficiency makes many valuable AHS vulnerable to
extinction due to extreme weather events [17-21].

To summarize, extensive research has been con-
ducted on AHS, laying a solid foundation for
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subsequent studies in this field. However, the process
of protecting AHS under the context of climate change
involves not only the AHS themselves but also the com-
plex interplay of interests among farmers, climate ser-
vices department, and governments. To date, no study
has explored an adaptive management framework for
the protection of AHS under climate change using evo-
lutionary game theory to coordinate the complex deci-
sion-making behaviors among stakeholders. In light of
this, our paper constructs an evolutionary game frame-
work for the dynamic protection and adaptive man-
agement of AHS under climate change. By conducting
an in-depth analysis of the complex decision-making
interactions among stakeholders involved in AHS pro-
tection, this paper explores how adaptive management
mechanisms can be designed under different policy and
market conditions to incentivize stakeholders to pro-
tect AHS while ensuring their own interests.This paper
employs evolutionary game theory to analyze the inter-
actions and strategic evolution among farmers, climate
services department, and governments in the adaptive
management process of AHS under climate change.
Unlike traditional evolutionary game approaches that
use Ordinary Differential Equations (ODE) for numeri-
cal simulation, this paper introduces Delay Differential
Equations (DDE) to simulate decision-making, consid-
ering the influence of previous decisions. This approach
more accurately models real-world decision-making
processes, allowing for a more precise exploration of
the dynamics within this game system. Consequently,
this facilitates the design of policy tools that guide
stakeholders towards positive interactions, collectively
enhancing the protection of AHS and promoting sus-
tainable agricultural development.

Materials and methods
Evolutionary game model of “farmer vs. CSD” under market
mechanisms
Fundamental assumptions of the model
In this section, we will provide a brief overview of evo-
lutionary game theory and delay differential equations
to enhance readers’ understanding of these concepts and
make them more accessible to a broader audience.
Evolutionary Game Theory: Evolutionary game theory
is a mathematical framework that studies how strategic
behaviors evolve within a population over time. It inte-
grates game theory and dynamic systems theory to ana-
lyze how individuals or groups adjust their behaviors in
response to various choices and environmental condi-
tions. In the context of agricultural heritage systems,
evolutionary game theory aids in understanding the deci-
sion-making processes and strategy selections of different
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stakeholders, as well as how these choices influence the
evolution of the entire system.

Delay Differential Equations: Delay differential equa-
tions are a specialized class of differential equations
where the current state of the system is influenced not
only by present variables but also by past states. These
equations are particularly useful for describing systems
with time-delay effects. In agricultural systems, policy
implementation, environmental changes, and other fac-
tors can result in delayed behaviors or outcomes, mak-
ing delay differential equations highly relevant in such
studies.

By combining evolutionary game theory and delay dif-
ferential equations, we can more accurately simulate and
predict the complex dynamics of agricultural heritage
systems. This approach allows us to consider the evolu-
tion of decision-making behaviors and the time-delay
effects within the system, providing an effective method
for analyzing and guiding system behavior over long time
scales.

This paper establishes a two-party evolutionary game
model between farmers and Climate Service Depart-
ments (CSD) under market mechanisms to explore
whether the adaptive management of Agricultural
Heritage Systems (AHS) necessitates government
participation.

Assumption 1: In the evolutionary game model of
adaptive management for Agricultural Heritage Sys-
tems (AHS) under market mechanisms, two main types
of participants are involved: farmers and Climate Ser-
vice Departments (CSD).Farmers may choose to actively
respond to climate change by adopting diverse planting
strategies and effective irrigation management plans, or
they may opt not to take any measures. Concurrently,
CSD can decide whether to enhance the precision and
diversity of their meteorological services.CSD play a
critical role in providing climate-related scientific data,
information, and solutions. Their core functions include
monitoring and data collection, climate prediction and
early warning, research and development, information
dissemination, and policy advising. The structure and
responsibilities of CSD may vary by country due to differ-
ing national needs, resources, and policy environments.
In some countries, dedicated CSD may not exist, and
their functions may be dispersed across various govern-
mental departments, such as meteorological bureaus,
environmental agencies, and disaster management
organizations. Regardless of their form, the aim of CSD
is to facilitate better adaptation and response to climate
change. When both farmers and CSD actively engage in
addressing climate change, they can collaborate to inte-
grate resources, providing precise climate forecasting
services tailored to AHS regions. Linking climate service
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Table 1 Parameters of the Evolutionary Game Model under Market Mechanisms

Variables Meaning of the variables Notes

X Willingness of Farmer to participate 0<X<i

Y Willingness of CSD to participate 0<y<l

R The intrinsic income of a farmer -

RC The intrinsic income of CSD -

HF Resources expended by farmers to address climate change -

HC Resources for CSD to improve precise weather services -

W((pF,t) The value coefficient of Farmer resources 0< W((pF,r) <]
W(eS ) The value coefficient of CSD resources 0<W(St) <1
Cloho) The intrinsic costs of a Farmer -

CleSY The intrinsic costs of a CSD -

L((pF,t) The risk coefficient of Farmer facing climate disasters 1 <L(@F,r)
L((pc,t) The risk coefficient of CSD facing climate disasters 1 <L(<pc,t)

a Benefit distributing coefficient O<a<l

B The ability to convert resources into profit 0<B<1

products with AHS-related tourism projects—such as
certifying climate-themed products and recommending
optimal visiting periods—can significantly enhance the
visitor experience, thereby generating higher economic
returns. This collaborative model not only contributes to
the sustainable development of AHS but also fosters local
economic prosperity. During the evolutionary game pro-
cess, it is assumed that all participants possess bounded
rationality and face information asymmetry. Through
multiple rounds of interaction, they ultimately discover
the optimal strategies for their respective roles.
Assumption 2: Farmers and CSD can choose whether to
actively participate in the adaptive management of AHS
under climate change, with their willingness to engage
in cooperative behavior denoted as X and Y, respectively,
and their reluctance to participate as 1-X and 1-Y. Based
on this assumption, specific meteorological services pri-
marily involve providing short-term, medium-term, and
long-term weather forecasts, as well as issuing warnings
for extreme weather events. For example, the National
Oceanic and Atmospheric Administration (NOAA) in
the United States offers detailed daily weather forecasts
and disaster warnings [22]. By utilizing these services,

climate service departments assist farmers in adjusting
their planting strategies, thereby better adapting to cli-
mate change and protecting agricultural heritage.

Assumption 3: Farmers and CSD have inherent
incomes defined as Rf and RS, respectively. Both parties
also incur fixed costs, denoted as C(¢%,t)for farmers and
C(¢S,t)for CSD. The resources provided by farmers and
CSD to combat climate change are defined as H' and
HE, respectively. The resources expended by farmers
and CSD in addressing climate change are represented
by W(¢f,t) and W(¢St). If farmers choose not to adapt
to climate change and CSD does not provide precise
meteorological services, farmers will face a certain risk
of natural disasters, with the risk coefficient denoted as
L(¢F,t). Similarly, if CSD fails to provide precise mete-
orological services during significant weather disasters,
its social reputation and market share might suffer, with
the loss coefficient represented as L(¢S,2).

Assumption 4: Collaboration between farmers and
CSD generates certain benefits. The paper defines a
as the benefit distribution coefficient for farmers after
collaboration, with the corresponding benefit distri-
bution coefficient for CSD being 1-a. The coefficient

Table 2 Payoff Matrix for Evolutionary Game under Market Mechanism

csD
y 1y
Farmer X RE +ap(HF +KC) = W (g, 0)H —C (¢ 1) RE — W (e 0 )HF —C(pF 1)
RE+ (1 —a)B(HF +KC) — W(gC t)HE — C(¢C 1) RE — W (g t)HE — C (¢S 1)
1-x RF—C(pF 1) RE —L(pf,0)C(eF 1)
RC — C((pC,t) RC L((pC t)C((pC t)
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represents the ability of both parties to convert collabo-
rative resources into actual value.

Based on these assumptions, the paper constructs the
parameters and payoff matrix for the two-party evolu-
tionary game model of adaptive management for AHS
under climate change, as shown in Tables 1 and 2.

Solution of evolutionarily stable strategies under market
mechanisms

This paper sets to determine the expected benefits of
farmers choosing to actively participate in the protec-
tion of Agricultural Heritage Systems (AHS) under the
context of climate change as Fy11, the expected benefits
for not actively participating as Fx12, and the average
expected benefits as Fy,, as delineated in Eq. (1):

Fxll = y(RF +aBHF + HS) — W(F, HF — C(<pF,t>)+
1=y (R = W' 0H" ("))

Fx12 = y(RF - C(<pF,t)> +(1-y) (RF — LeF,0C(e", t))
Fx = xFx11 + (1 — x)Fx12
(1)
The strategy selection dynamics of farmers in the adap-
tive management evolutionary game of AHS under cli-
mate change are represented by Eq. (2):

dx — F C
F(x) = o= x(Fx11l — Fx) = x(1 — x) (yaﬁ(H +H>)

+yC@, 0 = L@, 0) = W(gF,OHT — C(T 1))
)

71— {]11,]12}
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Similarly, the expected benefits for Climate Service
Departments (CSD) actively participating in the pro-
tection of AHS under the context of climate change are
denoted as Fy11, for not actively pariicipating as Fy1o,
and the average expected benefits as F,., as specified in
Eq. (3):

@uzx@c+a—mﬁmf+H%

~W(C OHE ~ C@C.0)+

(=) (R = WS, 0HE ~ C°,0))
Eﬂzzx@c—cwﬁn)+u—xW?C—Lw90C@qw)

Fy = yFyl1 + (1 — y)Fyl12

3)

The strategy selection dynamics of CSD in the adaptive

management evolutionary game of AHS under climate
change are illustrated by Eq. (4):

d _
F(y) = 5 = y(By1 = Fy) =y = ) (x(L = a)p(H" + HE)
+xC (9%, )1 — L€, 1) — W9, )HE — C(°, t))
(4)

By combining Egs. (2) and (4), we derive the replica-
tor dynamics equation for the two-party evolutionary
game system of adaptive management in AHS under
climate change. Through stability analysis of the Jaco-
bian matrix, we obtain Jacobian J; as shown in Eq. (5):

J21,]22
NOTE :
J11 = (1= 20) (yap(H" +HE) +yCoF, 01 = Lig",0) = W, 01" = CoF,1)) -
J12 = x(1 — x) (aﬂ(HF +HS) + Cf, 01 — L, t))) ?
721 =y =) (A = )BHT + HO) + CC, 001 — LS, 1))
J22. = (1 = 29)(#(1 = )B(HT + HO) +2Ce, 01 — LS, 1) = WS, nDHE = C(eC, 1)

Table 3 Parameters for the Two-Party Evolutionary Game Model under Market Mechanisms

Parameter HF H¢ W(et) W(eSt) Cloft) CloSt) LigFt) L(St) a B

3 1 0.65 0.7 5 4 1.2 1.1 0.75 0.5
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Based on the parameters outlined in Tables 1, 3 pre-
sents the assigned values for the parameters of the
two-party evolutionary game model under market
mechanisms. Given the absence of successful case stud-
ies on adaptive management for the protection of AHS
under climate change, this paper primarily relies on
numerical simulations to demonstrate how changes in
certain parameters affect the stability of the evolution-
ary game system. For instance, it compares the impact
of market mechanisms versus government involvement
on the system’s stability and illustrates the phase dia-
grams as shown in Fig. 1. On the left side of Fig. 1, the
Ordinary Differential Equation (ODE) algorithm is used
without considering historical decisions, while on the
right side, the Delay Differential Equation (DDE) algo-
rithm accounts for participants’ historical decisions,
with a lag period of 1 year.

Observing Fig. 1, it is evident that under the given
parameters, regardless of whether historical decisions are
considered, the evolutionary game system for the protec-
tion of AHS under climate change cannot stably converge
to the optimal equilibrium point E4 (1,1). This indicates
that, in the absence of external incentives, farmers and
CSD lack the intrinsic motivation to participate in the
adaptive management of AHS. From the perspective of
individual rational behavior, when making decisions,
farmers and CSD tend to prioritize immediate economic
benefits and cost—benefit ratios, overlooking the long-
term collective benefits. However, the protection of AHS
inherently possesses the characteristics of a public good,
being non-excludable and non-competitive, which inevi-
tably leads to the “free-rider” problem. Therefore, the
introduction of external incentives by the government
is crucial, as government intervention can alter the ben-
efit structure of stakeholders, encouraging them to adopt
more proactive approaches in adapting to climate change
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and protecting AHS within the dynamic evolutionary
game system.

A tripartite evolutionary game model under government
guidance involving farmer, CSD, and the government

Basic model assumptions

In this paper, we introduce a tripartite evolutionary game
model for the adaptive management of Agricultural Her-
itage Systems (AHS) under the guidance of government
intervention, incorporating Hypothesis 5.

Assumption 5: posits that in scenarios where farm-
ers actively implement measures to combat climate
change and Climate Service Departments (CSD) pro-
vide accurate, high-quality meteorological services, the
government will grant corresponding subsidies to both
parties, denoted as M(H)for farmers and M(HS) for
CSD. Conversely, should farmers and CSD fail to actively
engage in combating climate change and protecting
AHS, the government will impose fines, with penalty
coefficientsP(H )for farmers and P(H®) for CSD. The
benefits generated by the government upon successfully
establishing an adaptive management mechanism for
AHS under climate change are represented as RS, while
the inherent costs incurred during the participation in
AHS adaptive management are denoted as CC. If the gov-
ernment opts not to participate in AHS adaptive manage-
ment, it incurs neither benefits nor costs. Throughout the
tripartite evolutionary game process, farmers, CSD, and
the government exhibit bounded rationality and asym-
metrical information, ultimately identifying optimal
strategies through repeated games.

Based on these assumptions, this paper reconstructs
the parameters and payoff matrices for the tripartite
evolutionary game model of AHS adaptive management
under climate change, guided by government interven-
tion, as shown in Tables 4 and 5.

Fig. 1 Phase Diagrams of the Two-Party Game Dynamic System under Market Mechanisms
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Table 4 Parameters for the Tripartite Evolutionary Game Model under Government Guidance

Variables Meaning of the variables Notes

X Willingness of Farmer to participate 0<X<i

Y Willingness of CSD to participate 0<y<l

z Willingness of Government to participate 0<z<1

R The intrinsic income of a farmer -

RC The intrinsic income of CSD -

H Resources expended by farmers to address climate change -

HC Resources for CSD to improve precise weather services -

W(e't) The value coefficient of Farmer resources 0<W(eht)<1
W(eSt) The value coefficient of CSD resources 0<W(St) <1
Cloft) The intrinsic costs of a Farmer -

C((pc,t) The intrinsic costs of a CSD -

L((pF,t) The risk coefficient of Farmer facing climate disasters 1 <L(<pF,r)
LSy The risk coefficient of CSD facing climate disasters 1<LSt)

a Benefit distributing coefficient O<a<]

B The ability to convert resources into profit 0<B<1
M(H) Government subsidies for Farmer adapting to climate change 0<M(H )< 1
M(HC) Government subsidies for quality weather services by CDS 0<MH)<1
P(H") The government 's punishment for Farmer not adapting to climate change 0<PH)<1
P(H) The government 's punishment for CDS with poor weather services 0<PH)< 1
RC Benefits of government guidance -

e Costs of government involvement 0<C®

Table 5 Payoff Matrix for the Tripartite Evolutionary Game under Government Guidance

csb
Y 1Y
G Farmer RE+ap(H 4+ KS) + M(HO)HE = W (of, ) HF = C (¢ 1) RE+ M(HFYHF — w(of, ) HF — C(¢F 1)
‘ X RC 4 (1 — @) (H +KC) + M(HOYHC — W (g€, ) HC — C(¢C,1) RC— (14 P(HO))C (¢S 1)
RE — CO — M(H")HF — M(HC)HC P(HE)C (¢S, 1) — CO = M(KF)KF
Farmer 1-X RF— (14 P(H))C(¢F 1) RE— (L(¢f,0) +P(HT))C (o 1)
RE + M(HOYHE — W (S, t)HE — C (¢S, 1) RE — (L(p% 1) + (HC))C(q;C,r)
P(HF)C (¢ t) — CC = M(HC)HE P(H)C (¢ 1) + P(HO)C(e" 1) —
Farmer RE+ap(H +KS) —w(ef, 0)H —C(¢F 1) RE— W (ef, )H = C(¢f,1)
I X RE+ (1 —a)B(H +K) — W(eC, t)HC = C(eC,1) RC — C(¢C1)
0 0
Farmer RF —C(¢f 1) RE —L(ef,0)C(ef 1)
1 R — W(¢ t)HC — C(¢C,1) R = L(¢C0)C (1)
0 0

Tripartite evolutionary stable strategy under government
guidance

The paper sets the expected benefits for farmers choos-
ing to actively participate in AHS adaptive management

under climate change as Uyj;, the expected benefits
for not participating actively as U2, and the average
expected benefits as U, as specified in Eq. (6):
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Uxll = yz (RF + aB(HF + HS) + MHF)HE — W(oF, ) HF — C(¢F, t))+

(1= )z(RE + MHOHE = W (", )H = C(o", 1))+

y(1 = 2) (RE + apHF + HO) = WigF,0HF — CoF,0))+

1 =9 —2) (R = W(gF,0)H - CoF,0)

Ux12 = yz (RF — (1 +PH)CF, t)) +A -z (RF — (L(F, 1) + PHE)) C(oF, t))+

y(1—2)(RF = Cl¢F.0)) + 1 =0 —2) (R — Li”,0C(6" 1))

Ux = xUx11 4+ (1 —x)Ux12

The replicator dynamic equation for farmers’ strategy
selection in the evolutionary game of AHS adaptive man-
agement under climate change is given by Eq. (7):

Ux) = dx = x(Ux11 — Ux) = x(1 — x)

(yaﬂ HE + HE) +yCoF, (1 — L(gF, )+ ) o)
dt

2MHHHE + PHDC(9F, 1) — W(f,pH — C(oF, 1)

Similarly, the expected benefits for CSD actively par-
ticipating in AHS adaptive management under climate
change are set as Uj1,for not participating actively
as Uy12, and the average expected benefits as ﬁy, as
detailed in Eq. (8):

Uyll = xz (RC +(1—BHE + HS) + MHEOHE — W, )HE — C((pc,t))+

(1= 0)z2(RC + MGHOHE — W, 0HE - C(o, D)+

x(1—2z) (RC + A —a)BHF +HS — W€ )HC — C(¢C, t))+

(1—x)(1—2) (RC — WS, H)HE — C(°, t))

Uyl2 = xz (RC — (14 PH)C (¢S, t)) +(1— x)z(RC — (L%, 1) + PH))C(pC, t))+

x(1=2) (R = C(0) + 1 = m(1 - 2) (RS = LgC, 0C(, 1))
Uy = yUyll + (1 — y)Uyl12

The replicator dynamic equation for CSD’s strategy
selection in the evolutionary game is given by Eq. (9):

dy

1— HE + HC C0%, A — LS,
uty =2 - x(1 — a)BHE + HS) +xC(0C, 6)(1 — LS, )+ ) ©)

Uyll — Uy) = y(1 —
bt =ty == (z(M(HC)HC + PHOCC, 1) = W€, HE = C¢C,0)
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Finally, the expected benefits for the government
actively participating in AHS adaptive management
under climate change are set as 13, for not participating
actively as U1, and the average expected benefits as U,
as detailed in Eq. (10):

Uzll = xy(RG — ¢% - MHF)HF - M(HC)HC)+
a- x)y(P(HF)C(<pF, £ —CO — M(HC)HC)+
#(1 = ) (PHOC@E,0) = €& = MHDHE )+

(1 =01 = (PHACE, ) + PHO)C(C,8) - C°)
Uzl12 =0
Uz = zUz11 + (1 — 2)Uz12

(10)
The replicator dynamic equation for the government’s

strategy selection in the evolutionary game is given by
Eq. (11):
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Table 7 Signs of Eigenvalues for Local Equilibrium Points

Equilibrium point Eigenvalues translation Stability
A A2 A3

E1(0,0,0) +,- +,- +,- NESS
E2(1,0,0) +- +,- +- NESS
E3(0,1,0) +,- +,- +,- NESS
E4(0,0,1) +,- +- +- NESS
E5(1,1,0) +,- +,- + NESS
£6(1,0,1) +,- + +,- NESS
E7(0,1,1) + +,- +,- NESS
E8(1,1,1) - - - ESS

By combining Egs. (7), (9), and (11), we derive the rep-
licator dynamics equation for the tripartite evolutionary
game system of AHS adaptive management under cli-
mate change, guided by government intervention. Sta-
bility analysis of the Jacobian matrix yields Jacobian J, as
shown in Eq. (12):

dz _ xyRE + (1 — x)P(H)C(oF, 1)+
Uz) = = =z(Uz11 — Uz) = z(1 — (11)
(@)= g ==z n=20-2 < (1 —yPHC (S, t) —aMHHE — yMHO)HE — CC
J11,712,]J13
J2 = 1J21,]22,]23
J31,732,]733
NOTE :
yep(HE + HE) +yCF, )1 — L(gF, )+
J11 = (1 — 2x) - N oo F
2 MHFYHE + PHE)C(oF 1) — W, HF — C(oF, 1)
J12 = x(1 = ) («BHF + HE) + CoF,0)(1 - Lk, )
J13 = x(1 — x) (M(HF)HF + PHF)C(F, t))
721 =y( =) (A = )BHT + HO) + C@C, 00— LS, 1)) (12)

J22 = (1 —2y)<

723 = y(1 =) (MHOHE + PHOCC, 1)

J31=2z(1-2) (y — MHFHE —P(HF)C@F,L‘))

732 = 2(1 - 2) (xRS — MGHOHE — PHOCE, 1)

xyRE + (1 — x)P(HD)C (o, )+

J33 = (1 —2z)<

x(1 — ) BHE + HE) +xC (S, )1 — L(9C, )+
ZMHHE +PHC)C (9, 1) — W(pC, ) HE —

(1 —yPHCC,t) — aMH)HE —

C(gC, t))

yMHHC — CG)
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Table 8 Parameter Assignments for the Evolutionary Game Model under Government

Parameter HF H¢ O3] WSt Clohy CloSt) Lt L(gSt)
3 1 0.65 0.7 5 4 1.2 1.1
M(H) M(H) P(H) P(H) RC e a B
0.1 0.3 04 03 5 3 0.75 0.5

Fig. 2 Phase Diagrams of the Tripartite Dynamic System Evolution under Government

Building on the theoretical framework proposed by Lya-
punov [23], this paper delves into the issue of asymptotic
stability of equilibrium points within the tripartite evolu-
tionary game of adaptive management of Agricultural Her-
itage Systems (AHS) under the backdrop of climate change.
In evolutionary game theory, the stability of an equilibrium
point is a crucial indicator of whether the system can main-
tain its state over the long term. For an equilibrium point to
be considered asymptotically stable in evolutionary games,
it must represent a strict pure strategy Nash equilibrium,
as opposed to a mixed strategy Nash equilibrium. Based on
this theory, our study identifies eight locally stable equilib-
rium points through the dynamics equations of the tripar-
tite evolutionary game system, namely: E1(0,0,0), E2(1,0,0),
E3(0,1,0), E4(0,0,1), E5(1,1,0), E6(1,0,1), E7(0,1,1), and
E8(1,1,1). These points serve as the boundaries of the evo-
lutionary game, with internal points not representing pure
strategy Nash equilibria, but rather mixed strategy Nash

equilibria. Consequently, this study focuses on the asymp-
totic stability of these eight boundary points. According to
research by Friedman [24], the asymptotic stability of an
equilibrium point is determined by the signs of the eigen-
values of the Jacobian matrix; specifically, if all eigenvalues
of a Jacobian matrix are negative, the equilibrium point is
considered an Evolutionarily Stable Strategy (ESS). This
paper calculates the eigenvalues for each of the aforemen-
tioned eight equilibrium points using the Jacobian matrix
(see Table 6).

When conducting stability analysis of the evolutionary
model, this study encounters the challenge of numerous
and complex model parameters. To more accurately ana-
lyze model stability, we propose a fundamental assumption:
the payoff for participants must exceed the payoff for non-
participation. In other words, the decision-making behav-
ior of participants directly impacts their payoffs, satisfying
the following conditions:

[aﬂ(HF +HC) +M(HF)HF +P(HF)C<<pF,t) - W(goF,t)HF} =0

[(1 _ a)ﬂ(HF +HC) +M(HC)HC +P(HC)C<<pC,t) - W(#,t)HC} >0
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RG _ 6 —M(HF)HF —M(HC)HC} =0

The signs of the specific eigenvalues are presented in
Table 7.

Furthermore, this paper sets parameters that satisfy
the above conditions, and aside from government subsi-
dies and penalties, all other parameters remain consist-
ent with those in Table 3. This approach facilitates the
study of the importance of government participation in
the adaptive management of AHS against the backdrop
of climate change. Specific parameter assignments are
shown in Table 8, and the corresponding phase diagrams
are illustrated in Fig. 2. On the left side of Fig. 2, the Ordi-
nary Differential Equation (ODE) algorithm is applied,
while on the right side, the Delay Differential Equation
(DDE) dynamic system evolutionary phase diagram con-
siders participants’ historical decisions, with a lag period
of 1 year for the DDE algorithm.

The phase diagrams of the tripartite game dynamic
system under government guidance, as observed in
Fig. 2, reveal that with the addition of external regula-
tion and incentives by the government to the parame-
ters of Table 3, the adaptive management of AHS under
climate change more readily achieves an optimized
configuration of behavioral strategies. Even consider-
ing the inertia of historical decisions, the equilibrium
points of the dynamic evolutionary system no longer
converge solely to 0 but shift between E1(0,0,0) and
E8(1,1,1). This indicates that government external
regulation and incentives effectively guide the opti-
mization of resource allocation, promoting the devel-
opment of AHS protection strategies towards more
efficient and sustainable directions. Specifically, by
formulating relevant policies, the government provides
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necessary incentives and support for AHS protec-
tion, effectively guiding societal resources towards
the field of AHS adaptive management and correcting
the “market failure” phenomenon previously present.
Without government intervention, individuals are
unable to effectively coordinate their actions due to
externalities, leading to inefficient resource allocation.
However, under government regulation and incentives,
by altering the profit structure of actors, individuals’
enthusiasm for protecting AHS is stimulated, thereby
enhancing societal welfare. Therefore, government
regulation and incentives play a crucial role in the
adaptive management of AHS under climate change.

Results

This study utilizes MATLAB 2020b software to conduct
a simulation analysis of the evolutionary game system
for adaptive management of Agricultural Heritage Sys-
tems (AHS) under the context of climate change. The aim
is to explore the strategic changes of the tripartite game
participants in a more intuitive manner. This section
specifically investigates the impact of various factors on
the behavioral strategies of the game participants. When
the game system’s stable point is E8 (1,1,1), meaning all
parties choose to participate in protective behaviors, the
system achieves its optimal state. Given the absence of
successful case studies on the adaptive management of
AHS protection against climate change, this paper pri-
marily relies on numerical simulation. By setting specific
parameter constraints, it simulates the impact of different
parameter changes on the stability of the evolutionary
game system. Compared to market mechanisms and gov-
ernment participation, parameters are assigned to meet
the following constraints under unchanged conditions:

[aﬁ(HF + HO) +M(HF)HF +P(HF)C(¢F, £) — W(J,t)HF} >0

{(1 — w)BHF + HE) +M(HC)HC +p(HC)C(<pC, £) — W((pc, t)HC} >0

Fig. 3 Sensitivity Analysis of Initial Participation Willingness
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Fig. 4 Sensitivity Analysis of Transition Costs
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Specific parameter assignments are detailed in Table 8,
with a simulation timeframe of 25 years, iterating annu-
ally. The Delay Differential Equation (DDE) algorithm,
with a 1 year lag, is employed in this numerical simu-
lation. Its purpose is to introduce memory and learn-
ing mechanisms into the tripartite evolutionary game
model of AHS adaptive management. Decision-makers
fully consider the previous year’s decisions, aiding in
more accurately simulating real-world decision-making
behaviors.

Sensitivity analysis of initial participation willingness

Under the premise of unchanged parameters, this paper
further analyzes how the initial willingness of farmers,
climate services department, and governments affects
their strategy choices during the evolutionary game pro-
cess. A sensitivity analysis is conducted for the initial
willingness of the three parties, illustrated in Fig. 3. From
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Fig. 5 Sensitivity Analysis of Benefit Distribution
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left to right, Fig. 3 shows the changes in initial participa-
tion willingness of farmers, climate services department,
and governments under constant parameters, with the
x-axis representing time, the y-axis representing initial
participation willingness, and the z-axis representing sta-
tus variables.

Observations from Fig. 3 indicate that the critical value
of initial participation willingness in the adaptive man-
agement evolutionary game of AHS lies between 0.4 and
0.5. Below this threshold, the equilibrium point of the tri-
partite evolutionary game system converges to E1 (0,0,0),
indicating a general disinterest among parties in partici-
pating in AHS adaptive management. Notably, even if
the initial willingness of climate services department and
governments is below this threshold, their participation
willingness still exhibits “mountainous” fluctuations. This
phenomenon may stem from an initial lack of aware-
ness regarding the importance and urgency of address-
ing climate change. When extreme climate disasters
occur and impact the AHS, the participation willingness
of these departments and governments surges. However,
due to the weak participation willingness of farmers, the
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outcome still tends toward non-participation. Above the
threshold, the equilibrium point of the tripartite evolu-
tionary game system converges to E8 (1,1,1), indicating a
collective inclination towards participating in AHS adap-
tive management. Therefore, it is crucial for policymakers
to enhance the initial participation willingness of farm-
ers, climate services department, and other stakehold-
ers, and to establish effective collaboration mechanisms
to achieve adaptive management of AHS under climate
change. This could involve strengthening education and
training for multiple stakeholders and developing and
implementing policies that promote cooperation, thereby
fostering a societal atmosphere that proactively addresses
climate change and protects AHS, ultimately ensuring
sustainable protection and development of AHS.

Sensitivity analysis of transition costs

Building on the analysis in 3.1, this paper sets the initial
participation willingness of the three stakeholders at 0.5
and further examines how the costs of adapting to cli-
mate change for farmers and climate services department
affect their strategy choices during the evolutionary game
process. A sensitivity analysis of the transition costs is
conducted, with results depicted in Fig. 4. On the left
side of Fig. 4, the dynamic evolutionary outcomes of the
game are shown, with the x-axis representing time and
the y-axis representing status variables. On the right side,
specific evolutionary paths are illustrated, with the x-axis
for farmers, the y-axis for climate services department,
and the z-axis for governments. Parameters are varied
with transition cost ratios set at 0.3, 0.5, and 0.8.

Figure 4 reveals that when transition costs are low,
meaning the economic burden of adapting to climate
change is lighter for farmers and climate services
department, both exhibit higher enthusiasm for tak-
ing necessary measures to mitigate the impact of cli-
mate change on AHS. Lower economic costs reduce
the financial barriers to taking action, making proactive

Fig. 6 Sensitivity Analysis of Resource Profitability
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adaptation a rational choice for multiple stakeholders.
However, as the costs required for proactive adapta-
tion to climate change gradually increase, especially
when transition costs exceed the marginal threshold
of affordability for all parties, farmers, climate services
department, and governments tend to reduce or refrain
from participating in proactive climate change adap-
tation measures for AHS. Notably, farmers are more
sensitive to cost changes compared to climate services
department, possibly because they directly face the
impacts of climate change on agricultural production
and have weaker economic resilience, making them
more sensitive to cost fluctuations. This indicates that
in formulating policies to address climate change, the
government should consider the economic resilience
and cost sensitivity of different actors to ensure the
effectiveness and feasibility of policies. Therefore, to
encourage stakeholders to actively respond to climate
change and protect AHS, policymakers need to design
and implement a series of policy tools that can reduce
transition costs, thereby alleviating the economic bur-
den on farmers and climate services department in
adapting to climate change and effectively enhancing
their willingness and ability to participate in the adap-
tive management of AHS.

Sensitivity analysis of benefit distribution

Under the assumption that other parameters remain con-
stant, this study sets the initial willingness of the three
parties (farmers, climate services department, and the
government) to participate at 0.5, based on the analysis in
Sect. “Sensitivity Analysis of Initial Participation Willing-
ness”. It further examines how the distribution of benefits
between farmers and climate services department affects
their strategic choices during the evolutionary game pro-
cess. A sensitivity analysis of benefit distribution is con-
ducted, and the findings are illustrated in Fig. 5. In Fig. 5,
the left side displays the dynamic evolutionary outcomes

=01 602 803
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Fig. 7 Sensitivity Analysis of Government Subsidies

of the game, with the x-axis representing time and the
y-axis representing state variables. The right side shows
specific evolutionary paths, with the x-axis for farmers,
the y-axis for climate services department, and the z-axis
for the government. Parameters are adjusted for benefit
distribution ratios ranging from 0.1 to 0.9.

Figure 5 reveals that during the process of adaptive
management of Agricultural Heritage Systems (AHS)
under the backdrop of climate change, farmers tend to
withdraw from protective actions when they receive
lower benefits. This decision is influenced not only by
direct economic losses but also by the lack of sufficient
incentives from participating in protective activities. Sim-
ilarly, even if climate services department are willing to
engage in protective actions, the absence of farmers ulti-
mately leads them to withdraw. Therefore, to effectively
promote the protection of AHS, it is essential to estab-
lish an appropriate benefit distribution mechanism. This
mechanism should ensure that all stakeholders, including
farmers and climate services department, receive reason-
able benefits while also promoting the efficient allocation
of resources. Policymakers must delve deeply into the
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Fig. 8 Sensitivity Analysis of Government Penalties
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cost and benefit distribution of AHS protection activi-
ties to ensure a fair correlation between the efforts and
benefits of all parties involved. Specifically, policymak-
ers should lead the establishment of a multi-stakeholder
benefit-sharing mechanism, encouraging all parties in the
dynamic evolutionary game system to actively participate
in the protection of AHS under climate change.

Sensitivity analysis of resource profitability

Keeping other parameters constant and building upon
the analysis in Sect. “Sensitivity Analysis of Initial Partici-
pation Willingness’, this study sets the initial willingness
of the three parties to participate at 0.5. It further ana-
lyzes how the profitability of resources cooperatively uti-
lized by farmers and climate services department affects
their strategic choices during the evolutionary game pro-
cess. A sensitivity analysis of resource profitability is con-
ducted, and the results are depicted in Fig. 6. In Fig. 6, the
left side shows the dynamic evolutionary outcomes of the
game, with the x-axis representing time and the y-axis
representing state variables. The right side illustrates
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specific evolutionary paths, with the x-axis for farmers,
the y-axis for climate services department, and the z-axis
for the government. Parameters are adjusted for resource
profitability ratios ranging from 0.1 to 0.9.

Observations from Fig. 6 indicate that in the process
of adaptive management of AHS under climate change,
when the ability of farmers and climate services depart-
ment to convert cooperative resources into economic
value is low, all parties, including the government, tend to
abstain from participation. However, as the ability to con-
vert cooperative resources into economic value gradually
improves, the willingness of farmers and climate services
department to participate also increases. This suggests
that to more effectively promote the protection of AHS
under climate change, policymakers need to focus on
enhancing the resource conversion capabilities of farmers
and climate services department. This includes, but is not
limited to, providing technical support, enhancing mar-
ket access, and improving the value chain of agricultural
production and services. By doing so, direct economic
benefits from participation in protective activities can be
increased, thus boosting the willingness to participate.
Enhancing the resource conversion capabilities of farm-
ers and climate services department not only fosters a
proactive stance towards the protection of AHS but also
promotes the economic sustainability of AHS activities.
This is crucial for the long-term protection and sustain-
able development of AHS.

Sensitivity analysis of government subsidies
Under the assumption that other parameters remain
constant and building on the analysis in Sect. “Sensi-
tivity Analysis of Initial Participation Willingness”, this
study sets the initial willingness of the three key stake-
holders—farmers, climate services department, and the
government—to participate at 0.5. It further investigates
how the intensity of government subsidies impacts the
strategic choices of farmers and climate services depart-
ment within the evolutionary game process. A sensitiv-
ity analysis of government subsidy intensity is conducted,
illustrated in Fig. 7. In this figure, the left side presents
the dynamic evolutionary outcomes of the game, with
the x-axis representing time and the y-axis denoting state
variables. The right side depicts specific evolutionary
paths, with the x-axis for farmers, the y-axis for climate
services department, and the z-axis for the government.
The analysis explores changes in parameters when gov-
ernment subsidy intensities are set at 0.1, 0.2, and 0.3.
Observations from Fig. 7 indicate that within the con-
text of climate change, the government’s subsidy policy
exhibits a complex effect on the adaptive management
of Agricultural Heritage Systems (AHS). Specifically, as
the government’s subsidy intensity gradually increases,
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the willingness of farmers and climate services depart-
ment to participate indeed rises, indirectly validating
the effectiveness of financial subsidy measures in stimu-
lating grassroots stakeholders to engage in the adaptive
management of AHS. However, the continuous escala-
tion of this policy approach also leads to a decrease in
the government’s own willingness to participate. Once
the subsidy intensity reaches the government’s mar-
ginal rationality threshold, due to the excessive financial
pressure of subsidies, the government may withdraw its
support for the adaptive management of AHS. This phe-
nomenon highlights a core issue: while financial subsidy
strategies can effectively stimulate the participation will-
ingness of farmers and climate services department in
the short term, their sustainability is severely constrained
by the government’s fiscal capacity in the long term.
Therefore, constructing an adaptive management system
for AHS that can both promote active participation from
farmers and climate services department and maintain
sustained government support is crucial.

Sensitivity analysis of government penalties

With other parameters held constant and based on the
analysis in Sect. “Sensitivity Analysis of Initial Par-
ticipation Willingness’, this study sets the initial will-
ingness of the three stakeholders to participate at 0.5.
It further examines how the intensity of government
penalties affects the strategic choices of farmers and
climate services department during the evolutionary
game process. A sensitivity analysis of government
penalty intensity is conducted, illustrated in Fig. 8. In
this figure, the left side shows the dynamic evolution-
ary outcomes of the game, with the x-axis representing
time and the y-axis denoting state variables. The right
side depicts specific evolutionary paths, with the x-axis
for farmers, the y-axis for climate services depart-
ment, and the z-axis for the government. The analysis
explores changes in parameters when government pen-
alty intensities are set at 0.1, 0.3, and 0.5.

Observations from Fig. 8 reveal that in the context of
climate change, when the government’s penalty inten-
sity is low, even if the government actively participates
in guiding the establishment of an adaptive manage-
ment system for AHS, farmers and climate services
department tend to opt out of the system. This suggests
that in the absence of sufficient external constraints
and driven by self-interest maximization, farmers and
climate services department may adopt a wait-and-see
attitude. However, as the government increases penalty
intensity, the willingness of farmers and climate ser-
vices department to actively participate also gradually
strengthens. This indicates that an appropriate penalty
mechanism can effectively promote proactive actions
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from farmers and climate services department. From an
economic perspective, a suitable government penalty
mechanism can create an effective incentive and con-
straint system. By increasing the cost of non-participa-
tion or non-compliance with adaptive management, it
encourages farmers and climate services department
to weigh individual benefits against potential penalty
costs, thus opting to actively participate in the AHS
adaptive management system. Therefore, in formulat-
ing and implementing policies for the adaptive man-
agement of AHS, the government should thoroughly
consider penalty intensity to ensure that the penalty
mechanism can effectively prevent and reduce non-
compliant behaviors while encouraging and facilitating
active participation from farmers and climate services
department.

Conclusions and policy recommendations

Based on the asymmetry of information and bounded
rationality theories, this paper establishes both a two-
party evolutionary game model under market mecha-
nisms and a three-party evolutionary game model under
government guidance for the adaptive management of
Agricultural Heritage Systems (AHS), conducting stabil-
ity analyses. It discusses the strategic evolution outcomes
of various stakeholders under different conditions. Addi-
tionally, using Delay Differential Equations (DDE) that
account for historical delays, the paper performs numeri-
cal simulations and sensitivity analyses, providing a theo-
retical foundation for the dynamic conservation of AHS
under the backdrop of climate change.

The principal conclusions are as follows:

1. In the process of adaptive management of AHS under
the backdrop of climate change, relying solely on the
autonomous actions of farmers and the Climate Ser-
vices Department (CSD) is insufficient due to a lack
of intrinsic motivation and the inherent externali-
ties associated with the conservation of AHS. This
phenomenon, typically referred to as "market fail-
ure" in economics, indicates that rational choices
by individuals regarding the conservation of AHS,
which possess characteristics of public goods, often
result in collective action inefficiencies and increase
the prevalence of free-rider behavior. However, the
introduction of external regulations and incentives
by the government can effectively promote the adap-
tive management of AHS towards more efficient and
sustainable directions. By formulating relevant poli-
cies and providing necessary regulatory and incen-
tive measures, the government can not only correct
market failures but also optimize resource allocation
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and stimulate individual conservation efforts, thereby
enhancing overall social welfare. Therefore, govern-
ment involvement plays a critical role in the adaptive
management of AHS under the backdrop of climate
change.

. Sensitivity analysis on the initial willingness of vari-

ous stakeholders to participate in the adaptive man-
agement of AHS under climate change reveals that
when the initial willingness of all parties falls below
a critical threshold, the dynamic evolutionary game
system tends towards the equilibrium point E1
(0,0,0), where farmers, the CSD, and the government
are all unlikely to engage in adaptive management.
This reflects the difficulty of achieving effective adap-
tive management when initial willingness is insuffi-
cient, despite potential increases in willingness from
the CSD and government in response to extreme
climate events, due to the lack of proactive response
from farmers. Further analysis shows that when the
initial willingness of all parties exceeds the critical
threshold, the equilibrium point of the dynamic evo-
lutionary game tends towards E8 (1,1,1), indicating
that with higher initial willingness, farmers, the CSD,
and the government are more likely to jointly par-
ticipate in the adaptive management of AHS. Thus,
enhancing the initial willingness of farmers, the CSD,
and the government is key to successful adaptive
management.

. Sensitivity analysis on the cost of transitioning for

various stakeholders in the adaptive management of
AHS under climate change shows that when tran-
sition costs are low, farmers and the CSD are more
inclined to take effective proactive measures to
address climate change. This behavior pattern reflects
how lower economic costs can motivate stakehold-
ers to adopt adaptive management measures. How-
ever, as transition costs increase, especially when
exceeding the marginal rational threshold of stake-
holders, their willingness to participate significantly
decreases, indicating that higher transition costs
become a barrier to proactive action. Therefore, in
formulating policies to address climate change, the
government should consider the economic capacities
of different stakeholders and the sensitivity of cost
changes, aiming to minimize the economic burden
on farmers and the CSD.

. Sensitivity analysis on the distribution of benefits

and resource conversion among multiple stakehold-
ers in the adaptive management of AHS under cli-
mate change indicates that a reasonable distribution
of benefits is crucial for motivating farmers and the
CSD to actively participate in the conservation of
AHS. When the benefits derived from conservation
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activities are too low, their willingness to participate
significantly decreases. Thus, establishing a benefit
distribution mechanism that ensures all stakehold-
ers receive fair benefits and promotes the effective
allocation of resources is key to protecting AHS.
Additionally, enhancing the profitability of resources
is vital for directly increasing the economic benefits
of farmers and the CSD in conserving AHS. When
stakeholders have a low capacity to convert coop-
erative resources into economic value, even with
government guidance and support, it is challenging
to stimulate active participation. Therefore, to effec-
tively promote the adaptive management of AHS, the
government should focus on optimizing the benefit
distribution mechanism and enhancing the profit-
ability of cooperative resources.

. Sensitivity analysis on the subsidies and penalties
provided by the government in the adaptive man-
agement of AHS under climate change reveals that
these policy tools play a complex and crucial role
in stimulating the participation of farmers and the
CSD. Firstly, government subsidy policies can effec-
tively increase the willingness of farmers and the
CSD to participate by providing economic incen-
tives. However, continuously increasing subsidies not
only places financial pressure on the government but
may also lead to government withdrawal from con-
servation efforts once a certain threshold is reached,
affecting the sustainability of the policy. Secondly,
sensitivity analysis on government penalties shows
that an appropriate penalty mechanism can effec-
tively encourage active participation. At lower lev-
els of penalties, farmers and the CSD may adopt a
wait-and-see attitude, overlooking the importance of
adaptive management. As penalties increase, the will-
ingness of stakeholders to participate also strength-
ens, underscoring the importance of an appropriate
penalty mechanism in promoting the adaptive man-
agement of AHS.
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economic gains, environmental improvements, and
enhanced social reputation. For instance, integrating
AHS adaptive management with tourism and estab-
lishing markets for unique agricultural products can
increase economic benefits for stakeholders. Addi-
tionally, raising awareness about the importance of
AHS adaptive management through media promo-
tion and educational training, as well as awarding
certificates of honor to participants, can elevate their
social status. Furthermore, establishing transparent
and fair rules to protect the interests of all stakehold-
ers and reducing the barriers to participation are
essential steps toward increasing stakeholder engage-
ment.

. Controlling transition costs to reduce the economic

burden is another key aspect. In the process of AHS
adaptive management, farmers and the CSD inevi-
tably incur certain transition costs. If these costs are
not managed effectively, they can hinder participa-
tion in AHS adaptive management. Therefore, the
government can alleviate these costs through direct
financial subsidies, such as providing farmers with
drought-resistant crop seeds and improved irrigation
systems, and offering low-interest loans to the CSD to
address initial funding shortages. Moreover, the gov-
ernment should encourage the research and devel-
opment of technologies beneficial for AHS adaptive
management by fostering collaboration between
research institutions and businesses. This not only
enhances the availability and reliability of such tech-
nologies but also reduces their costs through large-
scale production and application. Lastly, considering
the uncertainties and potential risks associated with
climate change, the government should establish
risk-sharing mechanisms, such as agricultural and
climate insurance schemes, to distribute risks.

. Optimizing the benefit distribution mechanism and

enhancing the profitability of resources are vital for
stimulating active participation from all parties in the
adaptive management of AHS under climate change.

Therefore, when formulating related policies, the
government should ensure that farmers and the CSD
share in the economic returns from AHS adaptive
management. Initially, the government should guide
the commercial utilization of AHS, such as by devel-
oping tourism and specialty agricultural products,

Based on the conclusions drawn above, this paper
proposes the following policy recommendations for the
adaptive management of Agricultural Heritage Systems
(AHS) under climate change conditions:

1. Enhancing the willingness of farmers, the Climate

Services Department (CSD), and the government to
participate is crucial for the effective adaptive man-
agement of AHS in the context of climate change. To
achieve this, the government should design an appro-
priate policy framework that ensures all stakehold-
ers receive clear benefits from their involvement in
adaptive management. These benefits include direct

which not only improves the market profitability of
AHS resources but also provides economic incentives
to farmers and the CSD. During commercialization,
it is crucial to preserve the intrinsic characteristics
and ecological environment of AHS. Furthermore,
the government should optimize the benefit distribu-
tion mechanism to ensure that farmers and the CSD
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receive fair economic returns from the conservation
and utilization of AHS, for example, by establishing
cooperatives and joint-stock companies. Lastly, the
government must strengthen the regulation of AHS
conservation and utilization to prevent overexploi-
tation and unfair benefit distribution, ensuring the
dynamic protection and adaptive management of
AHS.

4. Establishing a dynamic subsidy and penalty mecha-
nism to optimize resource allocation is essential
in addressing market failures caused by the public
goods nature of AHS conservation and externali-
ties. On one hand, the government should adopt a
dynamic subsidy mechanism, adjusting the intensity
of subsidies based on the actual effects of AHS adap-
tive management and fiscal sustainability, to ensure
that subsidy policies not only stimulate stakeholder
participation but also do not impose excessive finan-
cial pressure on the government. On the other hand,
an appropriate penalty mechanism is an effective way
to encourage active participation from farmers and
the CSD. The government should design and imple-
ment effective penalty mechanisms that increase
the opportunity cost of inaction, thereby motivating
stakeholders to engage in AHS adaptive manage-
ment. Overall, in formulating policies for AHS adap-
tive management under climate change, the govern-
ment should seek a balance between subsidies and
penalties. By ensuring fiscal sustainability, the gov-
ernment should precisely target subsidies to farmers
and the CSD, while also designing and implementing
effective penalty mechanisms to increase the oppor-
tunity cost of negative behaviors, thereby encourag-
ing active participation in the adaptive management
of AHS.
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