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Abstract

The Beijing-Tianjin-Hebei region of China experiences overexploitation of groundwater (GW),
mainly through agricultural water use. Planting structure adjustment (PSA) has proved to be effective
in controlling GW use, although this inevitably affects the stakeholders. An ecological protection
compensation (EPC) policy has been implemented simultaneously with PSA to meet the compensation
needs of those who have lost profits. However, problems in policy design and implementation resulted
in insufficient sustainability of the EPC. This study aimed to resolve these problems fundamentally by
improving the current policy, based on the analysis of the interactions among the central government,
the local government, and the farmers. Firstly, a mechanism for implemented economic penalties for
violations was introduced. Secondly, the long-term interests and respective characteristics of all parties
were taken into consideration. Finally, a tripartite evolutionary game model was established. Analysis
based on evolutionary game theory allowed calculation of the constraints of the parameters in the model,
which can drive the model to evolve in the expected direction. Under these constraints, the numerical
simulations showed that: 1) information asymmetry should be minimized as much as possible during
policy implementation; 2) reducing costs can accelerate self-convergence, but will not affect other
participants; 3) the implementation of economic penalties can promote the evolution of the supervised
party to evolutionary stability strategy; 4) improving the level of effort by farmers in implementing the
policy is key to accelerating the evolution of the entire system.

Keywords: groundwater overexploitation, planting structure adjustment, ecological protection
compensation, tripartite evolutionary game, penalties
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Introduction

Both the economy and society have experienced
unprecedented development on a global scale over the
past few decades. However, this has come with the
cost of insufficient resources and environmental and
ecological challenges, which have aroused widespread
concern among governments, scholars, and the public
[1, 2]. In particular, many developing countries have
overexploited natural resources and sacrificed the
environment to achieve national industrialization and
modernization [3, 4]. Groundwater (GW) is an important
water resource which can provide a stable water supply
for agriculture, households, and industrial use in areas
in which surface water resources are relatively scarce
[5]. Irrigation accounts for about 70% of GW abstraction
annually and 40% of global total irrigation [6]. GW
is facing a crisis of overexploitation and pollution
due to population growth, expansion of industry and
agriculture, and poor management [7-11]. Studies have
shown that GW levels have generally declined globally,
particularly in the Mid-Atlantic region of the United
States, California’s Central Valley, northern India, the
Middle East, and the North China Plain (NCP) [12-17].
At present, the GW funnel with the largest area and
experiencing the fastest decline globally is in the NCP
[18]. Long-term GW overexploitation has resulted in
geological disasters and environmental problems, such
as ground fissures, ground subsidence, GW funnel, GW
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Fig. 1. The distribution of GW overexploitation areas in BTH.

pollution, and seawater intrusion [19-24]. China, similar
to most countries, has been formulating more effective
strategies to manage GW so as to achieve sustainable
development [25].

The water balance principle indicates two possible
methods for controlling GW overexploitation: (1)
increasing GW recharge by water diversion projects;
(2) reducing GW exploitation by increasing water
conservation efforts [26]. The latter approach can be
regarded as key to achieving sustainable GW use. The
China State Council issued the “Action Programme for
Comprehensive Treatment of GW Overexploitation in
NCP” in 2019. This program has adopted the Beijing-
Tianjin-Hebei (BTH) region in the northern part of the
NCP as a key area for the comprehensive treatment of
GW overexploitation. In Fig. 1, the distribution of GW
overexploitation areas in BTH was shown. The BTH
region forms a political, cultural, and scientific and
technological hub in China. Therefore, this region is
densely populated and contains developed industries.
Meanwhile, this region is also important for national food
production. The data provided by the Water Resources
Bulletin of Beijing Municipality, Tianjin Municipality,
and Hebei Province from 2004 to 2013 indicate that
72.8% of the total water consumed originated from
GW, with agricultural water consumption accounted for
62.8% of the total regional water consumption [27-29].
Thus, GW abstraction by agricultural sector is the main
driver of GW overexploitation in the BTH region.
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Planting structure adjustment (PSA) is the most
effective approach to solve overexploitation of GW by
agriculture. A winter wheat-summer maize rotation
cropping system has remained the main planting pattern
in North China for many decades [30, 31]. The central
government (CG) of China launched a pilot PSA project
in the BTH region in 2014. Under this project, the
cultivation of winter wheat in well irrigation district
was prohibited. In addition, the cultivation of rain-fed
crops was encouraged by introducing the cultivation of
oil crops and drought-resistant grains during the rainy
season. This planting mode was officially termed the
“one season of fallow and one season of rain farming
[32]. Farmers who have participated in PSA to conserve
GW resources have clearly suffered economic losses
due to PSA. Therefore, in response to farmers’ demands
for compensation, the government has formulated the
ecological protection compensation (EPC) policy to
compensate the farmers. Subsequently, it has been
proved to show that the EPC policy promotes the
sustainability of GW protection policies [26, 33].

The EPC policy of China is similar to the payments
for ecosystem services (PES), which mainly uses
economic means to regulate the relationships between
stakeholders [34]. The EPC was initiated in the 1980s
and has since been applied to the protection of forests,
wetlands, and the watershed water environment.

Most past studies on EPC have focused on the
calculation method and rationality of compensation
standards. Yang et al. [35] quantitatively assessed the
total ecological compensation for counties within the
BTH region based on ecological assets and county-
level economic development. Liu et al. [36] constructed
a water conservation compensation standard model
based on the cost and contribution to water quality and
water quantity related benefits, which they applied to
the “Paddy Land-to-Dry Land Program” in the Beijing-
Hebei region of China. Chu et al. [37] investigated the
willingness of local households to accept compensation
and identified the acceptable standard relating to
afforestation policies. Xie et al. [38] analyzed the factors
influencing the willingness of farmers to fallow winter
wheat as well as ecological compensation standards in
Hebei.

However, the aforementioned studies were based
on the assumption that all parties involved in the
EPC policy are able to fully perform their duties. In
reality, the fact that all parties aim to maximize their
own interests introduces the possibility that some
stakeholders may not fully implement the policy.
Therefore, there is value in analyzing the game
relationship between stakeholders.

Evolutionary game theory (EGT) is suitable for
analyzing dynamic cooperative relationships in which
stakeholders may change strategies based on the
information they have access to. EGT is particularly
useful for analysis of the mutual influence among
multiple entities within the implementation of policies
[39]. EGT has been successfully applied in China for the

analysis of the effectiveness of EPC in protecting water
resources and water environment. Lu and Webber [40]
established a tripartite game model of upper, middle,
and lower streams users through EGT and simulated
the evolutionary behavior of the game players within
water quality contestations in the river basin. They
then explored the mechanism and process controlling
changes in water quality contestations in the river basin.
Gao et al. [41] used EGT to explore the effectiveness
of EPC for the East Route of the South-to-North
Water Transfer Project. In particular, they analyzed
the interactions among the upstream government, the
downstream government, and the central government,
as well as the various factors affecting the behavior of
governments at all levels. Sheng et al. [42] studied the
strategies of upstream users, downstream users, and the
State Council Office in the East Route of the South-
to-North Water Transfer Project through a tripartite
evolutionary game model to explore an incentive-
compatible system of payments for watershed services.
The study highlighted the role of supervision and fines.
However, these studies mainly focused on the EPC of
surface water within the basin. Regrettably, there have
been almost no studies on the process of EPC policy for
GW protection.

Along with the implementation of EPC for PSA in the
BTH region, there have been some challenges hindering
the effectiveness of EPC. The local government (LG) is
not capable of fully and effectively supervising farmers
and neither can they provide technical guidance for
farmers to switch to other crops. In order to obtain
more economic benefits, farmers replanted on land that
was designated to remain fallow in winter. The solution
to these challenges is to improve the PSA policy itself
with the goal of sustainability.

Tripartite evolutionary game 1is a type of
evolutionary game. The three actors continue to improve
their behaviors and simulate successful strategies in the
evolution process, which in turn affects the evolution
process of the system composed of the three. Therefore,
the present study constructed a tripartite evolutionary
game model to improve the EPC for PSA. Within the
model, CG, LG, and farmers constituted the three
stakeholders of the game. The model attempted to
improve the sustainability of the policy by improving
the payoff structure of stakeholders and considering
the political losses, additional costs, and remedial cost
resulting from incomplete implementation. Economic
Penalties were added into the EPC for violations, which
are missing in the current system. Finally, numerical
simulation of the evolutionary stability strategy (ESS)
provided references for the formulation of parameters in
the EPC policy.

The remainder of this paper is organized as follows.
Section 2 introduces the method in detail, including the
basic problem, the basic assumptions, the construction
of a tripartite evolutionary game model, and the
replicated dynamic system as well as the constraint
relationship that the relevant parameters should satisfy
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to achieve the expected goal of EPC policy. The results
of model simulations are given in Section 3, along
with the results of analyzing the impact of changes
to parameters on the model. Section 4 presents the
research conclusions.

Material and Methods
Stakeholders and Problem Description
Stakeholders

Since the environmental policy in China is a top-
down policy, so is the EPC policy. The CG is primarily
responsible for the design of policies. The CG adopted
PSA with an EPC policy in BTH region in response to
agricultural overexploitation of GW. This EPC policy
involves three stakeholders: (1) the CG; (2) the LG and;
(3) the farmers. Farmers, as the implementer of the
policy, bear economic losses due to being prohibited
from planting winter wheat and switching to rain-fed
summer agriculture. The losses experienced by farmers
are compensated by the joint funding of CG and LG. The
LG is the agency of the CG and performs various roles,
such as supervising farmers, providing farmers with
technical guidance on planting, and bearing a certain
percentage of the compensation payouts. The CG, in
addition to contributing to the compensation payouts to
farmers and constructing the EPC policy, is responsible
for providing policy and technical guidance to the LG.
Fig. 2 shows that the stakeholders’ relationship of EPC
policy for PSA in the GW overexploitation area within
the BTH region.

Policy and Technical Guidance:

Problem Description

The EPC policy for PSA has already been in place
for 6 years in the BTH. Therefore, this policy has
greatly promoted the control of GW overexploitation.
However, the expansion of the scope of the pilot
program has exposed some challenges in the policy
itself. The most prominent challenge is that the LG
and farmers are unabThe effectiveness of policy often
depends on the execution of the policy by the LG. The
economic interests of the LG may conflict with the
PSA policy. LG usually selects the strategy with the
greatest expected return based on the characteristics
of the LG. The responsibilities of the LG include not
only supervising farmers in the process of PSA, but
also bearing a portion of the compensation fees, which
undoubtedly increase the cost to the LG in implementing
the PSA policy. In addition, the state of the economy
is important within the evaluation of LGs by the CG.
Some studies have identified the main reason for the
ineffectiveness of some China’s environmental policies
to be the focus of economic growth as the primary goal
of the LG [43]. These reasons may explain why LG is
motivated to not fully implement the PSA policy, which
is a short-sighted strategy. However, the violations of
LG have not been punished.

Farmers have experienced the most direct
economic loss due to the PSA and the reduction in
GW exploitation. Under the market economy system,
farmers can only be motivated to participate in the
PSA by obtaining a higher income by the adjustment
of planting structure. That is to say, maximizing self-
interest is the goal of farmers. The interest of farmers
in the PSA is closely related to opportunity cost,
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Fig. 2. The stakeholders’ relationship of EPC policy for PSA in the GW overexploitation area in BTH.
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income after labor transfer, and the income structure of
the family. Under the PSA, farmer income during the
fallow period includes compensation funds and income
from labor transfer. Farmers are motivated to replant on
fallow land or to reclaim new farmland when income
obtained through compensation and labor transfer is
insufficient to make up for the loss. Unfortunately,
the policy appears to be powerless for these violations
except for verbal warnings.

An examination of the current EPC policy and
existing challenges showed that the main reasons for
insufficient policy sustainability are a lack of penalties
for violations and an unreasonable income structure.
Therefore, these were the goals of the current study.

Construction of the Evolutionary Game Model
Basic Assumptions

The current study aimed to improve the EPC
policy to increase the sustainability of the policy.
Various influencing factors were incorporated into the
evolutionary model, including the levels of effort of the
three stakeholders, the political loss by the government
due to partial implementation of EPC, the remedial cost
paid by the CG during the later period, and the penalty
due to partial implementation. Therefore, this study
made the following assumptions:

Assumption 1: According to the EGT, every
stakeholder in the game is bounded rationality [44],
and the adoption of strategies by stakeholders depends
on the information they have access to. The CG, LG,
and farmers can either choose to implement the policy
fully or partially. Table 1 lists each stakeholder and
their respective strategies. Obviously, the game is
asymmetric.

Assumption 2: The ideal state of the EPC policy
is that all three stakeholders adopt the complete
implementation strategy.

Assumption 3: The CG adopts the maximization
of social welfare as the starting point within the
construction of EPC policy. The probability that the CG
provides complete policy guidance and strict supervision
to the LG is x € [0,1]. Accordingly, the probability

Table 1. The strategies of stakeholders.

Stakeholders | Symbol Strategies Code
Complete |
Central cg implementation
Government — -
Partial implementation 2
Complete |
Local lg implementation
Government . ;
Partial implementation 2
Complete |
Famers f implementation
Partial implementation 2

of partial implementation of the EPC is 1-x. The effort
level of the CG is 4, € [0,1] when it chooses the strategy
of partial implementation.

Under the situation of the CG choosing the strategy
of complete implementation, the CG will pay the cost
C,, which is used for the supervision and the policy
guidance of the LG. Since the LG falls beneath CG in
hierarchical structure, the CG has the jurisdiction to
punish the LG for violations, including an economic
penalty /7, and political accountability P. C, F,, and P
are only related to the level of effort taken by the CG.
At the same time, the CG bears some of the EPC fee E
for farmers in the proportion of 8 € [0,1].

Under a situation of CG choosing to partially
implement the strategy, the behavior of the CG will
result in political losses B, to itself, but also increase the
cost to LG in a proportion to (1-4,).

Assumption 4: For LG, suppose that the probability
of the LG conducting strict supervision and
comprehensive technical guidance to farmers is y € [0,1];
then 1-y is the probability that LG chooses the second
strategy. The level of effort is 4, € [0,1] when LG
chooses the strategy of partial implementation.

Under the situation of the LG chooses the strategy
of complete implementation, it will pay a cost C, and
part of the EPC fee (I — 0)E. The LG imposes an
economic penalty of F, to farmers who replant fallow
land or reclaim new farmland.

Under a situation of LG choosing partial
implementation, it will bear political losses B, from
farmers. Since LG is the agency of CG, the CG will
bear the political losses B, from farmers. Under this
strategy, the LG can obtain additional benefits (1-1,)
N while saving costs. The cost of farmers will also
increase at an increasing degree of (I-4,) since they
cannot obtain agronomic guidance.

Assumption 5: The strategy of the farmers will
revolve around the maximization of benefits. The
probability that the farmers will fully comply with the
agreement to adjust the planting structure is z € [0,1],
and the probability that farmers will violate the policy
is 1-z. 4, € [0,1] represents the level of effort by farmers
under partial implementation.

Farmers will receive an EPC fee of E if they adjust
planting structure according to the policy. During the
fallow period, farmers can engage in non-agricultural
work to obtain income 7' generated by labor transfer.
In addition, cost C, represents the loss resulting from
fallowing of land and switching to other crops, which is
the opportunity cost of participating in PSA policy.

T and C, will be reduced under the situation of
farmers choosing partial implementation. In this case,
GW will remain overexploited. Therefore, CG will
pay a remedy cost G for this behavior representing
subsequent remedial costs.

Assumption 6: The effect of PSA is to reduce the
amount of GW extraction and restore the GW level.
The ecological environment of the GW overexploitation
area will thereby improve. This represents the goal of
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formulating EPC policy for PSA. Correspondingly,
fallowing of agricultural land will reduce agricultural
output, resulting in a negative impact on the economy.

The ecological benefit of CG was set as V|, whereas
the economic loss was set as L,. The ecological benefit
and the economic loss of the LG were set as V, and L,
respectively.

Relevant notation and definitions are further
described in Table 2. Fig. 3 shows the benefits and
losses of every stakeholder under different strategies.
The dark green parts and dark gray parts in Fig. 3
represent the expenditure and income that need to be
added to the model after the EPC policy was improved
respectively.

Stakeholders’ Payoffs

As shown in Table 3, the present study established
a tripartite evolutionary game model payoff matrix of
eight strategy combinations among stakeholders. In the
strategy combinations, Q, represents the payoff of CG,
R, represents the payoff of LG, and S, is the payoff of
farmers, where i = 1,2,...8.

When CG, LG, and farmers all choose the strategy
of complete implementation.

The payoff of CG is defined as:

O=Vi—-L-Ci—0xE

M
The payoff of LG is defined as:
Ri= Vz—Lz—Cz—(l—@)E
@
The payoff of farmers is defined as:
Si=E+T-Cs 3)

When CG and farmers both choose the strategy
of complete implementation and the LG chooses the
strategy of partial implementation.

The payoff of CG is defined as:

O=V1—-Li—Ci—6E— B2+ F\ @)

The payoff of LG is defined as:

Rz=Vz—L2—12C2—(1—9)E—FI—P—Bz+(1—/12)N

®)
The payoff of farmers is defined as:
S2=E+T—-C3—(1-42)Cs
(©)
When CG chooses the strategy of partial

implementation, LG and farmers both choose the
strategy of complete implementation.

Table 2. Parameters symbol descriptions.

Parameters Descriptions
. CG’s probability with complete
implementation strategy
LG’s probability with complete
Y implementation strategy
. Farmers’ probability with complete
implementation strategy
Vv CG’s ecological benefit due to farmers’ full
! implementation
y LG’s ecological benefit due to farmers’ full
2 implementation
I CG’s economic loss due to farmers’ full
! implementation
I LG’s economic loss due to farmers’ full
2 implementation
c Cost of CG with complete implementation
! strategy
c Cost of LG with complete implementation
2 strategy
c Cost of farmers with complete implementation
3 strategy
A CG’s effort level
Ly LG’s effort level
A Farmers’ effort level
E Ecological protection compensation fee
% The proportion of £ shared by CG
F, The economic penalty imposed by CG on LG
F The economic penalty imposed by CG on
2 farmers
B Political loss of CG with partial
1 implementation strategy
B Political loss of LG with partial
2 implementation strategy
The proportion of £ shared by CG
G CG’s remedial cost caused by farmers’ partial
implementation
N LG’s additional benefit caused by partial
implementation of LG
Political accountability of LG from CG, when
P o .
LG adopted partial implementation strategy
T Farmers’ income from labor transfer

The payoff of CG is defined as:

Q3=V1—L1—K1C1—9E—(1—K1)Bl

™)

The payoff of LG is defined as:

R3=Vz—Lz—Cz—(l—é’)E—(l—ﬂl)Cz

®
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Fig. 3. The structure of stakeholders’ interest in different strategies.

The payoff of farmers is defined as:
S:=E+T-Cs )

When CG and LG both choose the strategy of
partial implementation, farmers choose the strategy of

complete implementation.
The payoff of CG is defined as:

Qs=Vi—Li—MCi—0E — BB~ (1- 1) Bi+ AiF
(10)
The payoff of LG is defined as:
Ri=V2—Lo=ACr—(1-6) E—(1= A1) 12C>
—AFi=AP=B:A(1-2)N
The payoff of farmers is defined as:

S4=E+T—C3—(1—12)C3 12)
When CG and LG both choose the strategy of

complete implementation, farmers choose the strategy
of partial implementation.

Table 3. The payoff matrix of the tripartite evolutionary game model.

| Cost
(C2)

Economic Loss (L) (ng)t
EPC Fee
(E-OF)

Cost
(4oC2)
Lco: S8
EPC Fee
(E-OF)

—

The payoff of CG is defined as:

Os= V- AsLi—Ci—0E—(1-13)G (13)
The payoff of LG is defined as:

Rs=/13V2—13L2—C2—(1—9)E+F2 (14)

The payoff of farmers is defined as:
Ss=E+ T —A:C3—F» (15)

When CG chooses the strategy of complete
implementation, LG and farmers both choose the
strategy of partial implementation.

The payoff of CG is defined as:

Q6=Z3V1—Z3L1—C1—0E—(1—ﬂ3)G—ﬂﬂ3Bz+F1

(16)
The payoff of LG is defined as:
Ro=AsV2—AsL2— A2C2—(1-0) E—F1—P-
—A3Ba+ A2F2+(1-A2) N a7

CQG strategy 1 CG strategy 2
LG strategy 1 LG strategy 2 LG strategy 1 LG strategy 2
Farmers strategy 1 (O,.R,.S) (0,,R,, S, (0 R, S)) (O, R, S)
Farmers Strategy 2 (0, R, S)) (O R, S (O, R,S) (O Ry, S
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The payoff of farmers is defined as:

Se= E+ﬂ3T—/13C3—/12F2—(1—ﬂz)/1303 a8)

When CG and farmers both choose the strategy
of partial implementation, LG chooses the strategy of
complete implementation.

The payoff of CG is defined as:

07= V1= AsLi— MCi1—O0E —(1—A3) LG —(1- A1) Bi
(19)
The payoff of LG is defined as:

R7=13V2—/13L2—Cz—(l—@)E—(l—ﬂ,l)C2+Fz
(20)

The payoff of farmers is defined as:

S1=E+ AT - A:C3—F» (#2))

When CG, LG, and farmers all choose the strategy
of partial implementation.
The payoff of CG is defined as:

Os= /13V1—/13L1—ﬂICI—HE—<1—/13)/11G

- fAsB2—(1- A1) Bi+ ALiF) 22)

The payoff of LG is defined as:

Rs =13V2—Z3L2—/12C2—(1—9)E1—/11F1—ﬂlP
—(1—/11)/12C2—ﬂ3Bz+(1—ﬂz)N+ﬂzF2
(23)

The payoff of farmers is defined as:

Ss:E+/13T—/13C3—/12F2—(1—/12)13C3 (24)

Replicated Dynamics of Stakeholders

In deriving the utility functions based on the matrices
shown in Table 3, U_, represents the expected payoff
of the CG when it adopts the complete implementation
strategy, U, , represents the expected payoff of the CG
when it adopts the partial implementation strategy,
and U,, represents the CG’s expected utility that is the
average payoff of the CG, giving:

ch1:yzQ1+y(1—Z)Q5+(1—y)zQz+(1—y)(1—z)Qe
(25)

Ue2=yz03+y(1-2) 07+ (1-y) 204+ (1-y)(1-2) Os
(26)

ch: Xchl'l‘(l—X)chZ (27)

Then, the dynamic replication equation of CG taking
the strategy of complete implementation is:

d.
F](x) =7): = X(chl _ch)

=x(1=){[(Q1=03) = (Qs = ON)]yz +(Qs = O7)y
+[(Q2=04) = (Qs = O9)I(1 = »)z +(Qs = Os)(1 - )}
28)

U, represents the expected payoff of the LG

when it adopts the complete implementation strategy,
U, represents the expected payoff of the LG when
it adopts the partial implementation strategy, and

U, represents the average payoff of the LG,

giving:
Ui = sz1+x(l—z)R5+(l—x)zR3+(l—x)(1—z)R7
29

Uzgz:szz+x(1—z)Rs+(1—x)zR4+(l—x)(l—z)Rg
(30)

U = yUsg1 + (l—y)Ulgz 31)

Then, the dynamic replication equation of the LG
when adopting the strategy of complete implementation
is as follows:

d
F2(y):d—J;:y(U1gl_Ulg)

= y(1= ) {[(R1= R2) = (Rs— Re)Jxz + (Rs— R7)x
+[(Rs— Rs)— (R7— R)](1=x)z + (R7— Rs)(1- x)}
(32)

U, is the expected payoff of farmers that adopt

the complete implementation strategy and U, is
the expected payoff of farmers that adopt the
partial implementation strategy. Then, U, represents
the average payoff of farmers. The three are as
follows:

Uni=xySi+x(1-y)S2+(1-x) pSs+(1-x)(1- ) S4
(33)

Ur2=xySs+x(1-p)Se+(1—-x) yS7+(1-x)(1-y)Ss
(34

Ur= ZUf1+(1—Z)Uf2 (35)

The replicated dynamics equation of farmers who
adopt the strategy of complete implementation is:
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F}(Z)=%=Z(Ufl—l]f)

=z(1-2){[($1—85)—(S3—-87)]xy+(S3—-S7)y
+[(S2—86)— (S4—Ss)]x(1— y)+(S+—Ss)(1—»)}
(36)

Finally, in the tripartite evolutionary game model of
EPC for PSA, the replicated dynamic system consists of
(28), (32), and (36).

Evolutionary Stable Strategy

From the basic theory of EGT, we can know that
the probabilities of the three stakeholders who choose
the complete implementation strategy vary with time
[41]. Eventually, a stable state is reached through the
interaction between the three stakeholders. The strategy
in this stable state can be referred to as the evolutionary
stable strategy (ESS).

When all the dynamic equations equal 0, as (37)
which is , the probabilities of CG, LG, and farmers
would no longer evolve. The point at which this
condition is met is the equilibrium point. The point
corresponding to ESS is included in the equilibrium
point. Therefore, the solution of (37) should
be found.

[F1(x) = x(1=X){[(Q1 = 03) = (Qs = ON)]yz +(Qs = O1)y
+[(Q2—04) = (Qs— O9)](1 - ¥)z +(Qs — Os)(1 - y)}=0

Fa2(y)=y(1=y){[(Ri— R2)—(Rs— Re¢)|xz+ (Rs— R7)x
+[(R3—R4)—(R7—Rs)](1—x)z+ (R7—Rs)(1—x)}=0

Fi(z)=z(0-2){[(S1—S5)—(S3—-S7)]xy+(S:—-S7)y
+[(S2—86)—(S4—Ss)x(1—p)+(S+—Ss)(1—»)}=0

G7)

The ESS point can only appear in a combination
of pure strategies [45, 46]. Therefore, the asymptotic
stability of the pure strategy point needs to be assessed.
Lyapunov’s System Stability Theory provides a
method of assessment, namely eigenvalues of the
matrix[47]. When the matrix eigenvalues are negative,
the equilibrium point can be stable. According to
assumption 2, the purpose of the EPC policy is that
all three parties can completely implement the policy,
which is also this paper’s goal of improving tBased
on the above theory, we only need to get the Jacobian
matrix of (37) at point M = (1,1,1), that is:

0:—0O 0 0
Ju = 0 R2—Ri 0

0 0 Ss—S
5 1 (38)

The matrix eigenvalues of (38) are y, = O, — O,
7, = R, — R, and y, = S, — §,. Point M will be
asymptotically stable only when the three matrix
eigenvalues are all less than 0.

The constraint relationship can be obtained as
(39). Only when the parameters satisfy the constraint
relationship, the tripartite evolutionary game model
evolve into the ESS thatis x = 1, y = 1, and z = 1. The
improved EPC policy can evolve toward the preset goal.

Bi—-Ci>0
Fi+B2+P—-(1-42)(C2+N)>0
Fa+(1=A3)T2—(1-43)C3>0 (39)

Numerical Simulation for the Impact of Parameters
on the Evolutionary Game Model

The EPC policy for PSA has been implemented for 6
years in the GW overexploitation area of the BTH. The
cost to farmers of implementing the policy was set to C,
=5 in accordance with the current EPC policy and field
research. The degree of farmers’ satisfaction to the EPC
policy represents their level of effort in implementing.
Based on the contribution of Xie et al. [37], the level
of the farmers’ effort was set to A, = 0.87. Under the
constraints of (39), all parameter settings are as shown
in Table 4.

Substituting all the parameters in Table 3 into
Equation (37), equation (40) could be derived as the
numerical simulation object.

dx
Fix) =%
1(x) "

= x(1=x)(A=A)[(1= »)F1 +(z=1Y1=213)G + Bi— C1]
=0

d
Fa(y) ==

= p (L= )L =A)[F1+ P+ (1-A2)C2] +2[(1— A3)B: —(1— A2) F2]
+2(F1+ P)+ (1= A2)[F2— N — (2—=h1)C2] +A3B2}

=0
dz
Fi@)=—
= 2(1=2) {y (1= M) Fa+ (1=A3)Cs]+ (L=A3)[ T = (2 = L2)Cs]+ A2 F 3
=0
(40)
Table 4. The values of the relevant parameters.
Parameters Value Parameters Value
C, 2 G 6
C, 3 N 4
C, 5 P 3
B, 4 T 1
B, 5 A 0.6
F, 5 A 0.6
F, 4 A 0.87
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Results and Discussion
The Impact of Initial Probability

Under the conditions of parameter settings shown
in Table 4, the current study performed numerical
simulations of the impact of the initial probabilities
of stakeholders on changes in strategies over time.

Fig. 4 shows the impact of changes in x on CG
itself and the impact of changes in y or z on the
evolution of CG. Under the fixed y and z, the value of
x had a positive relationship with the speed at which
CG converged to 1. Comparing Figs. 4a) and d), or
Figs 4b) and c), under a constant z, the value of y was
positively related to the time ¢ required for x to reach
the stable state. This result indicated that the increase
in the probability of complete implementation by
the LG will slow down the rate of the complete
implementation strategy by the CG. Under the situation
of the initial probability y selected by LG remaining
unchanged, by comparing Figs 4a) and c), or Figs 4b)
and d), an increase in z accelerated the convergence of
x, although this effect was not significant. This result
can be attributed to non-compliance with the policy
by farmers only affecting the CG’s remediation cost.
In the maximum y and minimus x scenario, the early
stage of evolution showed a slowing trend, compared
to other scenarios. This may be closely related to
the implementation degree of the LG, resulting in
a maintain of CG at the low level of supervision and
policy guidance. However, this phenomenon was
transient.

The impact of initial probability on the evolution
of LG was shown in Fig. 5. Before convergence, y

12
1
0.8 f
= 0.6 x=0.2
04 -y
0.2 x=0.8
0 :
0 1 2 3 4 5 6 7 8 9 10
(a) y=0.2,z=0.2
 J7
1
0s 7
» 0.6 x=0.2
04 iy
02 x=0.8
0
0 1 2 3 4 5 6 7 8 9 10
(c) y=0.2,z=0.8

Fig. 4. The impact of initial probability on the evolution of CG.

increased monotonically with increasing ¢, with the
value of y positively related with the speed at which LG
reached an ideal state. When the value of x was fixed,
the increase in z slowed down the convergence rate of
y. This result is clearly due to the behavior of farmers
of fully implementing the policy resulting in a reduction
of pressure on the LG to supervise. In contrast, under
the condition of a fixed z, the increase in the initial
probability of CG will accelerate the convergence of y
to the ideal state. LG plays the role of the linker in the
entire gaming system.

Fig. 6 shows the impact of the initial probability
of each stakeholder on the evolution of z. By comparing
Figs. 6a) and d), or b) and c¢), it is clear that x had
almost no impact on the evolution of z. The initial
probability of LG influenced the strategies adopted
by farmers. The larger the value of y, the faster z
approached 1. Regardless of changes to y, z eventually
converged to 1.

The Impact of Variation in Parameters
on the Results

An analysis of the impact of different parameters
on the model was conducted by varying individual
parameters while keeping the remainder unchanged,
and then assessing the model results. At the same time,
the impact of parameter variation on the evolution of
a certain stakeholder was assessed by setting the initial
probabilities of the remaining two stakeholders to
0.6. Based on the above, the impacts of cost, penalty,
the level of effort, and other parameters on the model
were assessed.

12
!
().8/
% 0.6 x=0.2
04 0
02 x=0.8
0
0 1 2 3 4 5 6 7 8 9 10
(b) y—OfS.z—O.S
12
ik
08 /
% 0.6 x=0.2
04 20
0.2 x=0.8
0
0 1 2 3 4 5 6 7 8 9 10

(d) y=0.8,z=0.2
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Fig. 5. The impact of initial probability on the evolution of LG.

Cost of Implementation

Equations (28), (32), and (36) show that the cost of
each stakeholder will only affect its own evolution. Since
stakeholders often seek to maximize their own payoffs,
they will attempt to reduce their costs. Assuming that
the cost is reduced by half, then the evolution paths of
the CG, LG, and farmers will correspond to the dotted
lines in Fig. 7a), b), and c), respectively. Clearly, cost
reduction can accelerate the evolution to the stable state.

1.2
1

S

0.8
N 0.6 z=0.2
z=0.4
04 7=0.6
0.2 z=0.8

0

0 04 08 12 1.6 2 24 28 32 36 4
t
(a) x=0.2,y=0.2

1.2

1

S

0.8
N 0.6 7z=0.2
z=0.4
L 7z=0.6
0.2 7z=0.8

0 04 08 12 1.6 2 24 28 32 36 4
t
() x=0.2,y=0.8

Fig. 6. The impact of initial probability on the evolution of farmers.
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1.2
!
0.8 f
> 067 y=0.2
04 y-0s
0.2 y=0.8
0 |

0 02 04 06 08 1 12 14 16 18 2

t
(d) x=0.8,2=0.2

This acceleration was more prominent in the evolution
process of CG. Thus, in the implementation process,
the costs of policy implementation should be reduced,
which is especially important for governments.

Penalty of Partial Implementation
The penalty is an economic price paid by the

supervised entity for violations of an agreed policy.
However, the current EPC policy is missing a penalty

12
b
0.8 /

N 0.6 z=0.2
04 iy
0.2 z=0.8

0

0 04 08 12 16 2 24 28 32 36 4

t
(b) x=0.8,y=0.8

1.2
l E
s f
N 0.6 7z=0.2
z=0.4
4 z=0.6
0.2 z=0.8

0 04 08 12 16 2 24 28 32 36 4
t
(d) x=0.8,y=0.2
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system. Thus, the present study examined the impact of
penalties between the supervisor and the supervised on
the evolution of strategies.

Fig. 8 explores a case under which the CG has
increased penalty /| for LG due to the failure of LG
to fully perform its duties, holding all other parameters
unchanged. When F| was increased from 5 to 10, the
time required for LG to converge to 1 was significantly
reduced. In contrast, CG was not sensitive to the
increase in penalty.

Fig. 9 shows a similar situation when exploring a
situation in which LG imposed the penalty F, from 4.0
to 8.0 on farmers. As shown in Fig. 9a), although the
penalty did not significantly accelerate the convergence
of LG, an increase in F, did increase the rate at which
the farmers reached a stable state.

Level of Effort
The level of effort represents the willingness and

technical ability of stakeholders to participate in EPC
for PSA under the current conditions. Keeping other

0 .
0 1 2 3 4 5 6 71 8 9 10
t
(a) y=0.6, z=0.6
1.2
1
0.8 i
> 0.6 .
0.4 ]
0.2 i
0 . M | ) ] ! { |
0 01 02 03 04 05 06 07 08 09 1
t
(b) x=0.6, z=0.6
1.2
1+
0.8 i
C.=5.0 C,=25
N 0.6 3_Z=0.2 e —o ]
04 b1 704
z=0.6 -------- z=0.6
02 ZFH8 =g z=0.8
0

0O 04 08 12 16 2 24 28 32 36 4
t
(¢) x=0.6, y=0.6

Fig. 7. The impact of cost on the evolution of the model.

parameters unchanged, the level of effort was reduced
by half of the current level, with the results shown
in Figs 10, 11, and 12 for the CG, LG, and farmers,
respectively.

When the effort level of CG decreases to 4, = 0.3,
the evolution of farmers has not been affected in any
way from Fig. 10c). For LG, the behavior of CG to

» 0.6

(a) y=0.6, z=0.6

0 01 02 03 04 05 06 07 08 09 1
t
(b) x=0.6, z=0.6

Fig. 8. The impact of I, on the evolution of CG and LG.
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Fig. 9. The impact of F, on the evolution of LG and farmers.
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Fig. 10. The impact of 2, on the evolution of entire system.

lower the level of policy guidance and supervision will
slow down the process of LG’s convergence to 1. This
is due to the lack of policy guidance from CG, which
has caused an increase in cost to be greater than the
decrease in penalty and political loss. For CG itself,
shown in Fig. 10a), the lower the effort level, the faster
CG reaches the stable state. CG is much more sensitive
to change in 4, than LG. Facing the fact that China is a
unitary government-type developing country, the level
of LG governance still needs to be improved. The CG
is prone to encounter the dilemma of conflicts between
its own interests and collective interests, which always
leads to the sacrifice of CG’s interests. The increase in
the CG’s level of effort will prompt LG to reach the
stable state more quickly. This means that the CG will
invest more in supervision and policy guidance.

Fig. 11 shows the impact of the change of 4, on the
entire evolution of strategies. The level of effort by
the LG had almost no impact on the evolution of CG.
Obviously, the information asymmetry between CG
and LG has caused the CG’s inability to fully perceive
the level of effort by LG. A reduction in the level of
effort by the LG in providing agricultural technical

12

0.8
= 0.6

10

12

> 0.6

0 01 02 03 04 05 06 07 08 09 1
t
(b) x=0.6, z=0.6

N 0.6
0.4
02

0

0 04 08 12 16 2 24 28 32 36 4
t
() x=0.6, y=0.6

Fig. 11. The impact of 4, on the evolution of entire system.

support and supervision to farmers had no effect on
the direction of convergence by LG. But it will extend
the time of LG’s convergence. As A, decreases from 0.6
to 0.3, the evolution of farmers to a stable state was
slightly hindered. This fully demonstrates the bridging
role of LG in the implementation of top-down policy.
As shown in Fig. 12, the reduction of the level
of effort by farmers reduced the speed at which
the entire system tended to stabilize. The current
study explored a situation under which the level of
effort by farmers A, was reduced by half from 0.87
under the current situation to 0.43. By comparing
Figs 12(a-c), it is clear that the reduction of A, had the
greatest impact on mitigating convergence by farmers.
From a governmental perspective, despite the LG being
responsible for the direct management of farmers, the
CG is more affected compared to the LG. This result
can be attributed to CG having to pay the remedial
cost G resulting from the partial implementation of the
policy by farmers. It is undeniable that improving the
level of farmers’ effort to implement policy is the key
to improving the effectiveness of policy. This promotion
works in a down-top manner. Thus, the formulation of
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Fig. 12. The impact of 1, on the evolution of entire system.
EPC policy should follow the principle of stimulating
farmers’ willingness to participate autonomously to the
greatest extent.

Income of Labor Transfer

Fig. 13 shows the impact of the increase in labor
transfer income 7 on the evolutionary path of farmers

T=1.0 T=3.0

N0 z=0.2 | ----=--- z=0.2 |
0.4 —— 704 -------- 7=0.4 |
02 —_——— 206 | ------- 2=0.6 ]

Z=0.8 [----1--- 0.8

O 1 L 1 1 1 1 1 L
0 04 08 12 16 2 24 28 32 36 4
t
x=0.6, y=0.6

Fig. 13. The impact of T on the evolution of farmers.

while keeping all other parameters unchanged. Equation
(40) indicates that the change of 7 has no impact on the
evolutionary paths of CG and LG. The increase in T
will encourage a more rapid adoption of the complete
implementation strategy by farmers.

The results of the actual survey showed that the
family income structure of farmers can influence the
strategies they adopt [48]. Specifically, farmers with a
higher proportion of non-agricultural income are more
inclined to fallow completely. This finding can explain
the phenomenon shown in Fig. 13. In other words, an
increase in 7 could improve farmers’ satisfaction with
the EPC policy, which means that farmers’ level of
effort (4,) would increase. As a corresponding result,
the time for the entire system to reach the state of
convergence would be shortened.

Conclusions

EPC policy for PSA plays a vital role in promoting
the control of GW overexploitation within the BTH
region. The original intention of the EPC policy was
to protect the environment while considering equitable
compensation for farmers. However, this policy
underperformed during implementation. The present
study aimed to improve the EPC policy in formulation
and implementation from a sustainability perspective.
A tripartite evolutionary game model involving CG,
LG, and farmers was constructed. By analyzing the
ESS of this model, the constraints that should be met
to achieve the expected goals of EPC policy were
established. Finally, the impact of initial probability and
four types of parameters on the evolution of strategies
was analyzed through numerical simulation. The
conclusions of the current study include:

(I) The current study improved the EPC policy
in two ways for the purpose of enhancing the
sustainability of this policy. In terms of policy design,
EPC policy should contain provisions that can be used
to impose an economic penalty for violations of the
policy. In terms of stakeholders’ payoffs, the long-term
impacts of partial implementation must be taken into
consideration, including remedial cost borne by CG, the
political loss of CG or LG, additional costs of LG or
farmers, economic penalties of LG or farmers, and the
level of effort by each stakeholder.

(2) The ideal purpose of formulating the EPC
policy was to achieve complete implementation by
CG, LG, and farmers, which means that the ESS of the
established tripartite evolutionary game model should
be (x, ¥, z) = (1,1,1). Under this premise, the three
constraints that the parameters must satisfy at the same
time are as follows: (i) for CG, political losses should be
greater than the cost of supervision and guidance; (ii)
for LG, the sum of economic penalty, political loss, and
political accountability loss should be greater than the
benefits obtained by adopting partial implementation
strategies, including cost savings and additional benefit;



Improvement of the Ecological Protection...

1413

(iii) as for farmers, the total value, including economic
penalty and the reduction of labor transfer income, must
be greater than the saved cost.

(3) The initial probabilities of CG, LG, and farmers
fully implementing the policy can affect the evolutionary
game process, and meanwhile, the evolution direction
remains unchanged. The greater the initial probability
of the CG fully implementing the EPC policy, the faster
LG will reach the stable state. The greater the initial
probability of the LG fully implementing the policy,
the more time required for CG to reach the stable
state. The same phenomenon occurs between LG and
farmers. Thus, it is particularly important to obtain
further information on policy acceptance before policy
implementation.

(4) Although reducing the cost of implementing
EPC policy for the three stakeholders is an effective
method of accelerating their evolution, this does not
have an impact on other stakeholders. The
implementation of a penalty system clearly promotes
the evolution of the supervised to ESS. Improving the
level of effort by farmers is key to accelerating the
evolution of the entire system. An increase in farmer
income during the fallow period can be an effective way
to promote farmers to adopt the strategy of complete
implementation.
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