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Abstract: Problems such as the reduction of the added value of agricultural products and the
interruption of the supply of agricultural products caused by the unstable collaborative relationship
have seriously hindered the high-quality development of the agricultural product supply chain.
Promoting the stable collaboration in the agricultural product supply chain is an urgent problem.
Considering the characteristic demand of consumers for agricultural products, this paper takes
the supply chain mainly operating characteristic agricultural products and dominated by farmer
cooperatives as the research object and constructs a tripartite evolutionary game model of farmer
cooperatives, manufacturers, and retailers. We study the supply chain collaboration mechanism from
the main strategy choice and the specific factors affecting its strategy choice. The results show that
farmer cooperatives implement a strict supervision strategy and increase the reward and punishment
to promote the collaboration in the supply chain, but the increase in supervision cost is not conducive
to the income of farmer cooperatives. In the case of loose supervision, the difference between the
additional income and the collaboration input is higher than the “free-rider” income obtained when
adopting a non-collaboration strategy, which is conducive to its evolution towards collaboration.
In addition, increasing additional income, improving synergy coefficient, and reducing collaboration
input and “free-rider” income will increase the probability of the system evolving to Pareto optimal,
and accelerate the realization of comprehensive collaboration in the agricultural product supply
chain dominated by farmer cooperatives. The research results provide a certain supplement to
the related research on agricultural product supply chains in theory, and provide a reference for
the comprehensive collaboration of the agricultural product supply chain dominated by farmer
cooperatives in practice.

Keywords: agricultural product supply chain; collaboration mechanism; tripartite evolutionary
game; farmer cooperatives; numerical simulation

1. Introduction

With the development and improvement of the global supply chain system, the node
enterprises in the supply chain have shown a trend of cross-organizational collaboration.
Enterprises gradually realize the importance of collaboration to the development of indi-
viduals and the overall supply chain [1–4]. In agricultural production, smallholders have
unique advantages in production technology, but there are weaknesses in information and
business skills. Therefore, smallholders are in a disadvantageous position in the agricultural
product supply chain [5]. Farmer cooperatives are the result of smallholders’ collaboration,
which enables smallholders to participate in the competition of the international agricul-
tural product supply chain and obtain more profits [6,7]. The key to the stable operation of
the agricultural product supply chain is the collaboration between node enterprises [8,9].
Supply chain collaboration refers to the process in which multiple node enterprises in
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the supply chain cooperate closely towards common goals and interests [10]. Collabora-
tion not only refers to the simple decision of collaboration or non-collaboration, but also
includes cooperation based on trust and the stability of cooperative relationship in the
process of collaboration. Essentially, collaboration is a necessary way to achieve common
goals by reducing the individualistic and opportunistic behavior of participants [11,12].
The collaboration among agricultural enterprises aims at maximizing the overall benefits
of the supply chain and can exert synergy effects among partners, and also can promote
joint planning and the sharing of information [13,14]. The collaboration in the agricultural
product supply chain is conducive to improving the quality of agricultural products [15],
reducing carbon emissions [16], enhancing supply chain resilience [17–19], and ultimately
improving enterprise performance and overall efficiency of the supply chain [20–23].

At present, with the improvement of residents’ consumption level, the demand for
agricultural products is gradually developing in the direction of high quality, characteristics,
and diversification [24]. Farmer cooperatives produce characteristic agricultural products
in short supply in the market due to their conditions that are difficult to replicate, such as
land resource endowment, climate, and planting (breeding) technology [25]. In the supply
chain of mainly operating characteristic agricultural products, the core competitiveness
of the supply chain mainly depends on the characteristic agricultural products that are
difficult to replicate [26]. With the enhancement of operational capacity and the expansion
of their scale, such farmer cooperatives have gradually become the core enterprises in
the supply chain [27]. Agricultural product supply chain collaboration dominated by
farmer cooperatives means that, under the supervision of farmer cooperatives, the main
subjects in the supply chain form a collaborative relationship based on complementary
resources [28], implement joint planning and information sharing [13,14], jointly improve
the quality of agricultural products and related services, and create the best benefit for the
whole supply chain [15,20–22]. It is more necessary to provide consumers with excellent
products and related services for this kind of agricultural product supply chain with farmer
cooperatives as the core enterprise due to the characteristic products with high added value.
Therefore, the collaboration of the main enterprises in the supply chain is more important
to ensure the close connection between the production, processing, and sales, and the
continuous and stable supply of high-quality and safe agricultural products [29]. However,
the supply chain of agricultural products dominated by farmer cooperatives has not yet
achieved comprehensive collaboration in reality [30]. The collaboration cycle between node
enterprises is short, and the collaboration relationship is not close [31,32]. From the supply
side, the failure of the participant in the supply chain to achieve collaboration results in the
high added value of characteristic agricultural products cannot be reflected, so it is difficult
for the participants to obtain the best benefits brought by collaboration [33,34]. From the
demand side, it is difficult to ensure the continuous supply of high-quality agricultural
products due to unstable collaborative relationships in the supply chain [35]. Therefore,
establishing a stable collaborative relationship is a practical problem that needs to be
solved urgently in the management of the agricultural product supply chain. What factors
affect the collaborative behavior of the participants in the agricultural product supply
chain dominated by farmer cooperatives? How can the participants in the supply chain
achieve stable collaboration? Based on the above problems, the scientific question to
be studied in this paper is how to promote the stable collaboration of the agricultural
product supply chain dominated by farmer cooperatives. At present, the quantitative
research on collaborative behavior is still limited [36]. This paper will use the tripartite
evolutionary game method to further analyze the collaborative behavior of participants in
the agricultural product supply chain dominated by farmer cooperatives and the related
factors affecting collaboration, and propose a stable strategy to achieve comprehensive
collaboration. The specific purposes of the research are as follows:

• Analyze the members’ behavior of agricultural products supply chain dominated by
farmer cooperatives and the possible reasons for failure to collaborate.
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• Build a theoretical model and analyze the evolution process of tripartite strategy and
evolutionarily stability strategy.

• Analyze how various factors affect the strategic decisions of members through numer-
ical simulation.

The marginal contribution of this paper is mainly reflected in three aspects: First,
taking the agricultural product supply chain collaboration mechanism dominated by
farmer cooperatives as the research object, this paper expands the research perspective
of supply chain collaboration. Second, this paper uses the tripartite evolutionary game
method to analyze the dynamic evolution process of collaborative behavior under the
changes of different factors, and further improves the research on the influencing factors
of collaborative behavior. Third, the enlightenment obtained from the research results
provides a practical reference for the realization of comprehensive collaboration in the
ag-ricultural product supply chain dominated by farmer cooperatives.

The article is arranged as follows. Section 2 is a literature review. Section 3 discusses
model assumption and construction. This part describes the specific parameters involved
in the collaboration of the agricultural product supply chain dominated by farmer co-
operatives and constructs a tripartite evolutionary game model of farmer cooperatives,
manufacturers, and retailers. Section 4 includes the equilibrium analysis of the tripartite
game model. Then, numerical simulations are carried out in Section 5 to discuss the effects
of different parameters on the collaboration mechanism. Section 6 presents the conclusion
and enlightenment. Section 7 discusses the limitations and further research.

2. Literature Review

At present, the research on supply chain collaboration mainly focuses on three aspects:
the generation conditions of collaboration, how to improve the degree of collaboration,
and the impact of collaboration on the operation of the supply chain.

Regarding the generation conditions of collaboration, Dora [37] proposed that geo-
graphical proximity and goal consistency are the catalysts for the formation of collaboration.
Based on the resource-based theory and the resource-dependent theory, agricultural enter-
prises have different competitiveness due to their heterogeneous resources, and they are
interdependent with the surrounding environment to obtain more resources at the same
time, resulting in a collaborative relationship [28,38]. Moreover, the cooperative behavior
of participants in the supply chain affects each other. The behavior of a member depends
not only on its strategy, but also on the strategies of other members in the supply chain [39].

On how to improve the degree of collaboration, the interdependence of partners helps
to increase the degree of collaboration, so as to improve supply chain efficiency [21,40].
However, the node enterprises in the supply chain will generate certain collaboration
costs when they build and maintain collaborative relationships. Under different collab-
oration levels, the subjects will make different decisions to reduce their collaboration
costs [41]. Fynes et al. [42] explored the maintenance of the collaborative relationships
between partners from three trust dimensions: contractual trust, ability trust, and goodwill
trust. The reliability of a node enterprise in the supply chain to other members and its
perceived level of reliability will also affect the collaboration relationship between node
enterprises [43,44]. Some scholars believed that in addition to trust, interdependence,
power, collaborative value, and supervision also have a significant impact on collaborative
relationships. Interdependence and power are the basis for the formation of collaboration
and the important influencing factors for the formation of long-term stable collaborative
relationships [45,46].

On the impact of collaboration on supply chain operation, the collaborative relation-
ship between each node enterprise in the supply chain will affect the performance of the
supply chain in three aspects: social, economic, and environmental [47]. Xie and Lei [48]
constructed the evolution strategy of collaboration among manufacturers, suppliers, and
distributors, and concluded that the increase in the collaborative innovation revenue co-
efficient is more conducive to maintaining the stability of the collaborative innovation
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system. Therefore, the main subject needs to collaborate to promote the stable development
of the supply chain. Shen et al. [49] introduced collaborative forecasting into inventory
replenishment decision-making and found that collaborative forecasting can reduce the
operation costs of perishable agricultural product supply chains. Chen et al. [50] compared
the supply chain profits under different modes and found that the supply chain profits
under the collaborative mode were always higher than those under the non-collaborative
mode. Pero [51] found that environmental collaboration among enterprises within the
same supply chain can significantly promote the achievement of sustainability.

The evolutionary game method is widely used in the field of supply chain research,
mainly used to study the strategic behavior between two or more stakeholders, and it
is an effective quantitative method [52]. Evolutionary game theory expands the idea of
classical game theory, assuming that the participants are limited rationally and adjust their
strategies through continuous learning and imitation [53]. The evolutionary game method
can better deal with the complexity of influencing factors, strategy evolution process,
and stability strategies. Building a model to describe and monitor the evolution process of
the system is conducive to the identification of supply chain problems [54]. Long et al. [55]
constructed a tripartite evolutionary game model of green-sensitive governments, enter-
prises, and sellers, and concluded that green sensitivity has an important impact on stability
strategies. Zhang et al. [14] constructed a two-level supply chain information collaboration
evolutionary game model of suppliers and manufacturers, and obtained the formation
mechanism of the SME consortium strategy. Chen and Jiang [50] constructed the operation
mechanism model of supply chain enterprises from the perspective of an evolutionary
game and verified the importance of collaboration in the creative product supply chain.
Esmaeili et al. [56] used an evolutionary game model to investigate the long-term process
of implementing multiple strategies of enterprises and select the most stable strategy.

The existing literature has studied the generation conditions of collaboration, how to
improve the degree of collaboration, and the impact of collaboration on the operation of
the supply chain. However, the existing research lacks the analysis of the collaboration
mechanism of the agricultural product supply chain, and it is necessary to further consider
how to promote the collaboration of the supply chain from the main strategy choice and
the specific factors that affect the choice of the strategy. Using the evolutionary game
method can effectively establish a collaboration strategy model to show the behavioral
interaction between players, but there is little research on the tripartite evolutionary game
of an agricultural product supply chain dominated by farmer cooperatives. Therefore,
this paper uses a tripartite evolutionary game to deeply study the collaborative mechanism
of the agricultural product supply chain dominated by farmer cooperatives.

3. Model Assumptions and Construction

The agricultural product supply chain dominated by farmer cooperatives is a commu-
nity of interests composed of farmer cooperatives, manufacturers, and retailers. Each node
enterprise is not a fully rational economic man, fails to see the best long-term income, and is
prone to moral hazard problems such as short-term “free-rider” and credit default in the
process of cooperation. Different strategy choices of node enterprises will seriously affect
the stability of the collaboration relationship and the maximization of collaboration benefits.
Therefore, it is of great significance to explore the strategy choice of different subjects and
the mechanism affecting their strategy choice through the evolutionary game process of
subjects in the supply chain, and how to achieve the stable state of the strategy choice of
subjects in the supply chain. On the premise of considering the supervision of leading
enterprises, this paper establishes a tripartite game model among farmer cooperatives,
manufacturers, and retailers, and explores how the stakeholders interact to promote the
agricultural product supply chain dominated by farmer cooperatives to realize collabora-
tive cooperation. In order to build an evolutionary game model and analyze the stability of
the strategies and equilibrium points of each subject, as well as various influencing factors,
the following research assumptions are made:
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Assumption 1. The farmer cooperative is the core enterprise in the agricultural product supply
chain and the first participant with initial revenue B1. The manufacturer is the second participant
with initial revenue B2and the retailer is the third participant with initial revenue B3, both of which
are limited rational participants. There is information asymmetry in the supply chain. The strategy
choice of each subject is dynamically adjusted with time and finally stabilizes at the optimal strategy.

Assumption 2. Due to the sense of responsibility of the core enterprises and the functional needs
of the downstream enterprises, the farmer cooperatives will collaborate with other node enterprises
in the supply chain to maximize the profits of the entire supply chain. Based on the theory of
induced institutional change, the core enterprises in the supply chain have the right to supervise the
collaboration behavior of the node enterprises in the supply chain. Therefore, the strategic space of
the farmer cooperative is “strict supervision” or “loose supervision”. The probability of choosing
a strict supervision strategy is x, and the probability of choosing a loose supervision strategy is
(1− x), x ∈ [0, 1].

Assumption 3. The strategic space of the manufacturer is “collaboration” or “non-collaboration”.
The probability of choosing collaboration is y, and the probability of choosing non-collaboration is
(1− y), y ∈ [0, 1].The strategic space of the retailer is “collaboration” or “non-collaboration”.
The probability of choosing collaboration is z, and the probability of choosing non-collaboration
is (1− z), z ∈ [0, 1]. x, y, and z are all functions of time t; δ is the synergy coefficient.
When subordinate enterprises all collaborate, δ will affect the additional benefits generated by the
system collaboration due to synergy effects.

Assumption 4. If each node enterprise in the supply chain adopts the strategy of “collaboration”,
there will be a certain amount of collaboration input in the supply chain, and the proportion of
collaboration input of farmer cooperatives, manufacturers, and retailers is α1, α2 and α3, respec-
tively, and α1 + α2 + α3 = 1. Collaboration between entities stems from the dependence on
the partner’s endowment and the additional benefits it brings. If one party does not collaborate,
it will obtain “free-rider income” due to the collaboration of other entities. The additional income of
farmer cooperatives from the collaboration of manufacturers is Q12, and from the collaboration of
retailers is Q13. When manufacturers adopt the “collaboration” strategy, the additional income of
manufacturers from the collaboration of farmer cooperatives is Q21, and from the collaboration of
retailers is Q23. When manufacturers adopt the “non-collaboration” strategy, the free-rider income
of manufacturers from the collaboration of farmer cooperatives is M21, and from the collaboration of
retailers is M23. When retailers adopt the “collaboration” strategy, the additional income of retailers
from the collaboration of farmer cooperatives is Q31, and from the collaboration of manufacturers is
Q32. When retailers adopt the “non-collaboration” strategy, the free-rider income of retailers from
the collaboration of farmer cooperatives is M31, and from the collaboration of manufacturers is M32.

Assumption 5. When farmer cooperatives adopt the “strict supervision” strategy, they develop
a reward and punishment mechanism in the supply chain and bring their supervision costs C1.
The farmer cooperatives set the total reward amount for the subordinate enterprises that adopted
the “collaboration” strategy as P, and the reward distribution for the manufacturers and retailers
due to the collaboration was α2P and α3P, respectively. The farmer cooperative punishes the
subordinate enterprises that adopt the “non-collaboration” strategy with an amount of L. When
farmer cooperatives adopt the “loose supervision” strategy, the reward and punishment scheme is
not implemented.

Evolutionary game studies the dynamic process of group evolution and is a repetitive
strategy interaction model [57]. Using the evolutionary game method needs to construct
the mixed strategy payoff matrix of the game subject firstly, and then solve the game
equilibrium point by replication dynamic equation for further analyzing the stability of
evolutionarily equilibrium point [58]. In the actual operation of the agricultural product
supply chain, the participants are in different market environments, and there is a certain
information asymmetry. It is difficult for each subject to predict the possible actions that
upstream and downstream enterprises may take. The strategy selection is mainly based on
continuous learning and imitation, which meets the basic requirements of the evolutionary
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game method [59]. Therefore, this paper uses tripartite evolutionary game to deeply
study the collaborative mechanism of the agricultural product supply chain dominated by
farmer cooperatives.

According to the above assumptions, the mixed strategy game matrix of farmer
cooperatives, manufacturers, and retailers is shown in Table 1.

Table 1. Tripartite mixed strategy game matrix.

Farmer Cooperative Manufacturer
RetailerCollaboration (y) Non-Collaboration (1 − y)

Strict supervision (x)

B1 −C1 − α1I + δ(Q12 + Q13),
B2 − α2I + α2P + δ(Q21 + Q23),
B3−α3I+α3P+ δ(Q31 +Q32)

B1 −C1 − α1I + L + Q13,
B2 + M21 + M23 − L,
B3 − α3I + Q31 + α3P

Collaboration (z)

B1 −C1 − α1I + L + Q12,
B2 − α2I + Q21 + α2P,
B3 + M31 + M32 − L

B1 −C1 − α1I + 2L,
B2 + M21 − L,
B3 + M31 − L

Non-Collaboration (1 − z)

Loose supervision (1 − x)

B1 − α1I + δ(Q12 + Q13),
B2 − α2I + δ(Q21 + Q23),
B3 − α3I + δ(Q31 + Q32)

B1 − α1I + Q13,
B2 + M21 + M23,
B3 − α3I + Q31

Collaboration (z)

B1 − α1I + Q12,
B2 − α2I + Q21,
B3 + M31 + M32

B1 − α1I,
B2 + M21,
B3 + M31

Non-Collaboration (1 − z)

4. Equilibrium Analysis of Tripartite Game Model
4.1. Expected Revenue Function and Replication Dynamic Equation

The expected revenue of the farmer cooperative’s choice of “strict supervision” and
“loose supervision” and the average expected revenue are π11, π12, and π1, respectively:

π11 = (1− y)(1− z)(B1 −C1 − α1I + 2L) + y(1− z)(B1 −C1 − α1I + L + Q12)
+(1− y)z(B1 −C1 − α1I + L + Q13)
+yz[B1 −C1 − α1I + δ(Q12 + Q13)]

(1)

π12 = (1− y)(1− z)(B1 − α1I) + y(1− z)(B1 − α1I + Q12)
+(1− y)z(B1 − α1I + Q13) + yz[B1 − α1I + δ(Q12 + Q13)]

(2)

π1 = xπ11 + (1− x)π12 (3)

According to the expected revenue function, the replication dynamic equation of the
farmer cooperative is:

F(x) = dx
dt = x(π11 − π1) = x(1− x)(π11 − π12)

= x(1− x)(zC1 − yC1 −C1 + 2L− zL− yL)
(4)

Let F(x) = 0, then x = 0, x = 1, y = zC1−C1+2L−zL
C1+L .

If y = zC1−C1+2L−zL
C1+L , then F(x) ≡ 0, which means it is in a stable state and the selection

of strategy does not change with time.
If y 6= zC1−C1+2L−zL

C1+L , then taking equilibrium points x = 0 and x = 1 into the F′(x):

F′(x) =
d(F(x))

dx
(5)

F′(x)
∣∣x=0 = zC1 − yC1 −C1 + 2L− zL− yL (6)

F′(x)
∣∣x=1 = −(zC1 − yC1 −C1 + 2L− zL− yL) (7)
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While y < zC1−C1+2L−zL
C1+L , we can get F′(x)

∣∣x=0 > 0 and F′(x)
∣∣x=1 < 0 . Therefore,

x = 1 is the evolutionarily stable strategy and the farmer cooperative chooses “strict
supervision” at this time.

While y > zC1−C1+2L−zL
C1+L , we can get F′(x)

∣∣x=0 < 0 and F′(x)
∣∣x=1 > 0 . Therefore,

x = 0 is the evolutionarily stable strategy and the farmer cooperative chooses “loose
supervision” at this time.

The expected revenue of the manufacturer’s choice “collaboration” and “non-collaboration”
and the average expected revenue are π21, π22, π2, respectively:

π21 = (1− x)(1− z)(B2 − α2I + Q21) + (1− x)z[B2 − α2I + δ(Q21 + Q23)]
+x(1− z)(B2 − α2I + Q21 + α2P)

+xz[B2 − α2I + α2P + δ(Q21 + Q23)]
(8)

π22 = (1− x)(1− z)(B2 + M21) + (1− x)z(B2 + M21 + M23)
+x(1− z)(B2 + M21 − L) + xz(B2 + M21 + M23 − L)

(9)

π2 = xπ21 + (1− x)π22 (10)

According to the expected revenue function, the replication dynamic equation of the
manufacturer is:

F(y) = dy
dt = y(π21 − π2) = y(1− y)(π21 − π22)

= y(1− y)[zδ(Q21 + Q23) + Q21 + xα2P + xL− α2I− zQ21 −M21]
(11)

Let F(y) = 0, then y = 0, y = 1, x = α2I+zQ21+M21−zδ(Q21+Q23)−Q21
α2P+L .

If x = α2I+zQ21+M21−zδ(Q21+Q23)−Q21
α2P+L , then F(y) ≡ 0, which means it is in a stable state

and the selection of strategy does not change with time.
If x 6= α2I+zQ21+M21−zδ(Q21+Q23)−Q21

α2P+L , then taking equilibrium points y = 0 and y = 1
into the F′(y):

F′(y) =
d(F(y))

dy
(12)

F′(y)
∣∣y=0 = zδ(Q21 + Q23) + Q21 + xα2P + xL− α2I− zQ21 −M21 (13)

F′(y)
∣∣y=1 = −[zδ(Q21 + Q23) + Q21 + xα2P + xL− α2I− zQ21 −M21] (14)

While x < α2I+zQ21+M21−zδ(Q21+Q23)−Q21
α2P+L , we can get F′(y)

∣∣y=0 < 0 and F′(y)
∣∣y=1 > 0 .

Therefore, y = 0 is the evolutionarily stable strategy and the manufacturer chooses “non-
collaboration” at this time.

While x > α2I+zQ21+M21−zδ(Q21+Q23)−Q21
α2P+L , we can get F′(y)

∣∣y=0 > 0 and F′(y)
∣∣y=1 < 0 .

Therefore, y =1 is the evolutionarily stable strategy and the manufacturer chooses “collab-
oration” at this time.

The expected revenue of the retailer’s choice “collaboration” and “non-collaboration”
and the average expected revenue are π31, π32, π3, respectively:

π31 = (1− x)(1− y)(B3 − α3I + Q31) + (1− x)y[B3 − α3I + δ(Q31 + Q32)]
+x(1− y)(B3 − α3I + Q31 + α3P)

+xz[B3 − α3I + α3P + δ(Q31 + Q32)]
(15)

π32 = (1− x)(1− y)(B3 + M31) + (1− x)y(B3 + M31 + M32)
+x(1− y)(B3 + M31 − L) + xy(B3 + M31 + M32 − L)

(16)

π3 = zπ31 + (1− z)π32 (17)
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According to the expected revenue function, the replication dynamic equation of the
retailer is:

F(z) = dz
dt = z(π31 − π3) = z(1− z)(π31 − π32)

= z(1− z)
[
yδ(Q31 + Q32) + Q31 + xα3P + xL− α3I− yQ31 −M31

] (18)

Let F(z) = 0, then z = 0, z = 1, x =
α3I+yQ31+M31−yδ(Q31+Q32)−Q31

α3P+L .

If x =
α3I+yQ31+M31−yδ(Q31+Q32)−Q31

α3P+L , then F(z) ≡ 0, which means it is in a stable state
and the selection of strategy does not change with time.

If x 6= α3I+yQ31+M31−yδ(Q31+Q32)−Q31
α3P+L , then taking equilibrium points z = 0 and z = 1

into the F′(z):

F′(z) =
d(F(z))

dz
(19)

F′(z)
∣∣z=0 = yδ(Q31 + Q32) + Q31 + xα3P + xL− α3I− yQ31 −M31 (20)

F′(z)
∣∣z=1 = −

[
yδ(Q31 + Q32) + Q31 + xα3P + xL− α3I− yQ31 −M31

]
(21)

While x <
α3I+yQ31+M31−yδ(Q31+Q32)−Q31

α3P+L , we can get F′(z)
∣∣z=0 < 0 and F′(z)

∣∣z=1 > 0 .
Therefore, z = 0 is the evolutionarily stable strategy and the retailer chooses “non-
collaboration” at this time.

While x >
α3I+yQ31+M31−yδ(Q31+Q32)−Q31

α3P+L , we can get F′(z)
∣∣z=0 > 0 and F′(z)

∣∣z=1 < 0 .
Therefore, z = 1 is the evolutionarily stable strategy and the retailer chooses “collaboration”
at this time.

The above strategic analysis of the players shows that the decisions of farmer coopera-
tives, manufacturers, and retailers influence each other. In other words, the evolutionary
steady state of farmer cooperatives is affected by the decisions of manufacturers and retail-
ers, the evolutionary steady state of manufacturers is affected by the decisions of farmer
cooperatives and retailers, and the evolutionary steady state of retailers is affected by the
decisions of farmer cooperatives and manufacturers. Therefore, the decision-making of
farmer cooperatives, manufacturers, and retailers is the result of the tripartite game.

4.2. Analysis of Evolutionarily Stability Strategy

A three-dimensional dynamical system can be obtained from the above replicated
dynamic equations.

dx
dt = x(1− x)(zC1 − yC1 −C1 + 2L− zL− yL)

dy
dt = y(1− y)[zδ(Q21 + Q23) + Q21 + xα2P + xL− α2I− zQ21 −M21]
dz
dt = z(1− z)[yδ(Q31 + Q32) + Q31 + xα3P + xL− α3I− yQ31 −M31]

(22)

According to the method proposed by Friedman [57], the stability of the equilibrium
point of the evolutionary game model can be judged by the Jacobian matrix. When the
eigenvalues of the Jacobian matrix are all less than zero, the corresponding equilibrium
point is the evolutionarily stability strategy (ESS) of the system, and the Jacobian matrix is
written as J.



Sustainability 2022, 14, 5824 9 of 21

J =

 J11 J12 J13
J21 J22 J23
J31 J32 J33

 = (1− 2x)(zC1 − yC1 −C1 + 2L− zL− yL) x(1− x)(−C1 − L) x(1− x)(C1 − L)
y(1− y)(α2P + L) (1− 2y)[zδ(Q21 + Q23) + Q21 + xα2P + xL− α2I− zQ21 −M21] y(1− y)[δ(Q21 + Q23)−Q21]
z(1− z)(α3P + L) z(1− z)[δ(Q31 + Q32)−Q31] (1− 2z)

[
yδ(Q31 + Q32) + Q31 + xα3P + xL− α3I− yQ31 −M31

]
 (23)
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Then, we can obtain the eigenvalues corresponding to pure strategy equilibrium
points, as shown in Table 2. Observing Table 2, it can be seen that the λ1 in (0, 0, 1) and
(1, 1, 1) are positive values. Therefore, (0, 0, 1) and (1, 1, 1) cannot be asymptotically stable
strategy. Next, we will discuss the following six equilibrium points.

(1) When 2L < C1, Q21 − α2I < M21, and Q31 − α3I < M31, the equilibrium (0, 0, 0) is
ESS. This shows that when the supervision cost of farmer cooperatives is higher than
the penalty amount received from manufacturers and retailers, farmer cooperatives
tend to “loose supervision”. If the amount of penalty for subordinate enterprises
increases, the sum of the two penalties is higher than the supervision cost, and the
stability strategy changes. If the difference between the additional income obtained by
the manufacturers or the retailers from the farmer cooperative through collaboration
and the collaboration cost is less than the “free-rider” income obtained from the farmer
cooperative without the collaboration, then the two will tend to “non-collaboration”.
The evolution strategy is shown in Figure 3.

(2) When 1/2L < C1, Q21 − α2I > M21, and δ(Q31 + Q32)− α3I < M31, the equilibrium
(0, 1, 0) is ESS. This shows that when the supervision cost of farmer cooperatives is
higher than half of the penalty amount of “non-collaboration” for manufacturers or re-
tailers, then farmer cooperatives tend to “loose supervision”. If the difference between
the additional income obtained from the farmer cooperatives and the collaboration
input is higher than the “free-rider” income obtained from the farmer cooperatives,
the manufacturers will choose the “collaboration” strategy. If the difference between
the sum of the additional income obtained from the farmer cooperatives and the
manufacturers and the collaboration input is less than the “free-rider” income from
the farmer cooperatives for the retailers that do not collaborate, then the retailers will
choose the “non-collaboration” strategy. The evolution strategy is shown in Figure 4.

(3) When δ(Q21 + Q23)− α2I > M21, and δ(Q31 + Q32)− α3I > M31, the equilibrium
(0, 1, 1) is ESS. In this case, farmer cooperatives tend to “loose supervision”. If the
manufacturers collaborate with farmer cooperatives and retailers, and the difference
between the sum of the additional income obtained from them and the collaboration
input is higher than the “free-rider” income obtained by the manufacturers without
collaboration, then the manufacturers choose the strategy of “collaboration”. If the
retailers collaborate with farmer cooperatives and manufacturers, and the difference
between the sum of the additional income obtained from farmer cooperatives and
manufacturers and the collaboration input is higher than the “free-rider” income
obtained without adopting the collaboration strategy, the retailers will choose the
“collaboration” strategy. The evolution strategy is shown in Figure 1.

(4) When 2L < C1, α2P+Q21−α2I < M21−L, and α3P+Q31−α3I < M31−L, the equi-
librium (1, 0, 0) is ESS. This shows that when the supervision cost of farmer cooper-
atives is lower than the penalty amount received from manufacturers and retailers,
farmer cooperatives tend to adopt the “strict supervision”. The net income obtained
when manufacturers adopt the “collaboration” strategy is less than the net income
obtained without the “collaboration” strategy, then the manufacturers adopt the “non-
collaboration” strategy. The net income obtained when manufacturers adopt the “col-
laboration” strategy means the difference between the reward distribution obtained
due to the collaboration adding the additional income obtained from the collaborative
farmer cooperatives and the collaboration input of the manufacturers. The net in-
come obtained without the “collaboration” strategy means the difference between the
“free-rider” income and the penalty amount. The net income obtained when retailers
adopt the “collaboration” strategy is less than the net income obtained without the
“collaboration” strategy, and then the retailers adopt the “non-collaboration” strategy.
The net income obtained when retailers adopt the “collaboration” strategy means the
difference between the reward distribution obtained due to the collaboration adding
the additional income obtained from the collaborative farmer cooperatives and the
collaboration input of the retailers. The evolution strategy is shown in Figure 5.



Sustainability 2022, 14, 5824 11 of 21

(5) When 1/2L > C1, α2P+Q21−α2I > M21−L, andα3P+δ(Q31 +Q32)−α3I < M31−L,
the equilibrium (1, 1, 0) is ESS. This shows that when the supervision cost of farmer
cooperatives is less than half of the penalty amount received from retailers, farmer
cooperatives tend to the “strict supervision”. The net income obtained when manu-
facturers adopt the “collaboration” strategy is higher than the net income obtained
without the “collaboration” strategy, then the manufacturers adopt the “collaboration”
strategy. The net income obtained when manufacturers adopt the “collaboration”
strategy means the difference between the reward distribution obtained due to the
collaboration adding the additional income obtained from the collaborative farmer co-
operatives and the collaboration input of the manufacturers. The net income obtained
without the “collaboration” strategy means the difference between the “free-rider”
income and the penalty amount. The net income obtained when retailers adopt the
“collaboration” strategy is less than the net income obtained without the “collabora-
tion” strategy, and then the retailers adopt the “non-collaboration” strategy. The net
income obtained when retailers adopt the “collaboration” strategy means the differ-
ence between the reward distribution obtained due to the collaboration adding the
additional income obtained from the collaborative farmer cooperatives and manufac-
turers and the collaboration input of the retailers. The evolution strategy is shown in
Figure 6.

(6) When α2P + δ(Q21 + Q23)− α2I < M21 − L, and α3P + Q31 − α3I > M31, the equi-
librium (1, 0, 1) is ESS. In this case, farmer cooperatives tend to choose the “strict
supervision”. The net income obtained when manufacturers adopt the “collaboration”
strategy is less than the net income obtained without the “collaboration” strategy,
then the manufacturers adopt the “non-collaboration” strategy. The net income ob-
tained when manufacturers adopt the “collaboration” strategy means the difference
between the reward distribution obtained due to the collaboration adding the addi-
tional income obtained from the collaborative farmer cooperatives and retailers and
the collaboration input of the manufacturers. The net income obtained without the
“collaboration” strategy means the difference between the “free-rider” income and the
penalty amount. The net income obtained when retailers adopt the “collaboration”
strategy is higher than the “free-rider” income without the “collaboration” strategy,
then the retailers adopt the “collaboration” strategy. The net income obtained when
retailers adopt the “collaboration” strategy means the difference between the reward
distribution obtained due to the collaboration adding the additional income obtained
from the collaborative farmer cooperatives and the collaboration input of the retailers.
The evolution strategy is shown in Figure 2.

Table 2. The pure strategy equilibrium points and eigenvalues.

Equilibrium Points
Eigenvalues

λ1 λ2 λ3

(0, 0, 0) 2L−C1 Q21 − α2I−M21 Q31 − α3I−M31
(0, 1, 0) L− 2C1 α2I−Q21 + M21 δ(Q31 + Q32)− α3I−M31
(0, 0, 1) L δ(Q21 + Q23)−M21 − α2I α3I + M31 −Q31
(0, 1, 1) −C1 α2I + M21 − δ(Q21 + Q23) α3I + M31 − δ(Q31 + Q32)
(1, 0, 0) C1 − 2L Q21 + α2P + L−M21 − α2I Q31 + α3P + L−M31 − α3I
(1, 1, 0) 2C1 − L α2I + M21 −Q21 − α2P− L δ(Q31 + Q32) + α3P + L− α3I−M31
(1, 0, 1) −L δ(Q21 + Q23) + α2P + L− α2I−M21 α3I + M31 −Q31 − α3P− L
(1, 1, 1) C1 α2I + M21 − δ(Q21 + Q23)− α2P− L α3I + M31 − δ(Q31 + Q32)− α3P− L
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Figure 1. The evolutionarily stability strategy (0, 1, 1).

Figure 2. The evolutionarily stability strategy (1, 0, 1).

Figure 3. The evolutionarily stability strategy (0, 0, 0).
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Figure 4. The evolutionarily stability strategy (0, 1, 0).

Figure 5. The evolutionarily stability strategy (1, 0, 0).

Figure 6. The evolutionarily stability strategy (1, 1, 0).

5. Numerical Simulation and Discussion

In order to verify the evolutionary stability and more intuitively show the influence
of different factors on the collaboration of game subjects, this paper takes the agricultural
product supply chain dominated by “HX” Ecological Farmer Cooperative, namely “HX
Ecological Farmer Cooperative + YH Rice Cooperative Association + HA Food Company”
as an example for numerical simulation. “HX” Ecological Farmer Cooperative registered
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the “HX” rice trademark and obtained the certification of pollution-free agricultural prod-
ucts by the Ministry of Agriculture and Rural Affairs. “HX” Ecological Farmer Cooperative
implements large-scale operation and standardized planting. It collaborates with the “YH”
Rice Cooperative Association in the processing link. The “YH” Rice Cooperative Associa-
tion carries out primary processing of rice, retains all natural nutrients in rice, and finally
sells it to “HA” Food Company. In the whole supply chain, each participant always uses
the brand of “HX”, and the “HX” Ecological Farmer Cooperative has established a trace-
ability system for products. If the “HX” brand is not used, there will be a fine. Through
interviews with the relevant principals of each subject, we have a further understanding of
the collaborative relationship. The average contract signing time is one to two years, which
is a relatively short-term collaboration. Collaboration is based on complementary resources,
and it can bring additional income to each other. At the same time, the cooperative super-
vises the extension of downstream brands. There will be defaults and speculation during
this period, which may lead to the interruption of collaboration. The parameter value
setting method mainly refers to the literatures [60–62]. We get the actual amount of initial
revenue, additional income, supervision cost, reward and punishment through interviews.
For parameters that are difficult to obtain direct values from interviewees, we refer to the
literature [27], such as the synergy coefficient, and discuss with experts based on the actual
situation about the “free-rider income”. Then the simulation value is processed dimension-
less. The specific parameter values do not represent the actual amount, but can represent
the relative size of the parameters, so as to generalize the conclusion. The basic param-
eter values are as follows: I = 20, α2 = 0.3, α3 = 0.2, C1 = 15, P = 10, L = 5, Q21 = 13,
Q23 = 18, Q31 = 11, Q32 = 13, M21 = 10, M31 = 9, δ = 2. The setting of parameter

values satisfies the premise assumptions and conditions of the stable point (0, 1, 1). Based
on the basic parameter values, the initial probability of each subject is (0.5, 0.5, 0.5). Then we
analyze the impact of C1, Q21, Q31, M21, δ, P, L on the evolutionary game of the system.

5.1. The Impact of Supervision Cost on Evolutionary Game

Under the condition that the given conditions remain unchanged, in order to analyze
the impact of supervision cost on the evolutionary game, C1 takes the value of 5, 10, and 15,
respectively. The simulation results are shown in Figure 7. In the process of system evolu-
tion to the stable point, the increase in supervision cost will accelerate the speed of system
evolution, but the probability of farmer cooperatives adopting the “strict supervision”
strategy will decrease, and the probability of manufacturers and retailers adopting the
“collaboration” strategy will increase. If the supervision cost increases, farmer cooperatives
strengthen supervision and invest more energy and funds, their original income may
decline as a result, and so the enthusiasm for “strict supervision” will be reduced. On the
other hand, the increase in supervision cost means that supervision tends to be strict, which
plays a warning role for subordinate enterprises in the supply chain and will promote
them to strengthen collaboration, and the probability of subordinate enterprises adopt-
ing the “collaboration” will increase. Therefore, strengthening supervision can promote
collaboration in the supply chain, but we should comprehensively consider the increase
in supervision cost, the amount of additional income created by collaboration, and the
behavior preference of subordinate enterprises, so as to determine the supervision strategy.

5.2. The Impact of Additional Income on Evolutionary Game

Under the condition that the given conditions remain unchanged, in order to analyze
the impact of additional income on the evolutionary game, Q21 and Q31 are set values
of 0, 10, and 20, respectively. The simulation results are shown in Figure 8. When the
additional income of manufacturers from collaboration with farmer cooperatives increases,
the speed of system evolution to the stable point is accelerated, and the probability of
manufacturers adopting the “collaboration” strategy will increase accordingly. When the
additional income obtained by the retailers from the collaboration with farmer cooperatives
increases, the probability of the retailers adopting the “collaboration” strategy will also
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increase. It can be seen from the figure that the collaboration probability of manufacturers
and retailers is positively correlated. The collaboration probability is affected by different
factors, but the collaboration behaviors of the two subjects promote each other.

Figure 7. Effect of supervision cost on strategy.

Figure 8. Effect of additional income on strategy. (a) The additional income Q21; (b) the additional
income Q31.

5.3. The Impact of “Free-Rider” Income on Evolutionary Game

Under the condition that the given conditions remain unchanged, in order to analyze
the impact of “free-rider” income on the evolutionary game, M21 and M31 are set values
of 0, 20, and 40, respectively. The simulation results are shown in Figure 9. When the
“free-rider” income obtained by the manufacturers due to the collaboration of farmer
cooperatives decreases, the probability of the manufacturers adopting the “collaboration”
strategy increases. When the “free-rider” income obtained by the retailers due to the
collaboration of farmer cooperatives decreases, the probability of the retailers adopting
the “collaboration” strategy increases. In the process of the system game, the greater the
probability of farmer cooperatives adopting the “strict supervision” strategy, the lower
the “free-rider” income obtained by the collaboration of farmer cooperatives. The “free-
rider” behavior in the operation of the supply chain will bring a certain improvement to
the individual income, but it will affect the overall operational efficiency. Continuously
reducing the “free-rider” income and increasing the awareness of participants’ collaboration
is conducive to achieving a stable situation of supply chain coordination and collaboration.
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Figure 9. Effect of “free-rider” income on strategy. (a) The additional income M21; (b) the additional
income M31.

5.4. The Impact of Synergy Coefficient on Evolutionary Game

Under the condition that the given conditions remain unchanged, in order to analyze
the impact of synergy coefficient on the evolutionary game, δ takes values of 1, 2, and 3,
respectively. The simulation results are shown in Figure 10. In the process of the system
tending to evolve and stabilize, the increase of the synergy coefficient will speed up the
evolution of the system. The increase of the synergy coefficient means that the benefits
brought by the collaboration to the supply chain will be enlarged, the probability of
manufacturers and retailers choosing “collaboration” increases, and the “collaboration”
behavior of subordinate enterprises promotes each other. Therefore, it is an important
measure to implement synergy to improve the understanding of the positive synergy effect
of each main body in the supply chain and to promote the system to generate a higher
synergy coefficient.

Figure 10. Effect of synergy coefficient on strategy.

5.5. The Impact of Reward and Punishment Mechanism on Evolutionary Game

Under the condition that the given conditions remain unchanged, in order to analyze
the impact of the synergy coefficient on the evolutionary game, the reward amount P is set as
0, 50, and 100, respectively, and the punishment amount L is set as 0, 10 and 20, respectively.
The simulation results are shown in Figure 11. The greater the reward and punishment for
“collaboration” behavior, the faster the system tends to a stable state, and the higher the
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probability of collaboration in the supply chain. The reward and punishment system has
a certain incentive effect on affiliated enterprises, but the degree of incentive is related to
the additional income brought by collaboration and the difference in “free-rider” income.
The formulation and implementation of a perfect reward and punishment system will
inevitably increase the supervision cost of farmer cooperatives, so the above factors should
be considered comprehensively.

Figure 11. Effect of reward and punishment mechanism on strategy. (a) The reward amount P; (b) the
punishment amount L.

The parameter values are evolved 50 times over the time from different initial strategy
combinations, and the simulation results are shown in Figure 12. There is a unique stable
equilibrium point (0, 1, 1) in the system, that is, the evolutionary and stable strategies of
farmer cooperatives, manufacturers, and retailers are (loose supervision, collaboration,
collaboration). The simulation results are consistent with the previous model analysis con-
clusions, which have practical guiding significance for the collaboration of the agricultural
product supply chain led by farmer cooperatives.

Figure 12. The result of the initial parameter evolving 50 times.

6. Conclusions and Enlightenment

In view of the unstable collaborative relationship in the supply chain, this paper stud-
ies the collaborative mechanism in the agricultural product supply chain dominated by
farmer cooperatives by constructing the tripartite evolutionary game model of farmer coop-
eratives, manufacturers, and retailers. This paper analyzes the stability of the main strategy
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selection and the stability of the system equilibrium strategy combination, and verifies the
impact of collaboration input, “free-rider” income, additional income, synergy coefficient,
and reward and punishment mechanism on the system collaboration through numerical
simulation analysis.

The results show that farmer cooperatives implement strict supervision strategies
and increase the intensity of rewards and punishments, which is conducive to promoting
collaboration in the supply chain, but the increase in supervision cost is not conducive to
the income of farmer cooperatives. Therefore, farmer cooperatives tend towards the “loose
supervision” strategy. In the case of loose supervision, the difference between the additional
income obtained by subordinate enterprises and the collaboration input paid by themselves
is higher than the “free-rider” income obtained without the strategy of collaboration,
which is conducive to the evolution of subordinate enterprises in the supply chain to the
direction of collaboration. There is an evolutionary stability strategy combination of the
system at this time (loose supervision, collaboration, collaboration), which shows that
under reasonable constraints, the operation state of the agricultural product supply chain
will evolve towards the most efficient direction. In addition, the increase in additional
income, reward and punishment, and synergy coefficient will improve the probability of
system evolution to the Pareto optimal, and accelerate the realization of comprehensive
collaboration of agricultural product supply chain dominated by farmer cooperatives.
The increase of collaboration input and “free-rider” income will reduce the probability of
realizing comprehensive collaboration. The matching of the additional income and reward
distribution coefficient of collaboration with the proportion of collaboration is a necessary
condition for the continuous collaboration of stakeholders, which is more conducive to
achieving fair distribution and promoting the stable operation of the supply chain.

From the above conclusions, it can be seen that the agricultural product supply chain
dominated by farmer cooperatives is not suitable for the strict supervision mode to achieve
comprehensive collaboration. Farmer cooperatives adopt the strategy of loose supervision,
which can better ensure the stable operation of the supply chain. Farmer cooperatives can
enhance the dependence of subordinate enterprises by improving the degree of product
characteristics and strengthening the brand effect. In addition, subordinate enterprises
should reduce speculation, jointly plan with farmer cooperatives, establish an informa-
tion sharing platform, improve the synergy coefficient, and create more profits for the
whole supply chain. Finally, fairness is the key to maintaining a collaborative relationship.
The income distribution and investment proportion in the supply chain should match,
fully protect the rights and interests of the participants, and make the comprehensive
collaboration state in the supply chain sustainable.

7. Limitations and Future Research

There are still some limitations in this study. First, the supply chain collaboration
mechanism is a complex issue. This paper only studies the main influencing factors based
on the behavior of agricultural product supply chain dominated by farmer cooperatives.
In order to simplify the model, it fails to consider all the influencing factors. In addition,
some values come from specific cases in the numerical simulation. Although the simulation
results can verify the theoretical model, they still have a certain degree of subjectivity.
Therefore, future research should comprehensively consider more practical factors in
model construction, and increase the actual sample size in numerical simulation to make
the conclusions more objective and scientific.
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