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Abstract

The development of fishery carbon sink trading is an important starting point to help China 
achieve its carbon dioxide emission reduction targets and an inherent requirement for sustainable 
economic development. However, China’s fishery carbon sink trading market is not yet mature, and the 
influences of multiple factors have blunted stakeholders’ enthusiasm for market participation. Therefore,  
it is important to determine the influencing mechanisms of stakeholders’ participation in the fishery 
carbon sink trading market. In this context, to clarify the factors that affect the enthusiasm of 
participants, this study establishes a tripartite evolutionary game model of fishery carbon sink trading 
stakeholders based on the prospect theory. The dynamic evolution trends of the game subjects’ strategies 
are studied, and the effects of unit fishery carbon sink price, government subsidy ratio, psychological 
effects of the game subjects, and other factors are discussed. With the development of the fishery carbon 
sink trading market, the development stages can be divided into initial, medium, and mature stages,  
and the game players choose different strategies at different stages. Different factors affect the choices  
of the three parties. When psychological factors involve uncertain gains and losses, they are also 
important in influencing decision-makers’ decisions.

Keywords: fishery carbon sink trading, tripartite evolutionary game model, prospect theory, market 
participation enthusiasm
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Introduction

In September 2020, General Secretary Xi mentioned 
in his speech that China would adopt more powerful 
measures to achieve the carbon peaking target by 
2030 and achieve the carbon neutrality goal by 2060.  
The ultimate goal of the dual-carbon target is to 
achieve a balance between carbon emissions and carbon 
absorption. Industrial carbon capture and natural carbon 
sinks are the primary methods of carbon absorption. 
However, at present, heat and power consumption, 
and equipment investment in China’s CO2 capture 
technology are high, leading to a high total cost of 
industrial carbon capture technology. In contrast, the 
development of natural carbon sinks has appreciable 
economic benefits and few detriments. Therefore, 
making good use of natural carbon sinks will enhance 
China’s realization of its dual-carbon target.

Among the various ecosystems with carbon 
sink capacities, that of the ocean is significant. By 
exchanging carbon fluxes with the terrestrial biosphere, 
nearly 50 % of carbon emissions from human activities 
can be eliminated [1]. Marine carbon sinks include 
carbon stored in mangroves, salt marshes, seagrass 
beds, and fishery carbon sinks. Fishery carbon sinks 
are closely related to human activities [2-4]. Therefore, 
carbon sinks in fisheries are economically valuable. 
Incorporating fishery carbon sinks into carbon trading 
markets is conducive to achieving the dual-carbon 
target, and promotes the development of the marine 
economy and formation of new economic growth factors 
[5]. In January 2022, Lianjiang County, Fujian Province, 
relying on the country’s first marine carbon sink trading 
platform, completed a 15,000t fishery carbon sink 
trading project. This was also the first marine fishery 
carbon sink trading project in the first trial of local 
carbon sink construction.

Despite this initiative, China’s fishery carbon sink 
trading market is not yet mature, and stakeholders’ 
enthusiasm for market participation is low due to the 
influence of multiple factors. Marine carbon sink 
trading, including fishery carbon sink trading, has not 
been included in the national carbon emission trading 
market system, and relevant practices are still mainly 
piloted locally. China’s fishery carbon sink trading 
market is in its infancy, and the construction of the 
fishery carbon sink trading market in China is slow. 
Thus, it is particularly important to improve the market 
participation enthusiasm of stakeholders and promote 
the rapid development of the fishery carbon sink trading 
market. Relatively few studies have addressed carbon 
sink trading in fisheries. Zheng et al. researched the 
impact of government subsidies on the evolution of the 
fishery carbon sink trading market using the evolutionary 
game method [6]. He et al. constructed a mathematical 
model including fishery carbon sink producers, research 
departments, and local governments, and analyzed 
the stability of the three parties [7]. Prior research on 
fishery carbon sink transactions has not considered 

the purchasers of fishery carbon sinks and has not 
comprehensively analyzed the influencing factors when 
game players were making decisions, instead only 
considering government subsidies. This study conducted 
in-depth research on this basis.

Previous research has mainly focused on blue 
carbon trading. Few studies have refined research 
on fishery carbon sink trading. However, because of 
the particularity of fishery carbon sinks (cultivation 
of mangroves and seagrass beds do not have the 
characteristics of a short growth cycle, tradable products, 
and simple artificial breeding as fishery breeding), 
previous research on blue carbon trading cannot be fully 
applied to fishery carbon sink trading.

Furthermore, the actual utility of carbon sink 
trading has been used as the basis for the analysis of  
the behavior of game players. However, participation in 
the construction of a fishery carbon sink trading market 
has some risks for participants. Therefore, there will be 
a certain deviation between the psychological perception 
of utility and the actual utility, which will lead to  
a difference in the final decisions of the participants. 
Because in the process of building a fishery carbon sink 
trading market, participants will face risks. To get the 
maximum utility, they should use the psychological 
perception utility rather than the actual utility as  
a reference. Due to the clear explanation of the decision-
making process of human beings in risk situations 
provided by prospect theory, it is suitable for analyzing 
the risk decision-making process of each participant 
involved in the development of the fishery carbon sink 
trading market.

This study considers local governments (LG), 
marine ranching (MR), and enterprises in need of 
fishery carbon sinks (CNFC) as the research objects. 
The development of the fishery carbon sink requires the 
joint efforts of producers (MR) and consumers (CNFC). 
But due to the public good nature of carbon sinks, MR 
is not highly motivated to develop carbon sink fisheries, 
and CNFC will not voluntarily carry out fishery carbon 
sink trading. If LG provides subsidies to MR and 
CNFC, and supervises the fishery carbon sink trading 
market, the cost of MR and CNFC to conduct fishery 
carbon sink trading can be reduced, and LG can ensure 
that the transaction is fair as a supervisory body; MR 
sells their fishery carbon sinks to CNFC for ecological 
and economic benefits; CNFC purchases fishery carbon 
sinks from MR to meet emission reduction targets. 
Based on this, LG, MR, and CNFC have formed a 
fishery carbon sink trading development system, MR 
can decide whether to breed seafood with carbon sink 
capacity, CNFC can decide whether to purchase fishery 
carbon sinks, and LG can decide whether to supervise 
and provide financial support for the construction of 
fishery carbon sink trading markets.

Prospect theory and evolutionary game theory  
are combined to establish a dynamic game model 
between LG, MR, and CNFC. The main factors 
influencing decision-making behavior and construction 
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of the fishery carbon sink trading market are studied in 
depth. For this, a three-party evolutionary game model 
consisting of LG, MR, and CNFC is constructed, which 
can effectively describe the interaction mechanism of 
the behavior strategies of the three stakeholder groups.  
The influences of the main parameters, including 
unit fishery carbon sink price, unit carbon tax price, 
and government subsidy amount, on stakeholder 
group decision-making are illustrated by numerical 
simulation. The findings show that the introduction of 
prospect theory into the three-party evolutionary game 
model, considering the expected utility of different 
participants, can effectively improve the scientific nature 
of the decision-making behavior analysis of the three 
stakeholder groups.

In the remainder of this paper, the second section 
reviews the existing literature related to this study. 
The third section details the construction of a tripartite 
evolutionary game model of LG, MR, and CNFC.  
In the fourth section, the evolution process and 
influencing factors of the fishery carbon sink 
trading market construction are illustrated through 
numerical simulation and some corresponding policy 
recommendations are put forward. Finally, the fifth 
section presents the research conclusions.

Literature Review

The carbon transaction policy mainly controls CO2 
emissions by reducing the total emissions of enterprises 
and affecting the cost of enterprise emissions [8]. Carbon 
emissions and carbon sink trading are two important 
carbon transaction methods.

Carbon emissions trading is a market mechanism for 
reducing global greenhouse gas (GHG) emissions [9-
11]. Zhang et al. gave a systematic overview of China’s 
ETS pilots from 2013 to 2016, and highlighted some 
recommendations for the upcoming national systems 
[12]. A game model was devised to study the decisions 
of suppliers and consumers under cap-trade regulation 
[13]. Wang et al. proposed a multi-market syndication 
transaction process, and proposed a multi-market 
bidding optimization model based on an evolutionary 
game [14]. Qi et al. researched the evolution tactics of 
the carbon market with the goal of dual-carbon with 
an evolutionary game method [15]. Ma et al. designed 
a long-term Stackelberg model to study the game of  
a supply chain with quota and transaction regulation 
[16]. Pan et al. designed a tripartite game model to 
analyze the behavioral relationship between commercial 
sources of emission, third-party verification agencies, 
and LG [17].

The carbon sink trading mechanism refers to the 
process by which the ecosystem absorbs CO2 in the 
atmosphere and fixes it to reduce its atmospheric 
concentration [18-21], then entities that exceed their 
carbon emission quota can purchase units of absorbed 
CO2 emissions to offset their emissions. Blue carbon 

trading and green carbon trading are important 
components of carbon sink trading. Green trading 
mainly includes forest and grassland carbon sinks[20]. 
Blue trading mainly involves carbon stored in coastal 
ecosystems, such as mangroves, salt marshes, and 
in fisheries [22-24]. Song et al. comprehensively 
analyzed the potential of China’s forest resources and 
concluded that the forest carbon sink market should be 
incorporated into China’s carbon emissions transaction 
market [25, 26]. Forest carbon sinks have great potential. 
But blue carbon has unique advantages such as a higher 
carbon sink rate [27]. Fishery carbon sinks are closely 
associated with human activity. Integrating fishery 
carbon sinks into the carbon trading market is conducive 
to achieving the goal of efficient emission reduction and 
sinks increase, and in promoting economic development. 
However, research on fishery carbon sinks mainly 
focused on the natural realm [28-31]. Few studies have 
focused on the relationship between the strategies of 
fisheries carbon sequestration stakeholders.

Evolutionary game theory can use mathematical 
methods to explain the behavior of stakeholders and 
describe how the interaction of different stakeholders 
who prioritize their own goals leads to the evolution 
of a system [32-34]. Evolutionary game theory has 
a wide range of applications. For example, Chen et 
al. used evolutionary game theory to evaluate the 
different hydrogen technologies, providing conditions 
for all airports and airlines to convert technologies 
[35]. Duan et al. designed a dynamic game model 
to analyze the dynamic change and stability of the 
steel market in China [36, 37]. Xiu et al. designed an 
evolutionary game model to analyze the relationship 
among the central government, the local government, 
and the farmers [38]. Sun et al. studied the evolutionary 
trends of the tripartite game of waste sorting [39]. 
Peng et al. combined evolutionary game theory with 
the pricing model to study the dynamic mechanism 
in channel selection [40]. Feng et al. studied how the 
industrial Internet platform guides the sharing of high-
quality information in semiconductor manufacturing 
[41]. As a final example, Zhang et al. designed a four-
party evolutionary game model to study the impact of 
behavioral safety management systems on coal mine 
safety production [42].

In addition to its past use to study carbon emissions 
trading, evolutionary game theory can also be used to 
study the strategic interactions of different stakeholders 
in the blue carbon trading market. For example, Yu et 
al. constructed a game model of marine carbon sink 
trading; and analyzed the impact of management 
methods on marine carbon sink market trading [43]. 
Based on the evolutionary game method, a model that 
includes carbon sink producers, research institutions, 
and governments was constructed to study how 
to implement the marine carbon sink fisheries [7]. 
Wan et al. developed an evolutionary game model of 
marine ranching, carbon transaction platforms, and 
governments to study how to promote blue carbon 
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trading [44]. Wan also developed a model consisting 
of government regulators, carbon trading platforms, 
and news media to analyze evolutionary equilibrium 
conditions and evolutionary stability strategies of all 
parties [45]. Wang et al. designed an evolutionary 
game model consisting of Chinese government, marine 
ranching, and companies that need blue carbon.  
The main parameters were simulated to research 
the impact of parameter changes on evolution [46]. 
In another study, the participation probability of 
stakeholders was improved by evolutionary game theory, 
and an evolutionary game model of local governments, 
blue carbon producers and demanders was constructed 
[47].

Despite these achievements, the evolutionary game 
model has some limitations. Participants may face 
risks during the game process. Therefore, there is  
a certain deviation between the psychological utility of 
the decision maker and the actual utility, which leads 
to a difference in the final decisions of the participants. 
The literature indicates that the prospect theory can 
effectively solve this problem. Prospect theory has made 
a significant contribution to human judgment under 
uncertainty [48]. Many scholars have combined prospect 
theory with the evolutionary game model to study the 
influence of the psychological role of the game subject 
on decision-making and judgment [49-51].

The main contributions of this paper are as follows: 
This paper discusses the change process and main 
influencing factors of LG, MR, and CNFC decision-
making behavior in the development of the fishery 
carbon sink market, which can provide an important 
reference for decision-makers related to the construction 
of fishery carbon sink trading market; Based on the 
expected utility of different participants, a tripartite 
evolutionary game model of LG, MR and CNFC was 
established based on prospect theory. By introducing 
psychology and risk into analysis, the scientific analysis 
of the decision-making behavior of game agents can 
be effectively improved, and policy suggestions can be 
provided for LG, MR, and CNFC accordingly.

Material and Methods

In this section, the fundamental hypothesis 
is proposed and the expected returns of the three 
stakeholders under different strategic choices are 
listed. The replication dynamic equation of the three-
party evolutionary game model is obtained through 
calculations. To obtain the evolutionary stable strategy 
(ESS) of the replication dynamic system, 13 equilibrium 
points are obtained by calculation, including eight 
pure-strategy equilibrium points. The Jacobian matrix  
of the system is calculated, and the asymptotic stability 
of the equilibrium points is verified by analyzing  
the eigenvalues of the Jacobian matrix. Finally,  
the eight ESSs in the system and their eigenvalues are 
solved.

Cao et al. used evolutionary game theory to improve 
the probability of stakeholders’ participation in building 
an effective blue carbon transaction market and  
a mangrove trading in China was used as a case study 
to validate the game model; The simulation results are 
consistent with the actual situation, which verifies the 
accuracy of our model. The instance verification results 
are consistent with the predicted results, so the example 
verification shows that the evolutionary game model is 
effective [47]. 

However, there may be risks in the evolution of the 
system, and considering the psychological factors of the 
game agent will make the research more comprehensive, 
and the prospect theory can solve this problem well, 
so this study adds the prospect theory on the basis of 
the tripartite evolutionary game model, so that the 
simulation results are more scientific and effective.

Participants and Their Strategy Sets

Stakeholders involved in the establishment of the 
fishery carbon sink trading market are identified as: 
LG, MR, and CNFC. LG encourages MR and CNFC to 
participate in the fishery carbon sink trading market by 
issuing subsidies. As a regulatory agency, LG can ensure 
fair trading. MR sells fishery carbon sinks for profit, and 
CNFC buys the fishery carbon sinks to achieve emission 
reduction targets.

LG may choose to participate in the construction 
of the fishery carbon sink trading market to maximize 
social benefits. However, due to LG’s limited financial 
resources, high subsidies may force it to not support 
the development of the fishery carbon sink trading 
market. Therefore, the LG strategy is {participate, 
not participate}. MR may choose to breed carbon-
sink relevant seafood because of LG subsidy and the 
perspective of social reputation, or may choose not to 
breed carbon-sink relevant seafood considering the costs 
and risks of the process. The strategy set for the MR is 
{breed, not breed}. CNFC may choose to buy fishery 
carbon sinks from the perspective of social reputation, 
or may choose to pay a carbon tax to LG because of 
emission reduction needs or the risk of fishery carbon 
sink trading. Thus, the CNFC strategy set is {buy, not 
buy}.

Fundamental Hypotheses

The detailed reason for hypothesis 1 is that the 
evolutionary game analysis method studies the 
decision-making of the actor based on the assumption 
of bounded rationality and learning mechanism, the 
game party must continuously improve its strategy 
through a certain period of learning and accumulation 
to obtain a stable equilibrium result, therefore, it is 
assumed that the participating subjects, including LG, 
MR, and CNFC, are the decision-makers of bounded 
rationality; The detailed reason for hypothesis 2 is that 
assumptions based on the basic principles of prospect 
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fishery carbon sink trading market. The LG department 
will incur costs in the promotion of the fishery carbon 
sink trading policy and will also gain image and 
environmental benefits. If LG does not participate in 
the fishery carbon sink trading market, it will also gain 
environmental benefits when fishery carbon sink trading 
is carried out between MR and CNFC.

Hypothesis 6: The proportion of LG participating in 
the construction of fishery carbon sink trading market 
is x (0≤x≤1), the proportion of MR choosing to breed 
seafood with carbon sink capacity is y (0≤y≤1), and the 
proportion of CNFC choosing to buy fishery carbon 
sinks is z (0≤z≤1).

In the process of building a fishery carbon sink 
trading market, LG, developers, and buyers each have 
their own strategic choices. The strategies among them 
influence each other, and different choices have different 
effects on the development of the fishery carbon sink 
trading market. To explore the revenue and expenditure 
of the three players’ different behavioral strategies, we 
set some relevant parameters as shown in Appendix 1.

Expected Return and Replication Dynamic 
Equation of Each Participant

Based on the above assumptions, the expectations 
of LG, MR, and CNFC under different strategic choices 
are explained in Appendix 2, and the benefits are shown 
in Table 1.

The basic principle of the replication dynamic 
equation is that a strategy with better results than the 
average level will gradually be used by more individuals, 
eventually converging to a stable strategy.

The replication dynamic equation refers to the 
process in which players in the game can change their 
original strategies and choose a more advantageous 
strategy than before on the basis of learning from the 
behavior strategies of other players.

The formula of the replication dynamic equation 
formula is f(x) = dx/dt = x*(A11-A1).

Among them, x represents the probability of LG 
participating in the fishery carbon sink trading market, 
A1 represents the average return of LG at the current 

theory; Detailed reasons for hypotheses 3 to hypothesis 
6 are that in reality, the behavioral game of LG, MR, 
and CNFC is quite complex, and it is difficult to take 
into account every factor and every situation, in order 
to facilitate the follow-up research, hypotheses 3 to 6 
are proposed based on the overall characteristics of the 
interest game of fishery carbon sink trading.

Based on the above reasons, the following hypotheses 
are proposed:

Hypothesis 1: The evolutionary game model includes 
three players: LG, MR, and CNFC. They are not entirely 
rational and aim to maximize their benefits. In addition, 
they can learn from each other and change their 
strategies anytime as the fishery carbon sink trading 
market develops.

Hypothesis 2: According to prospect theory, when 
participants are uncertain about profits or losses, there 
are differences between their perception of profit and 
loss and their actual value, and the value of the reference 
point is set to 0. 

Hypothesis 3: MR is free to choose whether to 
participate in the construction of the fishery carbon sink 
trading market. MR may choose to breed seafood with 
carbon sink capacity because of LG subsidy incentives 
or from the perspective of social reputation. Otherwise, 
MR may choose to breed seafood without carbon sink 
capacity because of the cost and risks of fishery carbon 
sink projects.

Hypothesis 4: CNFC carbon emissions have 
exceeded the specified amount, making it necessary to 
meet emission reduction requirements by purchasing 
fishery carbon sinks or paying a carbon tax to LG. 
 If CNFC wants to buy fishery carbon sinks and the 
local MR does not farm seafood with a carbon sink 
capacity, CNFC can buy fishery carbon sinks from 
other regions. CNFC companies trade carbon sinks in 
fisheries or pay a carbon tax is equivalent to contributing 
to environmental protection; thus, the company’s image 
will be improved.

Hypothesis 5: The LG may subsidize and supervise 
MR and CNFC to promote the development of the fishery 
carbon sink trading market. However, if the subsidy cost 
is too high, LG may choose not to participate in the 

Table 1. LG, MR, CNFC tripartite game payoff matrix.

Strategy combination LG gains MR gains CNFC gains

A1,B1,C1 V(R2)-V(R1)-w D*p1+k1*w-Q1*M1+P4*Q1 V(S1)-D*p1+k2*w

A1,B1,C2 V(R2)-V(R1)-k1*w+D*p2 k1*w-Q1*M1+P4*Q1 V(S2)-D*p2

A1,B2,C1 V(R2)-V(R1)-k2*w -Q2*M2+P3*Q2 V(S1)-D*p1+k2*w

A1,B2,C2 V(R2)-V(R1)+D*p2 -Q2*M2+P3*Q2 V(S2)-D*p2

A2,B1,C1 V(R3) D*p1-Q1*M1+P4*Q1 V(S1)-D*p1

A2,B1,C2 D*p2 -Q1*M1+P4*Q1 V(S2)-D*p2

A2,B2,C1 0 -Q2*M2+P3*Q2 V(S1)-D*p1

A2,B2,C2 D*p2 -Q2*M2+P3*Q2 V(S2)-D*p2
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moment, A11 represents the expected return of LG 
choosing to participate in the fishery carbon sink trading 
market at the current moment, f(x) = dx/dt represents 
the rate of change in the probability that LG chooses to 
participate in the fishery carbon sink trading market per 
unit time.

The same is true for f(y) and f(z).
We calculated the expected returns of LG 

participating or not participating in the fishery carbon 
sink trading market, which are expressed as A11  
and A12 respectively. The average return is expressed 
as A1.

A11 = (V(R2)-V(R1)-w)*y*z+(V(R2)-V(R1) 
-k1*w+D*p2)*y*(1-z)+(V(R2)-V(R1)-(1-k1)*w) 

*(1-y)*z+(V(R2)-V(R1)+D*p2)*(1-y)*(1-z);
(1)

A12 = (V(R3))*y*z+(D*p2)*y
*(1-z)+(D*p2)*(1-y)*(1-z);              (2)

A1 = x*A11+(1-x)*A12                 (3)

According to the three equations above, the 
replication dynamics equation f(x) of the LG can be 
obtained. 

F(x) = dx/dt = x*(A11-A1) = x*(x-1)*(V(R1)-V(R2)
+k1*w*y+k2*w*z+V(R3)*y*z)             (4)

The expected returns of MR breeding seafood 
with carbon sink capacity or ordinary seafood were 
calculated and expressed as B11 and B12, respectively, 
and the average return was expressed as B1.

B11 = x*z*(D*p1+k1*w-Q1*M1+P4*Q1)+x*(1-z)
*(k1*w-Q1*M1+P4*Q1)+(1-x)*z*(D*p1-Q1*M1

+P4*Q1)+(1-x)*(1-z)*(-Q1*M1+P4*Q1);     (5)

B12 = x*z*(-Q2*M2+P3*Q2)+x*(1-z)*(-Q2*M2
+P3*Q2)+(1-x)*z*(-Q2*M2+P3*Q2)+(1-x)*(1-z)

*(-Q2*M2+P3*Q2);                         (6)

B1 = y*B11+(1-y)*B12                    (7)

Based on the three equations above, the replication 
dynamic equation f(y) of the MR was obtained.

F(y) = dy/dt = y*(B11-B1) = -y*(y-1)*(M2*Q2-M1
*Q1-P3*Q2+P4*Q1+k1*w*x+p1*D*z)           (8)

We calculated the expected return of CNFC to 
buy fishery carbon sinks or pay a carbon tax, which is 
expressed as C11 and C12, respectively, and the average 
return is expressed as C1.

C11 = x*y*(V(S1)-D*p1+(1-k1)*w)+(1-x)*y*(V(S1)
-D*p1)+x*(1-y)*(V(S1)-D*p1+(1-k1)*w)+(1-x)

*(1-y)*(V(S1)-D*p1);                      (9)

C12 = x*y*(V(S2)-D*p2)+x*(1-y)*(V(S2)-D*p2)
+(1-x)*y*(V(S2)-D*p2)+(1-x)*(1-y)*(V(S2)-D*p2);

(10)

C1 = z*C11+(1-z)*C12                      (11)

Based on the above three equations, the replication 
dynamic equation f(z) of the CNFC was obtained.

F(z) = dz/dt = z*(C11-C1) = -z*(z-1)*(V(S1)
-V(S2)-p1*D+p2*D+(1-k1)*w*x)          (12)

By combining equations f(x), f(y), and f(z), the 
replication dynamics equation of the three-party 
evolutionary game model is obtained:

f(x) = dx/dt = x*(x-1)*(V(R1)-V(R2)+k1*w*y
+k2*w*z+V(R3)*y*z)                     (13)

f(y) = dy/dt = -y*(y-1)*(M2*Q2-M1*Q1
-P3*Q2+P4*Q1+k1*w*x+p1*D*z)         (14)

f(z) = dz/dt = z*(C11-C1) = -z*(z-1)*(V(S1)
-V(S2)-p1*D+p2*D+(1-k1)*w*x)         (15)

Evolutionary Stability Strategy

Players are not completely rational but have bounded 
rationality. When a player experiences multiple 
games and does not change the strategy, the dynamic 
replication system is stable. The strategy combination 
for all participants in the stable state is the ESS.

To obtain the stable state and ESS of the system, 
f(x) = 0, f(y) = 0, and f(z) = 0 are used to obtain 13 
equilibrium points by calculation. These 13 points 
include eight pure strategy equilibrium points, E1[0,0,0], 
E2[0,0,1], E3[0,1,0], E4[1,0,0], E5[1,1,0], E6[1,0,1], 
E7[0,1,1], and E8[1,1,1], and five non-pure strategy 
equilibrium points, E*[x*,y*,z *].

The equilibrium point is not necessarily the ESS. 
It can become ESS only when the equilibrium point 
satisfies the pure strategy Nash equilibrium[52]. Since 
E* is a mixed-strategy Nash equilibrium, it is difficult 
to express its practical significance. This paper only 
solved the eigenvalues of eight pure strategy equilibrium 
points. The magnitude of the eigenvalues of the Jacobian 
can be used to determine whether the stability point of 
the system is an ESS. When all eigenvalues are less than 
zero, the equilibrium point is ESS. When all eigenvalues 
are greater than zero, the equilibrium point is unstable. 
When both positive and negative eigenvalues exist, the 
equilibrium point is a saddle point and remains unstable 
[53].
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Appendix 3 provides a Jacobian matrix description. 
The eigenvalues of each equilibrium point are obtained 
by substituting the eight pure-strategy equilibrium 
points into the Jacobi matrix and calculating the 
eigenvalues of the matrix. Appendix 4 presents the 
eigenvalues for each equilibrium point.

Results and Discussion

Using the tripartite evolutionary game model based 
on the prospect theory established in the previous 
section, the equilibrium points and their stability 
conditions at different stages are analyzed. A numerical 
simulation is carried out, and the behavioral evolution 
process of the three stakeholders in three stages of the 
fishery carbon sink trading industry is explained. In 
the development stage, the sensitivity of stakeholders 
to parameter changes (market price of unit fishery 
carbon sink, unit carbon tax price, LG subsidy ratio, LG 
subsidy amount, and psychological role of game players) 
is numerically simulated.

Stabilization Strategies at Different Stages

Based on the theory of the market development 
[54, 55], the development trend of the fishery carbon 
sink trading market is divided into three stages: 
initial, development, and mature stages [53, 56]. The 
stability conditions of the three stages are analyzed.  
The parameter settings are listed in Table 2.

Evolution Process of the System in the Initial Stage

The evolution process in the initial stage of the 
fishery carbon sink trading market is shown in Fig. 1. In 
the initial stage of the construction of the fishery carbon 
sink trading market, MR and CNFC usually hesitate 
due to unknown risks and choose ‘non-cooperation’. At 
this time, LG should take the lead in adopting an active 
strategy to promote the fishery carbon sink trading 
policy.

There are three conditions for the system to reach 
the stable point [1,0,0]. The first is V(R1)–V(R2)<0. 
In this condition when the perceived benefits obtained 
by the LG department responsible for the promotion 
policy of fishery carbon sink transaction is greater than 
the perceived cost of LG’s promotion policy of fishery 
carbon sink transaction and the perceived management 
cost of a restriction policy to reduce the enterprises 
paying a carbon tax, LG chooses the ‘participation’ 
strategy.

The second condition Is M2*Q2-M1*Q1-
P3*Q2+P4*Q1+k1*w<0. In this condition, when the 
profit of fishermen breeding ordinary seafood is greater 
than the sum of the profit of breeding seafood with 
carbon sink capacity and the subsidy of LG to MR, 
MR chooses the strategy of ‘breeding non-carbon sink 
fishery seafood’.

The third condition is V(S1)-V(S2)+k2*w-
p1*D+p2*D<0. In this condition, when the perceived 
benefit of CNFC paying a carbon tax minus the amount 
of carbon tax payment is greater than the perceived 
benefit of conducting fishery carbon sink transactions 
and LG’s subsidy to CNFC minus the expenditure of 
conducting fishery carbon sink transactions, CNFC 
chooses the strategy of ‘paying a carbon tax’.

Table 2. Parameter settings.

Variable Prophase Metaphase Anaphase

p1 1.5 1.5 1.8

p2 0.7 0.7 0.7

P3 5 4 4

P4 2 3 3

Q1 10 11 15

Q2 20 15 10

M1 3 2 2

M2 2 2 2

S1 8 10 20

S2 2 2 2

D 10 10 10

k1 0.7 0.7 0.7

k2 0.3 0.3 0.3

w 10 10 10

R1 2 1.2 1.5

R2 21 26 13

R3 3 3.5 5

Fig. 1. Evolution process of the system in the initial stage.
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Evolution Process of the System  
in the Development Stage

The evolution process in the development stage 
of the fishery carbon sink trading market is shown  
in Fig. 2. With the continuous advancement of policies 
and regulations, the fishery carbon sink trading market 
is gradually forming and entering a development stage. 
MR and CNFC will also choose to participate in fishery 
carbon sink trading, and these three players will play an 
indispensable role in the system.

The conditions for the system to reach a stable point 
[1,1,1] are:

V(R1)-V(R2)+V(R3)+w<0. In this condition, when 
LG does not participate in the construction of the fishery 
carbon sink trading market, the benefits perceived by 
LG are less than the LG sector’s perceived benefits 
from the promotion policy of fishery carbon sink 
trading minus LG’s perceived cost from this promotion 
policy and the implementation of restrictive policies to 
limit the enterprises paying a carbon tax, and minus 
LG’s total subsidy to MR and CNFC, LG chooses the 
‘participation’ strategy.

M1*Q1-M2*Q2+P3*Q2-P4*Q1-k1*w-p1*D<0, the 
profit of fishermen breeding non-carbon sink fishery 
seafood is less than the profit of fishermen breeding 
carbon sink fishery seafood and the profit of fishery 
carbon sink transaction and LG’s subsidy to MR, MR 
chooses the strategy of ‘breeding carbon sink fishery 
seafood’.

V(S2)-V(S1)-k2*w+p1*D-p2*D<0, when CNFC’s 
perceived benefit of paying a carbon tax minus the 
carbon tax payment is less than the perceived benefit 
of the fishery carbon sink transaction and LG’s subsidy 
for CNFC minus the expenditure of the fishery carbon 
sink transaction, CNFC chooses the strategy of ‘fishery 
carbon sink trading’.

Evolution Process of the System in the Mature Stage

The evolution process in the mature stage of the 
fishery carbon sink trading market is shown in Fig. 3. 
With the development of the fishery carbon sink trading 
market, the development of the fishery carbon trading 
market enters a mature stage. LG gradually withdraw 
and choose the ‘do not participate’ strategy. MR and 
CNFC will become the main body of the fishery carbon 
sink trading market and choose a ‘cooperative’ strategy.

Three conditions are required for the system to 
reach a stable point [0, 1, 1]. The first is when V(R2)-
V(R1)-V(R3)-w<0. In this condition, when LG does not 
participate in the fishery carbon sink trading market, 
the perceived benefits of LG when MR and CNFC 
participate are greater than the perceived benefits 
obtained by LG department’s promotion policy of fishery 
carbon sink trading minus the cost of LG’s promotion 
policy of fishery carbon sink trading, the cost of limiting 
carbon tax payments by businesses and the total amount 
of LG subsidies to MR and CNFC, LG chooses the ‘do 
not participation’ strategy.

The second condition is M1*Q1-M2*Q2+P3*Q2-
P4*Q1-p1*D<0. In this condition, when the profit of 
fishermen breeding non-carbon sink fishery seafood is 
less than the sum of the profit of breeding carbon sink 
fishery seafood and the income from fishery carbon 
sink trading, the MR chooses the strategy of ‘breeding 
carbon sink fishery seafood’.

The third condition is V(S2)-V(S1)+p1*D-p2*D<0. 
In this condition, when the CNFC’s perceived income 
from paying a carbon tax minus the amount of carbon 
taxes paid is less than the perceived income from fishery 
carbon sink trading minus expenditure on fishery carbon 
sink trading, CNFC chooses the strategy of ‘fishery 
carbon sink trading’.

Fig. 2. Evolution process of the system in the development stage. Fig. 3. Evolution process of the system in the mature stage.
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Influence of Parameters on Evolutionary Results

The medium-term stage will continue for a long 
time in China and is in line with China’s sustainable 
development. As China is a socialist country, the 
construction of the fishery carbon sink trading 
market is inseparable from the participation of LG. 
Simultaneously, MR and CNFC can obtain huge 
economic benefits and beneficial social reputations 
through carbon sink trading. Therefore, we performed 
a sensitivity analysis of the six important parameters 
in the development stage to obtain a more stable game 
system.

Impact of Unit Fishery Carbon Sink Price

The unit fishery carbon sink price p1 is set to 1, 1.5, 
2, 3, and 4 respectively. Based on the three-dimensional 
dynamic system, the five values of p1 are numerically 
simulated, and the results are shown in Fig. 4.

In the five cases of p1 = 1, 1.5, 2, 3, and 4, x 
eventually evolved into the same stabilization strategy 
(participating in the fishery carbon sink trading market), 
indicating that the unit fishery carbon sink price 
has little effect on LG’s willingness to regulate and 
subsidize. This is because LG is eager to build a fishery 
carbon sink trading market at this time, and external 
factors have difficulty influencing LG’s decision-
making. When p1 = 1, CNFC chooses to participate 
in the fishery carbon sink trading market because the 
lower price of the fishery carbon sinks makes CNFC 
choose to purchase the fishery carbon sinks. However, 
because the price of the fishery carbon sinks is too low, 
MR tends to choose non-carbon sink fisheries with 
higher profits. When p1 = 1.5, LG, MR, and CNFC all 
choose to participate in fishery carbon sink trading.  
This occurs because at this time, MR and CNFC can 
profit from participating in fishery carbon sink trading, 
and all three participants will play an indispensable role 

in the system. Subsequently, with the increase in p1, MR 
and CNFC choose not to participate in the construction 
of the fishery carbon sink trading market because the 
high price of the fishery carbon sink increased the cost 
of emission reduction of CNFC. Instead, they choose 
to pay a carbon tax. The fishery carbon sinks of MR 
are difficult to sell, so MR does not participate in the 
construction of the fishery carbon sink trading market. 
Therefore, LG should assist in planning the price range 
of the fishery carbon sink market.

Impact of Unit Carbon Tax Price

The unit carbon tax price p2 is set to 0.3, 0.5, 0.7, 1, 
and 3, respectively. The five values of p2 are numerically 
simulated, and the results are shown in Fig. 5.

In the five cases of p2 = 0.3, 0.5, 0.7, 1, and 3, x 
eventually evolved into the same stabilization strategy 
(i.e., participating in the construction of the fishery 
carbon sink trading market). This indicates that the 
appropriate change in the unit carbon tax price has 
little impact on LG’s willingness to regulate and 
subsidize for the same reason. When p2 = 0.3 and 0.5, 
both MR and CNFC tend to choose not to participate 
in the construction of the fishery carbon sink trading 
market because the lower carbon tax price will greatly 
reduce the emission reduction cost of CNFC. Instead, 
they choose to pay a carbon tax. When CNFC tends 
to pay a carbon tax, the income of MR will decrease, 
and MR will have to re-examine its strategy and make 
new choices, such as adjusting the price of the fishery 
carbon sinks or choosing to farm non-carbon sink 
fisheries. When the value of p2 increases to 0.7, 1, 
and 3, the stability strategy of CNFC and MR evolves 
into the choice to participate in the construction of the 
fishery carbon sink trading market. This is because, 
at this time, for CNFC the purchase of fishery carbon 
sinks is more cost-effective, and MR is also actively 
involved in the construction of the fishery carbon sink 

Fig. 4. Impact of p1 on the evolution of the behavior of the three 
stakeholders.

Fig. 5. Influence of p2 on the behavior evolution of three 
stakeholders.



Hailin Mu, et al.254

trading market because of the increase in the number of 
buyers of fishery carbon sinks. An appropriate increase 
in carbon tax standards promotes the development of 
the fishery carbon sink trading market. Therefore, LG 
should formulate appropriate carbon tax standards after 
considering various market factors.

Impact of the Subsidy Ratio

The ratio k1 of the LG subsidy MR is set to 0.1, 0.3, 
0.5, 0.7, and 0.9, and k2 corresponds to 0.9, 0.7, 0.5, 0.3, 
and 0.1. The five values of k1 are numerically simulated. 
The results are shown in Fig. 6.

In the five cases where k1 is 0.1, 0.3, 0.5, 0.7, and 0.9, 
x eventually evolves into the same stabilization strategy. 
This indicates that although the proportion of subsidies 
to MR and CNFC has changed, the total expenditure 
of LG has not changed, so the change in k1 does not 
affect LG’s willingness to participate in and supervise 
the fishery carbon trading market. When k1 = 0.1 and 
0.3, the subsidy ratio of LG to MR is much smaller 
than that to CNFC, and the subsidy of LG reduces the 
emission reduction cost of CNFC. Therefore, these 
enterprises are encouraged to actively participate in 
the fishery carbon sink transaction. However, LG’s 
subsidy to MR is too small, resulting in the high cost of 
MR aquaculture carbon sink fishery. Expenses exceed 
profit and MR chooses the non-carbon sink fishery with 
higher breeding profits. When k1 = 0.5 and 0.7, LG, MR, 
and CNFC all choose to participate in the fishery carbon 
sink transaction, indicating that the LG subsidy required 
by MR is the same or higher than that of CNFC. CNFC 
must pay a carbon tax or participate in fishery carbon 
sink trading if it wants to achieve emissions reduction 
targets, while MR’s motivation to participate in fishery 
carbon sink trading is not as strong, MR can choose  
non-carbon sink fisheries with higher market prices, 
so LG’s subsidy for the MR is particularly important. 

When k1 = 0.9, the proportion of LG’s subsidy to MR 
is far greater than that to CNFC. CNFC chooses to pay 
a carbon tax to reduce the cost of emission reduction. 
Although MR has received a subsidy from LG, because 
there is no buyer for the fishery carbon sinks, the 
evolution trend of the system develops in the direction 
that MR and CNFC do not participate in the fishery 
carbon sink transaction market over time.

Impact of LG Subsidy Amount

The total amount of the subsidies of LG to MR and 
CNFC is set to 5, 8, 10, and 12, respectively. The four 
values are numerically simulated. The results are shown 
in Fig. 7.

When w = 5, the subsidy of LG is too low to attract 
MR and CNFC to participate in the construction of the 
fishery carbon trading market. With the increase in the 
amount of the subsidy of LG, when w = 8, LG’s subsidy 
attracts CNFC to participate in the fishery carbon 
sink trading market, because at this time, compared 
with paying a carbon tax, the cost of carbon emission 
reduction caused by purchasing fishery carbon sinks is 
lower. However, at this time, LG’s subsidy is too small 
for MR, and the aquaculture carbon sink fishery will 
not be profitable for MR. Thus, MR is more inclined to 
choose the higher-profit non-carbon sink fisheries.

When w = 10 and 12, the stable strategy of CNFC 
and MR evolves into the choice to participate in the 
fishery carbon sink trading market. This indicates 
that appropriate LG subsidies are propitious to the 
development of the fishery carbon sink trading market.

Influence of Loss Aversion Coefficient

λ represents the loss aversion coefficient. λ > 1 
indicates that the game subject is more sensitive to the 
loss than the gain. λ is set to 1.15, 1.65, 2.25, and 3.15 
respectively. The t during the simulation is the virtual 

Fig. 6. Influence of k1 and k2 on the behavior evolution of three 
players.

Fig. 7. Influence of w on the behavior evolution of three 
stakeholders.
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time, rather than real time. However, it reflects the 
relative size. The results are shown in Figs. 8, 8a), 8b), 
and 8c).

In this paper, λ (loss aversion coefficient) is used 
to modify R1. Other parameters remain unchanged.  
Fig. 8 shows that the evolution trend curve of the 
system is coincident under the four conditions of λ 
= 1.15, 1.65, 2.25, and 3.15. LG, MR, and CNFC all 
choose to participate in fishery carbon sink trading, 
possibly because, among the many parameters, only R1 
needs to be corrected with λ, and because correction 
of one parameter is not sufficient to affect the changing 
trend of the entire game system. Therefore, as evident  
in Fig. 8, even if λ is assigned as 1.15, 1.65, 2.25, or 
3.15, the corresponding evolution process curves do not 
change significantly.

Although the final evolution results for x, y, and z are 
close to 1, the evolution paths are different. As shown in 
Fig. 8a), with the increase of λ, the time for x to reach 
stability becomes progressively slower. Therefore, for 
LG, it is necessary to reduce the loss aversion coefficient 
to promote the construction of a fishery carbon sink 
trading market.

As shown in Fig. 8b), over time, the probability 
of y choosing to participate in the construction of the 
fishery carbon sink trading market does not increase 
monotonically but first decreases to close to 0, and 
then increases to close to 1. The reason may be that 
MR found a lack of enthusiasm for CNFC participation 
and there is no buyer for the generated fishery carbon 
sinks. Even if there is an LG subsidy, there is a high 
possibility of monetary loss. Therefore, the probability 
of MR choosing to participate in the fishery carbon sink 
trading market is significantly reduced. With time, the 
probability of CNFC participating in the fishery carbon 
sink trading market greatly increases, and with the 
subsidy and policy guidance of LG, MR finally tends 
to breed aquatic products with carbon sink capacity and 
participate in the fishery carbon sink trading market.

Fig. 8. Influence of λ on the behavior evolution of three 
stakeholders.

Fig. 8a) Effect of λ on the evolution of x behavior.

Fig. 8b) Effect of λ on the evolution of y behavior.

Fig. 8c) Effect of λ on the evolution of z behavior.
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As shown in Fig. 8c), the probability that CNFC 
chooses to participate in the construction of the fishery 
carbon sink trading market shows an increasing trend 
until 1 after a slight and rapid reduction. A possible 
reason for this is that CNFC is in a ‘wait-and-see’ state 
at the beginning, so it is more secure to choose to pay 
a carbon tax. With the promotion of LG subsidies and 
policies, CNFC found that the cost of emission reduction 
generated by participating in the fishery carbon sink 
trading market is lower and very beneficial to the 
reputation of the enterprises. Therefore, the probability 
that CNFC will participate in the fishery carbon sink 
trading market increases until 1.

Influence of Risk Preference Coefficient

n represents the risk preference coefficient. Because 
the risk preference coefficient n ∈ [0, 1], n is set to 
0.2, 0.5, 0.88 and 1. Four values of n are numerically 
simulated. The results are shown in Fig. 9.

When n = 0.2, none of the three parties participate 
in the construction of the fishery carbon sink trading 
market, indicating that the three parties choose a 
conservative strategy under the condition of low-
risk appetite and are unwilling to participate in the 
unknown fishery carbon sink trading market. When 
n=0.5, LG chooses to participate in the fishery carbon 
sink trading market, and the other two parties still 
maintain a wait-and-see attitude, because when the 
risk appetite is not low, the government, as the pioneer 
of the construction of the fishery carbon sink trading 
market, must take the lead in participating in the market 
construction. When the risk appetite coefficient of MR 
and CNFC is not high, the benefits of their participation 
in the construction of the fishery carbon sink trading 
market will be underestimated, which will lead to 
misjudgment. At this time, MR and CNFC believe that 
it is unprofitable to participate in the fishery carbon sink 
trading market, so they choose a conservative strategy. 

When n increases to 0.88 (high-risk preference) and 1 
(risk-neutral), All three parties choose to participate in 
the fishery carbon sink trading market. This indicates 
that when n is larger, decision-makers’ prediction and 
judgment of loss and income are closer to the real value. 
They believe that participating in the fishery carbon sink 
trading market could benefit significantly. Therefore, if 
necessary, measures can be taken to amplify the risk 
preferences of game players to promote the development 
of a fishery carbon sink trading market.

For the reproducibility of simulation results, all 
the calculation results and the figures appearing in the 
article have been recalculated and simulated to ensure 
the reliability and repeatability of the results. The results 
are completely consistent across multiple replicates, 
indicating the reproducibility and reliability of the results.

Policy Recommendations

Based on previous research, the following policy 
recommendations for LG, MR, and CNFC are proposed 
to promote the development of China’s fishery carbon 
sink trading market.

LG

Currently, the main categories of carbon trading 
projects include renewable energy power generation 
projects, such as hydropower and wind power, waste 
heat recovery and utilization of power generation, 
biogas utilization, and forest and grassland carbon sinks. 
Although shellfish and algae in the ocean have large 
carbon sink capacities, the status of fishery carbon sinks 
in the carbon-trading market is not significant. Therefore, 
the relevant departments of LG must improve the laws 
and regulations of fishery carbon sink trading, strengthen 
the publicity and popularization of fishery carbon sinks, 
and mobilize the willingness of MR and CNFC to 
participate in the fishery carbon sink trading market.

LG needs to determine the appropriate price 
mechanism and subsidy system for fishery carbon sink 
trading and encourage cooperation between MR and 
CNFC. When the carbon trading price is unreasonable, 
the suppliers and demanders eventually choose not to 
join the carbon sink trading market. At this time, LG 
is required to macro-control the fishery carbon sink 
trading price to promote the healthy development of 
the trading market. To attract more participants, in 
the initial and middle stages of the development of the 
fishery carbon sink trading market, LG should increase 
subsidies within its financial capacity, especially for MR 
subsidies. This is because the enthusiasm of MR for 
participating in the fishery carbon sink trading market 
is not high, and the subsidies of MR are particularly 
important. LG should develop appropriate carbon tax 
standards considering various market factors. Increasing 
the carbon tax standard appropriately can promote  
the development of the fishery carbon sink trading 
market.

Fig. 9. Impact of n on the evolution of the behavior of the three 
stakeholders.
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Because it is predicted that only CNFC and MR 
will participate in the final development stage of 
fishery carbon sink trading, and the government will 
gradually withdraw at this time, both CNFC and MR 
must strengthen cooperation and exchanges, and a good 
cooperative relationship between buyers and sellers can 
ensure that the fishery carbon sink trading market is 
gradually maturing. For example, CNFC and MR can 
work together to establish a carbon trading platform to 
promote information transparency and cooperation.

MR

Marine ranches should not breed seafood blindly.  
It is necessary to strengthen theoretical studies, 
understand which seafood has carbon sink capacity 
and the breeding environment requirements of this 
seafood, and use scientific breeding methods; Fishery 
practitioners need to cooperate with the government 
and establish good links with the government, because 
the government’s overall grasp is indispensable in 
the process of fishery carbon sink trading; MR can 
strengthen exchanges with marine pastures that have 
successfully traded fishery carbon sinks and acquire 
advanced experience.

For MR, when n is larger, that is, the risk appetite 
coefficient is larger, their enthusiasm to participate 
in the fishery carbon sink trading market is higher, 
which requires fishermen to have the adventurous 
spirit to participate in new things. For example, when 
fishermen lose money when they breed or trade carbon 
sink fisheries, the government can provide appropriate 
subsidies to improve the risk-taking spirit of fishermen. 
At the same time, the government can take steps 
to reduce the risk of fishermen participating in the 
fishery carbon sink trading, for example, predicting 
and designing solutions for possible problems in the 
future. For example, the maintenance of machinery and 
equipment in the breeding site of carbon sink fishery to 
ensure the normal progress of aquaculture activities and 
reduce the risk of aquaculture.

CNFC

Enterprises need to actively cooperate with and 
implement government policies, operate in good faith, 
actively assume social responsibilities, adopt energy-
saving and emissions-reduction equipment as much as 
possible in production, learn the latest energy-saving 
and emissions-reduction technologies to control carbon 
emissions, and not steal or conceal reports. If carbon 
emissions exceed the state’s allowable range, active 
measures should be taken (e.g., paying a carbon tax, 
purchasing carbon emission rights, or conducting carbon 
sink transactions). Enterprises also need to enhance 
their spirit of adventure, and the decision to participate 
in the fishery carbon sink trading market should 
not be too conservative. The above research shows 
that participating in the fishery carbon sink trading 

market is beneficial to the three parties of the game.  
Thus, enterprises should actively participate.

Conclusions

Research on the behavioral decision-making of 
fishery carbon sink trading participants is important 
for improving the carbon trading system and has both 
theoretical and practical significance. In this study, an 
evolutionary game model based on prospect theory 
was constructed, which considered the complex 
dynamic relationship between LG, MR and CNFC in 
the transaction process, and simulated the influence 
of different parameters on the behavior of game 
agents. There are three conclusions: First, with the 
development of the fishery carbon sink trading market, 
the development stage can be divided into initial, 
middle, and mature stages. Game players have different 
strategies at different stages. Second, unit fishery carbon 
sink price, unit carbon tax price, and the proportion 
and amount of LG subsidies mainly affect the choice of 
the MR and CNFC, but have little impact on the LG’s 
strategy. Finally, when psychological factors involve 
uncertain gains and losses, they are also important in 
influencing decision-makers.

Acknowledgments

We gratefully acknowledge the financial support 
from the National Natural Science Foundation of 
China (No. 72304056, 51976020). The study is also 
supported by the Fundamental Research Funds for 
the Central Universities, China (No. DUT23RW405) 
and the Scientific Research Project of the Department 
of Education of Liaoning Province, China (No. 
JYTMS20231064).

Conflict of Interest

The authors declare no conflict of interest.

References

1.	 GRUBER N., CLEMENT D., CARTER B. R., FEELY R. 
A., VAN HEUVEN S., HOPPEMA M., ISHII M., KEY 
R. M., KOZYR A., LAUVSET S. K., LO MONACO C., 
MATHIS J. T., MURATA A., OLSEN A., PEREZ F. F., 
SABINE C. L., TANHUA T., WANNINKHOF R. The 
oceanic sink for anthropogenic CO2 from 1994 to 2007. 
Science. 363 (6432), 1193, 2019.

2.	 HEENAN A., POMEROY R., BELL J., MUNDAY P. L., 
CHEUNG W., LOGAN C., BRAINARD R., AMRI A. Y., 
ALINO P., ARMADA N., DAVID L., RIVERA-GUIEB 
R., GREEN S., JOMPA J., LEONARDO T., MAMAUAG 
S., PARKER B., SHACKEROFF J., YASIN Z. A climate-
informed, ecosystem approach to fisheries management. 
Marine Policy. 57, 182, 2015.



Hailin Mu, et al.258

3.	 GUGGISBERG S. Funding coastal and marine fisheries 
projects under the climate change regime. Marine Policy. 
107, 2019.

4.	 GAO Y., YU G.R., YANG T.T., JIA Y.L., HE N.P., 
ZHUANG J. New insight into global blue carbon 
estimation under human activity in land-sea interaction 
area: A case study of China. Earth-Science Reviews. 159, 
36, 2016.

5.	 LIU Z.Q., GENG Y., DAI H.C., WILSON J., XIE Y., 
WU R., YOU W., YU Z.J. Regional impacts of launching 
national carbon emissions trading market: A case study of 
Shanghai. Applied Energy. 230, 232, 2018.

6.	 ZHENG S., YU L.H. The government’s subsidy strategy of 
carbon-sink fishery based on evolutionary game. Energy. 
254, 2022.

7.	 HE Y.X., ZHANG F.X. A game study on the 
implementation of marine carbon sink fisheries in the 
context of carbon neutrality- Analysis of the tripartite 
behavior of fishery practitioners, research institutions, and 
the government. Marine Policy. 147, 2023.

8.	 WU R.X., TAN Z.Z., LIN B.Q. Does carbon emission 
trading scheme really improve the CO2 emission 
efficiency? Evidence from China’s iron and steel industry. 
Energy. 277, 2023.

9.	 XIAN Y.J., WANG K., WEI Y.M., HUANG Z.M. Would 
China’s power industry benefit from nationwide carbon 
emission permit trading? An optimization model-based ex 
post analysis on abatement cost savings. Applied Energy. 
235, 978, 2019.

10.	 MARDONES C. Analysis on complementarity between 
a CO2 tax and an emissions trading system to reduce 
industrial emissions in Chile. Energy & Environment. 32 
(5), 820, 2021.

11.	 AN Q.X., ZHU K.F., XIONG B.B., SHEN Z.Y. Carbon 
resource reallocation with emission quota in carbon 
emission trading system. Journal of Environmental 
Management. 327, 2023.

12.	ZHANG L., ZENG Y., LI D. China’s emissions trading 
scheme: first evidence on pilot stage. Polish Journal of 
Environmental Studies. 28 (2), 543, 2018.

13.	 KANG K., TAN B.Q. Carbon emission reduction 
investment in sustainable supply chains under cap-
and-trade regulation: An evolutionary game-theoretical 
perspective. Expert Systems with Applications. 227, 2023.

14.	 WANG R., LI Y., GAO B. Evolutionary game-based 
optimization of green certificate-carbon emission right-
electricity joint market for thermal-wind-photovoltaic 
power system. Global Energy Interconnection. 6 (1), 92, 
2023.

15.	 QI X. Y., HAN Y. Research on the evolutionary strategy 
of carbon market under “dual carbon” goal: From the 
perspective of dynamic quota allocation. Energy. 274, 
2023.

16.	 MA J.H., TIAN Y., XU T.T., KOIVUMAKI T., XU Y.Q. 
Dynamic game study of multi-channel supply chain under 
cap-and-trade regulation. Chaos Solitons & Fractals. 160, 
2022.

17.	 PAN Y.C., YANG W., MA N., CHEN Z.M., ZHOU M., 
XIONG Y. Game analysis of carbon emission verification: 
A case study from Shenzhen’s cap-and-trade system in 
China. Energy Policy. 130, 418, 2019.

18.	 MAKKONEN M., HUTTUNEN S., PRIMMER E., REPO 
A., HILDEN M. Policy coherence in climate change 
mitigation: An ecosystem service approach to forests as 
carbon sinks and bioenergy sources. Forest Policy and 
Economics. 50, 153, 2015.

19.	 HUANG W., BAETZ B.W., RAZAVI S. A GIS-based 
integer programming approach for the location of solid 
waste collection depots. Journal of Environmental 
Informatics. 28 (1), 39, 2016.

20.	GUO Z.S., LI Y.P., HUANG G.H., JIN S.W., BAETZ 
B.W. An interval robust stochastic programming method 
for planning carbon sink trading to support regional 
ecosystem sustainability-A case study of Zhangjiakou, 
China. Ecological Engineering. 104, 99, 2017.

21.	 BEHERA S.K., SAHU N., MISHRA A.K., BARGALI 
S.S., BEHERA M.D., TULI R. Aboveground biomass 
and carbon stock assessment in Indian tropical deciduous 
forest and relationship with stand structural attributes. 
Ecological Engineering. 99, 513, 2017.

22.	ZHU J.J., YAN B. Blue carbon sink function and carbon 
neutrality potential of mangroves. Science of the Total 
Environment. 822, 2022.

23.	ZHANG C.L., SHI T., LIU J.H., HE Z.L., THOMAS H., 
DONG H.L., RINKEVICH B., WANG Y.Z., HYUN J.H., 
WEINBAUER M., LOPEZ-ABBATE C., TU Q.C., XIE 
S.C., YAMASHITA Y., TISHCHENKO P., CHEN Q.R., 
ZHANG R., JIAO N.Z. Eco-engineering approaches for 
ocean negative carbon emission. Science Bulletin. 67 (24), 
2564, 2022.

24.	FALCIANI J.E., GRIGORATOU M., PERSHING A.J. 
Optimizing fisheries for blue carbon management: Why 
size matters. Limnology and Oceanography. 67, S171, 2022.

25.	SONG Z.L., LIU H.Y., LI B.L., YANG X.M. The 
production of phytolith-occluded carbon in China’s forests: 
implications to biogeochemical carbon sequestration. 
Global Change Biology. 19 (9), 2907, 2013.

26.	KE S.F., ZHANG Z., WANG Y.M. China’s forest carbon 
sinks and mitigation potential from carbon sequestration 
trading perspective. Ecological Indicators. 148, 2023.

27.	 PERERA N., LOKUPITIYA E., HALWATURA D., 
UDAGEDARA S. Quantification of blue carbon in tropical 
salt marshes and their role in climate change mitigation. 
Science of the Total Environment. 820, 2022.

28.	SALA E., MAYORGA J., BRADLEY D., CABRAL R.B., 
ATWOOD T.B., AUBER A., CHEUNG W., COSTELLO 
C., FERRETTI F., FRIEDLANDER A.M., GAINES S.D., 
GARILAO C., GOODELL W., HALPERN B.S., HINSON 
A., KASCHNER K., KESNER-REYES K., LEPRIEUR 
F., MCGOWAN J., MORGAN L.E., MOUILLOT D., 
PALACIOS-ABRANTES J., POSSINGHAM H.P., 
RECHBERGER K.D., WORM B., LUBCHENCO J. 
Protecting the global ocean for biodiversity, food and 
climate. Nature. 592 (7856), 397, 2021.

29.	 LIU Y., ZHANG J.H., WU W.G., ZHONG Y., LI 
H.M., WANG X.M., YANG J., ZHANG Y.Y. Effects of 
shellfish and macro-algae IMTA in North China on the 
environment, inorganic carbon system, organic carbon 
system, and sea-air CO2 fluxes. Frontiers in Marine 
Science. 9, 2022.

30.	HENSON S.A., LAUFKOTTER C., LEUNG S., GIERING 
S.L.C., PALEVSKY H.I., CAVAN E.L. Uncertain response 
of ocean biological carbon export in a changing world. 
Nature Geoscience. 15 (4), 248, 2022.

31.	 CAVAN E.L., BELCHER A., ATKINSON A., HILL S.L., 
KAWAGUCHI S., MCCORMACK S., MEYER B., NICOL 
S., RATNARAJAH L., SCHMIDT K., STEINBERG D.K., 
TARLING G.A., BOYD P.W. The importance of Antarctic 
krill in biogeochemical cycles. Nature Communications. 
10, 2019.

32.	MADANI K. Game theory and water resources. Journal of 
Hydrology. 381 (3-4), 225, 2010.



Tripartite Evolutionary Game Analysis... 259

33.	 LIU Y.J., DONG F. What are the roles of consumers, 
automobile production enterprises, and the government in 
the process of banning gasoline vehicles? Evidence from 
a tripartite evolutionary game model. Energy. 238, 2022.

34.	LI J.Q., REN H., WANG M.Y. How to escape the dilemma 
of charging infrastructure construction? A multi-sectorial 
stochastic evolutionary game model. Energy. 231, 2021.

35.	 CHEN S.R., BRAVO-MELGAREJO S., MONGEAU 
R., MALAVOLTI E. Adopting and diffusing hydrogen 
technology in air transport: An evolutionary game theory 
approach. Energy Economics. 125, 2023.

36.	DUAN Y., HAN Z., MU H., YANG J., LI Y. Research 
on the influence of bounded rationality and product 
differentiation on the stability of steel industry market. 
Discrete Dynamics in Nature and Society. 2020, 1828674, 
2020.

37.	 DUAN Y., HAN Z., MU H. Research on the influence 
of product differentiation and emission reduction policy 
on CO2 emissions of China’s iron and steel industry. 
International Journal of Climate Change Strategies and 
Management. 12 (5), 717, 2020.

38.	XIU Y., WANG N., XIE J., KE X. Improvement of 
the ecological protection compensation policy for 
adjustment of planting structure in an area of groundwater 
overexploitation: A tripartite evolutionary game study. 
Polish Journal of Environmental Studies. 31 (2), 1399, 
2022.

39.	 SUN C., DI Y., LIAO R. Game analysis and strategy 
suggestions on waste sorting management with third-party 
supervision. Polish Journal of Environmental Studies. 31 
(4), 3297, 2022.

40.	PENG Q.Y., WANG C.X. Dynamic evolutionary game 
and simulation with embedded pricing model for 
channel selection in shipping supply chain. Applied Soft 
Computing. 144, 2023.

41.	 FENG N., ZHANG Y.B., REN B.B., DOU R.L., LI M.Q. 
How industrial internet platforms guide high-quality 
information sharing for semiconductor manufacturing? 
An evolutionary game model. Computers & Industrial 
Engineering. 183, 2023.

42.	ZHANG Y., WANG S.X., YAO J.T., TONG R.P.  
The impact of behavior safety management system on 
coal mine work safety: A system dynamics model of 
quadripartite evolutionary game. Resources Policy. 82, 
2023.

43.	 YU L., ZHENG S., GAO Q. Independent or collaborative 
management? Regional management strategy for ocean 
carbon sink trading based on game theory. Ocean & 
Coastal Management. 235, 2023.

44.	WAN X.L., LI Q.Q., QIU L.L., DU Y.W. How do carbon 
trading platform participation and government subsidy 
motivate blue carbon trading of marine ranching? A 
study based on evolutionary equilibrium strategy method. 
Marine Policy. 130, 2021.

45.	 WAN X.L., XIAO S.W., LI Q.Q., DU Y.W. Evolutionary 
policy of trading of blue carbon produced by marine 
ranching with media participation and government 
supervision. Marine Policy. 124, 2021.

46.	WANG Y.Y., GUO T.T., CHENG T.C.E., WANG N. 
Evolution of blue carbon trading of China’s marine 
ranching under the blue carbon special subsidy mechanism. 
Ocean & Coastal Management. 222, 2022.

47.	 CAO Y.M., KANG Z.Q., BAI J.D., CUI Y., CHANG I.S., 
WU J. How to build an efficient blue carbon trading market 
in China?- A study based on evolutionary game theory. 
Journal of Cleaner Production. 367, 2022.

48.	BARBERIS N.C. Thirty years of prospect theory in 
economics: A review and assessment. Journal of Economic 
Perspectives. 27 (1), 173, 2013.

49.	 ZHENG P., PEI W. J., PAN W. B. Impact of different 
carbon tax conditions on the behavioral strategies of 
new energy vehicle manufacturers and governments-A 
dynamic analysis and simulation based on prospect theory. 
Journal of Cleaner Production. 407, 2023.

50.	WANG Y.Y., FAN R.G., DU K., LIN J.C., WANG 
D.X., WANG Y.T. Private charger installation game 
and its incentive mechanism considering prospect 
theory. Transportation Research Part D-Transport and 
Environment. 113, 2022.

51.	 SHEN J.Q., GAO X., HE W.J., SUN F.H., ZHANG Z.F., 
KONG Y., WAN Z.C., ZHANG X., LI Z.C., WANG 
J.Z., LAI X.P. Prospect theory in an evolutionary game: 
Construction of watershed ecological compensation system 
in Taihu Lake Basin. Journal of Cleaner Production. 291, 
2021.

52.	WAINWRIGHT J., HSU L. A Dynamical-systems 
approach to Bianchi cosmologies - Orthogonal models 
of class-A. Classical and Quantum Gravity. 6, (10), 1409, 
1989.

53.	 SU Y.B. Multi-agent evolutionary game in the recycling 
utilization of construction waste. Science of the Total 
Environment. 738, 2020.

54.	LUMPKIN G.T., DESS G.G. Linking two dimensions 
of entrepreneurial orientation to firm performance: The 
moderating role of environment and industry life cycle. 
Journal of Business Venturing. 16 (5), 429, 2001.

55.	 LI X.M., ALAM K.M., WANG S.T. Trend analysis of 
Pakistan railways based on industry life cycle theory. 
Journal of Advanced Transportation. 2018.

56.	YANG K., WANG W., XIONG W. Promoting the 
sustainable development of infrastructure projects through 
responsible innovation: An evolutionary game analysis. 
Utilities Policy. 70, 2021.

57.	 YUAN M.Q., LI Z.F., LI X.D., LI L., ZHANG S.X., LUO 
X.W. How to promote the sustainable development of 
prefabricated residential buildings in China: A tripartite 
evolutionary game analysis. Journal of Cleaner Production. 
349, 2022.



Hailin Mu, et al.260

Appendix

Appendix 1: Description of main parameters

Appendix 2: Event explanation

Table 3. Description of main parameters.

Parameter Implication Quote

p1 Unit fishery carbon sink price [7]

p2 Unit carbon tax price [50]

P3 Unit market price of seafood without carbon sink capacity [6]

P4 Unit market price of seafood with carbon sink capacity [6]

Q1 The amount of seafood farmed by fishermen with carbon sink capacity [6]

Q2 The amount of seafood farmed by fishermen without carbon sink capacity [6]

M1 The cost to fishermen of raising a unit quantity of seafood with carbon sink capacity [7]

M2 The cost to fishermen of raising a unit quantity of seafood without carbon sink capacity [7]

S1 CNFC’s corporate reputation and credit utility obtained from fishery carbon sink transactions [47]

S2 CNFC’s corporate reputation and credit utility are obtained by paying a carbon tax [47]

D Carbon emissions that CNFC needs to offset [47]

k1 The proportion of LG subsidies to MR [46]

k2 The proportion of LG subsidies to CNFC (k1+k2 = 1) [46]

w The total amount of LG subsidies to MR and CNFC [46]

R1 Administrative costs of LG when promoting fishery carbon sink trading policies and restricting CNFC from 
paying a carbon tax [57]

R2 The benefits that LG derives from promoting fisheries carbon sink trading policies, such as government 
reputation, credit utility and environmental benefits [57]

R3 When LG does not participate in the construction of fishery carbon sink trading market, both MR and CNFC 
participate in the construction, the benefits obtained by LG [57]

X The probability of LG participating in the construction of a fishery carbon sink trading market

Y The probability of MR raising seafood with carbon sink capacity

Z The probability of CNFC choosing fishery carbon sink trading

Table 4. Event explanation.

Event Implication

A1 LG participates in the construction of fishery carbon sink trading market

A2 LG does not participate in the construction of fishery carbon sink trading market

B1 MR chooses to breed marine products with carbon sink capacity

B2 MR chooses to breed marine products without carbon sink capacity

C1 CNFC chooses to conduct fishery carbon sink trading

C2 CNFC chooses to pay a carbon tax
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Appendix 3: Jacobi matrix description of tripartite evolutionary game model:

11 12 13

21 22 23

31 32 33

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

f x f x f x
x y z J J J

f y f y f yJ J J J
x y z

J J J
f z f z f z

x y z

 ∂ ∂ ∂
 ∂ ∂ ∂   
 ∂ ∂ ∂  = =   ∂ ∂ ∂     ∂ ∂ ∂
 ∂ ∂ ∂ 

= [(x-1)*(V(R1)-V(R2)+k1*w*y+k2*w*z+V(R3)*y*z)+x*(V(R1)
-V(R2)+k1*w*y+k2*w*z+V(R3)*y*z), x*(x-1)*(k1*w+V(R3)*z), x*(x-1)*(k2*w+V(R3)*y)]

[-y*(y-1)*k1*w, -y*(M2*Q2-M1*Q1+P4*Q1-P3*Q2+k1*w*x+p1*D*z)
-(y-1)*(M2*Q2-M1*Q1+P4*Q1-P3*Q2 +k1*w*x+p1*D*z),

-y*(y-1)*p1*D]
[-k2*w*z*(z-1),0,

-(z-1)*(V(S1)-V(S2)-p1*D+p2*D+k2*w*x)-z*(V(S1)-V(S2)-p1*D+p2*D+k2*w*x)]

Appendix 4: Eigenvalues of each pure strategy equilibrium point

Table 5. The eigenvalues of each pure strategy equilibrium point.

Points of 
equilibrium Eigenvalue λ1 Eigenvalue λ2 Eigenvalue λ3

[0,0,0] V(R2)-V(R1) M2*Q2-M1*Q1-P3*Q2+P4*Q1 V(S1)-V(S2)-p1*D +p2*D

[1,0,0] V(R1)-V(R2) M2*Q2-M1*Q1-P3*Q2+P4*Q1+k1*w V(S1)-V(S2)+k2*w-p1*D+p2*D

[0,1,0] V(R2)-V(R1)-k1*w M1*Q1-M2*Q2+P3*Q2-P4*Q1 V(S1)-V(S2)-p1*D +p2*D

[0,0,1] V(R2)-V(R1)-k2*w M2*Q2-M1*Q1-P3*Q2+P4*Q1+p1*D V(S2)-V(S1)+p1*D-p2*D

[1,1,0] V(R1)-V(R2)+k1*w M1*Q1-M2*Q2+P3*Q2-P4*Q1-k1*w V(S1)-V(S2)+k2*w-p1*D+p2*D

[1,0,1] V(R1)-V(R2)+k2*w M2*Q2-M1*Q1-P3*Q2+P4*Q1+k1*w+p1*D V(S2)-V(S1)-k2*w+p1*D-p2*D

[0,1,1] V(R2)-V(R1)-V(R3)-w M1*Q1-M2*Q2+P3*Q2-P4*Q1-p1*D V(S2)-V(S1)+p1*D-p2*D

[1,1,1] V(R1)-V(R2)+V(R3)+w M1*Q1-M2*Q2+P3*Q2-P4*Q1-k1*w-p1*D V(S2)-V(S1)-k2*w+p1*D-p2*D


