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Marine carbon sink projects are important carriers for the development and utilization of marine carbon sink resources. The risk factors existing in the development process of marine carbon sink projects will significantly affect the behavior of the project subject, and then affect whether or not the project development can be conducted smoothly. Based on the evolutionary game method, this paper analyzes the behavior choice of each project subject under the risk condition, and explores the influencing factors that promote the change of its action probability. The results show the following: (1) Government subsidies can promote the development of marine carbon sink projects, but when the subsidies are too large, the government’s willingness decreases, which may lead to significant changes in the decisions of relevant practitioners. (2) The government pays more attention to image improvement, is not sensitive to risks, and always chooses active subsidies. In the case that the risk poses a great threat to the project, the behavior strategies of the relevant practitioners and investors will influence each other, and both sides will determine the behavior strategies that can obtain more returns according to the other side’s behavior decision. (3) The behavior of relevant practitioners and investors has an impact on the strategy of the demander. When the risk increases, the former has a greater impact on the demander’s choice not to buy marine carbon sink. Relevant policy suggestions are put forward: (1) the government should flexibly adjust the subsidy mechanism; (2) the government should enhance the influence and popularity of marine carbon sink projects; and (3) the government should reduce the risks faced by the practitioners.
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1 Introduction

Rapid economic development has caused excessive emissions of greenhouse gases such as carbon dioxide. As the increasingly severe global warming situation becomes worse, countries have put forward their own targets of carbon neutral carbon peak (Li X. Q. et al., 2022), aiming to relieve environmental pressure by reducing carbon dioxide emissions and increasing carbon sink by relying on biological behavior. The essence of carbon sink by biological behavior is to use carbon sink to offset carbon emissions, which includes two categories: terrestrial carbon sinks and marine carbon sinks (Nellemann et al., 2009). Compared with terrestrial carbon sinks, marine carbon sink has a higher carbon fixation rate (Mcleod et al., 2011), a longer carbon storage time (Li J. et al., 2022), and a greater decarbonization potential (Sabine et al., 2004). Research shows that marine carbon dioxide storage accounts for approximately 55% of the global marine carbon capture (Zhang et al., 2022). It can be said that the ocean plays a vital role in absorbing and storing carbon dioxide (Zhuang et al., 2023). However, the development of marine carbon sinks is difficult, and neither the marine carbon sink enhancement technology nor the marine carbon capture and storage technology has been widely used (He et al., 2022a). However, the economic, ecological, and spatial effects of marine carbon sinks have attracted much attention in the carbon market (Bañolas et al., 2020). Marine carbon sink projects are one of the main forms of marine carbon sink development. Most of the developed marine carbon sink projects are fishery carbon sink projects and mangrove carbon sink projects (Zhang et al., 2020; He et al., 2023b), and by using the market mechanism to transform the ecological benefits of marine carbon sink into economic benefits, we can give full play to the positive role of marine ecosystems in coping with climate change (Yang et al., 2021; Wei et al., 2023).

Analyzing the behavior of relevant subjects is an important foundation for promoting the development of marine carbon sink projects. The existing research mainly discusses the behavior of subjects from the perspective of market transactions (Li M. X. et al., 2022). On the other hand, there are risks in the development process of marine carbon sink projects, such as natural risks, policy risks, human behavior risks, technical risks, and market risks. Existing research has shown that risks can have a huge impact on the development of marine carbon sink projects (He et al., 2022b; He et al., 2023b). Therefore, it is necessary to explore the behavioral choices of marine carbon sink project entities under risk conditions.

Different subjects adopt different strategies to avoid risks, and the essence of risk avoidance decisions is the result of the game between the relevant subjects (Giulia et al., 2023; Karol, 2023; Zhou et al., 2023; Zhang K. X. et al., 2023). Through the continuous game, the risk response level of the subject has been continuously improved (Masud et al., 2018; Chen et al., 2021; Li X. N. et al., 2022). In recent years, game theory has been increasingly applied in the study of marine carbon sinks. For example, He et al. used the evolutionary game method to construct a tripartite mathematical model of fishery practitioners, scientific research institutions, and the government, discussing the respective decisions of the three subjects (He and Zhang, 2023). Yu et al. compared the cost and benefit of independent and collaborative management models through game theory and concluded that regional collaborative management is more conducive to promoting marine carbon sink market transactions (Yu et al., 2023). Zhang et al. used the complex network evolutionary game, based on the assumptions of the WS small-world model on social network relationships, focused on the groups of fishermen, and explored the dynamic evolution law of cooperative behavior diffusion in the development of marine carbon sink fisheries (Zhang et al., 2023a). He et al. determined the decision of each entity to maximize the efficiency of blue carbon trading in the game between the demander, supply side, the government, and third-party institutions, and pointed out that high or low prices cannot achieve the goal of long-term blue carbon trading (He et al., 2023a). After constructing an evolutionary game model between the government and the supply side and demanders of blue carbon, Cao et al. combined specific cases of blue carbon credit and found that changes in government subsidies at different stages of the blue carbon trading market can promote the success rate of blue carbon trading (Cao et al., 2022). Zhang et al. first used evolutionary game theory to compare and demonstrate the actual effect and value of government regulation, media supervision, and the net benefits of marine carbon sinks on the disclosure of true information by high carbon emitting enterprises. Then, based on differential game theory, they explored the price formation of marine carbon sinks to improve the quality of carbon emission information disclosure by high carbon emitting enterprises and realize the value of marine carbon sink (Zhang et al., 2023b). However, in general, there are few studies on the risk response of marine carbon sink projects, especially the relevant behavior studies on the learning mode and risk response of marine carbon sink projects.

Considering that the behavior of the subject is a constantly changing process of evolutionary learning process, this paper selects the evolutionary game method due to the fact that evolutionary game theory is more suitable than traditional game theory in solving multiple equilibrium problems in the decision-making process, especially in the research on decision-making of behavioral subjects based on assumptions of bounded rationality and learning mechanisms (Fan et al., 2021; Zhao et al., 2022), discussing the game relationship of different subjects (enterprises and other marine carbon sink demanders, enterprises and fishermen, the government and other regulatory authorities, financial institutions, enterprises, and other investors). Based on this, countermeasures and suggestions to enhance the effectiveness of risk response for marine carbon sink projects have been proposed. The possible marginal contributions of this paper are as follows: (1) The government’s reward and punishment mechanism is introduced to explore the behavior strategies of each of the subjects and the interactions between each of the subjects under the influence of risk. (2) Based on the classic tripartite game model of marine carbon sink projects demanders, relevant practitioners, and the government, investors are introduced to conduct a four-party evolutionary game. Through simulation and analysis of the specific impacts of various relevant factors on the willingness of the four parties under risk conditions, the behavior choices of each party are clarified, and the application methods and approaches of the four-party evolutionary game method in the field of marine environment and policy research are expanded. (3) Considering the risks and the behavior characteristics of marine carbon sink subjects, analysis has been made to deduce how better to improve the risk response effect of marine carbon sink project subjects, so as to provide support for the smooth development of marine carbon sink projects.

The structure of the remaining part of this paper is as follows: Section 2 sets the parameters according to the basic assumptions and constructs the game matrix of the returns of the marine carbon sink demanders, relevant practitioners, governments, and investors in different circumstances. Section 3 analyzes the stability of the main body strategy, explores the stability of the system, and explores the risk response effect of the marine carbon sink project. Section 4 summarizes the contents of this research paper and gives countermeasures and suggestions to improve the risk response effect of the main body of the marine carbon sink projects.




2 Basic assumptions and model construction of the problem



2.1 Basic assumptions and basis

Although the common goal of each subject of marine carbon sink projects is to maximize their own interests, the specific interests of each of the subjects are different. The corporate image improvement due to the purchase of marine carbon sinks by the demander can play a great role in the development of the main business of the enterprise. At the same time, enterprises can buy marine carbon sinks to offset the carbon emissions from their own activities. Relevant practitioners adjust their development strategies according to the marine carbon sink price and the supply–demand relationship of the carbon sink market, and consider whether the government subsidies, marine carbon sink trading volume, the derivative value of marine carbon sink products, and the investment amount of investors can be higher than the development cost and the changing risk cost. The government needs to boost its image to gain popular support and uses policy tools to ensure smooth marine carbon sink trading to mitigate environmental problems and obtain environmental benefits. Investors will make stable investment decisions only when they ensure that the income from image enhancement, the amount of marine carbon sink transactions, and the economic return from the derivative value of marine products are higher than their investment and risk response expenditure. That is, the specific performance of the interests concerning investors, relevant practitioners, and demanders is different: investors consider the return on investment, the relevant practitioners consider increasing income and satisfying investors, the government gains public support by enhancing its image, and the demander considers how to meet the carbon emission reduction target without being punished by the government. Therefore, there is cooperation and competition among marine carbon sink demanders, relevant practitioners, the government, and investors, and they are constantly playing games on the benefits of marine carbon sink projects to achieve their most satisfactory results.

Accordingly, this paper summarizes the specific relationships between key subjects such as the demander, relevant practitioners, the government, and investors of marine carbon sink projects as shown in Figure 1.




Figure 1 | Relationship between the demander, related practitioners, the government, and investors of marine carbon sink projects.



It is assumed that the subjects implementing or participating in the marine carbon sink project, namely, the marine carbon sink demanders, the relevant practitioners, the government, and the investors, are all limited and rational decision-makers. The probability that the demander chooses to buy the marine carbon sink is x, and the probability of choosing not to buy the marine carbon sink is  , including  ; the probability that the relevant practitioners will choose to develop the marine carbon sink is y, and the probability of choosing not to develop the marine carbon sink is  , including  ; the probability of the government choosing the incentive is ɡ and the probability of choosing no excitation is  , including  ; the probability of investors choosing to invest is z, and the probability of choosing not to invest is  , including  .

All the parameters are set as shown in Table 1, and some of the special parameters are explained in this paper. The government mainly plays a regulatory role in marine carbon sink trading by encouraging both supply and demand. Therefore, this paper sets the government incentive as L; among them, certain subsidies   will be given to relevant practitioners who choose to develop marine carbon sinks, and the marine carbon sink demander will be punished for exceeding the limit of carbon dioxide emissions  . The improvement of the ecological environment, social culture, and other aspects brought about by government incentives can enhance the image of the government, and investors also have similar considerations, hoping to build a better social image by participating in marine carbon sink projects. Therefore, this paper sets δ as the distribution coefficient of image improvement; the revenue of government image improvement is δF, and the return of investor image improvement is  . For investors, it is also crucial to invest in marine carbon sink projects and get economic returns through the transaction volume of marine carbon sink Tr. In addition to image improvement and direct economic benefits, investors can also obtain some derivative value of marine carbon sink products V. For example, mangroves themselves can produce marine carbon sink and be used to develop tourism, fishery, and other industries (Watanabe et al., 2020; Chen, 2021). Here, the derivative value and the marine carbon sink trading volume are both related to investors and related practitioners, which need to be distributed in a certain proportion. Therefore, the distribution coefficient of economic income is set to τ, and investors can get the economic return of  . In addition, the natural attribute of marine carbon sink increases the risk probability and risk impact degree of marine carbon sink projects, such as the loss caused by the risk caused by natural factors such as wind, storm, tide, and sea water temperature change. Thus, this paper divides the risk coefficient   into   and  , representing the risk coefficient of practitioners and investors, respectively; the risk of marine carbon sink development undertaken by both subjects is   and  . For the demander, its purchase of marine carbon sinks can show the responsibility of the enterprise for environmental protection, virtually win the goodwill of consumers, and promote consumers to be more willing to buy the products of the enterprise, which is of great benefit for the improvement and development of corporate image Q.


Table 1 | Basic parameters’ setting.






2.2 Model building

Based on the above parameters’ setting, the game matrix of the returns of the demanders, relevant practitioners, the government, and investors in different situations is listed in Table 2.


Table 2 | Foursquare game matrix of the marine carbon sink project.



According to the game matrix, we can get the expected return of the four subjects after the decision and then calculate the average expected return. The specific process is shown in Equations 1–20.

(1) Suppose that the expected return of the marine carbon sink demander choosing to purchase marine carbon sink is  , the expected income of not purchasing the marine carbon sink is  , and the average expected income is  , then the expected income of the marine carbon sink demander for purchasing the marine carbon sink is:



The expected income of the marine carbon sink demander who does not purchase the marine carbon sink is:



Average expected return of the marine carbon sink demander:

 

(2) Suppose that the expected return of relevant practitioners to choose to develop marine carbon sinks is  , the expected return of not developing marine carbon sink is  , and the average expected return is  , then the expected return of relevant practitioners to develop marine carbon sink is:



Expected benefits of relevant practitioners not developing marine carbon sink:

 

Average expected return of relevant practitioners:

 

(3) Suppose that the expected return of the government choosing incentives is  , the expected return of non-incentives is  , and the average expected return is  , then the expected return of government incentives is:



Expected return of government non-incentive:



Average expected return of the government:

 

(4) Suppose that the expected return of investors’ investment is  , the expected return of investors’ non-investment is  , and the average expected return is  , then the expected return of investors’ investment is:

	(10)

Expected return of investors not investing:

 

Average expected return of investors:

 

According to the income function of the above four parties, the corresponding replication dynamic equation is obtained to express the dynamic form of the subject behavior evolution, as follows:













3 Stability analysis and simulation implementation



3.1 Stability analysis of agent strategy



3.1.1 Strategies for the marine carbon sink demander

The replication dynamic equation of the behavior strategy of marine carbon sink demander is derived as follows:



According to the stability theorem of differential equations, when   and  , then the behavior strategy of the marine carbon sink demander is stable.

Proposition 1:

When  , the marine carbon sink demander does not buy marine carbon sink as a stable strategy; when  , the marine carbon sink demander buys marine carbon sink as a stable strategy; when  , the marine carbon sink demander cannot determine the stability strategy, where the threshold value is . This proposition shows that the probability of the government choosing incentive is positively correlated with the choice of the marine carbon sink demander, that is, the increase of the probability of selecting incentive makes the marine carbon sink demander more inclined to choose to buy marine carbon sink. The reason is that the government will punish the marine carbon sink demander for not purchasing marine carbon sinks, resulting in excessive carbon emissions, and this punishment is greater than the expenditure of the demander on purchasing marine carbon sinks, forcing the demander to face the carbon emissions problem.

Prove:

Let  , when  ,   is an increasing function of ɡ. In this case, when  , and  , then  is in the steady state; when  ,  , and  , then   is in the steady state; when  ,  , then any value of   is a stable strategy; that is, the strategy choice of the marine carbon sink demander cannot be defined.




3.1.2 Strategies for relevant practitioners

The replication dynamic equation of the behavior strategy of relevant practitioners is derived as follows:



According to the stability theorem of differential equations, when   and  , then the behavior strategy of the marine carbon sink supplier is stable.

Proposition 2:

When  , relevant practitioners do not develop marine carbon sink as a stability strategy; when  , relevant practitioners develop marine carbon sink as a stability strategy; when  , relevant practitioners cannot determine the stability strategy, where the threshold value is  . When  , relevant practitioners do not develop marine carbon sink as a stability strategy; when  , relevant practitioners develop marine carbon sink as a stability strategy; when  , relevant practitioners cannot determine the stability strategy, where the threshold value is  . This proposition shows that when the government actively promotes the development of marine carbon sinks, the government will give certain subsidies to relevant practitioners for the development of marine carbon sinks, which can be used as additional income to help relevant practitioners achieve greater economic benefits. Therefore, relevant practitioners will also choose to actively develop marine carbon sink projects. On the other hand, the marine carbon sink market is greatly driven by the demander, and when the marine carbon sink demander has a strong willingness to purchase, the rise in carbon sink prices and the increase in demand can drive relevant practitioners to develop marine carbon sink projects, and when the marine carbon sink demander trading intention is insufficient, related practitioners will decline.

Prove:

Let , when   is an increasing function of ɡ. When  ,   and  , then y = 0 is in the steady state; when  ,  , and  , then   is in the steady state; when.  ,  , then any value of   is a stable strategy; that is, the strategy choice of relevant practitioners cannot be defined.




3.1.3 Strategies for the government

The replication dynamic equation of the behavior strategy of the government is derived as follows:



According to the stability theorem of differential equations, when   and  , then the behavior strategy of the government is stable.

Proposition 3:

When  , government incentive is a stability strategy; when   the stable strategy is no incentive; when  , the government cannot determine the stability strategy, where the threshold value is  . When  , government incentive is a stability strategy; when  , the stable strategy is no incentive; when  , the government cannot determine the stability strategy, where the threshold value is  . This proposition shows that when investors are less willing to invest, the government will provide subsidies to compensate for investors’ economic returns, thus pushing marine carbon sink trading smoothly. Considering the additional cost of buying marine carbon sinks, the demander will not actively buy the marine carbon sink to offset the carbon emission, which runs counter to the government’s concept of protecting the environment. At this time, the government as the regulator will use policy tools to turn the demander around to buy marine carbon sink through penalties.

Prove:

Let  , when  ,   is a subtraction function of  ; when  ,   and  , then   is in the steady state; when  ,  , and  , then   is in the steady state; when  ,  , any value   taken is a stable strategy; that is, the government’s strategy choice is unknown. Similarly, when  ,   is a subtraction function of x; when  ,   and  , then   is in the steady state; when  ,   and  , then   is in the steady state; when  ,  , any value ɡ taken is a stable strategy; that is, the government’s strategy choice is unknown.




3.1.4 Strategies for the government

The replication dynamic equation of the behavior strategy of investors is derived as follows:



According to the stability theorem of differential equations, when   and  , then the behavior strategy of investors is stable.

Proposition 4:

When  , investors’ stable strategy is not to invest; when  , investors’ stable strategy is to invest; when  , investors cannot determine the stability strategy, where the threshold value is  . When  , investors’ stable strategy is to invest; when  , investors’ stable strategy is not to invest; when  , investors cannot determine the stability strategy, where the threshold value is . This proposition shows that with the increasing willingness of the demander to buy marine carbon sink, the potential market scale of marine carbon sink trading is constantly expanding, and the probability of investors making investment also increases. In the process of trading marine carbon sinks, the government’s decisions will affect the implementation of investor behavior because of the distribution of image improvement income between the government and investors. The lower the government’s incentive willingness, the less the income from image improvement, and the greater the investment probability of investors.

Prove:

Let  , when  ,   is an increasing function of x. When  ,   and  , then   is in the steady state; when  ,   and  , then z=1 is in the steady state; when  ,  , any value z taken is a stable strategy; that is, the investors’ strategy choice is unknown. Similarly, when ,  is a subtraction function of ɡ; when ,  , and  , then   is in the steady state; when  , and  , then   is in the steady state; when  ,  , any value z taken is a stable strategy; that is, the investors’ strategy choice is unknown.





3.2 System stability analysis

According to the conclusion of Ritzberger and Weibull (1995), in studying the progressive stability of the multigroup evolutionary game, one only needs to discuss  ,  ,  ,  ,  ,  ,  , and  . Therefore, this part adopts Lyapunov’s first rule and judges the stability of the above eight pure strategy points with the help of a Jacobian matrix (Friedman, 1998; Lyapunov, 2007; Yang, 2022). The specific rule is as follows: the eigenvalues of Jacobian matrix are less than 0, indicating that the equilibrium point is gradually stable. The Jacobian matrix of the four party evolutionary game system is shown in Equation (21).



where  ,  ,  .

 ,  , and  .

 ,  ,  , and  .

 ,  ,  , and  .

The equilibrium conditions of the system can be obtained from Table 3, as shown in Table 4. From the stability of the equilibrium point, when the four subjects choose positive strategies, that is, pure strategy point  , the government needs to give a higher penalty for exceeding the limit. At the same time, the economic benefits of marine carbon sink products’ derived value, government subsidies, and marine carbon sink trading volume obtained by relevant practitioners are higher than their risks and development costs, and image enhancement and the equilibrium point can be established only when the amount of marine carbon sink transactions and the derivative value of marine carbon sink products are greater than their investment amount and risk expenditure. By comparing the stable point and unstable point, it can be seen that if the system wants to maintain a stable state, relevant practitioners must participate in the marine carbon sink project; otherwise, the system will fall into instability. The system will remain stable even when the other three parties are not involved and only relevant practitioners are involved, while the decisions of the other three parties cannot make the system stable or unstable.


Table 3 | Eigenvalues of Jacobian Matrix (marine carbon sink demanders, related practitioners, the government, and investors).




Table 4 | Equilibrium point stability analysis.






3.3 Simulation analysis

According to the above analysis, the choice of the marine carbon sink demanders, relevant practitioners, the government, and investors in the process of evolutionary game will affect each other. In this paper, MATLAB 2020a software is used to simulate the strategy choice of each player in different situations to directly show the influence of the key elements in the replication dynamic system on the evolution process and results of the multi-party game. Refer to the existing research results (Wan et al., 2020; Wan et al., 2021; Wang et al., 2022; Giulia et al., 2023; Karol, 2023), and make the initial value ω1 = 0.2, ω2 = 0.2, δ = 0.5, τ = 0.85, C = 25, Sub = 10, Pun = 35, Q = 9, To = 19, F = 45, V = 6, Tr = 25, R1 = 32 and R2 = 12.

Starting from different combinations of initial strategies, we evolve over time 60 times to obtain the initial array evolution path result in Figure 2. It can be seen from the results that under the condition of low risk coefficient, when the government’s decision is stable to 1, that is, the government chooses the subsidy or adjusts the overlimit penalty, the system can reach a stable point   when the demander, relevant practitioners, and investors of marine carbon sink all choose active strategies. At this time, the marine carbon sink demander has the demand to purchase marine carbon sink. Relevant practitioners adjust their strategies to develop marine carbon sink according to the changes in the supply and demand relationship of the carbon sink market so as to obtain more economic benefits. Investors are willing to invest based on the good prospects and great potential of the carbon sink market.




Figure 2 | Initial array evolution path results.





3.3.1 The impact of risk

(1)   impact on the marine carbon sink demander, relevant practitioners, the government, and investors

The remaining initial values remain unchanged, with  , and  , respectively, to obtain the influence of the risk coefficient change of the relevant practitioners on the square (Figure 3). According to Figure 3A when the risk coefficient borne by relevant practitioners changes from 0.1 to 0.9, the rate of the marine carbon sink demander to stabilize decisions gradually slows down. When the risk coefficient is 0.1, 0.3, and 0.6, the marine carbon sink demander will eventually choose to buy marine carbon sink. However, when the risk coefficient reaches 0.9, that is, when the relevant practitioners may choose not to develop the marine carbon sink, the final decision of the marine carbon sink demanders to trade the marine carbon sink is not to purchase the marine carbon sink. It can be seen that the risks faced by the relevant practitioners will significantly affect the decisions of the marine carbon sink demander. According to Figure 3B, when the risk coefficient of relevant practitioners is 0.6, the choice of their decision willingness fluctuates, with a gradual decrease followed by a steady increase to 1. If the risk coefficient increases again, the relevant practitioners will not develop the marine carbon sink. At this time, for the relevant practitioners, the cost (including risk and loss cost) of the development of the marine carbon sink is likely to be higher than the benefit. From Figure 3C regardless of the risk coefficient of the relevant practitioners, the government always makes the choice of incentive, unlike other cases; the higher the risk, the greater the probability of the government choosing the incentive. This may be because the government mainly plays a supervisory and management role in the development of marine carbon sinks. The willingness of relevant practitioners to develop marine carbon sinks will decrease due to the increased risk and damage to interests. For environmental protection considerations, the government increases subsidies to encourage relevant practitioners to develop marine carbon sinks. As can be seen from Figure 3D, because of the game of interest distribution with relevant practitioners, investors will make investments at all risk levels. In particular, the greater the risk coefficient is, the lower the development willingness of relevant practitioners, and investors are more willing to invest in order to obtain more direct economic income.




Figure 3 |   impact on of marine carbon sink demander (A), relevant practitioners (B), government (C) and investors (D).



(2)   impact on relevant practitioners, governments, and investors

The remaining initial values remain unchanged, with  , and  , respectively, to obtain the impact of the risk coefficient of investors on relevant practitioners, governments, and investors (Figure 4). For the relevant practitioners (Figure 4A) and the government (Figure 4B), although the respective decisions are contrary to the change in the investor risk coefficient, they eventually stabilize. Among them, compared with the low risk coefficient of investors, the government shows more positive incentive willingness in the case of high risk coefficient of investors, which is exactly the same relationship with the risk coefficient of related practitioners. In order to actively promote the development of marine carbon sink to combat climate change, the government wants to encourage them to cope with the risks when relevant practitioners and investors shake their decisions due to risks. The decision-making willingness of relevant practitioners to develop marine carbon sinks is negatively correlated with the risk of investors, because of the competitive relationship between the two in the distribution of interests. The smaller the risk, the greater the probability that relevant practitioners will obtain a stable investment, and thus the willingness to develop marine carbon sinks is also higher. For relevant practitioners, having a stable source of funds can help deal with the risk of price fluctuations of factors of production such as labor, and provide a stronger guarantee for the development of marine carbon sink projects. In contrast, when the risk coefficient reaches 0.6, investors will still choose the strategy of investing in marine carbon sink projects for the sake of higher image and income. Once the risk coefficient is as high as 0.9, although a high image improvement income can be obtained in the short term, it will take decades for marine carbon sink projects from development to completion (Yang et al., 2021). In the long term, the loss caused by the risk may be greater. Therefore, investors finally choose to avoid risk, that is, not to invest in marine carbon sink projects.




Figure 4 |   impact on relevant practitioners (A), government (B) and investors (C).



(3) Impact of   synchronous changes on marine carbon sink demanders, relevant practitioners, and investors

The remaining initial values remain unchanged, making   and   change synchronously to 0.1, 0.3, 0.6, and 0.9, respectively, and obtaining the impact of the risk coefficient on marine carbon sink demanders, relevant practitioners, and investors (Figure 5). For the whole system, it is more often a situation where multiple risks coexist and the risks change at the same time. As can be seen from the group of figures in Figure 5, when the two risk coefficients change simultaneously, the marine carbon sink demanders (a), relevant practitioners (b), and investors (c) show different decision choices, but the decision change trend is similar to that of Figure 3. The situation is slightly different when the risk coefficient is high, because then, the marine carbon sink demander is less willing to purchase marine carbon sinks under the synchronous change of two risk coefficients. This may be because the demander considers the possibility of smooth carbon trading to be low, and the high risk makes them hesitant, but they still have other types of carbon sinks to choose from and so they purchase other carbon sinks with a lower risk. If investors believe that the project risk is not high after evaluation, and relevant practitioners believe that the project risk is high, and the development willingness decreases, investors will increase their investment intensity and move towards a stable strategy faster in order to allocate more economic returns and obtain higher social status than the relevant practitioners.




Figure 5 | Impact of   and   synchronous changes on marine carbon sink demander (A), relevant practitioners (B) and investors (C).






3.3.2 The impact of subsidies

Under risk conditions, the government always shows the willingness to actively subsidize, and government subsidies become one of the benefits of relevant practitioners, demanders, and investors. In order to further explore the impact of subsidies on each subject, the remaining initial values remained unchanged, i.e.,  ,  ,  , and  , and obtained the impact of government subsidies on marine carbon sink demanders (a), relevant practitioners (b), the government (c), and investors (d) (Figure 6). It can be seen that when the risk coefficient is low, the increase in the amount of subsidies helps relevant practitioners bear more development costs. Within a certain range, the higher the amount of subsidies, the greater the willingness of relevant practitioners to choose to develop marine carbon sinks. However, when the amount of subsidies is high ( ), the willingness of government incentives is reduced, falling into long-term unstable decision-making fluctuations, which will affect the decision-making of relevant practitioners. Once the decision of relevant practitioners to develop marine carbon sink becomes unknown, in order not to be punished by the government, the marine carbon sink demander will shift its purchase focus to terrestrial carbon sink, and the willingness to buy marine carbon sink may even be reduced to zero. At this time, only the investor’s investment willingness is always nearly stable, and the higher the subsidy amount, the faster the stabilization policy is because investors focus more on the effectiveness of behavior than whether to take action. In other words, even if the relevant practitioners do not develop marine carbon sink, investors can obtain certain image improvement income as long as they invest; thus, choosing investment is the most favorable decision.




Figure 6 | The impact of subsidies on the marine carbon sink demander (A), relevant practitioners (B), government (C) and investors (D).






3.3.3 The impact of image improvement

Under the risk condition, image improvement is an important income for the government, the demander, and investors to develop marine carbon sink projects, which affects their willingness to act. In order to further study the impact of image improvement on each subject, the rest of the initial values remain unchanged, i.e.,  , and  , to get the impact of image improvement on relevant practitioners, the government, and investors (Figure 7). It can be seen that when the risk coefficient is low, with the image enhancement coefficient increasing, the investment willingness of investors gradually decreases, and the incentive willingness of the government gradually increases. When the distribution coefficient is 0.3 and 0.5, the investment enthusiasm of investors is still high, because at this time, the government and investors have not shown a very big difference in the distribution of income from image improvement. Even if there is a difference, it is still within an acceptable range, so the strategies of both tend to be stable in the end. However, when the image income allocated by the government is much higher than that of the investors, that is, the government allocates 90% of the image income, the investor’s investment willingness drops to zero and he chooses not to invest. In the setting of this article, the relevant practitioners have no need for image improvement, only the pursuit of economic benefits, and so the change of image improvement coefficient has little impact on the relevant practitioners, and their decisions tend to be stable.




Figure 7 | The impact of image improvement on relevant practitioners, government and investors.






3.3.4 The impact of development costs

Under the risk condition, the income of each subject is closely related to the development cost, and when the income is greater than or far greater than the development cost, the subject will choose to develop the marine carbon sink project. In order to explore the impact of development cost on each subject, the remaining initial values remain unchanged, i.e.,  , and  , to obtain the impact of cost on relevant practitioners, government, and investors (Figure 8). It can be seen that when the risk coefficient is low, the increase in development cost means that the profits of relevant practitioners in developing marine carbon sinks are reduced. As a rational economic man, the willingness of relevant practitioners to develop marine carbon sinks is reduced from 0.2 to 0, indicating that it is more beneficial for relevant practitioners not to develop marine carbon sinks at this time. Because the carbon storage time of the marine carbon sink is longer than that of the general land carbon sink, based on the consideration of the carbon sink effect, the government will tend to make the decision of developing the marine carbon sink regardless of the development cost. Similarly, the development cost will not directly affect the economic return of investors. Thus, generally, investors will choose to make positive decisions, but the decision of relevant practitioners not to develop marine carbon sinks will reduce the economic return that some investors can obtain from the project, which has a small impact on investors’ decisions.




Figure 8 | The impact of costs on relevant practitioners, government and investors.



In order to further explore the impact of economic income distribution on the three parties in the case of high cost, this paper selects the special case of  , keeping the rest of the initial values unchanged, making  , and   to get the impact of economic income distribution on relevant practitioners, the government, and investors (Figure 9). Under this cost setting, both the government and investors choose to make active decisions, and the relevant practitioners have a low willingness to develop. If the   is small, investors can get more economic returns from the marine carbon sink projects. At this time, the relevant practitioners not only will face the considerable pressure of development cost, but also cannot get enough economic benefits. In order to avoid too much loss, the probability of choosing not to develop is greater. If the   is large, the relevant practitioners can allocate more economic benefits and have more confidence and motivation to develop marine carbon sinks. Investors make up for the low distribution of economic returns by improving their higher image status, and the total returns still drive investors closer to positive strategies.




Figure 9 | The impact of economic income distribution on relevant practitioners, government and investors in special circumstances.








4 Conclusions and countermeasures



4.1 Conclusions

This paper adopts the evolutionary game method to explore the game relationship and behavior mechanism of relevant practitioners, the government, investors, and demanders. After simulation and analysis, the influencing factors of the decision-making behavior of marine carbon sink project subjects under risk conditions are analyzed through feedback and adjustment. The willingness of each subject to take positive decisions and the impact of changes in various factors on their probability of behavior are analyzed. The main conclusions are as follows: (1) Government subsidies can promote the development of marine carbon sink projects, but when the subsidy amount is too large, the government is less willing, and even chooses not to subsidize, which may lead to significant changes in the decisions of relevant practitioners. (2) The government is not sensitive to the impact of risk changes, and always actively encourages relevant practitioners and investors. From the simulation results, it can be seen that the government pays more attention to the benefits of image improvement. Economic interests are the main driving force for the behavior of relevant practitioners and investors. When the risk poses a greater threat to the income, both parties will determine their own behavior strategies that can obtain more income according to the behavior decisions of the other party. (3) The strategies of relevant practitioners and investors will directly affect the behavior of the demander. Among them, the behavior choice of relevant practitioners, when faced with risks, has a greater impact on the demander, and the high risk increases the probability of the demander not buying marine carbon sink.




4.2 Countermeasures

The results of this research and simulation show that the risk has a great impact on the behavior choice of the subjects of a marine carbon sink project, and the subjects will adjust their behavior to deal with the risk. Accordingly, in order to ensure the smooth development of marine carbon sink projects, this paper puts forward the following relevant suggestions:

	(1) Given that subsidies can partially make up for the losses caused by risks and significantly increase relevant practitioners’ willingness to participate in marine carbon sink projects, and since the behavior decisions of relevant practitioners affect the behavior of other subjects, the government should implement precise subsidies and differentiated subsidies. The government should pay attention to the adaptability and flexibility of the subsidy mechanism, and make dynamic adjustments based on the different types of marine carbon sink practitioners and the different output of marine carbon sink. Basic subsidies and incentive subsidies for a unit of marine carbon sink should be set, and the subsidy amount should be flexibly adjusted according to the effectiveness of project development, in order to improve the development willingness of practitioners (Shen et al., 2018). In addition, subsidies can help relevant practitioners share costs, indirectly reduce development costs to a certain extent, and enhance their confidence in responding to risks. Thus, the government can better play the role of subsidies by improving carbon market trading, formulating laws and regulations in the field of marine carbon sink, and improving the quality of professionals to further reduce the development costs of relevant practitioners.

	(2) In order to encourage investors to choose positive strategies, the social influence of the development of marine carbon sink projects should be increased. Since most investors are banks and financial institutions, as the public recognition of marine carbon sink projects increases, they will be more inclined to handle savings, loans, and other businesses in these institutions participating in the development of marine carbon sink projects. In order to improve the public’s attention and recognition of marine carbon sink, we can rely on holding offline- and online-related activities to strengthen the publicity of marine carbon sink-related knowledge, and increase the proportion of marine carbon sink in carbon inclusion. In addition, the government also needs to provide some policy incentives to investors, with the goal of promoting the stability of the funding chain in project development progress and strengthening cooperation with investors.

	(3) Because of the significant impact of risks faced by practitioners due to demander’s behavior choices in purchasing marine carbon sinks, it is necessary to reduce the risks faced by practitioners and thereby increase the willingness of the demander to buy marine carbon sinks. During the development process of marine carbon sink projects, relevant practitioners may face various risks such as invasion of diseases, pests, and alien species; natural disasters such as storm surge; inadequate government support policies; and high project development costs (He et al., 2023a). In this regard, the government should further improve the construction of a network system of marine climate observation, form a comprehensive observation and monitoring capacity of key elements of marine carbon sink development, and carry out an in-depth observation, early warning, a comprehensive investigation, and an evaluation of storm surge, waves, red tide, and other disasters, so as to provide technical support for effectively preventing natural risks of marine carbon sink. At the same time, it is necessary to clarify the work responsibilities of relevant management departments, establish a sound and efficient negotiation mechanism, and form a close multi-departmental and multi-level cooperative governance mechanism to reduce the impact of policy risks. In addition, it is necessary to optimize the management process of marine carbon sink projects, coordinate the services and management of the entire process of marine carbon sink projects, and strengthen the connection and coordination between resource development and market mechanisms, thereby reducing obstacles to market risks.
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