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Fisheries are an important source of protein for humans. Currently, freshwater and coastal aquaculture fisheries, as well as capture fisheries, have reached saturation point in terms of development potential and are severely polluted, making the supply of aquatic products unsustainable. Deep-sea aquaculture utilizes the vast exploitable space of the open sea, breaking through the limitations of coastal waters and land. It directly increases the global supply of high-protein aquatic products through large-scale and green aquaculture, playing an important role in ensuring the sustainable supply of aquatic products in the future and meeting human nutritional needs. Therefore, based on the assumptions of bounded rationality and stakeholder interdependence, this study constructed an evolutionary game model to analyze how to promote the application and implementation of deep-sea aquaculture. The conclusions of the study are as follows. First, this study affirms that the government plays an important role in promoting and applying deep-sea aquaculture, but government intervention cannot be sustained. Second, blind government intervention is not beneficial and may lead to a double failure of government and market. Finally, compared to the expected total profits from deep-sea aquaculture, it is more important to identify risk and cost thresholds and establish a fair mechanism for sharing benefits and risks. This threshold is defined as the total risk and costs should be less than the sum of potential profits and government subsidies. The research conclusions indicate that the government’s role in the promotion and application of deep-sea aquaculture should evolve in tandem with the industry’s maturity, transitioning from a “leading role in the initial phase” to a “guiding role in the mature phase.” Additionally, the fundamental approach to promoting the widespread adoption of deep-sea aquaculture lies in establishing a cooperative mechanism between aquaculture enterprise and service organization under the guidance of market mechanisms. This study aims to explore how to promote deep-sea aquaculture to enhance the sustainable supply of global aquatic products, thereby expanding and securing channels for human food and protein supply.
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GRAPHICAL ABSTRACT
 Flowchart illustrating the study on deep-sea aquaculture promotion. Starts with “Introduction” highlighting research background, literature review, and innovation. “Model construction and analysis” involves game models for aquaculture enterprises, service organizations, and government. “Simulation analysis” covers risk cost, cooperation benefit, and government intervention. Concludes with “Benefit sharing mechanism,” “Risk sharing mechanism,” and “Deep-sea aquaculture promotion,” emphasizing rational government intervention and cost reduction.




1 Introduction

Deep-sea aquaculture refers to aquaculture activities conducted in offshore marine areas that are farther from the coast, have deeper water bodies, and more open environments. Currently, there is no unified or clear definition of deep-sea aquaculture. The Food and Agriculture Organization of the United Nations (FAO) defines Deep-sea aquaculture as an offshore production system that is set up in open sea areas exposed to wind and wave action, secured by facilities and equipment, and supported by supply vessels (1). The United States defines deep-sea aquaculture as a fishery farming industry outside the 12 nautical mile offshore and territorial sea, but within the country’s Exclusive Economic Zone, while Europe defines deep-sea aquaculture as a fishery farming industry that conducts its production activities in the high seas area (2). In China, it is defined as a large-scale deep-sea aquaculture method with large-scale fishery equipment as the main tool, supported by mechanization, intelligence, automation and other technologies (3).

As the global population grows and living standards improve, the demand for high-quality animal proteins such as aquatic product continues to rise. By 2050, the global population is projected to exceed 9 billion people. Under current consumption levels, the demand for protein is expected to increase by over 20% (4). Fisheries play a crucial role in meeting human protein needs. According to statistics, the global fisheries production in 2020 reached 178 million tons, accounting for 17.5% of total protein supply (5). However, freshwater and coastal aquaculture capacity is now reaching saturation point, with extensive farming methods, excessive stocking densities, and overfishing leading to a sharp decline in natural fishery resources. Marine fishery ecological efficiency remains at a low level (6), posing challenges to the sustainability of the aquatic product supply system. Therefore, it is difficult for traditional fisheries to continue to meet the large aquatic consumption of the world’s population without sustainable transformation (7). Deep-sea aquaculture, on the one hand, can effectively increase the supply of aquatic product without occupying additional land resources, while utilizing more advanced aquaculture equipment and exerting less environmental pressure. It is currently the primary direction for the development of marine aquaculture (8–10). On the other hand, developing deep-sea aquaculture can effectively promote the concept of a “big food vision,” utilizing the superior water quality of distant sea areas to produce nutrient-rich marine fisheries (e.g., salmon), thereby expanding food supply channels and high-quality animal protein sources (11–13). Based on this, this study aims to provide theoretical support and practical guidance for the promotion and application of deep-sea aquaculture from a game theory perspective by constructing a stakeholder game analysis model. By promoting the development and application of deep-sea aquaculture, this study further aims to ensure the sustainable supply of aquatic product.

Research on deep-sea aquaculture has focussed firstly on top level design type studies. Based on the urgency of the current fishery transformation and the abundant advantages of deep-sea aquaculture, governments have made great efforts to promote the development of deep-sea aquaculture. The United States and Norway are the pioneer countries in the world in promoting the application of deep-sea aquaculture, and the deep-sea aquaculture technology of Atlantic salmon in Norway is very mature at present (14, 15), which mainly stems from the fact that the government has provided sufficient policy support for deep-sea aquaculture in terms of funding, technology, and industrial development (16, 17). In China, support for deep-sea aquaculture has been rising since 2011, and the number of relevant policies launched has been increasing, however, problems such as low efficiency of relevant policies, lack of articulation between policies, imperfect relevant supporting facilities, unbalanced policy support, and enterprise support to be improved have also been exposed (18–20). Based on the existing problems, scholars have proposed measures to strengthen planning guidance (21), enhance demand-based policy formulation and promotion (22), promote the establishment of demonstration zones (23), and optimize the farming space (24) from the perspective of top level design. This study summarizes the stakeholders covered in the above literature, as shown in Table 1. In addition to the policy top level design type of research, the current academic research on deep-sea aquaculture is also mainly focused on aquaculture equipment and technology analysis. Specifically, these can be classified as: research on hydrodynamic characteristics of aquaculture nets and workboats (25, 26); improvement and optimization of aquaculture nets, aquaculture workboats, and aquaculture platforms (27–31); selection of aquaculture methods and equipments for different fish species (32–34); innovation of automated fish detection technology (35); research on the improvement of net box feed feeding method and automatic feeding technology (36, 37).


TABLE 1 Coverage of stakeholders in existing literature.

	Stakeholder perspective
	Source of literature

 

 	Government 	(16–19, 21, 23)


 	Aquaculture enterprise 	(20, 22, 24)




 

In summary, the existing literature on deep-sea aquaculture has laid a solid theoretical foundation for this study. However, at present, the mechanism for the promotion and application of deep-sea aquaculture has not yet been established, and the existing researches are mainly in the categories of engineering technology and top level design, which are insufficiently researched as follows: (1) Deep-sea aquaculture not only needs to consider government support and technology development, but also needs to consider the complex game of interests between aquaculture enterprise, service organization and government. However, the research mainly focuses on a single participant and a single factor as the object of research, and lacks of research and consideration of other stakeholders, which has significant limitations. In addition, there are no studies that use evolutionary game model to coordinate the decision-making of various stakeholders and establish a framework for the promotion and application of deep-sea aquaculture under multi-party coordination. (2) The top level design category of existing studies simply emphasizes the important role of government in the development of deep-sea aquaculture, but ignores the cost burden of government in the process and the potential drawbacks of government intervention. (3) Other factors affecting the promotion and application of deep-sea aquaculture have not been analyzed in depth.

Therefore, this study first utilizes an evolutionary game theory model to overcome the limitations of considering a single stakeholder, instead comprehensively analyzing the interactions and strategic evolution among aquaculture enterprise, service organization, and government during the promotion and application of deep-sea aquaculture. Second, while acknowledging the role of government, this study considers the cost issues and government failure issues associated with the promotion and application of deep-sea aquaculture, aiming to identify the threshold for government intervention and achieve an effective combination of government intervention and market mechanisms, thereby realizing the promotion and application of deep-sea aquaculture. Finally, this study fully considers the importance of initial intention, risk, benefit, and fairness in the promotion and application of deep-sea aquaculture to enrich the research conclusions.



2 Model construction and analysis

Traditional game theory usually assumes that people are perfectly rational and that participants make decisions under conditions of complete information. However, in real economic life, the conditions of complete rationality and complete information of participants are difficult to achieve. For example, in the competition of enterprises, where there are differences between the participants, the problem of incomplete information and limited rationality due to the economic environment and the complexity of the game problem itself is obvious. Unlike traditional game theory, evolutionary game theory assumes that participants are imperfectly rational and does not require a condition of perfect rationality on the part of the participants. Evolutionary game theory combines game theoretical analysis with dynamic evolutionary process analysis, emphasizing dynamic equilibrium (38).

Deep-sea aquaculture is different from ordinary fishery farming, the input cost is large, so in reality it is very difficult for fishermen to participate in it, and only aquaculture enterprises with a certain scale and economic strength are able to withstand the risk and bear the cost to participate in deep-sea aquaculture. During the aquaculture process, enterprises involved in deep-sea aquaculture interface with relevant service organizations, while the government plays a guiding, supervisory and supportive role (19). It is worth noting that deep-sea aquaculture service providers are mainly relevant scientific research institutes, as well as private or state-owned enterprises, and that the service providers have a profit-making objective in cooperation with enterprises. Deep-sea aquaculture service organizations also face risk when participating in the promotion and application of deep-sea aquaculture. The main risk factors include the high cost of deep-sea aquaculture technology research and development, which may result in insufficient research funding for service organizations. At the same time, the core objectives of service organizations are knowledge innovation and publication of research results, while the core objectives of aquaculture enterprises are cost reduction and profit increase. There are differences in the cooperation objectives of the two parties, and without government leadership and guidance, the connection between the two parties is weak. In general, in the process of promoting and applying deep-sea aquaculture, enterprises bear the responsibility for deep-sea aquaculture; service organizations make cooperation agreements with enterprises and are responsible for technical support; and the government plays a macro-control role (39). Therefore, based on the evolutionary game theory and referencing existing research (40, 41), this study constructs a three-party evolutionary game model of “Aquaculture enterprise—Service organization-Government” under the joint action of market mechanism and government guidance. The relevant model is shown in Figure 1.
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FIGURE 1
 Evolutionary game model diagram.



2.1 Evolutionary game model of “aquaculture enterprise—service organization”

Before constructing the three-party evolutionary game model of “Aquaculture enterprise-Service organization-Governmen,” in order to verify the importance of government involvement, this study firstly constructs a two-party evolutionary game model of “Aquaculture enterprise-Service organization” to investigate the strategy evolution of the two players in the absence of government involvement.


2.1.1 Assumptions of the two-party evolutionary game model of “aquaculture enterprise—service organization”


H1: Under the condition of market mechanism, the evolutionary game model for the promotion and application of deep-sea aquaculture should be a two-party evolutionary game model, which is the aquaculture enterprise (Q) and the related service organization (W). The relationship between them is cooperative, with aquaculture enterprise requesting and paying for services related to deep-sea aquaculture from the relevant service organization. In accordance with the principle of maximizing the benefits of each participant, in the model, aquaculture enterprise will choose whether to implement deep-sea aquaculture or not, and relevant service organization will choose whether to provide deep-sea aquaculture service support for aquaculture enterprise or not.
H2: Based on Hypothesis 1, the strategy combinations of aquaculture enterprise is whether to engage in deep-sea aquaculture or not, respectively, the strategy space is α = (α1, α2), and this study hypothesizes that the willingness of aquaculture enterprise to participate in deep-sea aquaculture (α1) is X, while the willingness not to participate in deep-sea aquaculture (α2) is 1-X, and X ∈ [0.1]. The strategy combination of the service organization is whether to provide deep-sea aquaculture services or not, and the strategy space is β = (β1, β2). In this study, it is assumed that the willingness of the service organization to provide deep-sea aquaculture services (β1) is Y and the willingness not to provide deep-sea aquaculture services (β2) is 1-Y, Y ∈ [0.1].
H3: Deep-sea aquaculture enterprise usually have a certain foundation in the aquaculture industry, and service organization also provides services related to offshore aquaculture before providing deep-sea aquaculture services. Therefore, this study assumes that aquaculture enterprise and service organization are not choosing between offshore aquaculture and deep-sea aquaculture, but choosing whether to select deep-sea aquaculture or not on the basis of offshore aquaculture. Based on the cost–benefit function, this study assumes that the cost of implementing offshore aquaculture in aquaculture enterprises is C1 and the benefit of implementing offshore aquaculture is R1; the cost of providing services for offshore aquaculture in service organization is C2 and the benefit of providing services for offshore aquaculture is R2. It is important to note that R1 > C1, R2 > C2. After participating in deep-sea aquaculture, the additional cost of deep-sea aquaculture to be paid by the aquaculture enterprise is C3, the additional cost to be paid by the service organization is C4, the benefit from the implementation of deep-sea aquaculture by the aquaculture enterprise is R3, and the benefit from the service organization’s provision of deep-sea aquaculture services is R4. It is important to note that R3 > C3, R4 > C4. In addition, engaging in deep-sea aquaculture involves a high degree of uncertainty and risk, because of the extreme sea weather that deep-sea aquaculture faces. Therefore, this study assumes that the risk cost of implementing deep-sea aquaculture is C, and that a single individual is likely to be unable to bear the entire risk cost independently. The corresponding parameter relationship can be expressed as: R3-C3-C < 0; R4-C4-C < 0。Because of the cooperative relationship between aquaculture enterprise and service organization, both of them share the risk in the actual process of cooperation. This study assumes that the cost of deep-sea aquaculture risk undertaken by aquaculture enterprise is C7 and the cost of deep-sea aquaculture risk undertaken by service organization is C8, C=C7 + C8. When they cooperate, they can share the cost of risk, in which case R3-C3-C7 > 0; R4-C4-C8 > 0. At the same time, deep-sea aquaculture has the characteristics of high risk and high return, so the average return of the implementation of deep-sea aquaculture should be greater than the average return of offshore aquaculture, in order to facilitate the calculation, this study set the total return of deep-sea aquaculture is higher than the total return of offshore aquaculture, and the specific relationship can be expressed as follows: R3-C3-C7 > R1-C1; R4-C4-C8 > R2-C2. In addition, the risk cost coefficient is T, C7 = T * C, C8 = (1 − T) * C, and T ∈ [0.1].
H4: Collaboration between aquaculture enterprise and service organization not only satisfy their respective needs, but also generate benefit from the collaboration. These benefits include resource sharing, cost saving and risk sharing. Therefore, this study assumes that the cooperation benefit from the implementation of deep-sea aquaculture by the aquaculture enterprise and the service organization is R. If one of the parties does not participate in deep-sea aquaculture, there is no cooperation benefit. The coefficient of distribution of the cooperation benefit is A. The cooperation benefit obtained by the aquaculture enterprise is R*A, and the cooperation benefit obtained by the service organization is R*(1-A), A ∈ [0.1].


The detailed parameter list is shown in Table 2.


TABLE 2 Parameters of the two-party evolutionary game model.

	Parameter
	Parameter name
	Exegesis

 

 	X 	Willingness to participate in deep-sea aquaculture 	0 ≤ X ≤ 1


 	Y 	Willingness to provide deep-sea aquaculture services 	0 ≤ Y ≤ 1


 	C1 	Cost of offshore aquaculture in aquaculture enterprise 	C1 < R1; C1 < C3


 	C2 	Cost of offshore aquaculture service in service organization 	C2 < R2; C2 < C4


 	C3 	Cost of deep-sea aquaculture in aquaculture enterprise 	C3 < R3; C1 < C3


 	C4 	Cost of deep-sea aquaculture service in service organization 	C4 < R4; C2 < C4


 	C7 	Cost of deep-sea aquaculture risk in aquaculture enterprise 	C=C7 + C8


 	C8 	Cost of risk in deep-sea aquaculture in service organization 	C=C7 + C8


 	C 	Total cost of risk 	C=C7 + C8


 	T 	Risk cost coefficient 	0 ≤ T ≤ 1


 	R1 	Benefit of offshore aquaculture in aquaculture enterprise 	R1 < R3; C1 < R1


 	R2 	Benefit of offshore aquaculture service in service organization 	R2 < R4; C2 < R2


 	R3 	Benefit of deep-sea aquaculture in aquaculture enterprise 	R1 < R3; C3 < R3


 	R4 	Benefit of deep-sea aquaculture service in service organization 	R2 < R4; C4 < R4


 	R 	Benefit of deep-sea aquaculture cooperation 	–


 	A 	Cooperation benefit coefficient 	0 ≤ A ≤ 1




 



2.1.2 Analysis of the two-party evolutionary game model of “aquaculture enterprises—service organizations.”


	(1) Expected return function and replication of dynamic equation of aquaculture enterprise.



Based on the payment matrix in Table 3, the expected return function for each decision combination of the aquaculture enterprise can be solved, assuming that the expected return function of the aquaculture enterprise participating in deep-sea aquaculture is Vx11, and that the expected return function of the aquaculture enterprise not participating in deep-sea aquaculture is Vx21, and that the average expected return is Vx. Specifically, see Equation (1).

{Vx11=(A∗R+R1+R3−C1−C3−C7)∗y+(R1+R3−C1−C3−C)∗(1−y)Vx21=(R1−C1)∗y+(R1−C1)∗(1−y)V¯x=x∗Vx11+(1−x)∗Vx21      (1)


TABLE 3 Payment matrix of the two-party evolutionary game model.

	
	Aquaculture enterprise



	Participation
	Non-participation

 

 	Service organization 	Participation 	A*R + R1 + R3-C1-C3-C7
 (1-A)*R + R2 + R4-C2-C4-C8 	R1-C1
 R2 + R4-C2-C4-C


 	Non-participation 	R1 + R3-C1-C3-C
 R2-C2 	R1-C1
 R2-C2




 

Based on the expected return function of the aquaculture enterprise, the dynamic equation of replication of the aquaculture enterprise can be derived, as shown in Equation (2).

F(x)=dxdt=x∗(x−1)∗(C+C3−R3−C∗y+C7∗y−A∗R∗y)      (2)


	(2) Expected return function and replication dynamic equation for service organization.



It is assumed that the expected return function for service organizations involved in deep-sea aquaculture is Vy11, the expected return function for not participating in deep-sea aquaculture is Vy21, and the average expected return is Vy. Specifically, see Equation (3).

{Vy11=[(1−A)∗R+R2+R4−C2−C4−C8]∗x+(R2+R4−C2−C4−C)∗(1−x)Vy21=(R2−C2)∗x+(R2−C2)∗(1−x)V¯y=y∗Vy11+(1−y)∗Vy21      (3)

Based on the expected return function of the service organization, the replication dynamic equation of the service organization can be derived, as shown in Equation (4).

F(y)=dydt=y∗(y−1)∗(C+C4−R4−C∗x+C8∗x−R∗x+A∗R∗x)      (4)



2.1.3 Stability point analysis of the two-party evolutionary game model of “aquaculture enterprise- service organization”

According to Equation (2) and Equation (4), the Jacobi matrix of the two-party evolutionary game model of “Aquaculture enterprise- Service organization” can be constructed. So that F (x) = 0; F (y) = 0, can find the equilibrium point of the two-party evolutionary game model. The Jacobi matrix of the two-party evolutionary game model of “Aquaculture enterprise- Service organization” is shown in Equation (5).

J1=[0,−x∗(x−1)∗(C−C7+A∗R)−y∗(y−1)∗(C−C8+R−A∗R),0]      (5)

Based on existing research, according to Lyapunov’s first method (42), equilibria are asymptotically stable if all eigenvalues of the Jacobi matrix have a negative real part, while these equilibria can be called stable points (ESS) only if they satisfy strict Nash equilibrium and pure strategy equilibrium. The equilibrium point is unstable if at least one of the eigenvalues of the Jacobi matrix has a positive real part. The stability of the equilibrium point cannot be determined if the Jacobi matrix has negative real parts except for the eigenvalues that have a real part of zero. Four equilibrium points of the two-party evolutionary game model of “Aquaculture enterprise- Service organization” were calculated: E1 (0,0), E2 (1,0), E3 (0,1), and E4 (1,1). At this time the four equilibrium points constitute the boundary of the evolutionary game domain, the equilibrium points within the boundary are mixed strategy Nash equilibrium, but none of them are stable equilibrium points, so this study focuses on the asymptotic stability of the four boundary equilibrium points mentioned above in the two-party evolutionary game. After substituting each of the above four equilibria into the Jacobi matrix, the eigenvalues are derived, as shown in Table 4.


TABLE 4 Eigenvalues of Jacobi matrix.

	ESS
	λ1
	λ2

 

 	E1(0,0) 	R3 - C3 - C 	R4 - C4 - C


 	E2(1,0) 	C + C3 - R3 	R - C8 - C4 + R4 - A*R


 	E3(0,1) 	C + C4 - R4 	R3 - C7 - C3 + A*R


 	E4(1,1) 	C3 + C7 - R3 - A*R 	C4 + C8 - R4 -(1-A)*R




 

Based on the assumptions of this study, it can be seen that there are two stable points in the two-party evolutionary game model of “Aquaculture enterprise-Service organization,” which are E1 (0, 0) and E4 (1, 1). It can be seen that, without government participation and relying only on the market mechanism, the model is unable to reach the equilibrium point E4 in a stable manner, which is due to the fact that the cost of deep-sea aquaculture is too high, and the aquaculture enterprise and service organization are unwilling to take the risk, and then relying only on the market mechanism will lead to the phenomenon of market failure. Therefore, in order to study the importance of government participation, this study continues to construct a three-party evolutionary game model of “Aquaculture enterprise- Service organization-Government” to investigate the stability of the model.




2.2 A three-party evolutionary game model of “aquaculture enterprise- service organization-government”


2.2.1 Assumptions of the three-party evolutionary game model of “aquaculture enterprise- service organization-government”


H5: Because of the high cost of inputs required for deep-sea aquaculture, it is difficult to rely only on enterprise and service organization, and in order to reduce the risk of each participant and increase the willingness to participate, the government (E) needs to play a macro-control role and provide support for aquaculture enterprise and related service organization. Therefore, the government’s strategic combination is whether to provide deep-sea aquaculture support or not. In summary, this study constructed a three-party evolutionary game model of “Aquaculture enterprise- Service organization-Government” on the basis of the two-party evolutionary game model of “Aquaculture enterprise-Service organization.” The government’s strategy portfolio is whether to provide deep-sea aquaculture support or not, and the strategy space is θ = (θ1, θ2). In this study, it is assumed that the government’s willingness to provide deep-sea aquaculture support (θ1) is Z, and its willingness not to provide deep-sea aquaculture support (θ2) is 1-Z, Z ∈ [0.1].
H6: In order to increase the motivation of aquaculture enterprise and service organization to participate in deep-sea aquaculture, the government will give subsidies to aquaculture enterprise and service organization at the beginning. Assume that the government grants deep-sea aquaculture subsidies to the aquaculture enterprise is S1, and grants deep-sea aquaculture subsidies to the service organization is S2, the total subsidy is S, and the subsidy coefficient is T. The specific relationship can be expressed as follows: S1 = S*T, S2 = S*(1-T), and T∈[0.1]. In addition, the government likewise plays a supervisory role by imposing penalties if a party is found to be in breach of contract, i.e., when one party adopts a positive cooperation strategy while the other adopts a negative cooperation strategy, the penalty is K1 for the enterprise and K2 for the service organization.


Scenario 7: Both general and deep-sea aquaculture place a burden on the environment. While environmental regulations, such as discharge permits, internalize private costs so that enterprises bear the costs of environmental damage, the government also bears the environmental costs of environmental damage caused by economic development. It is important to note that this study incorporates the privately borne compensation for environmental damage into the cost of business. In summary, this study assumes that the government will bear the environmental cost of offshore aquaculture as C5, and the environmental cost of deep-sea aquaculture as C6. In addition, deep-sea aquaculture will to a certain extent play a role in ecological restoration, and therefore it is assumed that the environmental benefits of deep-sea aquaculture will be R5, which belongs to the positive externality benefits that cannot be appropriated by the aquaculture enterprise, and the government ultimately appropriates them. Meanwhile, in the process of providing deep-sea aquaculture service, service organization will generate relevant patents or intellectual property rights (such as research and development of seedling and development of new types of equipment), and although these benefits are incorporated into the service organization, they will potentially generate benefits related to the national strategic level and improve the country’s international status, so this study assumes that the strategic benefits brought by the provision of deep-sea aquaculture service is R6.

The detailed parameter list and payment matrix are shown in Tables 5, 6.


TABLE 5 Parameters of the three-party evolutionary game model.

	Parameter
	Parameter name
	Exegesis

 

 	X 	Willingness to participate in deep-sea aquaculture 	0 ≤ X ≤ 1


 	Y 	Willingness to provide deep-sea aquaculture services 	0 ≤ Y ≤ 1


 	Z 	Willingness to support deep-sea aquaculture 	0 ≤ Z ≤ 1


 	C1 	Cost of offshore aquaculture in aquaculture enterprise 	C1 < R1; C1 < C3


 	C2 	Cost of offshore aquaculture service in service organization 	C2 < R2; C2 < C4


 	C3 	Cost of deep-sea aquaculture in aquaculture enterprise 	C3 < R3; C1 < C3


 	C4 	Cost of deep-sea aquaculture service in service organization 	C4 < R4; C2 < C4


 	C5 	Environmental cost of offshore aquaculture 	C5 > C6


 	C6 	Environmental cost of deep-sea aquaculture 	C5 > C6; C6 < R5


 	C7 	Cost of deep-sea aquaculture risk in aquaculture enterprise 	C=C7 + C8


 	C8 	Cost of risk in deep-sea aquaculture in service organization 	C=C7 + C8


 	C 	Total cost of risk 	C=C7 + C8


 	T 	Risk cost coefficient 	0 ≤ T ≤ 1


 	R1 	Benefit of offshore aquaculture in aquaculture enterprise 	R1 < R3; C1 < R1


 	R2 	Benefit of offshore aquaculture service in service organization 	R2 < R4; C2 < R2


 	R3 	Benefit of deep-sea aquaculture in aquaculture enterprise 	R1 < R3; C3 < R3


 	R4 	Benefit of deep-sea aquaculture service in service organization 	R2 < R4; C4 < R4


 	R5 	Environmental benefit of deep-sea aquaculture 	C6 < R5


 	R6 	Strategic benefit of deep-sea aquaculture 	–


 	R 	Benefit of deep-sea aquaculture cooperation 	–


 	A 	Cooperation benefit coefficient 	0 ≤ A ≤ 1


 	S1 	Subsidies for deep-sea aquaculture in aquaculture enterprise 	S=S1 + S2


 	S2 	Subsidies for deep-sea aquaculture in service organization 	S=S1 + S2


 	K1 	Penalties for aquaculture enterprise 	–


 	K2 	Penalties for service organization 	–


 	S 	Deep-sea aquaculture total subsidies 	S=S1 + S2


 	B 	Subsidy coefficient 	0 ≤ B ≤ 1




 


TABLE 6 Payment matrix for the three-party evolutionary game model.

	
	Government



	Support: Z
	Not support:1-Z

 

 	Aquaculture enterprise involved in deep-sea aquaculture: X 	Service organization involved in deep-sea aquaculture: Y 	A*R + R1 + R3-C1-C3 + B*S-C7
 (1-A)*R + R2 + R4-C2-C4 + (1-B)*S-C8
 R5 + R6-C5-C6-S 	A*R + R1 + R3-C1-C3-C7
 A*R + R2 + R4-C2-C4-C8
 R5 + R6-C5-C6


 	Service organization not involved in deep-sea aquaculture:1-Y 	R1 + R3-C1-C3-C + S1 	R1 + R3-C1-C3-C


 	R2-C2-K2 	R2-C2


 	R5-C5-C6-S1-S3 	R5-C5-C6


 	Aquaculture enterprise not involved in deep-sea aquaculture:1-X 	Service organization involved in deep-sea aquaculture: Y 	R1-C1-K1 	R1-C1


 	R2 + R4-C2-C4-C + S2 	R2 + R4-C2-C4-C


 	R6-C5-S2 + K1 	R6-C5


 	Service organization not involved in deep-sea aquaculture:1-Y 	R1-C1-K1 	R1-C1


 	R2-C2-K2 	R2-C2


 	-C5 + K1 + K2 	-C5




 



2.2.2 Analysis of the three-party evolutionary game model of “aquaculture enterprise- service organization-government.”


	(1) Expected return function and replication dynamic equation of aquaculture enterprise.



Based on the payment matrix in Table 6, the expected return function for each decision combination of the aquaculture enterprise can be solved, assuming that the expected return function of the aquaculture enterprise participating in deep-sea aquaculture is Vx11, and that the expected return function of the aquaculture enterprise not participating in deep-sea aquaculture is Vx21, with an average expected return of Vx. Specifically, it is shown in Equation (6).

{Vχ11=(A∗R+R1+R3−C1−C3+B∗S−C7)∗y∗z+(A∗R+R1+R3−C1−C3−C7)∗y∗(1−z)+(R1+R3−C1−C3−C+S1+S3)∗(1−y)∗z+(R1+R3−C1−C3−C)∗(1−Y)∗(1−z)Vχ21=(R1−C1)∗y∗z+(R1−C1)∗y∗(1−z)+(R1−C1)∗(1−y)∗z+(R1−C1)∗(1−y)∗(1−z)V¯χ=χ∗Vχ11+(1−χ)∗Vχ21      (6)

Based on the expected return function of the aquaculture enterprise, the replication dynamic equation of the aquaculture enterprise can be obtained as, as shown in Equation (7).

F(x)=dxdt=−x∗(x−1)∗(R3−C3−C+C∗y−C7∗y+K1∗z+S1∗z+A∗R∗y−S1∗y∗z+S∗B∗y∗z)      (7)


	(2) Expected return function and replication dynamic equation of service organizations.



It is assumed that the expected return function of service organization participating in deep-sea aquaculture is Vy11, the expected return function of not participating in deep-sea aquaculture is Vy21, and the average expected return is Vy. Specifically, it is shown in Equation (8).

{Vy11=[(1−A)∗R+R2+R4−C2−C4+(1−B)∗S−C8)∗x∗z+[(1−A)∗R+R2+R4−C2−C4−C8)A∗x∗(1−z)+(R2+R4−C2−C4−C+S2)∗(1−x)∗z+(R2+R4−C2−C4−C)∗(1−x)∗(1−z)Vy21=(R2−C2−K2)∗x∗z+(R2−C2)∗x∗(1−z)+(R2−C2−K2)∗(1−x)∗z+(R2−C2)∗(1−x)∗(1−z)V¯y=y∗Vy11+(1−y)∗Vy21      (8)

Based on the expected return function of the service organization, the dynamic equation of replication of the service organization can be derived, as shown in Equation (9).

F(y)=dydt=y∗(y−1)∗(C+C4−R4−C∗x+C8∗x−K2∗z−R∗x−S2∗z+A∗R∗x−S∗x∗z+S2∗x∗z+S∗B∗x∗z)      (9)


	(3) Expected return function and replication dynamic equation for the government.



Assuming that the expected return function for government support for deep-sea aquaculture is Vz11, the expected return function for no support for deep-sea aquaculture is Vz21, and the average expected return is Vz. Specifically it is shown in Equation (10).

{VZ11=(R5+R6−C5−C6−S)∗x∗y+R5−C5−C6−S1+K2)A∗x∗(1−y)+(R6−C5−S2+K1)∗(1−x)∗y+(−C5+K1+K2)∗(1−x)∗(1−y)VZ21=(R5+R6−C5−C6)∗x∗y+(R5−C5−C6)∗x∗(1−y)+(R6−C5)∗(1−x)∗y−C5∗(1−x)∗(1−y)V¯Z=z∗VZ11+(1−z)∗VZ21      (10)

Based on the government’s expected return function, the government’s dynamic equation for replication can be derived, as shown in Equation (11).

F(z)=dzdt=z∗(z−1)∗(K1∗x−K2−K1+K2∗y+S1∗x+S2∗y+S∗x∗y−S1∗x∗y−S2∗x∗y)      (11)



2.2.3 Analysis of the stability point of the three-party evolutionary game model of “aquaculture enterprise- service organization- government”

According to Equation (7), Equation (9), Equation (11), this study can construct the Jacobi matrix of the three-party evolutionary game model of “Aquaculture enterprise- Service organization-Government,” make F (x) = 0; F (y) = 0, F (z) = 0 can be obtained the equilibrium point of the three-party evolutionary game model. Due to the three-party evolutionary game Jacobi matrix is too long, so the study uses symbols instead, Jacobi matrix as shown in Equation (12).

[diff(fx,x)diff(fx,y)diff(fx,z)diff(fy,x)diff(fy,y)diff(fy,z)diff(fz,x)diff(fz,y)diff(fz,z)]      (12)

The three-party evolutionary game model of “Aquaculture enterprise- Service organization-Government” has eight pure strategy equilibrium points: E1(0,0,0), E2(1,0,0), E3(0,1,0), E4(0,0,1), E5(1,1,0), E6(1,0,1), E7(0,1,1), E8(1,1,1). Substituting the equilibrium points into the Jacobi matrix, respectively, leads to the eigenvalues as shown in Table 7. According to the assumptions of this study, the sign of the eigenvalues of the equilibrium points of the Jacobi matrix is shown in Table 8.


TABLE 7 Eigenvalues of the Jacobi matrix for the three-party evolutionary game model.

	ESS
	λ1
	λ2
	λ3

 

 	E1(0,0,0) 	R3 - C3 - C 	R4 - C4 - C 	K1 + K2


 	E2(1,0,0) 	C + C3 - R3 	R - C8 - C4 + R4 - A*R 	K2 - S1


 	E3(0,1,0) 	R3 - C7 - C3 + A*R 	C + C4 - R4 	K1 - S2


 	E4(0,0,1) 	K1 - C3 - C + R3 + S1 	K2 - C4 - C + R4 + S2 	- K1 - K2


 	E5(1,1,0) 	C3 + C7 - R3 - A*R 	C4 + C8 - R - R4 + A*R 	-S


 	E6(1,0,1) 	C + C3 - K1 - R3 - S1 	K2 - C8 - C4 + R + R4 + S - S*B - A*R 	S1 - K2


 	E7(0,1,1) 	K1 - C7 - C3 + R3 + S*B + A*R 	C + C4 - K2 - R4 - S2 	S2 - K1


 	E8(1,1,1) 	C3 + C7 - K1 - R3 - S*B - A*R 	C4 + C8 - K2 - R - R4 - S + S*B + A*R 	S




 


TABLE 8 Signs of the eigenvalues of the equilibrium points of the three party evolutionary game model.

	Equilibrium point
	Eigenvalues translation
	



	λ1
	λ2
	λ3
	Stability

 

 	E1(0,0,0) 	− 	− 	+ 	NESS


 	E2(1,0,0) 	+ 	+ 	× 	NESS


 	E3(0,1,0) 	+ 	+ 	× 	NESS


 	E4(0,0,1) 	× 	× 	− 	NESS


 	E5(1,1,0) 	− 	− 	− 	ESS


 	E6(1,0,1) 	− 	+ 	× 	NESS


 	E7(0,1,1) 	+ 	× 	× 	NESS


 	E8(1,1,1) 	× 	× 	+ 	NESS





× stands for sign uncertainty, ESS stands for stable point and NESS stands for non-stable point.
 

According to Table 8, it can be seen that based on the assumptions of this study, compared with the two-party evolutionary game model, the equilibrium point of the three-party evolutionary game model is E5 (1, 1, 0), and is not affected by the value of the parameter, and it is always a stable point. E1 (0, 0, 0) cannot be a stable point, which indicates that the government’s intervention and support effectively guarantees the promotion and application of deep-sea aquaculture.

In addition, the following clarifications are needed in this study:


	(1) According to the eigenvalues of Jacobi matrix, it can be seen that in order to avoid the failure of government intervention, which leads to E4(0,0,1) becoming the equilibrium point, the government’s participation in the process of promoting the application of deep-sea aquaculture has three measure options. First, good subsidy measures, the subsidy should be greater than or equal to the risk cost borne by a single individual independently engaging in deep-sea aquaculture, the specific relationship can be expressed as: S1 ≥ R3-C3-C or S2 ≥ R4-C4-C. Second, strengthen the supervision, and strengthen the punishment of violators of cooperation or those who are negatively treated, and the amount of punishment should be greater than or equal to the risk cost borne by a single individual independently engaging in deep-sea aquaculture, and the specific relationship can be expressed as K1 ≥ R3-C3-C or K2 ≥ R4-C4-C. Third, the government can also act on subsidies and penalties at the same time, so that the sum of the penalty amount and the subsidy amount is greater than or equal to the risk cost borne by a single individual independently engaging in deep-sea aquaculture.

	(2) The three-party evolutionary game model can never be stabilized at E8 (1, 1, 1), which indicates that the government cannot continuously intervene in the process of deep-sea aquaculture promotion and application. The main reasons are: firstly, the special characteristics of deep-sea aquaculture lead to high input costs, high technological uncertainty, and large subsidies required, and sustained subsidies will exacerbate the government’s financial burdens and increase the government’s fiscal deficits. Secondly, in the short term, government intervention, especially policy subsidies, will reduce the initial investment risk of deep-sea aquaculture and stimulate the rapid expansion of the deep-sea aquaculture industry. However, in the long term, as the scale of the industry expands, the marginal benefit of government subsidies will decrease, but the government’s financial burden will continue to rise, and even the enterprise will rely on government subsidies to maintain its operation rather than to improve the efficiency of its operation, thus creating the phenomenon of “policy parasitism.” Finally, the continued imposition of penalties by the government, although it will force aquaculture enterprise and service organization to participate in deep-sea aquaculture, is not in line with the rule of the market, and will ultimately lead to a failure of the market and government intervention at the same time. In addition, three-party evolutionary game model can stabilize at E5 (1, 1, 0) indicating that as the deep-sea aquaculture industry continues to develop, aquaculture enterprises and service institutions no longer rely on government subsidies but instead rely on market mechanisms to operate independently, and the need for government intervention is gradually decreasing.







3 Simulation analysis


3.1 Parameter assignment

In order to more intuitively study the strategy evolution of each participant and more deeply explore the influencing factors in the process of deep-sea aquaculture promotion and application, this study continues to simulate and analysis the evolutionary game model. Based on the previous assumptions, this study assigns values to each parameter, and the detailed parameter assignment table is shown in Table 9.


TABLE 9 Parameter assigned values for the evolutionary game model.

	Parameter
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C
	T

 

 	 	15 	5 	20 	20 	15 	10 	25 	25 	50 	0.5


 	R1 	R2 	R3 	R4 	R5 	R6 	R 	A 	S1 	S2


 	20 	10 	60 	60 	30 	40 	30 	0.5 	10 	10


 	K1 	K2 	S 	B 	x 	y 	z 	 	 	


 	5 	5 	20 	0.5 	0.5 	0.5 	0.5 	 	 	




 



3.2 Evolutionary combinatorial diagram analysis

According to the parameters set in this study, this study plots the evolutionary game combinations based on the two-party evolutionary game model and the three-party evolutionary game model established above. See the detail in Figures 2, 3.

[image: Logarithmic spiral plot featuring multiple colored lines converging towards the top right corner. The horizontal axis is labeled “x” ranging from zero to one, and the vertical axis is labeled “y” ranging from zero to one, both with gridlines for reference.]

FIGURE 2
 Combination diagram of two-party evolutionary game.


[image: Three-dimensional plot showing a series of colorful, curving lines representing data trajectories. Axes labeled x, y, and z range from 0 to 1. Lines have varied colors, creating a flowing, dynamic visual.]

FIGURE 3
 Combination diagram of three-party evolutionary game.


According to Figure 2, it can be seen that in the absence of government intervention, there is a tendency of “participation, participation” and “non-participation, non-participation” between enterprise and service organization. Meanwhile, according to Table 3, it can be inferred that as the total cost of risk rises, the participating entities will tend to be more and more inclined to “non-participation, non-participation.” The results of the analysis in Figure 2 are corroborated by the results of the analysis in Table 3. According to Figure 3, it can be seen that the three-party evolutionary game model converges to the stable point E5(1,1,0) after the government intervention is adopted, indicating that the government intervention can effectively improve the willingness to participate in deep-sea aquaculture of aquaculture enterprise and service organization. Meanwhile, according to Figure 3, it can also be seen that in the evolution process, no matter how high the government’s willingness to participate is, it finally converges to the stable point E5, which is corroborated with the results of the analysis in Table 7.



3.3 Numerical simulation analysis


3.3.1 Analysis of the impact of initial willingness to participate

In order to study the impact of the initial willingness of each participant on the process and outcome of the evolutionary game, this study assigns the initial willingness of aquaculture enterprise, service organization, and government to 0.2, 0.5, and 0.7, with the corresponding colors of red, blue, and green, respectively, while the rest of the parameters remain unchanged, and plots Figure 4. In Figure 4, from left to right, the impact of the change in the initial willingness of each of the aquaculture enterprise, service organization and government on the process and outcome of the evolutionary game is shown respectively, with the x-axis being the evolutionary cycle and the y-axis being the initial willingness to participate.

[image: Three line graphs display proportions over time with varying parameters, labeled x, y, and z. Each graph has lines representing values 0.2, 0.5, and 0.7. The left and center graphs show increasing proportions, peaking at 1. The right graph shows a decreasing pattern.]

FIGURE 4
 Analysis of the impact of initial willingness.


Figure 4 shows that the stronger the initial willingness of aquaculture enterprise and service organization, the faster they will choose to participate in deep-sea aquaculture. The government, as the initial willingness increases, will tend to 0 at a slower rate, and when the initial willingness of all parties to participate is 0.2, the government’s willingness to participate shows a tendency to rise first and then decrease. The analysis of the impact of initial willingness to participate explains the mechanism of the stage-by-stage evolution of deep-sea aquaculture promotion and application. In the early stage of industrial development, facing the dilemma of negative willingness to participate of both aquaculture enterprise and service organization, the government needs to stimulate the market vitality effectively through institutional intervention. Specifically, through the implementation of intervention strategies, such as financial subsidies and tax incentives to resolve the cost concerns of market entities, and targeted industrial policy push to solve the information asymmetry problem. Along with the initial formation of the cooperation network between aquaculture enterprise and service organization and the gradual improvement of the market mechanism, the intensity of government intervention will be adjusted according to the degree of improvement of the market mechanism, and the role of the government will be changed from a dominant character to a service-oriented character, so as to ultimately realize the smooth transition of the deep-sea aquaculture promotion and application from an administrative-driven approach to a market-driven approach.



3.3.2 Analysis of the impact of deep-sea aquaculture risk

In order to study the impact of risk cost on the process and outcome of the evolutionary game of each participating subject, this study assigns the total risk cost as 20, 50 and 80, with the corresponding colors of red, blue and green, while keeping the rest of the parameters unchanged, and plots Figure 5. In Figure 5, the evolutionary game process and result of the aquaculture enterprise and service organization and the government are shown from left to right, with the x-axis being the evolutionary cycle and the y-axis being the willingness of the participating entities to participate. In order to explore the risk cost coefficient on the evolutionary game process and result of each participating subject, this study assigns the risk cost coefficient as 0.3, 0.5, and 0.7, with corresponding colors of red, blue and green, while keeping the rest of the parameters unchanged, and plots Figure 6. In Figure 6, the evolutionary game process and result of the aquaculture enterprise and service organization and the government are shown from left to right, with the x-axis being the evolutionary cycle and the y-axis being the willingness of the participating entities to participate.

[image: Three line graphs show the proportion over time for different values of C: twenty, fifty, and eighty, represented by red, blue, and green lines respectively. The first two graphs depict increasing trends, while the third shows a decreasing trend, with the green line being notably distinct from the others in shape.]

FIGURE 5
 Analysis of the impact of the cost of risk.


[image: Three graphs show proportions over time for different T values: 0.3, 0.5, and 0.7. The left and middle graphs depict a steep rise, converging around 0.6, while the right graph shows a decline, resembling the patterns in the first two graphs.]

FIGURE 6
 Analysis of the impact of the cost of risk coefficient.


According to Figure 5, it can be seen that as the cost of risk rises, the willingness to participate of each participant changes. When the total risk cost rises from 20 to 50, the speed of convergence of the willingness to participate of the enterprise, service organization and government decreases. When the risk cost becomes 80, the excessive risk cost makes the probability of participants engaging in deep-sea aquaculture suffering from losses too large, aquaculture enterprise and service organization cannot form the motivation to participate, and at this time, the government cannot effectively mobilize the enthusiasm of the both of them through intervention. Therefore, the model evolution result shows that the willingness of aquaculture enterprise and service organization to participate converges to 0, and the willingness of the government to participate converges to 1. The government intervention does not achieve the desired effect, and government failure occurs at this time. According to Figure 6, it can be seen that as the cost of risk taking by aquaculture enterprise rises, the willingness of enterprise to participate tends to 1 slower, while the willingness of service organization to participate tends to 1 faster, and the degree of fit between them decreases. At the same time, there is no impact on the government’s willingness to participate, because the total cost has not changed. The analysis of risk cost of deep-sea aquaculture reveals the key rule of risk transmission in the process of deep-sea aquaculture promotion and application: when the risk cost breaks through the threshold, aquaculture enterprise and service organizations will produce negative psychology due to the “loss aversion effect,” and then the government’s unidirectional intervention triggers the trap of adverse selection, resulting in the failure of the government. When the proportion of risk structure is imbalanced, aquaculture enterprise bears too much risk, the risk transfer mechanism prompts service organization to participate in the enthusiasm, but there is also the phenomenon that aquaculture enterprise and service organization cannot be matched effectively, resulting in the loss of cooperation efficiency.



3.3.3 Analysis of the impact of benefits from deep-sea aquaculture cooperation

In order to study the influence of cooperation benefits on the process and result of the evolutionary game of each participating subject, this study assigns the values of 30, 50, 60 to the total cooperation benefits and 0.5, 0.6, 0.9 to the coefficient of distribution of the cooperation benefits, while keeping the rest of the parameters unchanged, with the corresponding colors of red, blue and green, respectively, and plots Figure 7. In Figure 7, the impacts of the evolutionary gaming process and result of aquaculture enterprise, service organization and government are shown from left to right, with the x-axis showing the evolutionary cycle and the y-axis showing the willingness to participate of the participating entities.

[image: Three line graphs show the proportion over time for different conditions. The first graph has R equals thirty, A equals zero point three, fifty, and sixty, with A equals zero point nine. The second graph has R equals thirty, A equals zero point five, fifty, and sixty, with A equals zero point nine. The third graph has R equals thirty, A equals zero point five, fifty, and sixty, with A equals zero point nine. Each graph shows a trend with lines in red, blue, and green tracking similar patterns.]

FIGURE 7
 Analysis of the impact of cooperation benefits and distribution coefficient.


According to Figure 7, it can be seen that the willingness of enterprise to participate tends to 1 at a faster rate as the benefits of cooperation and the coefficient of distribution of the benefits of cooperation among aquaculture enterprise increase. On the contrary, when the cooperation benefits are 30 and the allocation coefficient of the service organization is 0.5, the service organization can get cooperation benefits of 15, and when the cooperation benefits are 50 and the allocation coefficient of the service organization is 0.4, the service organization can get cooperation benefits of 20, so the willingness of the service organization to participate tends to 1 faster. When the cooperation benefits continue to rise to become 60 and the service organization allocation coefficient falls to 0.1, the cooperation benefits available to the service organization at this point are 6, so the willingness to participate tends to 1 at a much lower rate. The government, on the other hand, tends toward a slightly faster willingness to participate of 0 as total cooperation benefits rise, this is because as the benefits of enterprise and service organization rise, motivation increases and the government is able to end its intervention earlier. However, if the distribution of the benefits of cooperation is never equitable, there will also be a mismatch between the willingness of aquaculture enterprise and service organization to participate, and the efficiency of cooperation will be impaired. The analysis of the impacts of cooperation benefits and distribution coefficient reveals the dual driving mechanism of cooperation benefit distribution in the process of deep-sea aquaculture promotion and application. Firstly, the efficiency mechanism: the strategy selection of the participating subjects follows the principle of profit maximization, and the willingness to participate shows a significant positive correlation with the absolute benefits. Secondly, the equity mechanism: when the total cooperation benefit is in conflict with its own allocation coefficient, there is an imbalance in equity, and the reverse driving mechanism is triggered after reaching a critical value, resulting in an impairment of the efficiency of cooperation between the two parties. This essentially reflects the “efficiency-equity” interaction in cooperation, and the driving mechanism needs to satisfy the dual conditions of expansion of the scale of benefits and a reasonable structure of benefit distribution.



3.3.4 Analysis of the combined impact of cost and government intervention

In order to investigate the evolution process and result of the strategies of each participant under the combined influence of cost and government intervention. In this study, the cost of deep-sea aquaculture for aquaculture enterprise was assigned as 20, 30, and 40, and the cost of deep-sea aquaculture for service organization was assigned as 20, 25, and 30, respectively, while the rest of the parameters were kept unchanged. The total government subsidy is set to 20, 40 and 60 and the penalties are set to 5, 10, and 15. The corresponding colors are red, blue and green and are plotted in Figure 8. In Figure 8, the impacts of the evolutionary gaming process and result of aquaculture enterprise, service organization and government are shown from left to right, with the x-axis showing the evolutionary cycle and the y-axis showing the willingness to participate of the participating entities.

[image: Three line graphs show the proportion against time for different parameter settings. Each graph has a legend with configurations: C3, C4, S, K1, and K2, with values such as C3=20, C4=20, S=20, K1=K2=5. The graphs depict rising and falling trends based on these parameters.]

FIGURE 8
 Analysis of the combined impact of cost and government intervention.


According to Figure 8, it can be seen that even though the intensity of government intervention and the cost of deep-sea aquaculture rise together, the rate of convergence of aquaculture enterprise and service organization still slows down as the cost rises. And when the cost reaches 60, the speed of convergence decreases substantially. This is because at this point the benefits of participating in deep-sea aquaculture are already negative, and the reason why aquaculture enterprise and service organization continue to converge at 1 is attributed to government intervention. Governments, on the other hand, converge progressively faster as the cost of intervention rises. In summary, this simultaneous rise in cost and subsidy leads to an eventual dilemma where the government bears high costs while failing to increase the willingness of participating entities to participate. The analysis of the combined impact of cost and government intervention shows that every policy tool must comply with the rule of the market, and government intervention that violates the rule of the market will not only lead to the dilemma of double failure of the government and the market, but will also lead to the transformation of aquaculture enterprise and service organization from value creation to subsidy dependence, and the basis of decision-making from profit-driven to policy arbitrage-driven. Analysis of the combined impact of cost and government intervention indicates that any policy tool must conform to market principles. Government intervention that violates market principles not only leads to a situation of double failure of government and market, but also causes aquaculture enterprise and service organization to shift from value creation to subsidy dependence. At this point, the double failure of government and market is mainly manifested in the inability of aquaculture enterprises and service organizations to cooperate through market mechanisms, and the government paying high intervention costs without achieving the expected results.





4 Conclusion

The study analyzed the influencing factors in the promotion and application of deep sea aquaculture by constructing a two-party evolutionary game model of “Aquaculture enterprise -Service organization” and a three-party evolutionary game model of “Aquaculture enterprise- Service organization-Government.” The main conclusions are as follow:


	(1) By constructing a two-party evolutionary game model of “aquaculture enterprise-service organization” and conducting stability analysis, it is found that the two-party evolutionary game model has two equilibrium points: (0, 0) and (1, 1), and neither participant can stably choose an active participation strategy. After introducing government intervention, the three-party evolutionary game model shows that the three-party evolutionary game model of “aquaculture enterprise–service organization–government” stably converges to (1, 1, 0).

	(2) Analysis of the impact of initial willingness to participate shows that the initial willingness of each participating entity to participate significantly affects the strategic choices of aquaculture enterprise and service organization. The stronger the initial willingness, the greater the likelihood that participating entities will actively engage in deep-sea aquaculture. However, when the willingness of aquaculture enterprise and service organization to participate is too low, the willingness of the government to participate shows a trend of first increasing and then decreasing.

	(3) Simulation analysis of risk cost and risk coefficient shows that if the risk cost of deep-sea aquaculture is too high, it will cause the willingness of aquaculture enterprise and service organization to participate to tend toward 0. This threshold is when the sum of risk and cost exceeds the sum of potential profits from deep-sea aquaculture and government subsidies received. At this point, the government’s willingness to participate tends toward 1, but it is still unable to effectively promote the effective participation of aquaculture enterprise and service organization in deep-sea aquaculture.

	(4) Simulation analysis of cooperation benefit and distribution coefficient shows that an increase in cooperation benefit between aquaculture enterprise and service organization will enhance the willingness of both parties to participate in deep-sea aquaculture through efficiency mechanisms, enabling the government to end intervention more quickly. However, when cooperation benefit distribution is imbalanced, it will lead to a mismatch in the willingness of aquaculture enterprise or service organization to participate.

	(5) Simulation analysis under the combined impact of cost and government intervention shows that as the cost of participating in deep-sea aquaculture and government subsidy both rise, and the subsidy increases at a faster rate, the convergence speed of enterprise and service organization still slows down, and government intervention fails to achieve the expected results.





5 Discussion

The above research conclusion reveals the core mechanisms and main contradictions in the promotion and application of deep-sea aquaculture. Based on the research conclusion, the following insights can be drawn:


	(1) The stability results of the three-party evolutionary game model indicate that relying solely on market mechanisms is insufficient to effectively promote the widespread adoption of deep-sea aquaculture. Government intervention is crucial for the promotion and application of deep-sea aquaculture. However, due to the high cost of deep-sea aquaculture, government intervention is also expensive, and the diminishing marginal effect of subsidy leads to the government eventually withdrawing from the game. Therefore, the promotion and application of deep-sea aquaculture should transition from initial strong government intervention to gradually weakening government intervention. Once the deep-sea aquaculture market and industry are preliminarily established, the promotion and application of deep-sea aquaculture should be fully driven by marketmechanism.

	(2) Analysis of initial participation willingness shows that when the initial participation willingness of aquaculture enterprise and service organization is low, the government needs to take measures such as policy promotion and financial subsidy incentives to enhance the participation enthusiasm of both parties. Therefore, the government’s initial participation willingness will increase in the short term. However, as the participation enthusiasm of aquaculture enterprise and service organization increases and the cooperation model between the two parties continues to improve, government intervention will gradually decrease.

	(3) Analysis of the impact of risk cost and risk coefficient shows that when the risk cost of deep-sea aquaculture is too high, aquaculture enterprise and service organization cannot form the motivation to participate due to the “loss aversion effect.” Government intervention may lead to the occurrence of “adverse selection,” resulting in government failure. When the proportion of risk borne by aquaculture enterprise and service organization is imbalanced, it will reduce the cooperation efficiency between the two parties and ultimately affect the evolution of the model.

	(4) Simulation analysis of cooperation benefit and distribution coefficient reveals the impact of the changing relative importance of “efficiency-equity” on the strategies of aquaculture enterprise and service organization in their cooperation. An increase in cooperation benefit can effectively reduce government intervention cost and enhance the role of market mechanism. However, when the distribution of cooperation benefit loses fairness, the increase in cooperation benefit will generate a reverse driving mechanism, causing a decrease in the enthusiasm of one party to participate.

	(5) The phenomenon of double failure of government and market in the analysis of the combined impact of cost and government intervention is primarily due to the government implementing erroneous economic policies that violate market principles. In the context of excessively high cost in deep-sea aquaculture, the focus should be on cost reduction rather than blindly increasing subsidy. This rigid government economic policy not only fails to enhance the efficiency of promoting and applying deep-sea aquaculture but also exacerbates the dependency of aquaculture enterprise and service organization on subsidy, leading to a shift in the motivation for engaging in deep-sea aquaculture from profit-driven to policy arbitrage-driven.



In summary, compared with existing research, the conclusion reached in this study, that “policy guidance should be strengthened and the government should play a leading role in promoting the application of deep-sea aquaculture,” corresponds with the existing research mentioned in the introduction, which confirms the validity of the conclusion reached in this study. Unlike previous studies, this study also obtained other findings through evolutionary game model analysis: (1) Due to the high risk and high cost characteristics of deep-sea aquaculture, government intervention is limited, and the role of market mechanism should be fully utilized. (2) Although profit is an important factor in the promotion and application of deep-sea aquaculture, since deep-sea aquaculture requires the joint efforts of aquaculture enterprise and service organization, it is more important to establish a fair profit distribution and risk-sharing mechanism. (3) The focus of promoting deep-sea aquaculture lies in reducing cost, and blind government intervention policy will not play a positive role. This research proposes concepts such as a “government phased intervention mechanism,” a “risk-sharing and profit-sharing mechanism,” and an “efficiency-equity dynamic relationship” with the aim of providing scientific basis for government policy-making, guiding cooperation between aquaculture enterprise and service organization, and warning of policy failure risk. This study aims to break through the bottlenecks in the promotion of deep-sea aquaculture, increase the supply of high-quality animal protein, empower the construction of blue granaries, and ensure global food security and human nutritional needs.

However, this study still has certain limitations. It only considers the promotion and application of deep-sea aquaculture under the participation of the government, aquaculture enterprise, and service organization, without considering the subsequent circulation, processing, and sales links. Therefore, introducing processing enterprise, logistics enterprise, consumer feedback, and other game subjects or influencing factors will be the direction of future research.



6 Policy recommendation

Based on the findings above, the study makes the following policy recommendations:


	(1) Increase the initial motivation of deep-sea aquaculture among all participants. As an emerging industry, deep-sea aquaculture is not well understood in most international countries, and its market prospects are still unknown. Therefore, the promotion and application of deep-sea aquaculture should firstly improve the motivation of aquaculture enterprise and service organization. Firstly, policy propaganda on deep-sea aquaculture should be strengthened to enhance social understanding of deep-sea aquaculture through sound top-level design and policy releases, so as to inject strong motivation into the enterprise. Secondly, since aquaculture enterprise and service organization are greatly affected by information asymmetry in their initial decision making, an information and technology exchange platform for deep-sea aquaculture should be established to promote information sharing and technology exchange between aquaculture enterprise and service organization.

	(2) Establish a reasonable government intervention system. Government intervention is very important to the promotion and application of deep-sea aquaculture. However, in view of the high-cost characteristics of deep-sea aquaculture, the government should fully respect the rule of the market and take into account its own cost problems, and adopt reasonable intervention measures. First, it is necessary to draw on Norway’s tiered licensing and innovation incentive system to establish an innovative license for deep-sea aquaculture, allowing aquaculture enterprise to apply for excess aquaculture biomass quotas and expand the scale of aquaculture to meet the high-tech and high-risk demands of deep-sea aquaculture. Secondly, in terms of subsidy policies, drawing inspiration from the European Union’s Blue Economy Investment Fund and Blue Carbon Credit Mechanism, a dedicated fund should be established for deep-sea aquaculture. This fund would provide specialized subsidy support for deep-sea aquaculture operations and allow carbon credit revenues to offset a portion of marine area usage fees. Concurrently, the government should establish a subsidy evaluation mechanism to assess subsidy eligibility based on clearly defined subsidy guidelines, standards, and upper limits. Finally, in terms of regulation, cooperation between aquaculture enterprise and service organization supervision should be strengthened, with the latter participating in contract signing as a “notary” and promptly imposing penalties on parties that violate contracts. At the same time, control and tracking of the use of special funds should be strengthened. While maintaining efficiency, the approval process for deep-sea funding support should be strictly enforced to prevent the misuse of national subsidy funds.

	(3) Promote cost reduction and improve the risk-sharing and benefit-sharing mechanism. As a high-cost project, the cost of deep-sea aquaculture is an important factor hindering the participating entities. Therefore, in the process of promoting citation, emphasis should be placed on achieving cost reduction. Firstly, the establishment of the deep-sea aquaculture insurance system should be strengthened, and a third-party organization should be involved to assess the risk of deep-sea aquaculture and formulate the insurance policy. At the same time, the government should use its own credibility as a guarantor to reduce the difficulty of the participating parties in obtaining insurance and loans, so as to provide the participating parties with a complete risk guarantee and reduce the risk cost. Secondly, it should actively strengthen the self-research and development of deep-sea aquaculture technology and equipment, promote the transformation of scientific and technological achievements, and improve the legal system of intellectual property rights and patent protection of deep-sea aquaculture, so as to not only reduce the risk cost of service organization, but also enhance the independent innovation ability of deep-sea aquaculture. In terms of risk sharing and benefit sharing, the government should act as a third party to assess the costs and benefits of each party in the process of cooperation in a fair and impartial manner, and determine the criteria for risk sharing and benefit sharing according to the contributions of each party.
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