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In the era of heightened focus on sustainable marine fisheries development, the Shipborne Low-Temperature Freezing Technology is crucial for enhancing the preservation effect of seafood, improving transportation efficiency, and reducing energy consumption. It plays a key role in the sustainable development of the fishery industry. This paper constructs a tripartite evolutionary game model involving fishermen, consumers, and the government by using evolutionary game theory, and analyzes the interaction mechanism of the behaviors of the three parties. Based on field survey data, through model derivation and simulation, with results as follows: (1) Government subsidies positively influence choices at both the production and consumption ends. They incentivize fishermen to adopt Shipborne Low-Temperature Freezing Technology for storing wild-caught shrimp products, while also encouraging consumers to purchase shrimp products preserved through this technology. (2) Government subsidy structures have complex effects on the strategic choices of both fishermen and consumers. Expanding subsidies to fishermen positively impacts the adoption of Shipborne Low-Temperature Freezing Technology. (3) An appropriate online sales ratio can generate positive cross-channel effects, enabling the game system to reach an optimal equilibrium. In this state: Fishermen spontaneously adopt Shipborne Low-Temperature Freezing Technology; Consumers voluntarily purchase wild-caught shrimp preserved with Shipborne Low-Temperature Freezing Technology; The government withdraws subsidies for both fishermen and consumers.
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1 Introduction


In 2022, the total output of aquatic products across China reached 68.6591 million tonnes. More in detail, the output of marine products was as high as 34.5953 million tonnes, while the volume of marine fisheries was nearly 10 million tonnes, with the volume of sea-caught shrimps approaching 1.2 million tonnes. As such, sea-caught shrimps hold a highly significant position in the category of aquatic products (Wang and Gao, 2024). Typically, sea-caught shrimps (mainly referring to Solenocera-crassicornis) are sold either fresh, or are processed into canned products and snacks (Usui et al., 2015). It is deeply favored by both domestic and overseas markets (Hua-long et al., 2007), thanks to its high nutrient content, better taste and easier digestibility (Kim et al., 2020). It has a high protein content and low fat, as well as a variety of amino acids, trace elements, and vitamins that are essential for the human body. In fact, sea-caught shrimps an important aquatic product with both economic and nutritional value (Yubin et al., 2021). Due to its rich protein content, sea-caught shrimps are prone to erosion by bacteria and, consequently, is subject to spoilage and deterioration (Wenya et al., 2022), Moreover, it contains a large number of enzymes, such as tyrosinase, which are prone to oxidation and produce melanin (Pierce and Rast, 1995), causing sea-caught shrimps to turn black and deteriorate, thereby seriously affecting its quality and commercial value. The storage and transportation through preservation techniques, such as chilled storage or freezing, can guarantee the quality and commercial value of sea-caught shrimps to a great extent. The preservation of sea-caught shrimps can be ensured through various methods, such as low-temperature preservation, biological preservation, and combined preservation. Among them, low-temperature preservation is the most common and effective means for the preservation of aquatic products. Therefore, on-board frozen storage is a commonly used method in the preservation of aquatic products (Shengjun et al., 2020; Chengren and Shuai, 2024).


Shipborne Low-Temperature Freezing Technology(SLTFT) is a preservation method that uses low-temperature technology on ships to quickly freeze aquatic products (Truonghuynh et al., 2020). With the continuous increase in global trade and people’s demand for high-quality marine products, SLTFT enjoys broad market prospects. In fact, SLTFT can promptly decrease the temperature of seafood immediately after capture, which effectively inhibits the growth and reproduction of microorganisms at the source, thereby extending the freshness retention period of seafood. In 2022, Zhejiang Province (China) issued a standard titled “Technical Regulations for On board Freezing, Refrigeration Operations and Equipment Upgrades of Sea-caught Shrimp” (Zhejiang Provincial Administration for Market Regulation, 2022a), which requires fishing vessels to be equipped with low-temperature freezing equipment to ensure the quality of fish catches. In addition, the low-temperature state can also maximize the retention of the nutritional components and flavor substances of marine products (Zhejiang Provincial Administration for Market Regulation, 2022b). The continuous growth of the fishing capacity and intensity has led to the depletion of marine resources, especially inshore resources, Consequently, fishermen usually have to move far away from the coast and in the high seas to fish; moreover, the time for offshore operations has also been extended, often ranging from 15 to 45 days. These changes made SLTFT particularly crucial (Ye, 2012; Worm et al., 2006). In recent years, the Chinese government has required the comprehensive promotion of on-board freezing and preservation technology, and has provided subsidies to relevant fishing vessels according to standards, striving to achieve a 100% equipping rate by 2025 (Province G o t P s G o Z, 2022).


Evolutionary game theory has been well applied to solve problems related to aspects such as new-energy vehicles, climate change, and cold chain. It can identify the optimal development paths and solutions by simulating the strategic choices and dynamic evolutionary processes of participants, effectively coordinate the interest conflicts among various parties, and promote the rational allocation and efficient utilization of resources (Liu et al., 2024; Johansson and Jonzén, 2012; Wu et al., 2024). On this basis, in this study we applied the evolutionary game theory to the SLTFT of sea-caught shrimps, with the aim to effectively promote this technology and facilitate the sustainable development of this industry. To this purpose, a three-party evolutionary game model was constructed, composed of fishermen, consumers, and the government. On this basis, we analyzed the impact of the probability of adoption by fishermen of the SLTFT, the probability that consumers would purchase shipborne low-temperature frozen products, and the probability that the government would subsidize the SLTFT based on the strategies of the other agents and on the stability of the game system. Furthermore, based on the survey data, the impact of the amount of government subsidies, the proportion of government subsidies, the cost of fishermen’s shipborne low-temperature freezing equipment, and the market price of sea-caught shrimps stored using SLTFT equipment on the evolutionary outcome of the game system was simulated and analyzed. The research results can provide references for the establishment of a multi-level SLTFT promotion system among the government, fishermen, and consumers, and provide a theoretical basis for the optimization of government subsidy policies.


This paper is structured as follows. Section 2 presents a review of the literature on sea-caught shrimps, low-temperature freezing technology, government subsidies for fisheries, and the application of evolutionary game methods. Section 3 establishes the game model and the numerical simulation model. Section 4 presents the results and their discussion. Finally, Section 5 illustrates the research conclusions and provides policy suggestions.






2 Literature review


The improvement of people’s living standards has been accompanied by an increase in the demand for quality food. Among aquatic products, sea-caught shrimps are widely popular due to their tender meat, delicate taste, and rich elasticity. Therefore, the quality of sea-caught shrimps has attracted extensive research attention. In particular, the protection of their quality and their preservation have become important objectives; accordingly, the SLTFT has also become the focus of academic circles. The existing literature on this topic can be divided into four streams.





2.1 Sea-caught shrimps


China has a long coastline, abundant marine biological resources, and a developed aquatic products and fishing industry. In this context, sea-caught shrimps occupy a very important position. With the improvement of living standards, people are paying increasing attention to the diversification of diet (Shaw, 2005), and shrimps and shrimp products have gradually become very important aquatic products in people’s diets. Therefore, the demand for wild-caught shrimps is continuously increasing. S. crassicornis belongs to Decapoda, Solenoceraidae, and Solenocera. Commonly known as red shrimp or red-headed bow shrimp, it is distributed in India, Malaysia, as well as the southern Yellow Sea, the East China Sea, and the South China Sea of China, and is the most common wild-caught shrimp (Cai et al., 2017; Ding et al., 2019; Xu et al., 2019; HuiYu et al., 2023). Wang Xiao and others (Wang et al., 2014) determined the protein, fat, and amino acids content of S. crassicornis using the semi-micro Kjeldahl method, the Soxhlet extraction method, and a high-speed amino acid analyzer, respectively. They concluded that S. crassicornis has a high protein content and low fat, and is a relatively high-quality source of protein for the human body, with relatively high nutritional value. However, due to its high water content, enzyme activity, and microbial metabolism, it is prone to spoilage, along with the deterioration of texture, color, and flavor. Litao W and others (Litao et al., 2022) investigated eight common economically valuable wild-caught shrimp species, and found that different species of shrimps showed certain differences in nutritional components, each having its own advantages and disadvantages. Generally speaking, however, their fatty acids, proteins, and mineral content were relatively good, and their amino acid content was also high. Precisely because wild-caught shrimps are rich in amino acids, substances such as tyrosine on their surface undergo a series of biochemical reactions under the action of polyphenoloxidase (PPO), eventually producing melanin, which leads to their blackening (Wu et al., 2021; Nirmal et al., 2015; Yufang et al., 2019). In addition, Gonçalves and Oliveira (Gonçalves and Oliveira, 2016) also found that after death, monovalent copper ions (Cu1+) are oxidized into divalent copper ions (Cu2+); this can activate tyrosinase to produce a large quantity of melanin, prompting the blackening of shrimp bodies and making the metabolism of the resident microbiota more active, thus causing serious food safety issues.






2.2 Low-temperature freezing technology


Low-temperature freezing is a widely used preservation method for aquatic products, which can effectively slow down biochemical reactions and reduce the growth rate of microorganisms (Guo et al., 2013). Ultra-low-temperature freezing technology falls within the scope of low-temperature freezing technology. In particular, ultra-low-temperature quick-freezing technology is a technique that rapidly freezes food in an extremely low-temperature environment (usually below -40°C). Through ultra-low-temperature freezing, perishable foods, such as seafood, can be preserved for an extended period (Rodríguez-Jara et al., 2022). However, due to factors such as the significant equipment costs, high maintenance expenses, and substantial energy consumption of ultra-low-temperature freezing technology, fishermen often opt for low-temperature freezing technology for food preservation. In 2022, Zhejiang Province issued a series of standards to regulate the retrofit of SLTFT equipment for sea-caught shrimps, and promoted it across the province. The requirements state that the storage temperature of the refrigerated hold should be below -18 °C, and that of the freezer hold should be below -28 °C (Zhejiang Provincial Administration for Market Regulation, 2022c, 2022d); Guo Xueqian and others (Guo et al., 2023) stored Eriocheir sinensis under different refrigeration temperatures (i.e, static air freezing, air blast freezing, and a combined method). The results showed that the lower the temperature, the longer the shelf life of E. sinensis. Luis A. Espinoza Rodezno and others (A. et al., 2024) explored the inactivation time and rate of Vibrio vulnificus and V. parahaemolyticus in oyster meat under low-temperature freezing and air blast freezing, as well as their impacts on the quality and microstructure of oyster meat. They found that the extent of reduction in the number of V. vulnificus in oyster meat by low-temperature freezing was greater than that for air blast freezing. This shows that through low-temperature freezing technology, the temperature of food can be rapidly lowered to a range where microorganisms cannot survive, which can effectively inhibit and kill various bacteria, and ensure the safety and hygiene of food, thus significantly extending their shelf life.


In synthesis, low-temperature quick-freezing technology has the advantages of inhibiting the growth of microorganisms, suppressing the activity of enzymes, maintaining nutritional components, achieving good freshness preservation effects, being cost-efficient, possessing sterilization capabilities and prolonging the shelf life. These advantages make it increasingly important in the storage, transportation and preservation of aquatic products, and is favored by an increasing number of enterprises.






2.3 Government subsidy policies


Fisheries subsidies are currently regarded as a common tool for fisheries management, and China’s fisheries policies and practices are no exception to this respect. The fisheries sector entails diverse benefits to society. For example, the development of the SLTFT, can enhance fishermen’s market participation, total sales volume and degree of commercialization. In this context, the use of fisheries subsidies usually serves multiple policy purposes (He, 2015; Zheng et al., 2021). Fishermen would not take the initiative to apply new technologies to their fishing boats. Therefore, the promotion and dissemination of new technologies requires the guidance of government policies (Guzmán et al., 2021). A González Galán and others (Galán et al., 2021) found in their research that, driven by the incentives stipulated in Law No. 147/1961, within merely a decade, more than 60% of the tonnage of the Spanish fishing fleet was renovated. Innovations were made to fishing gear and to the, detection and communication equipment. Moreover, in the early 1970s, over 90% of Spanish fishing boats were equipped with freezing systems and trawls. Under the incentive effect of policies, the popularization of SLTFT and the development of Spain’s marine fisheries were significantly promoted. J Hentati-Sundberg and others (Hentati-Sundberg et al., 2019) evaluated the impacts of subsidies on fishery and fishery sustainability through the official statistical yearbooks (1914-1995) and the Swedish government’s fishing fleet database (1996-2014). They reached the conclusion that a large fishing fleet requires high subsidies to maintain profitability, and that fleet subsidies can also improve onboard facilities and promote the development of technologies (such as freezing technology).


Due to the diversity of the fisheries sector, government subsidies do not always generate positive impacts (Brynhildur et al., 2023)Subsidies for fuel or other energy sources often lead to the problem of overcapacity in fishing fleets, and tend to result in issues such as the overexploitation and depletion of marine fisheries resources (Soeparna and Taofiqurohman, 2024). Victor Owusu and others (Victor and Moses, 2021) conducted 20 in-depth interviews in the Western Region of Ghana, and found that the asymmetric power relations among fishermen could lead to unequal distribution of benefits among stakeholders, resulting in problems such as a decrease in fishing frequency, reduction in fish catches, and an increase in illegal fishing behaviors. Fábio Luiz Vargas Machado and others (MaChado et al., 2021) established an annual data panel in 14 developed countries to evaluate the impact of fisheries subsidies on fisheries carbon dioxide emissions. The results showed that perverse subsidies usually led to an increase in carbon dioxide emissions. Rainer Froese and others (Froese et al., 2018) evaluated the fishing pressure and biomass based on existing data of 10 European ecoregions and 2 extensive regions. They found that some subsidies directly or indirectly enhanced the fishing capacity of European fleets and even led to the overfishing of some fish stocks.


After reviewing relevant literature, it is evident that government subsidy policies for marine fisheries are a double-edged sword. However, the question is still open as to whether the impact of government subsidies on the promotion of the SLTFT is also a double-edged sword. In addition, the majority of studies on government subsidies ignored the interactions between the government and other subjects in decision-making, which are expected to influence the effectiveness of government subsidies.






2.4 The application of evolutionary game theory in technology


Evolutionary game theory is different from traditional game theory, as it involves decisions made by agents under bounded rationality. It abandons the assumption in traditional game theory that agents are perfectly rational, enabling researchers to provide more scientific explanations and analyses of social and economic phenomena (Friedman, 1998). Shangrong Chen and others (Chen et al., 2023)evaluated the adoption and dissemination of different hydrogen technologies in the air transportation system, by using the evolutionary game theory approach. They found that government interventions (such as subsidies or taxes) can make hydrogen technologies more likely to be adopted and disseminated. He Yixiong and Fengxuan Zhang (Yixiong and Fengxuan, 2023)employed the evolutionary game theory approach to construct a mathematical model involving fishermen, research institutions, and the government. They found that under the guidance of government incentive and punishment mechanisms, high-quality scientific research outcomes can effectively assist fishermen in developing marine carbon sink fisheries more efficiently. Wang Haoyang and others (Wang et al., 2022) constructed an evolutionary game model among the government, the energy industry and the third-party clean energy supervision and audit institutions. They found that the government’s supervision can effectively restrain the rent-seeking behaviors between the energy industry and the third-party clean energy supervision and audit institutions. In parallel, the introduction of appropriate incentive measures can reduce the probability of rent-seeking behaviors by the third-party clean energy supervision and audit institutions, thus supporting the promotion of clean energy technologies. Yang Y and others (Yang et al., 2024) established an evolutionary game model and investigated how local governments should choose strategies for the cross-regional dissemination of clean technologies. They found that the choice of strategies by developed regions to encourage the dissemination of clean technologies largely depends on the incentive measures of the central government. Shi Y and others (Shi et al., 2020) pointed out that the subsidies and penalties implemented by the government for certain types of enterprises are shared equally by all interconnected enterprises, which weakens the effectiveness of these policy interventions, undermines the incentive effect of subsidies and has a negative impact on the dissemination of technologies. Overall, the government’s subsidy policies are of great significance for the dissemination of technologies.


This study contributes to existing research with the following innovations. Firstly, this study incorporated both fishermen and consumers into an evolutionary game model, which was employed to investigate government subsidy strategies from both the supply side and the demand side, thus providing a reference for the construction of systematic SLTFT subsidy policies. Secondly, the analysis of the government’s subsidies for the SLTFT considered both “whether to subsidize” and “how much to subsidize”. Based on the analysis of how the provision of subsidies affects the development of SLTFT, we explored the impact of the amount of government subsidies on the strategies of fishermen and consumers, and proposed an optimal subsidy structure. Moreover, we analyzed the costs of on-board low-temperature freezing equipment and the expenditures of consumers.







3 Construction of the evolutionary game model


Evolutionary game theory can be used to predict the strategy choices of participants and the evolution of behaviors in different scenarios. Promoting the diffusion of SLTFT is a systematic activity requiring the joint efforts of multiple parties. This study constructed an evolutionary game model containing three stakeholders: government, fishermen, and consumers.





3.1 Major stakeholders


This paper is based on the current research, field investigations, and the development status of SLTFT, aiming to ensure the feasibility and rigor of the study. To achieve this goal, the following preconditions and assumptions are made for the game stakeholders:


	
1. The promotion of SLTFT requires the joint efforts of the government, consumers, and fishermen.


	
2. Fishermen sell sea-caught shrimp to consumers through online and offline channels, in addition, fishermen sell part of the sea-caught shrimp to factories. The government provides subsidies to fishermen and consumers and regulates sea-caught shrimp products.





Based on these premises, the game system among fishermen, consumers and the government is shown in 
Figure 1
.
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Figure 1 | 
The tripartite game diagram for the popularization of SLTFT.








3.2 Hypothesis


Based on the feasibility of the research, we made the following hypothesis:



Hypothesis 1.



This study constructed an evolutionary game model containing three stakeholders: the government, fishermen, and consumers. The behaviors of the three parties are boundedly rational, with the ability to choose actions and learn. The strategies of fishermen, consumers and the government are as follows: The strategy of fishermen adopting SLTFT is defined as 
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Hypothesis 2.



When fishermen adopt SLTFT, there are three sales channels, (i) They are sold to consumers through offline market channels, and their price is 
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; (ii) They are sold to consumers through online live streaming and other digital platforms, and their price is 
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; (iii) Sell the sea-caught shrimp using SLTFT to sea-caught shrimp processing factories, and their price is 
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Hypothesis 3.



The online demand for sea-caught shrimp products stored by SLTFT from consumers is 
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Hypothesis 4.



The amount of subsidies provided by the government for SLTFT equipment is 
B

, The proportion of these subsidies for fishermen is 
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 denote the comprehensive benefits (including tax revenue, environmental benefits, and social benefits) obtained by the government when subsidies are provided and when subsidies are not provided, respectively.



Hypothesis 5.



Consumers have a high demand for high-quality shrimps. However, fishermen are reluctant to adopt the SLTFT and the government incurs a loss of 


E
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.


Based on the above analysis, the parameters used in this paper are shown in 
Table 1
.



Table 1 | 
Decision variables and model parameters.





	Parameter

	Definition

	Value range






	



C
x





	The costs for fishermen to adopt SLTFT equipment
	



C
x

>

C

1
−
x









	



Q
x





	The quantity of sea -caught shrimp stored by fishermen using SLTFT equipment
	



Q
x

>

Q

1
−
x









	



P
x





	The landing price of the sea -caught shrimp stored by fishermen using the SLTFT equipment
	



P
x

>

P

1
−
x









	



C

1
−
x






	The cost for fishermen not to adopt the SLTFT equipment
	



C

1
−
x


>
0







	



Q

1
−
x






	The quantity of sea -caught shrimp stored by fishermen without using the SLTFT equipment
	



Q

1
−
x


>
0







	



P

1
−
x






	The landing price of the sea -caught shrimp stored by fishermen without using the SLTFT equipment
	



P

1
−
x


>
0







	

m



	The proportion of fishermen willing to sell sea-caught shrimp stored by SLTFT to the market
	


m
ϵ

[

0
,
1

]








	



P
m





	The price at which fishermen sell sea-caught shrimp stored by SLTFT to factories
	



P
m

>
0







	



P
i





	The price of sea-caught shrimp stored by SLTFT sold online by fishermen
	



P
i

>
0







	



P
y





	The price of sea -caught shrimp products stored by SLTFT equipment on the market
	



P
y

>

P

1
−
y









	

μ



	The proportion of fishermen willing to sell sea-caught shrimp through offline channels
	


μ
ϵ

[

0
,
1

]








	



Q

1
−
y






	The quantity of sea -caught shrimp products not stored by SLTFT equipment purchased by consumers
	



Q

1
−
y


>
0







	



P

1
−
y






	The price of sea -caught shrimp products not stored by SLTFT equipment on the market
	



P

1
−
y


>
0







	



S
y





	The utility that consumers obtain from purchasing sea -caught shrimp products stored by SLTFT equipment
	



S
y

>

S

1
−
y









	



S

1
−
y






	The utility for consumers of not purchasing sea -caught shrimp products stored by SLTFT equipment
	



S

1
−
y


>
0







	

θ



	Cross-channel effect of online promoti 


S

1
−
y


>
0


ns on offline sales
	


θ
ϵ

[

0
,
1

]








	



E
v





	The government’s benefit loss when consumers have a high demand for high-quality shrimp but fishermen are unwilling to adopt SLTFT
	



E
v

>
0







	

B



	The subsidy amount provided by the government for SLTFT equipment
	


B
>
0







	

x



	The probability that fishermen adopt SLTFT
	


x
ϵ

[

0
,
1

]








	

y



	The probability that consumers purchase sea -caught shrimp products stored by SLTFT
	


y
ϵ

[

0
,
1

]








	

z



	The probability that the government provides subsidies
	


z
ϵ

[

0
,
1

]








	



C
z





	The cost of government supervision
	



C
z

>
0







	



S
z





	The effectiveness of government subsidies
	



S
z

>
0







	



S

1
−
z






	The effectiveness of the government’s non-subsidy
	



S

1
−
z


>
0







	



δ
x





	The subsidy proportional coefficient of the government for fishermen
	



δ
x

ϵ

[

0
,
1

]








	



δ
y





	The subsidy proportional coefficient of the government for consumers
	



δ
x

ϵ

[

0
,
1

]



, 


δ
x

+

δ
y

=
1


















3.3 Model formulations


Based on the above assumptions and parameters, 
Tables 2
, 
3
 are obtained, which illustrate the payoff matrices of participants under the conditions of government providing subsidies and not providing subsidies.



Table 2 | 
When the government conducts subsidies.
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A1: Fishermen adopt SLTFT; A2: Fishermen do not adopt SLTFT; B1: Consumers choose to purchase sea-caught shrimp stored by SLTFT; B2: Consumers choose not to purchase sea-caught shrimp stored by SLTFT.





Table 3 | 
When the government does not conducts subsidies.
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A1: Fishermen adopt SLTFT; A2: Fishermen do not adopt SLTFT; B1: Consumers choose to purchase sea-caught shrimp stored by SLTFT; B2: Consumers choose not to purchase sea-caught shrimp stored by SLTFT.








3.4 Evolutionary stable strategy by applying replicator dynamic equation


Parameters x y, and z are used to represent the probabilities of fishermen, consumers, and the government choosing different decisions, respectively. Replication dynamics can better describe the trend of change of game stakeholders over time, and explain that when the strategic fitness of a single player is higher than that of other stakeholders, the latter would follow the strategy with a higher degree of fitness. We use 


τ

m
n




 to denote the expected payoff when different agents choose different strategies, and 




τ
m


¯



 for the average expected benefit of different agents.


Based on 
Table 2
, we can obtain the revenues of different agents under different strategies.


The expected benefit for fishermen who choose to adopt SLTFT is shown in Equation 1, the expected benefit for those who do not adopt SLTFT is shown in Equation 2, and the average expected benefit is shown in Equation 3:
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The replicator dynamic equation for fishermen is shown in Equation 4:
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(4)


The expected benefit for consumers who choose to purchase sea-caught shrimp stored by SLTFT is shown in Equation 5, the expected benefit for those who do not purchase sea-caught shrimp stored by SLTFT is shown in Equation 6, and the average expected benefit is shown in Equation 7
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The replicator dynamic equation for consumers is shown in Equation 8:
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(8)


The expected benefit for the government when choosing to subsidize is shown in Equation 9, the expected benefit when not subsidizing is shown in Equation 10, and the average expected benefit is shown in Equation 11
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The replicator dynamic equation for the government is shown in Equation 12:
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4 Stability analysis


Stability analysis serves as a tool in evolutionary game theory to analyze the final choices made by various agents. Through the stable equilibria in evolutionary games, we can better understand the motivations behind the relevant decisions of each agent, as well as their potential motivations for making choices under specific circumstances.





4.1 Jacobi matrix of the dynamical system


The stable solution of the multi-group evolutionary game is a pure strategy Nash equilibrium. In this study, we conducted a stability analysis of nine pure-strategy equilibria in the evolutionary game system. The replicator dynamic system of the game among fishermen, consumers, and the government is shown in Equation 13.
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(13)


In the replicated dynamic system of the game between fishermen, consumers, and the government, the stability of the strategy combinations of the three game stakeholders can be evaluated according to Lyapunov’s first law. Based on the replication dynamic equations of each player presented in the previous Section, the Jacobi matrix of the replication dynamic system was obtained, as shown in Equation 14:
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4.2 Equilibrium point stability analysis


The equilibrium points of the system could be obtained from 
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. According to the evolutionary game theory, when all the eigenvalues are negative, the point can enable the replicator dynamic system to reach the evolutionary stable strategy (ESS). By substituting each equilibrium point into the matrix, the Jacobian matrix corresponding to each equilibrium point could be obtained. The eigenvalues of each matrix are shown in 
Table 4
.



Table 4 | 
The determinant and the trace of Jacobi matrix for each equilibrium point.
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Based on the eigenvalues of the equilibrium points of the replication dynamic system, the asymptotic stability of the equilibrium points is further determined. When all eigenvalues of an equilibrium point are negative, the equilibrium point is stable; otherwise, it is unstable. 
Table 4
 shows that the eight equilibrium points represent eight different conditions, and the details are provided in 
Supplementary Appendix A1
. Through a comparative analysis of the practical meanings of the above eight equilibrium points, it is found that when the equilibrium point is 
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, the strategy combination {fishermen are willing to adopt SLTFT; consumers are willing to purchase sea-caught shrimp stored by SLTFT; the government does not provide subsidies} represents the optimal state. SLTFT can be spontaneously promoted, however, it is very difficult to achieve in reality. This is because the imperfection of the market mechanism will directly impede the spontaneous formation of “fishermen’s voluntary adoption” and “consumers’ voluntary purchase”. Due to market failure, it may lead to a decline in consumers’ utility evaluation 
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becomes invalid, causing a deviation in consumers’ decision - making. Consumers will still choose sea-caught shrimp stored without SLTFT. And fishermen may experience a delay in the convergence of their strategies due to insufficient short-term benefits. The realization of the optimal equilibrium requires the premise of “learning - adaptation - maturation”, and it is difficult to reach the state of “spontaneous maintenance” in the short term. Instead, it may present a transitional state of “government subsidy → market cultivation → gradual withdrawal” rather than an idealized spontaneous equilibrium. As shown in the inequality system (15), when:
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That is, after the market mechanism is improved, when fishermen can still obtain long - term net benefits without subsidies, and the utility for consumers to purchase sea - caught shrimp stored with SLTFT without subsidies is greater than that of sea - caught shrimp stored without SLTFT, fishermen’s voluntary adoption and consumers’ voluntary purchase will be spontaneously maintained, and the government subsidies will be gradually withdrawn.


And 
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 is more in line with reality, that is, {fishermen are willing to adopt SLTFT; consumers are willing to purchase sea-caught shrimp stored by SLTFT; the government provides subsidies}. In this case, all participants choose to engage in cooperation. When 
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 evolves into a stable point, as shown in the inequality system (16). When the benefit of the government not providing subsidies is less than that of providing subsidies, the government will choose to provide subsidies. If the net income from not adopting SLTFT is lower than that from adopting it, consumers and fishermen will prefer to adopt SLTFT and its products.
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The above formulas show that both consumers and fishermen receive subsidies from the government. In this case, the benefits obtained by the government through providing subsidies are greater than those when the government does not provide subsidies. Additionally, when the profit obtained by fishermen after subtracting the equipment cost from the income when not adopting the SLTFT to store sea-caught shrimps is lower than the profit obtained after subtracting the equipment cost from the income when adopting the SLTFT to store sea-caught shrimp plus the government subsidy; Meanwhile, when consumers’ net benefit (benefit minus expenditure) from purchasing non-SLTFT-stored shrimp is lower than that from SLTFT-stored shrimp (including government subsidies), therefore, SLTFT and its products become the common choice for both fishermen and consumers.







5 Simulation analysis


To verify the validity of the evolutionary game stability analysis, this study set 2024 as the base time(t=0) and set the duration t=50. Parameter values were assigned to the model based on the actual situation and by conducting site investigations. Then, these parameter values were substituted into the replication dynamic equations 
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, and the simulation results of the game strategies of fishermen, consumers, and the government were obtained. The ode45 function for solving differential equations in MATLAB 2016b software was used to conduct numerical simulations, and the PLOT function was employed to graphically present the results for comparative analysis.





5.1 Parameter settings


To better study the above models, Matlab 2016b software is used to analyze the evolutionary trajectories of the stable strategies of the government, consumers and fishermen. This study employs field investigations to determine the data of equipment cost 
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: samples from regions with different economic levels (including Zhejiang Province and Guangdong Province) are first included, and then the calculation is carried out by taking the mean value. This study adopts the parameter-setting methods for the government, consumers and fishermen proposed by Zheng et al (Zheng and Yu, 2022), and references the supply-chain-related parameter-setting approaches by Guo et al. (2024) to determine the values of relevant parameters. The values of relevant parameters were formulated. A total of 23 relevant parameter values were included in this study, as shown in 
Table 5
.



Table 5 | 
Basic parameters of the tripartite participants.
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5.2 Key variables’ simulations on evolutionary game results





5.2.1 Analysis of the impact of the amount of government subsidies on the game system


It was assumed that the amount of government subsidies B was 3.5, 13.5, 23.5, 33.5, 43.5. The evolutionary process of the game strategies among fishermen, consumers and the government is shown in 
Figure 2
. The numerical simulation results are presented only in two-dimensional graphs. As shown in 
Figures 2A, B
, with the increase in subsidy amount, the evolutionary trajectories of fishermen and consumers tend to 1 more rapidly. This indicates that government subsidies can have a positive impact on the choices of fishermen and consumers. As shown in 
Figure 2C
, when the government subsidy amount is 3.5, the government is unwilling to provide subsidies. This is likely because the low subsidy amount fails to significantly incentivize fishermen to adopt the new technology, resulting in limited social benefits from promoting the SLTFT. When the government subsidy amounts are 13.5 and 23.5, the government initially tends to provide subsidies, but over time, it becomes reluctant to continue subsidizing. This may be because when the government implements the subsidy policy, initially, fishermen would respond actively and adopt the SLTFT; however, as the number of fishermen and consumers involved increases, the burden on the government would rise. In the medium term, although subsidy policies can drive the willingness of fishermen to adopt SLTFT and consumers’ purchasing willingness to show an upward trend, the growth rate of government expenditure exceeds that of social benefits. As a result, the government becomes unable to afford high subsidy amounts, leading to a decrease in its willingness to implement subsidy policies until the policies are eventually canceled. This finding is consistent with the research conducted by Fang Li et al (Li et al., 2024). When the government subsidy amounts are 33.5 and 43.5, the government is willing to provide subsidies. This might be because high subsidy policies prompt fishermen and consumers to actively respond to the policies, promoting the popularization of the technology and effectively activating market vitality. The expansion of product supply scale and quality optimization form a consumption stimulation mechanism, enabling the government to obtain sustained growth in comprehensive benefits, thereby strengthening the internal motivation for policy maintenance.


[image: Three-panel graph showing the proportion over time for different values of parameter B: A) Red stars start low, dip, and rise sharply after time 0.8; B) Red stars rise steadily with other lines; C) Red stars decline, with other colored lines peaking at different times. Legend indicates B values of 3.5, 13.5, 23.5, 33.5, 43.5 represented by distinct lines.]
Figure 2 | 
The impact of government subsidies on fishermen’s adoption, consumers’ purchase and government subsidies. (A) Fishermen’s Response (B) Consumers’ Response (C) Government’s Response.








5.2.2 Analysis of the impact of the proportion of government subsidies on the game system


To analyze the impact of changes in government subsidy proportions on the evolutionary game process and outcomes, it is assumed that 
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are 0.1:0.9, 0.3:0.7, 0.5:0.5, 0.7:0.3, 0.9:0.1, respectively. The evolutionary process of the game strategies among fishermen, consumers and the government is shown in 
Figure 3
. The numerical simulation results are displayed in two-dimensional graphs. As shown in 
Figure 3A
, when the proportion of subsidies to fishermen increases, the evolutionary trajectory of fishermen tends to 1 more rapidly. This indicates that a high proportion of subsidies to fishermen is conducive to the adoption of SLTFT by fishermen; as shown in 
Figure 3B
, when the proportion of government subsidies to consumers increases, the probability of consumer purchase decreases instead. When the proportion is 0.1:0.9 (fishermen:consumers), consumers tend to refuse to buy sea -caught shrimp stored by SLTFT. This may be because the slower convergence of fishermen’s willingness to adopt SLTFT leads to a shortage of sea -caught shrimp stored by SLTFT in the market and poor product quality, thereby decreasing the probability of consumer purchase. As shown in 
Figure 3C
, with the increase in the proportion of subsidies to fishermen, the government’s willingness to subsidize shifts from willingness to reluctance. This may share the same mechanism as the curves for government subsidy amounts B = 13.5 and 23.5 in Section 5.2.1.


[image: Three graphs labeled A, B, and C illustrate changes in proportions over time for different parameter values. Graph A shows increasing curves converging to a value of one. Graph B displays diverging curves, with the yellow line rising steeply. Graph C shows curves that peak around 0.6 to 1 and then decline. Legends identify each curve's parameters, including δ values such as 0.1:0.9 and 0.5:0.5.]
Figure 3 | 
The impact of the proportion of government subsidies on fishermen’s adoption, consumers’ purchase and government subsidies. (A) Fishermen’s Response (B) Consumers’ Response (C) Government’s Response.








5.2.3 Analysis of the impact of online platforms on the game system


The operation of online platforms can have positive or negative cross-channel effects on offline platform sales. To analyze the impact of online platforms on the evolutionary game process and outcomes, it is assumed that μ takes the values of 0.1, 0.3, 0.5, 0.7, 0.9, respectively. The evolutionary process of the game strategies among fishermen, consumers and the government is shown in 
Figure 4
. The numerical simulation results are displayed in two-dimensional graphs. As shown in 
Figure 4A
, when μ takes the values of 0.1, 0.3, and 0.9, the evolutionary trajectory of fishermen tends to 1 more slowly than when μ is 0.5 or 0.7. This can be attributed to the fact that fishermen’s excessive sales of sea -caught shrimp through online platforms, combined with consumers’ concerns about the quality of sea -caught shrimp from online channels, constitute inhibitory factors for their purchasing decisions. This ultimately leads to a low actual transaction rate and high logistics costs for sea -caught shrimp, causing an imbalance in fishermen’s income structure. As a result, the willingness to adopt SLTFT tends to converge to 1 at a slower pace. Additionally, when fishermen sell a small quantity of sea -caught shrimp through online platforms, it may lead to a backlog of a large quantity of shrimp caught with new technologies in local markets, which in turn causes an imbalance in fishermen’s income structure. Thus, an appropriate online sales proportion, due to the positive cross-channel effect, can enable fishermen to sell more sea -caught shrimp, which in turn facilitates fishermen’s adoption of SLTFT. As shown in 
Figure 4B
, when μ is 0.1 or 0.3, consumers tend to refuse to purchase sea -caught shrimp stored by SLTFT. However, when μ is 0.5 or 0.7, the cross-channel effect achieves the optimal online-offline synergy. Combined with the sufficient supply of sea -caught shrimp, the improved purchase convenience and quality trustworthiness of products lead consumers to tend to purchase sea -caught shrimp stored by SLTFT. When μ=0.9, consumers still tend to purchase sea -caught shrimp stored by SLTFT. This may be because nearly 90% of sea -caught shrimp flow into offline markets, leading to a decline in offline shrimp prices and making local consumers willing to buy.


[image: Three graphs labeled A, B, and C compare the proportion over time for different values of μ (0.1, 0.3, 0.5, 0.7, 0.9). Chart A shows rising trends, B shows varied initial increases with one decreasing line, and C features a peak around 0.4-0.6 before varying trends. Curves use different colors and styles: red stars, green dashed, blue dotted, cyan dash-dot, and yellow solid.]
Figure 4 | 
The impact of online platforms on fishermen’s adoption, consumers’ purchase and government subsidies. (A) Fishermen’s Response (B) Consumers’ Response (C) Government’s Response.




As shown in 
Figure 4C
, when μ is 0.1 or 0.3, the government’s evolutionary trajectory rapidly converges to 1, as for μ = 0.5 and 0.7, the government’s evolutionary trajectory shows initial willingness to subsidize, but it eventually tends to be unwilling to subsidize over time. Moreover, the higher the μ value is, the faster such evolutionary trajectory evolves. When μ = 0.9, this evolutionary trajectory slows down again. This may be because when μ is low, the downturn in the sea -caught shrimp market and fishermen’s demand for adopting new technologies lead the government to implement subsidies for macroeconomic regulation. When the value of μ increases, the market recovers its vitality, but the government’s burden also intensifies. As a result, the government tends to provide subsidies in the early stage but gradually withdraws from subsidizing in the later stage. When μ = 0.9, as the willingness of fishermen to adopt SLTFT converges to 1 at a slower pace while consumer demand for sea -caught shrimp increases, market shortages may emerge. Consequently, the government will implement macroeconomic regulation again, stimulating fishermen to adopt SLTFT through subsidies.






5.2.4 Analysis of the impact of fishermen’s equipment costs on the game system


In order to analyze the impact of the change in SLTFT cost on the process and results of the evolutionary game, it was assumed that 


C
x



 was 3.6, 13.6, 23.6, 33.6, 43.6. The evolutionary processes of the game strategies among fishermen, consumers and the government are shown in 
Figure 5
. The results of the numerical simulation are displayed in two-dimensional graphs. As shown in 
Figure 5A
, as 


C
x



 increases, fishermen would adopt more expensive equipment, such as ultra-low-temperature freezing equipment. Although the quality of sea-caught shrimps is improved after adopting more advanced technology, the increase in costs may make it uneconomical for fishermen in terms of profit calculation. Therefore, fishermen’s willingness to use this technology would decrease significantly. As shown in 
Figure 5B
, the increase in costs leads to the price rise of sea -caught shrimp, thus slowing down the convergence rate of consumers’ evolutionary curve to 1. However, due to the guaranteed quality of sea -caught shrimp stored by this technology, consumers still choose to purchase the shrimp stored by SLTFT. As shown in 
Figure 5C
, when 
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x



 is 3.6, fishermen are willing to adopt SLTFT with high participation, so the government is willing to provide subsidies in the early stage. However, as costs increase in the later stage, the government is reluctant to subsidize. When 


C
x



 becomes larger, due to the low participation of fishermen, the goal of promoting SLTFT cannot be achieved, so the convergence rate of its evolutionary curve to 0 accelerates.


[image: Graphs labeled A, B, and C depict the proportion over time with different colored lines representing \( C_x \) values of 3.6, 13.6, 23.6, 33.6, and 43.6. Graph A shows fluctuating curves converging at high proportions, Graph B illustrates gradual convergence, while Graph C features rising and falling trends. Each line style and color corresponds to a specific \( C_x \) value, as seen in the legend.]
Figure 5 | 
The impact of fishermen’s equipment costs on fishermen’s adoption, consumers’ purchase and government subsidies. (A) Fishermen’s Response (B) Consumers’ Response (C) Government’s Response.










6 Discussion


This study investigated the impacts of the government, consumers, and fishermen on the promotion of the SLTFT. The above results indicate that changes in four key factors—the amount and structure of government subsidies, online channels, and equipment costs—will influence different stakeholders to make distinct decisions. First, the amount of subsidies provided by the government is like a “double-edged sword”. Scholars explored the positive (Wang et al., 2025) and negative (Ji et al., 2019) impacts of subsidies on the promotion of the SLTFT; however, little attention was paid to the amount and structure of subsidies in promoting the popularization of technology. Different from existing research, this study explored the feasibility and the amount of subsidies provided by the government for the SLTFT, as well as the subsidy structure, and focused on the role of the government and its interaction with the decision-making of other entities. Government subsidies, as an external incentive, can to some extent motivate both the supply and demand sides. However, an irrational structure will lead to negative effects, which has been proved by the simulation results of this study (Wang et al., 2023).


Second, apart from government subsidies, a complex relationship exists between the promotion of new technologies and both the supply side and the demand side (Guo et al., 2024). In this study, fishermen and consumers are incorporated into an evolutionary game model to explore their impacts on technology promotion from the perspectives of supply and demand sides. On the supply side, products are often sold through multiple channels to reduce the risk of unsalable inventory. On the demand side, consumers also complete purchasing behaviors through multiple channels. The breakthrough of online platforms in traditional sales models has promoted the widespread application of online-offline channel strategies. However, when considering cross-channel effects, it is found that online channels have different impacts on the offline sales of different industries (Smith and Telang, 2010; Brynjolfsson et al., 2009). Therefore, this study examines the influence of online platforms on both the supply and demand sides, and finds that an appropriate proportion of online platform sales is conducive to the dissemination of SLTFT.


Finally, the willingness of the supply side to adopt the SLTFT often takes into account the influence of costs and benefits. In relation to costs, this study found that when fishermen decide whether to adopt the SLTFT equipment, they would take into account the factor of initial investment costs. A too high price of the SLTFT equipment would require fishermen to invest a considerable amount of money to purchase and install it. This may be an obstacle for some small-scale fishermen. Therefore, the government can, through subsidies, share the risks of adopting this new technology with fishermen, and reduce their daily operation costs, enabling them to be more financially capable of adopting this technology, thus promoting the popularization of the SLTFT. To sum up, this study provides certain guidance for the promotion of SLTFT. Meanwhile, it offers references for government intervention schemes, and is of great significance for optimizing the efficiency of fresh-keeping links in the supply chain, reducing product loss, and improving resource utilization.


This study also has its limitations. First, for the sake of model simplification and local policy integrity, the field survey was confined to select regions in Zhejiang Province. The parameter selection, while highly demonstrative, employs fixed values that overlook the spatial heterogeneity across China’s vast territory—where resource endowments and economic development vary significantly among regions. Secondly, online platforms involve more complex scenarios, such as platform subsidies and logistics distance. This study only considers the online sales proportion and its cross-channel effects. Finally, government subsidies are a systematic policy, influenced by a series of factors, such as whether to subsidize, and the subsidy amount, methods, subsidy structure and standards. This study only considers whether to subsidize, subsidy structure and the amount of subsidies to provide. In the future, other aspects should be further investigated.






7 Conclusions and policy recommendations





7.1 Conclusions


In this study, we constructed a three-party evolutionary game model among fishermen, consumers, and the government, and analyzed the impact of the probability that fishermen would adopt the SLTFT, the probability that consumers would purchase sea-caught shrimps stored using the SLTFT, and the probability that the government would provide subsidies on the strategies of other stakeholders and for the stability of the game system. On this basis, based on the field survey data, the impacts of government subsidy amount and structure, online platform, and equipment costs on the evolutionary results of the game system were simulated and analyzed. The conclusions are as follows:


	
1. It was found that government subsidies can produce dual incentive effects from both the production side and the consumption side. The subsidy structure of the government positively influences fishermen’ decision to store sea-caught shrimps using the SLTFT and consumers’ decision to purchase sea-caught shrimps stored with this technology. However, It is found that when the government subsidy is 23.5, with 80% of fishermen adopting SLTFT, their revenue from adoption (
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). Concurrently, when 60% of consumers purchase SLTFT-preserved sea-caught shrimps, with stable online-offline premium capacity (cross-channel effect 
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) is significantly higher than that from non-SLTFT sea-caught shrimps (
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). At this stage, fishermen’s motivation to adopt SLTFT can be sustained without government subsidies, enabling gradual subsidy withdrawal. Then, the optimal structure of the amount of government subsidies was further investigated. It was found that the structure of the amount of government subsidies has a complex impact on the behavior of fishermen and consumers. In fact, a proper proportion structure can create a favorable cycle in the market, thereby promoting the popularization of SLTFT.


	
2. Cross-channel effects exhibit both positive and negative impacts. An optimal online sales proportion can exert positive influences, leading to the evolutionary stable strategy (ESS) 


A
8

(
1
,
1
,
1
)


. In this case, fishermen adopt the SLTFT, consumers purchase the sea-caught shrimps stored by the SLTFT, and the government provides subsidies.


	
3. The cost of fishermen’s SLTFT equipment has a significant impact on the tripartite game strategies. Lower equipment costs are conducive to promoting fishermen’s adoption of the SLTFT, consumers’ purchase intention, and government subsidies. Moreover, higher equipment costs will inhibit fishermen’s willingness to SLTFT, and the government will be reluctant to provide subsidies. However, consumers’ purchasing intention is still influenced by the quality guarantee of sea -caught shrimp and they will choose to purchase.









7.2 Policy suggestions


Based on the above conclusions, we make the following suggestions:


	
1. In the early stage of promotion of the SLTFT, the government should incentivize the adoption of this technology. By providing special subsidies for the SLTFT, the enthusiasm of fishermen to use this technology can be fully stimulated. However, the principle of moderation should also be considered at the same time. The amount of subsidies should be designed scientifically and rationally. In fact, a too low level of subsidies would not adequately incentivize fishermen to adopt this technology, while a too high level would disrupt the stability of the market price system, lead to unfair social distribution, and also impose an excessive burden on the government. Hence, the government should observe the market of frozen sea-caught shrimps and adjust the amount of subsidies, to ensure that they continue to play an incentive role.


	
2. After the implementation of reasonable subsidies, government subsidies will be gradually phased out once the market reaches a spontaneous equilibrium. At this stage, the government should regulate through rational setting of subsidy proportions and amounts. When the conditions for subsidy withdrawal are not met, the government should maintain the original subsidy structure (
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=0.7:0.3) to promote the popularization of SLTFT. Once the subsidy withdrawal conditions are triggered, the government should halve the total subsidy amount and adjust the proportion to 
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x
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=0.5:0.5, with a focus on tilting towards small-scale fishermen and low-income consumers. This measure aims to prevent vulnerable groups from withdrawing from the market due to subsidy reductions. After the complete withdrawal of subsidies, the government can enhance the market premium of products through industry association certification (such as SLTFT quality labels), thereby replacing the incentive role of subsidies.


	
3. The government should optimize the structure of the subsidy proportion. It is necessary to comprehensively consider the interests of fishermen and consumers, and reasonably allocate the subsidy proportion. In the initial stage of promotion, the subsidy proportion for fishermen can be appropriately increased to lower the cost threshold for them to adopt new technologies and enhance the technology penetration rate. With the increase in the proportion of fishermen adopting this technology, the subsidy direction can be adjusted appropriately, tilting towards consumers. By stimulating consumption, market demand can be boosted, forming a virtuous cycle.


	
4. The government can leverage subsidy policies to implement macroeconomic regulation on the selling prices of sea -caught shrimp on online platforms, guiding fishermen to maintain an optimal online sales proportion that activates positive cross-channel effects and prevents them from falling into the ‘Prisoner’s Dilemma’.


	
5. In order to avoid a situation where excessively high market prices affect consumers’ purchase intention, the government should strengthen the monitoring and regulation of market prices, guide merchants to set reasonable prices, safeguard the interests of consumers and, at the same time, stimulate market demand.
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