
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Ram Kumar,
Central University of Bihar, India

REVIEWED BY

Sedat Gundogdu,
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The impact of government
subsidies on microplastic
pollution control in mariculture:
an evolutionary game theory
analysis in Qingdao, China
Haiming Song, Xinting Wang, Xiaomeng Huan and Lin Yang*

Business College, Shandong University, Weihai, China
Mariculture constitutes the primary origin of microplastic pollution, necessitating

immediate action to address microplastic pollution by focusing on both the

supply and demand aspects of fishing gear. Based on the cooperative

management model of mariculture microplastic pollution, this paper develops

an evolutionary game model that incorporates the interactions among fishing

gear enterprises, fishermen, and the government. It then proceeds to examine

the government’s strategy for managing mariculture microplastic pollution

through game theory and simulation analysis. The main findings obtained are

as follows. (1) The management of mariculture microplastic pollution can be

improved on both the supply chain and market aspects by implementing

subsidies. The likelihood of receiving government subsidies boosts the

production of environmentally-friendly fishing gear by fishing gear enterprises

and the purchase of such gear by fishermen. (2) Based on the cost-benefit

variations for fishing gear enterprises, fishermen, and the government, the

evolutionary game model reaches distinct equilibrium states, leading to

corresponding adjustments in the optimal government subsidy strategy. (3)

While there are some positive effects of subsidies, increasing government

subsidies does not necessarily lead to better outcomes. As the total amount of

subsidies increases, the best practice for governments would be to phase out

subsidies for environmentally-friendly fishing gear. Accordingly, the government

should build a multi-subject collaborative governance model, reasonably control

subsidies amount, prevent the adverse consequences of excessive subsidies, and

optimize the structure of subsidy recipients.
KEYWORDS

mariculture, microplastics, government regulatory strategy, evolutionary game,
numerical simulation
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1 Introduction

The concept of “microplastics” was first introduced in 2004,

referring to plastic debris with particle sizes ranging from 1 mm to 5

mm (Frias and Nash, 2019). Microplastic pollution in the ocean

primarily originates from three main categories: first, the inflow of

land-based rivers and industrial wastewater; second, the long-term

weathering and fragmentation of plastic waste in coastal areas; and

third, microplastics generated from marine activities, including

fishing boats, vessels, and mariculture fishing gear (Iheanacho

et al., 2023). Microplastics have a more devastating impact on

aquatic habitats due to their ability to cause entanglement,

ingestion, and intestinal blockage in aquatic organisms (Priya

et al., 2022). Thus, marine microplastic pollution represents a

significant environmental challenge, posing threats to marine life

and human health. It deserves great attention at the national level

(Islam et al., 2022, Tessnow-vonWysocki and Le Billon, 2019). How

to carry out the regulation from the source of mariculture pollution

becomes an important practical issue.

Various marine organisms are facing a new global threat in the

formofmicroplastic pollution (Li et al., 2022).Researchhas shown that

microplastic pollution is widespread globally, including in bivalves

along the southwest coast of India (Joshy et al., 2022),Gambusiafish in

Indonesia’s Burana River (Buwono et al., 2022), the coastal waters of

the Bohai Sea (Ding et al., 2022), andmarine benthic organisms in the

Wider Caribbean (Aranda et al., 2022). In terms of specific

microplastic content in fisheries, microplastics were found in 37.6%

offish inhabiting marine pastures (Wu et al., 2020). In Ghana, 68% of

fish were found to be contaminated with microplastics (Guilhermino

et al., 2021). In eastern oysters along the coast of South Carolina, USA,

fibers, debris, and microscopic tire particles accounted for 43.6%,

30.9%, and 17.7% of the total microplastics, respectively (Weinstein

et al., 2022). Crustaceans in Australia contained 48% microplastics

(Ogunola et al., 2022). Microplastics widely coexist in aquatic

environments, especially in mariculture areas (Yu et al., 2022). As

microplastics are partially absorbed, they progress up the food chain to

organisms positioned at higher levels of the trophic structure (Feng

et al., 2020). As a significant coastal city in China, Qingdao has seen

rapid development in its mariculture industry, adopting various

aquaculture modes such as industrialized recirculating aquaculture,

nearshore cage farming, and deep-sea facility aquaculture. In 2021,

Qingdao’s mariculture production reached 796,000 tons, accounting

for over 80%of its totalmarine product output and representing 38.6%

of the province’s total mariculture fish production. Qingdao also leads

theprovince indeep-water anti-wave cage farming,with itsproduction

and water volume accounting for 63.5% and 43.4% of the provincial

totals, respectively (Yu et al., 2022). However, the fishing gear and

plastic facilities used in these aquaculture practices, suchas foambuoys

and fishing nets, are exposed to prolonged ultraviolet radiation and

wave action, significantly increasing the proportion of microplastic

pollution in aquaculture areas.A few studieshavediscussed theneed to

optimize microplastic management models, while limited attention

has been paid to the interaction between fishing gear manufacturers,

fishers and governments.

Theoceanhas the attributes ofpublic goods, and the government is

the property right subject of marine ecological environment and has
Frontiers in Marine Science 02
the responsibility of managing marine microplastic pollution

(Mulazzani et al., 2019). However, based on cost-benefit

considerations, fishermen often do not take the initiative to adopt

environmental-friendly fishing gears, and fishing gear enterprises do

not take the initiative to produce environmental-friendly fishing gears

with less demand. In addition, for the promotion of new

environmentally friendly production tools, government subsidized

means are considered as an effective way of pollution control (Li and

Lu, 2022). Microplastic pollution is characterized by its insidious and

difficult-to-detect nature, which makes its effective fining and

enforcement in practice extremely challenging (Wang et al., 2021).

Currently, the Qingdao municipal government has implemented

various measures to address microplastic pollution caused by

mariculture, including promoting environmentally-friendly fishing

gear, optimizing aquaculture tailwater treatment systems, and

providing financial subsidies to support the development and

application of eco-friendly technologies. Government subsidies are

considered an effective means of reducing pollution emissions at the

source.Theynotonlyquicklymobilize aquaculture farmersandfishing

gear enterprises to adopt environmentally friendly practices but also

incentivize the production and promotion of eco-friendly fishing gear

through economic incentives. In this paper, we focus on the impact of

government subsidy policies on the management of microplastic

pollution in mariculture due to the following considerations: on the

one hand, fines in environmental regulations often require accurate

monitoring and evidence collection, and microplastic pollution

detection technologies and methods are relatively complex and

costly. Government subsidies can quickly mobilize industry

participants to adopt environmentally friendly technologies and

products through economic incentives, thereby reducing emissions

at the source of pollution.On the other hand, compared tofines,which

involve multiple challenges such as social acceptance, subsidies can

moredirectly influencemarket behavior and increase the adoption rate

of environmental protection measures, while reducing the

uncertainties and controversies that may exist in the enforcement

process. So, what strategies should the government adopt in the

management of mariculture microplastic pollution?

This study aims to provide insights into the role of government

subsidy strategies in microplastic pollution control and their impact

on the aquaculture industry. In particular, we build an evolutionary

game model to analyses the dynamic interactions between fishing

gear enterprises, fishermen and the government and their responses

to the government’s subsidy policy. Based on this, this paper poses

the following research question: how does the government’s subsidy

strategy affect the management of microplastic pollution? Under the

framework of evolutionary game, how will different subsidy

strategies affect the behavioral strategies of fishing gear enterprises

and fishermen? In comparison to previous research, the

incremental contributions of this paper are outlined as follows:

First, unlike existing studies that focus mainly on the socioeconomic

impacts of microplastic pollution from mariculture, this paper

highlights the importance of government management strategies

in managing microplastic pollution through evolutionary game

theory and simulation analysis. In particular, this study explores

how government subsidies can promote the production of

environmentally-friendly fishing gears and their adoption by
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fishermen, thereby effectively improving the sustainability of

mariculture practices. Second, the article introduces an innovative

evolutionary game model with participation from fishing gear

enterprises, fishermen, and the government, demonstrating how

government subsidies affect the use of environmentally-friendly

fishing gear across both the production and consumption aspects.

This approach not only bridges the research gap on the role of the

government in existing studies, but also provides new perspectives

on multi-party cooperative governance models.

The subsequent layout of this paper is as follows: the second

section details methodology, the third section presents results and

analysis, the fourth section engages in discussion, the final section

offers conclusions and policy implications.
2 Methods and data

2.1 Description of realistic scenarios

Based on the cost-benefit consideration, fishermen often do not

take the initiative to adopt environmental-friendly fishing gears, and

fishing gear enterprises do not take the initiative to produce

environmental-friendly fishing gears with small demand. In order to

combat microplastic pollution in mariculture, the government starts

from both the supply and demand sides of mariculture gears,

gives subsidies to fishing gear enterprises for the production of

environmental-friendly fishing gears, and gives subsidies to

fishermen for the consumption of environmental-friendly fishing

gears, and promotes the gradual withdrawal of traditional fishing

gears from themarket bymeans of economic incentives. However, the

degradableplastics industry is still facingmanychallenges, such ashigh

cost pressures on enterprises and businesses as well as high product

prices,whichhave led toobjective resistance to its full-scale promotion.

To address these challenges, the Chinese government has adopted a

financial subsidy policy to reduce the impact ofmicroplastic pollution.

For example, the Government of Fujian Province has implemented a

series of financial subsidy policies for the treatment of marine

microplastic pollution. In addition, in the fisheries sector, a cash

subsidy policy has been implemented for fishermen and enterprises

that recycle discarded fishing gear, while enterprises designing and

producing fishing gearmade of environmentally friendlymaterials are

encouraged to enjoy tax exemptions or research and development

subsidies, such as photocatalytic degradation and microbial

degradation technologies. Financial support is also provided to

industries that utilize genetically modified bacteria to adsorb and

remove microplastics from water. As a result, fishing gear

enterprises, fishermen and the government form a tripartite

cooperative management model for mariculture microplastic

pollution as shown in Figure 1.
2.2 Evolutionary game modeling

The management of microplastic pollution in marine water

production is a dynamic, adaptive process involving complex

interactions between the government, fishing gear enterprises, and
Frontiers in Marine Science 03
fishermen. Evolutionary game theory provides a robust framework

for understanding these interactions, capturing the adaptive

behaviors of stakeholders over time. It explains how participants

tend to imitate strategies that show superior adaptation when one

subject’s strategy outperforms others (Zheng and Yu, 2022). This

imitation effect significantly impacts the trajectory of mariculture

microplastic pollution regulation, making evolutionary game theory

an ideal approach for this study.

The applicability of the evolutionary game model lies in its

ability to simulate and analyze the dynamic relationships between

government subsidy strategies, the production decisions of fishing

gear enterprises, and the behavior of fishermen. The model can

simulate the strategic choices of these stakeholders under varying

subsidy policies. However, the model assumes that all participants

act rationally, always maximizing their interests, which may not

fully reflect real-world behavior, influenced by factors like limited

information, emotions, and cultural influences. Despite this, the

model’s adaptability allows for adjusting parameters to fit specific

policy contexts, offering insights into the impact of policy changes

on system behavior and providing valuable predictions for industry

and environmental outcomes.

Based on the collaborative management model of mariculture

microplastic pollution, this paper constructs an evolutionary game

model including the government, fishing gear enterprises and

fishermen. In the model, fishing gear enterprises can choose

whether to produce environment-friendly fishing gear, fishermen

can choose whether to purchase environment-friendly fishing gear.

We set the probability of fishing gear enterprises producing

environmental-friendly fishing gear as i, the probability of

fishermen purchasing environmental-friendly fishing gear as j,

and the probability of government subsidizing environmental-

friendly fishing gear as k.

Referring to related studies (Zheng and Zhang, 2024a), we

assume that the market price of environmental-friendly fishing

gear is ai, the quantity produced is bi, and the cost of the fishing gear

enterprise to produce environmental-friendly fishing gears is ci; and

a1−i is the price of non-environmental-friendly fishing gears, b1−i is

the quantity produced, the cost of the fishing gear enterprise to

produce non-environmental-friendly fishing gears is c1−i.

Fishermen acquire bj units of environmentally-friendly fishing

gear, resulting in dj as their associated benefit. b1−j denotes the

quantity of non-environmental-friendly fishing gears purchased,

which leads to d1−j as the corresponding benefit obtained. The

government offers a subsidy of amount z for environmentally-
FIGURE 1

Collaborative management model of mariculture
microplastic pollution.
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friendly fishing gear, with fishing gear enterprises having a subsidy

coefficient of ui and fishermen having a subsidy coefficient of uj. At

this time, the government’s environmental utility is obtained as dk
when providing the subsidy and d1−k when not providing the

subsidy. Based on the aforementioned conditions, the benefit

matrix for the three-party game can be derived and is presented

in Table 1.

Based on Table 1, Equations 1-3 illustrate the anticipated benefits

for fishing gear enterprises when producing environmentally-friendly

fishing gear, when not producing environmentally-friendly fishing

gear, and the average expected benefit, respectively. Equation 4

presents the replication dynamic equation governing the

production strategy of fishing gear enterprises.

ui = k(aibi + viz − ci) + (1 − k)(aibi − ci) = aibi − ci + kviz (1)

u1−i = a1−ib1−i − c1−i (2)

ui = i(aibi − ci + kviz) + (1 − i)(a1−ib1−i − c1−i) (3)

F(i) = i(1 − i)(aibi − ci + kviz − a1−ib1−i + c1−i) (4)

Based on the payoff matrix, the anticipated payoff for fishermen

when purchasing environmentally-friendly fishing gear is

represented by uj, the expected payoff for not purchasing

environmental fishing gear is denoted by u1−j, and the average

expected payoff is denoted by uj. Equation 8 depicts the replication

dynamic equation for fishermen’s purchase strategy.

uj = k dj + vjz − aibj
� �

+ (1 − k) dj − aibj
� �

= dj − aibj + kvjz (5)

u1−j = d1−j − a1−ib1−j (6)

uj = j dj − aibj + kvjz
� �

+ (1 − j) d1−j − a1−ib1−j
� �

(7)

F(j) = j(1 − j) dj − aibj + kvjz − d1−j + a1−ib1−j
� �

(8)
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Similarly, it is known that the expected payoff of providing

environmental fishing gear subsidies is uk, the expected payoff for

not providing environmental fishing gear subsidies is u1−k, the

average expected payoff is uk, and Equation 12 is the replicated

dynamic equation.

uk = dk − iviz − jvjz (9)

u1−k = d1−k (10)

uk = k dk − iviz − jvjz
� �

+ (1 − k)d1−k (11)

F(k) = k(1 − k) dk − iviz − jvjz − d1−k
� �

(12)

A pure strategy Nash equilibrium is a necessary condition for

the stable solution of the multi-group evolutionary game. This

paper will examine the stability of the nine pure strategy equilibria

in the three-party evolutionary game involving fishing gear

enterprises, fishermen, and the government. The resulting

replicated dynamic system of the three-party game of

microplastic pollution management is presented in Equation 13.

F(i) = i(1 − i) aibi − ci + kviz − a1−ib1−i + c1−ið Þ
F(j) = j(1 − j) dj − aibj + kvjz − d1−j + a1−ib1−j

� �

F(k) = k(1 − k) dk − iviz − jvjz − d1−k
� �

8>><
>>:

(13)
2.3 Sampling and data collection process

The data utilized for simulation were obtained from a survey

conducted between July and August 2022 by the research team in

Qingdao. Qingdao is a leading city in China’s marine economy,

with its gross marine product reaching 501.44 billion yuan in 2022,

accounting for 33.6% of the city’s GDP. Seawater aquaculture in

Qingdao has undergone rapid development, with significant growth

in aquaculture production and expansion from offshore to deep-sea

environments (Meng and Xu, 2023). However, this growth has led

to increased microplastic pollution originating from aquaculture

feed and equipment. This issue has become a pressing concern for

the marine environment, making Qingdao a representative case for

investigating microplastic pollution in seawater aquaculture.

Sampling of Fishing Tackle Production Enterprises. For fishing

tackle production enterprises, a typical sampling method was

employed to ensure representativeness. The research team first

compiled a comprehensive list of such enterprises in Qingdao.

The selection process was guided by criteria including enterprise

scale (annual output value and number of employees), production

capacity (annual output), and market coverage (product sales

range). Based on these criteria, 12 representative enterprises were

identified for the survey. These enterprises play a pivotal role in the

local fishing gear production and supply chain and reflect the

broader characteristics and challenges of the industry.

Sampling of Fishermen. The stratified sampling method was

used to select aquaculture practitioners, ensuring that the sample

represented the diverse geographic and operational characteristics
TABLE 1 Payoff matrix of the three-party game of microplastic
pollution management.

Fishing
gear

enterprises
Fishermen

Government
subsidies(k)

Government
does not
subsidize

(1-k)

Production
(i)

Purchase
(j)

aibi + uiz − ci
dj + ujz − aibj

dk − z

aibi − ci
dj − aibj
d1−k

No purchase
(1-j)

aibi + uiz − ci
d1−j − a1−ib1−j

dk − uiz

aibi − ci
d1−j − a1−ib1−j

d1−k

No production
(1-i)

Purchase
(j)

a1−ib1−i − c1−i
dj + ujz − aibj

dk − ujz

a1−ib1−i − c1−i
dj − aibj
d1−k

No purchase
(1-j)

a1−ib1−i − c1−i
d1−j − a1−ib1−j

dk

a1−ib1−i − c1−i
d1−j − a1−ib1−j

d1−k
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of Qingdao’s aquaculture industry. The stratification process was

conducted in two stages. First, geographic stratification was

implemented by dividing Qingdao’s aquaculture areas into sub-

regions, including Huangdao District, Laoshan District, and Jimo

District. This ensured coverage across different geographic

locations, capturing regional variations in aquaculture practices

and pollution levels. Second, within each sub-region, stratification

by aquaculture type was conducted. Fishermen were categorized

into groups based on their primary farming activity, such as fish

farming, shellfish farming, and seaweed farming. Sampling

proportions were determined according to the prevalence of each

aquaculture type in the region. For instance, in Huangdao District,

where fish farming constitutes 40% of the aquaculture activities,

shellfish farming 30%, and seaweed farming 30%, the sample was

drawn in a 4:3:3 ratio. Random sampling was then performed

within each geographic and aquaculture-type stratum, resulting in a

final sample of 167 fishermen. These individuals represent diverse

regions and aquaculture practices, providing comprehensive

insights into the current state of seawater aquaculture and

microplastic pollution in Qingdao. The simulation model

parameter values and their sources can be found in the

Appendice 1.
3 Results

3.1 Evolutionary game results and analysis

3.1.1 Stabilization strategy of fishing
gear enterprises

According to Equation 4, by setting f (k) = aibi − ci + kviz −

a1−ib1−i + c1−i, and we get its zero point k0 = ( − aibi + ci + a1−ib1−i −

c1−i)=viz. When k > k0, then i = 1 is stable, the stable strategy of

fishing gear enterprises is to produce environmental-friendly fishing

gears in this case. When k < k0, then i = 0 is stable. At this moment,

the stabilization strategy for fishing gear enterprises is to refrain

from producing environmentally-friendly fishing gear. The analysis

above reveals that with a low probability of government subsidies,

the stable strategy for fishing gear enterprises is to avoid producing

environmentally-friendly fishing gear. Conversely, with a high

probability of government subsidies, the stable strategy for fishing

gear enterprises is to produce environmentally-friendly fishing gear.

This implies that the probability of government subsidies has a

positive impact on fishing gear enterprises’ willingness to produce

environmentally-friendly fishing gear.

3.1.2 Fishermen’s stabilization strategy
According to Equation 8, set f (k) = dj − aibj + kvjz − d1−j + a1−i

b1−j, and we get its zero point k1 = (− dj + aibj + d1−j − a1−ib1−j)=vjz.

When k > k1, then j = 1 have stability, at this time, the stable strategy

for fishermen is to purchase environmental-friendly fishing gears.

When k < k1, then j = 0 has stability, the stable strategy for fishermen

is not to purchase environmental-friendly fishing gears. The analysis

above demonstrates that with a low probability of government

subsidies, fishermen is to refrain from purchasing environmentally-

friendly fishing gear. Conversely, with a high probability of
Frontiers in Marine Science 05
government subsidies, fishermen is to purchase environmental-

friendly fishing gears. This suggests that the probability of

government subsidies has a positive influence on fishermen’s

decision to purchase environmentally-friendly fishing gear.

3.1.3 The stabilization strategy of
government subsidy

According to Equation 12, by setting f (i) = dk − iviz − jvjz −

d1−k, Equation 12 can be simplified, resulting in F(k) = k(1 − k)f (i).

Find the first order derivative to get F0(k) = (1 − 2k)f (i). Since ∂ f

(i)= ∂ i = −viz < 0, f (i) is a decreasing function about i. Let f (i) = 0,

get its zero point i0 = ( − dk + jvjz + d1−k)=viz. When i = i0, f (i) = 0,

F(k) = 0 and F0(k) = 0, then k ∈ ½0, 1� all have stability, at this time

cannot determine the stable strategy of government. When i < i0,

then k = 1 have stability, the stable strategy for government at this

time is to provide subsidies for environmental-friendly fishing gears

production. When i > i0, then k = 0 has stability. At this time, the

stable strategy for government is not to provide subsidies for

environmental-friendly fishing gears production. According to

above analysis, we can know that the stabilization strategy of

government is to provide producer subsidies when the probability

offishing gear enterprises producing environmental-friendly fishing

gears is low, and it is not to provide producer subsidies when the

probabil i ty of fishing gear enterprises not producing

environmental-friendly fishing gears is high. This indicates that

government subsidies are an important incentive force to promote

fishing gear enterprises to produce environmental-friendly fishing

gear. When producing environmental-friendly fishing gears

becomes a spontaneous market behavior of fishing gear

enterprises, government subsidies will be withdrawn.

Set f (j) = dk − iviz − jvjz − d1−k, and we get its zero point j0 =

(− dk + iviz + d1−k)=vjz. When j < j0, then k = 1 have stability, the

stable strategy for government is provide subsidies for the

consumption of environmental-friendly fishing gears. When j > j0,

then k = 0 has stability, the stable strategy for government is not to

provide subsidies for the consumption of environmental-friendly

fishing gears. The analysis above indicates that with a low

probability of fishermen purchasing environmental-friendly fishing

gears, the stabilization strategy for the government is to offer

consumption subsidies to fishermen. Nonetheless, when the

probability of fishermen purchasing environmental-friendly fishing

gears is high, the government is not to provide consumption

subsidies. This suggests that government subsidies have played a

key role in promoting the adoption of environmentally-friendly

fishing gear by fishermen at the initial stage, but that the subsidy

policy should be flexibly adjusted according to the actual response of

the market, in order to avoid over-reliance on government subsidies

and to promote the autonomous and sustainable development of

the market.
3.1.4 Overall stability analysis
According to Lyapunov’s first law and Equation 13, the

asymptotic stability of the equilibrium point in the replicated

dynamic system of microplastic pollution management is deduced

and displayed in Table 2.
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Based on the asymptotic stability conditions of eight

equilibrium points of microplastic pollution management, as

presented in Table 2, we can get the following conclusions.

First, E2(1,0,0) is stable when the profit of the fishing gear

enterprises producing environmental-friendly fishing gears is

greater than the profit of producing non-environmental-friendly

fishing gears, the utility gained by fishermen from purchasing

environmental-friendly fishing gears surpasses the utility obtained

from purchasing non-environmental-friendly fishing gears, and the

environmental utility of the government exceeds the amount of

subsidy provided to the fishing gear enterprises. The final

evolutionary strategy is that fishing gear enterprises produce

environmental-friendly fishing gears, fishermen do not

actively purchase environmental-friendly fishing gears, and the

government does not provide subsidies.

Second, E3(0,1,0) is stable when The profit earned by fishing gear

enterprises from producing environmental-friendly fishing gears is

lower than the profit obtained from producing non-environmental-

friendly fishing gears, the utility derived from fishermen’s purchase of

environmental-friendly fishing gears surpasses the utility obtained

from purchasing non-environmental-friendly fishing gears, and the

amount of subsidies provided to fishermen exceeds the environmental

utility of the government. The final evolutionary strategy is that fishing

gear enterprises do not take the initiative to produce environmental-

friendly fishing gears, fishermen take the initiative to purchase

environmental-friendly fishing gears, and the government refrains

from providing subsidies.

Third, E4(0,0,1) is stable when the sum of the profits of fishing

gear enterprises producing environmental-friendly fishing gears

and the subsidies received is less than the profits of producing

non-environmental-friendly fishing gears, and the sum of the utility

of fishermen purchasing environmental-friendly fishing gears and

the government subsidies received is less than the utility of

purchasing non-environmental-friendly fishing gears. The final

evolutionary strategy is that fishing gear enterprises do not
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produce environmental-friendly fishing gears, fishermen do not

purchase environmental-friendly fishing gears, and the provision of

subsidies by the government occurs. However, this situation is not

observed in reality.

Fourth, E5(1,1,0) is stable when the profit of fishing gear

enterprises producing environmental-friendly fishing gears is

greater than the profit of producing non-environmental-friendly

fishing gears, the utility gained by fishermen from purchasing

environmental-friendly fishing gears exceeds the utility obtained

from purchasing non-environmental-friendly fishing gears, and the

amount of subsidies paid by the government exceeds the

environmental utility. The final stable strategy is that fishing gear

enterprises produce environmental-friendly fishing gears,

fishermen purchase environmental-friendly fishing gears, and the

government refrains from providing subsidies. This represents an

ideal scenario, but its realization in reality may be challenging.

Fifth, E6(1,0,1) becomes stable when the combined profits of

fishing gear enterprises producing environmental-friendly fishing

gears and the received subsidies surpass the profits of producing

non-environmental-friendly fishing gears, the combined utility of

fishermen purchasing environmental-friendly fishing gears and the

received subsidies is lower than the utility of purchasing non-

environmental-friendly fishing gears, and the environmental

utility of the government exceeds the cost incurred by subsidizing

fishing gear enterprises. In this case, fishing gear enterprises

produce environmental-friendly fishing gears, fishermen do not

actively purchase environmental-friendly fishing gears, and the

government provides subsidies to fishing gear enterprises.

Sixth, E7(0,1,1) is stable when the sum of the fishing gear

enterprises’ profits from producing environmental-friendly fishing

gears and the subsidies received is less than the profits from

producing non-environmental-friendly fishing gears, the

fishermen’s utility of purchasing environmental-friendly fishing

gears plus the subsidies is greater than the utility of purchasing

non-environmental-friendly fishing gears, and the amount of

subsidies received by fishermen is less than the environmental

utility of the government. The final stabilization strategy is that

fishing gear enterprises do not take the initiative to produce

environmental-friendly fishing gears, fishermen take the initiative

to purchase environmental-friendly fishing gears, and the

government provides consumption subsidies for fishermen.

Seventh, E8(1,1,1) is stable when the sum of the profits offishing

gear enterprises producing environmental-friendly fishing gears

and the subsidies received is greater than the profits from

producing non-environmental-friendly fishing gears, the sum of

the utility of fishermen purchasing environmental-friendly fishing

gears and the subsidies received is greater than the utility of

purchasing non-environmental-friendly fishing gears, and the

sum of all subsidies paid is less than the environmental utility of

the government. The ultimate stable strategy entails fishing gear

enterprises proactively producing environmental-friendly fishing

gears, fishermen voluntarily purchasing environmental-friendly

fishing gears, and the government providing subsidies. This

sustainable governance model serves as the foundation for the
TABLE 2 The asymptotic stability condition of eight equilibrium points.

Points Stability condition

E1(0,0,0) dk − d1−k > 0, the eigenvalues are not all negative

E2(1,0,0) aibi − ci > a1−ib1−i − c1−i , dj − aibj > d1−j − a1−ib1−j , dk − d1−k > viz

E3(0,1,0) aibi − ci < a1−ib1−i − c1−i , dj − aibj > d1−j − a1−ib1−j , dk − d1−k < vjz

E4(0,0,1)
aibi − ci + viz < a1−ib1−i − c1−i , dj − aibj + vjz < d1−j − a1−ib1−j ,

dk − d1−k > 0

E5(1,1,0) aibi − ci > a1−ib1−i − c1−i , dj − aibj > d1−j − a1−ib1−j , dk − d1−k < z

E6(1,0,1)
aibi − ci + viz > a1−ib1−i − c1−i , dj − aibj + vjz < d1−j − a1−ib1−j ,

dk − d1−k > viz

E7(0,1,1)
aibi − ci + viz < a1−ib1−i − c1−i , dj − aibj + vjz > d1−j − a1−ib1−j ,

dk − d1−k > vjz

E8(1,1,1)
aibi − ci + viz > a1−ib1−i − c1−i , dj − aibj + vjz > d1−j − a1−ib1−j ,

dk − d1−k > z
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current implementation of government subsidies in mariculture

microplastics regulation.
3.2 Numerical simulation results
and analysis

3.2.1 The impact of total subsidies on the stability
of game system - how much to subsidy

In this paper, we set 2023 as the base period. By substituting the

model parameter values obtained from the survey data of

mariculture microplastic pollution regulation into the replicated

dynamic equations, we have derived the simulation results, and

used graph to provide a more comprehensive demonstration of the

results. To facilitate comparative analysis, the assumed total amount

of government subsidies for environmental-friendly fishing gears is

0.1, 0.5, and 0.9, respectively, within the range of values of the

parameters. In this scenario, the evolutionary patterns of the game

strategies adopted by fishing gear enterprises, fishermen, and the

government are illustrated through Figures 2, 3. The results show

that when the amount of government subsidies is 0.1 and 0.5, the

fishing gear enterprises tend to produce environmental-friendly
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fishing gears, fishermen tend to purchase environmental-friendly

fishing gears, and the government shows a tendency to offer

subsidies for environmental-friendly fishing gears, and the game

system evolves to a stable state with strategies of (1,1,1). When the

amount increases to 0.9, the stability of the production strategy of

fishing gear enterprises and the government subsidy strategy

becomes uncertain. However, the strategy of fishermen leans

towards purchasing environmental-friendly fishing gears.

This suggests that the desired evolutionary outcome of the

three-party game is achieved with lower levels of government

subsidies. With the increase in government subsidies, the stability

of game system tends to become uncertain. This can be attributed to

the fact that when the government initiates subsidies for

environmental-friendly fishing gears, fishing gear enterprises and

fishermen may proactively engage in the production and purchase

of such gear due to economic rationality and in response to the

government’s incentives. As the number of fishing gear enterprises

and fishermen participating in environmental-friendly fishing gears

gradually increases, the financial burden on the government from

providing subsidies also increases. Upon reaching a point where the

government faces financial constraints in providing high subsidies,

the subsidy strategy of the government started to fluctuate and
FIGURE 2

The effect of total government subsidies on each subject’s game strategy.
FIGURE 3

The effect of total government subsidies on game system.
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gradually decrease until the subsidies were completely removed. As

a result, this influenced the production strategy of fishing

gear enterprises.

3.2.2 The impact of subsidy objects on the
stability of game system - who to subsidize

(1) The influence of subsidized fishing gear enterprises on

system stability. Likewise, considering different values within the

parameter range, specifically setting the government fishing gear

enterprise subsidy coefficient as 0.1, 0.5, and 0.9, the evolution of the

game strategies for fishing gear enterprises, fishermen, and the

government is illustrated in Figures 4, 5. It is evident that when the

subsidy coefficient of fishing gear enterprises is 0.1, fishing gear

enterprises choose to produce environmental-friendly fishing gears,

fishermen opt to purchase environmental-friendly fishing gears,

and the government offers subsidies for environmental-friendly

fishing gears. In this case, the evolution of the game system yields

the strategy combination (1,1,1). When the subsidy coefficient of

fishing gear enterprises increases to 0.5 or 0.9, fishing gear

enterprises lean towards not producing environmental-friendly

fishing gears, while fishermen tend to purchase environmental-

friendly fishing gears, and the government inclines not to provide
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environmental-friendly fishing gears subsidies. In this case, the

game system lacks stability.

This indicates that when the fishing gear enterprises’ subsidies

are low, the fishing gear enterprises produce environmental-friendly

fishing gears. As the subsidies for fishing gear enterprises are raised,

fishing gear enterprises will not produce environmental-friendly

fishing gears and there is no stable strategy in the three-party game.

This could be attributed to the fact that with the introduction of

government subsidies for fishing gear enterprises, these enterprises

opt to produce environmental-friendly fishing gears due to

economic rationality. When the level of government subsidies to

fishing gear enterprises increases to a certain threshold, fishing gear

enterprises may appear to “subsidy fraud” problem and become

subsidy-dependent, thus making the incentive effect of

subsidies ineffective.

(2) The impact of the amount of fishermen’s subsidy on the

system’s stability. Likewise, within the parameter range, considering

government subsidy coefficients for fishermen of 0.2, 0.5 and 0.8,

the evolutionary process of the game strategy among fishing gear

enterprises, fishermen, and the government is illustrated in

Figures 6, 7. Observing the results, when the fishermen’s subsidy

coefficient is 0.2, the stable strategy aligns with fishing gear
FIGURE 4

Impact of fishing gear enterprise subsidies on parties’ game strategies.
FIGURE 5

The effect of fishing gear enterprise subsidies on game system.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1510364
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Song et al. 10.3389/fmars.2024.1510364
enterprises producing environmental-friendly fishing gears,

fishermen purchasing environmental-friendly fishing gears, and

the government subsidizing environmental-friendly fishing gears.

As the coefficient increases to 0.5, the production strategy of fishing

gear enterprises and the government’s subsidy strategy start to show

instability, resulting in the absence of any stable strategy in the game

system at this point. As the coefficient further increases to 0.8, the

fishing gear enterprises is not to produce environmental-friendly

fishing gears, the fishermen purchase environmental-friendly

fishing gears, and the government is not to subsidize

environmental-friendly fishing gears.

This suggests that when the subsidy provided to fishermen is low,

the evolution of the three-party game system exhibits an optimal state.

Nonetheless, as the subsidies for fishermen increase, the strategy of

fishing gear enterprises gradually stabilizes to not produce

environmental-friendly fishing gears and the strategy of the

government gradually stabilizes to not provide subsidies. This can be

explained by the fact thatwhen the government provides low subsidies

to fishermen, the marginal benefit of purchasing environmental-

friendly fishing gears outweighs that of purchasing non-
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environmental-friendly fishing gears. Consequently, rational

fishermen tend to make the optimal decision of purchasing

environmental-friendly fishing gears. As the amount of government

subsidies is relatively fixed, when the government provides high

subsidies to fishermen, it diminishes the amounts of subsidies

obtained by fishing gear enterprises. Consequently, the marginal

revenue of producing environmental-friendly fishing gears becomes

lower than that of producing non-environmental-friendly fishing

gears. In this scenario, rational fishing gear enterprises are inclined

to produce non-environmental-friendly fishing gears.

In summary, the amount of government subsidies to fishing

gear enterprises adversely affects both the production of

environmental-friendly fishing gears by fishing gear enterprises

and the overall stability of the game system. The quantity of

government subsidies provided to fishermen positively impacts

their purchase of environmental-friendly fishing gears, but it

negatively influences the stability of the game system. Therefore,

the subsidies for both fishing gear enterprises and fishermen should

not be excessive, and government subsidies should be reasonably

distributed between fishing gear enterprises and fishermen.
FIGURE 6

The effect of fishermen’s subsidies on each parties’ strategy.
FIGURE 7

The effect of fishermen’s subsidies on game system.
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4 Discussion and policy implications

4.1 Discussion

As global concerns about microplastic pollution increase, the

international community is advancing the discussion and formation

of an International Plastics Treaty. The treaty aims to address plastic

pollution in production, consumption and waste management by

establishing a globally harmonized environmental governance

framework. Findings from this study indicate that government

subsidy strategies play a key role in promoting the production

and use of environmentally-friendly fishing gear, which coincides

with the treaty’s emphasis on government interventions. If

implemented, the international framework may facilitate the

adoption of subsidy policies similar to those explored in this

study by member states to encourage environmentally-friendly

practices within the industry.

The central focus of this paper revolves around mariculture

microplastic pollution governance. In previous studies, the

governance of mariculture plastic pollution mainly consists of

cleaning up existing microplastics and preventing the generation

of microplastics (Yu et al., 2023). First, for the microplastics that

already exist, Borriello and Rose proposed to raise funds to manage

the current microplastic pollution by taxing the residents (Borriello

and Rose, 2022), but this is only a symptomatic solution. This paper

argues that plastic fishing gear should be replaced by

environmental-friendly fishing gears and the production and sale

of plastic fishing gear should be gradually reduced so as to control

the production of microplastics in mariculture from the source.

Second, for potential microplastics, Islam et al. argued that plastic

waste should be effectively managed to prevent plastic from

transforming larger plastic fragments into microplastics through

physical, chemical, and biological processes (Islam et al., 2022).

However, people currently cannot live without plastic products, and

managing waste plastics is a very difficult task. Currently, waste

separation and recycling in many countries, including China, is an

effective attempt to manage potential microplastics. Third, for the

prevention of microplastic production, Joyce and Falkenberg

proposed to replace plastic products with biodegradable items

(Joyce and Falkenberg, 2022), which is the same as this paper.

We support the use of government subsidies to incentivize fishing

gear enterprises to produce biodegradable and environmental-

friendly fishing gears and fishermen to phase out non-

biodegradable plastic fishing gear. In addition, this paper only

explores how to prevent the production of microplastics in

mariculture through government intervention from a production

perspective, but some studies have also been conducted from a

consumer perspective, for example, Masiá et al. suggested that

information on microplastic content be disclosed on seafood

labels for consumer reference (Masiá et al., 2022). It has also been

suggested that by influencing consumers’ purchasing behavior,

producers can be forced to reduce the microplastic content of

their products (Borriello et al., 2022), this provides a new idea to

prevent the production of microplastics in mariculture. In addition,

for the government’s way of governing mariculture microplastics,
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numerous studies indicated that there exists a boundary for the

government’s subsidy (Zheng and Yu, 2022, Zheng and Zhang,

2024b), which is consistent with the result obtained in this paper.

Ghost fishing gear represents a significant but often overlooked

source of microplastic pollution (Do and Armstrong, 2023). Lost or

discarded fishing gear not only contributes to marine ecosystem

degradation but also releases microplastic particles as it breaks down,

exacerbating pollution levels (Gilman et al., 2021). Although this

study does not empirically examine ghost fishing gear, it is essential to

discuss its role within the broader context of microplastic governance.

To address ghost fishing gear, governments could implement policy

tools such as recycling subsidies incentive. For example, subsidies

could be tied to the return of used gear, fostering recycling behaviors

among fishermen.

The shortcomings are as follows. First, since microplastics are

not biodegradable, the prevention and control of mariculture

microplastics pollution includes two parts: pollution prevention

and remediation of existing pollution. This paper only analyzes

pollution prevention from the perspective of source control, and

how to dispose and remediate existing microplastics pollution in

mariculture areas is not considered in this paper. Second,

mariculture microplastic pollution management has both

management and technical aspects. This paper considers the

management level solutions from the perspective of multi-body

collaboration, and does not consider the technological progress of

microplastic management.
4.2 Policy implications

Building on the study ’s conclusions, these pol icy

recommendations focus on balancing subsidy levels, targeting

high-impact stakeholders, and fostering collaborative governance

models. These strategies are tailored to Qingdao’s specific

challenges in microplastic pollution management while offering

insights for broader application.

4.2.1 Phased subsidies
Balancing subsidy levels to avoid market distortion.

Governments should adopt a phased subsidy strategy to

encourage the adoption of environmentally-friendly fishing gear

while avoiding market dependency. Subsidies should be generous in

the initial phase to stimulate rapid adoption, followed by gradual

reductions as market adoption increases and stakeholders become

more self-sufficient.

To complement direct subsidies, market-based instruments

such as carbon credits, tax incentives, and tradable pollution

permits can be introduced. These tools encourage innovation and

competition among fishing gear enterprises while driving down

costs and achieving environmental objectives.

4.2.2 Targeted subsidies
focusing on high-impact areas and stakeholders. The Qingdao

government should prioritize subsidies for high-pollution zones,

such as areas near mariculture farms, where microplastic pollution
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is most severe. Targeting these hotspots ensures that resources are

allocated efficiently, maximizing their impact. Data-driven

monitoring systems should be employed to identify pollution

hotspots dynamically, enabling the government to adapt subsidy

allocations to address emerging challenges in real time. Establish

specialized programs to provide additional resources to fishermen

and enterprises in high-impact areas.

4.2.3 Collaborative governance models
strengthening multi-Stakeholder and cross-border cooperation, a

collaborative governance model should involve all key stakeholders,

including the government, fishing gear manufacturers, fishermen, and

environmental organizations. Regular roundtable discussions or

forums can be established to align interests, share best practices, and

foster innovation. Multi-stakeholder cooperation can ensure shared

responsibility for managing microplastic pollution. For example,

government and enterprises can collaborate on developing and

promoting new eco-friendly fishing technologies, while

environmental organizations enhance public awareness and advocacy.

Microplastic pollution in mariculture is a global issue

transcending national borders. Governments should foster

international cooperation through joint management frameworks.

These frameworks can align regulations on fishing gear usage, waste

disposal, and wastewater treatment to prevent microplastics from

entering the oceans. Successful examples include the Baltic Sea

Action Plan and the North East Atlantic Fisheries Organization

(NEAFC), which demonstrate the potential of cross-border

governance in addressing shared environmental challenges.
5 Conclusion

Microplastic pollution in mariculture represents a significant

environmental challenge, necessitating effective and well-designed

regulatory strategies. This study develops a three-party evolutionary

game model involving fishing gear enterprises, fishermen, and the

government to explore the dynamics of microplastic pollution

management. The key findings of the study highlight the pivotal

role that government subsidies play in fostering environmentally-

friendly practices. The model identifies eight stable states within the

system, driven by the interactions between the strategies of the

different stakeholders. Furthermore, it is found that while

government subsidies are essential, excessive subsidies can lead to

system instability, emphasizing the need for a phased reduction in

subsidies over time. The main findings are summarized as follows:
Fron
1. Government subsidies play a crucial role in incentivizing

both the production and adoption of environmentally-

friendly fishing gear. By aligning the interests of gear

enterprises and fishermen with ecological goals, subsidies

contribute significantly to promoting sustainable practices.

2. The evolutionary game model reveals eight distinct stable

states, which result from the interactions between the

strategies adopted by the stakeholders. These stable states

reflect the various potential outcomes of the system under
tiers in Marine Science 11
different subsidy conditions, illustrating the complexity of

managing microplastic pollution in mariculture.

3. The analysis demonstrates that excessive subsidies can

undermine the stability of the system, leading to

unsustainable outcomes. To maintain long-term equilibrium,

a phased approach to subsidies is recommended, wherein

subsidies are gradually reduced. This approach will ensure a

more sustainable balance between economic incentives and

environmental goals.
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Appendix 1 Parameter values of simulation model.

Definition
of parameters

Mean Unit Source

ai

Market price of
environmental-friendly
fishing gears

0.5
10000
Yuan/
frame

Survey of fishing
gear enterprise

bi

Production volume of
environmental-friendly
fishing gears

1.0
10000
pieces/
year

Survey of fishing
gear enterprise

ci

Production cost of
environmental-friendly
fishing gears

0.4
10000
Yuan/
frame

Survey of fishing
gear enterprise

a1−i

Market price of non-
environmental-friendly
fishing gears

0.4
10,000
Yuan/
frame

Survey of fishing
gear enterprise

b1−i

Production volume of non-
environmental-friendly
fishing gears

0.9
10000
pieces/
year

Survey of fishing
gear enterprise

c1−i

Production cost of non-
environmental-friendly
fishing gears

0.1
10000
Yuan/
frame

Survey of fishing
gear enterprise

bj

Quantity of environmental-
friendly fishing gears
purchased by fishermen

0.1
piece/
year

Survey
of fishermen

dj

Fishermen’s revenue from
purchasing environmental-
friendly fishing gears

0.7
10000
Yuan/
frame

Survey
of fishermen

b1−j

Quantity of non-
environmental-friendly fishing
gears purchased by fishermen

0.6
piece/
year

Survey
of fishermen

d1−j

Fishermen’s revenue from
purchasing non-
environmental-friendly
fishing gears

0.7
10000
Yuan/
frame

Survey
of fishermen

dk
Environmental utility of
government subsidy

0.8 /
Survey of
government
departments

d1−k

Environmental utility when
the government does not
give subsidy

0.5 /
Survey of
government
departments

z
Amount of government
subsidies for environmental-
friendly fishing gears

0.5
1000
Yuan/
frame

Survey of
government
departments

vi

Coefficient of government
subsidy to fishing
gear enterprises

0.7 /
Survey of
government
departments

vj
Coefficient of government
subsidy to fishermen

0.3 /
Survey of
government
departments
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