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Introduction: Marine microplastics, are widely distributed in the global marine
environment, posing a challenging issue that requires the joint efforts of
global stakeholders.

Methods: To effectively address the issue of marine microplastic pollution (MMP)
governance and analyze the dynamic changes in governance willingness of
various participants under different scenarios, this paper meticulously
constructs a game theory framework encompassing polluting enterprises,
research institutions, and environmental organizations.

Results: (1) On the political level, the implementation of continuous and strong
economic penalty mechanisms is an effective means to deter enterprises from
evading MMP governance responsibilities. However, the effective execution of
this strategy highly depends on the participation and supervision of
environmental organizations. Therefore, it is essential to assign more roles and
responsibilities to environmental organizations to ensure the thorough execution
of governance measures. (2) On the technical level, the effectiveness of research
directly determines the functional status of enterprises and research institutions
in the MMP governance decision-making system. Weaker entities tend to make
decisions following the behavioral preferences of dominant entities. Thus,
deepening the integration of industry and research and fully unleashing the
effectiveness of research outcomes in MMP governance is a key path to
enhancing overall governance efficiency and effectiveness. (3) On the
economic level, high governance costs often become a significant factor
limiting the enthusiasm of all parties to participate. However, when innovative
cooperation models achieve cost sharing and benefit sharing, the governance
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willingness of participants significantly increases. It is evident that optimizing
resource allocation, improving the efficiency of fund utilization, and establishing
a diversified and sustainable funding guarantee mechanism are crucial for
advancing the in-depth progress of MMP governance.

Discussion: In summary, this study not only provides profound theoretical
insights into the interaction relationships and behavioral choices of multiple
stakeholders in MMP governance but also offers practical strategic
recommendations for constructing an efficient and collaborative
governance system.

KEYWORDS

marine microplastics, collaborative governance, evolutionary game theory, integration
of industry, marine pollution governance

1 Introduction

With the increasing frequency of human activities, the
consumption of plastic products has continuously increased (Al-
Tarshi et al, 2024), and related waste is directly or indirectly
discharged into the ocean (Salomone et al., 2023), leading to an
increasingly severe issue of marine microplastic pollution (MMP)
(Wootton et al., 2022; Thacharodi et al., 2024). MMP has been listed
as one of the top ten emerging global environmental issues
requiring urgent resolution (Biswas and Pal, 2024). To date,
approximately 13 million tons of plastic enter the ocean each year
(Xu et al., 2024b). This number is expected to increase to 25.4
million tons by 2025 (Zhang et al., 2024). In the ocean, these plastics
gradually degrade into marine microplastics Marine microplastics
are plastic fragments or particles with a diameter of less than 5 mm,
characterized by their small size, large quantity, wide distribution,
and high hazard (Ugwu et al,, 2021). They carry other pollutants
and harmful microorganisms into the air, biota, and even the
human body, posing threats to human health, marine ecological
security, and marine economic development (Wootton et al., 2021;
Borriello, 2023; Nohara et al., 2024; Olmo-Gilabert et al., 2024). In
response, international organizations such as the United Nations
and the European Union, as well as major marine countries like the
United States and China, have taken action by signing conventions
and agreements to jointly address the MMP issue (Wang et al.,
2018; Ambrose, 2021; Gao et al., 2023a), elevating it to the level of
global governance (Bigdeli et al., 2022; Joyce et al., 2023). However,
as a new type of pollutant, the governance of marine microplastics is
still in its infancy (Dar et al, 2024), with many issues such as
outdated MMP treatment technologies, unclear stakeholder
awareness of MMP, and undefined MMP governance
responsibilities. Therefore, promoting industry-research
cooperation to enhance the collaborative governance capacity of
multiple stakeholders for MMP is of theoretical and
practical significance.

Frontiers in Marine Science

Since marine microplastics were officially proposed in 2004
(Thompson et al., 2004), related research has entered a rapid
development stage. The international academic community has
discussed the sources and distribution of marine microplastics
(Kumar et al., 2022; Ribo et al., 2023; Tiimerkan et al., 2024). After
reaching a basic consensus on the understanding of marine
microplastics, the research focus has gradually shifted to the fine
monitoring, flux estimation, migration mechanisms, and risk
assessments of marine microplastic pollution on ecosystems and
human health (Chen, 2020; Chen et al., 2023; Meng et al., 2024;
Praved et al., 2024; Timerkan et al., 2024). Further discussions
on MMP governance have been conducted from perspectives
such as fishing net recycling, wastewater treatment, microbial
genetic engineering, legal improvements, and the participation of
citizens and scientists (Freeman et al., 2020; Gong and Xie, 2020;
Kurniawan et al,, 2023; Liotta et al., 2024). In fact, the formation
mechanism of MMP is complex, its entry into the ocean is extensive,
responsibility is unclear, control scenarios are diverse, and the
damage is intergenerational. Its governance is essentially a process
of evolutionary games involving multiple entities, including
governments, enterprises, research institutions, and environmental
organizations. Among them, enterprises are the direct emitters
of MMP, making it necessary for enterprises to manage MMP at
the source (Chen et al, 2024). MMP is a technology-intensive
governance issue (Gao et al., 2023b), and the monitoring, risk
assessment, and exploration of alternative materials for marine
microplastic pollutants all rely on scientific research and
technological innovation. Research institutions, as major
contributors to theoretical research and technological innovation in
MMP governance, are indispensable governance entities.
Environmental organizations have inherent advantages in
improving MMP governance efficiency, with rich human resources,
abundant funds, and strong appeal. Many large international
environmental organizations, such as the Ocean Protection Society
(OPS), have played significant roles in marine environmental
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protection (Ahmad-Kamil et al., 2024). In the practical governance of
MMP, due to imperfect coordination mechanisms of responsibilities
and benefits, enterprises, research institutions, and environmental
organizations face issues of insufficient motivation to participate,
leading to challenges in collaborative governance. Unfortunately,
most existing studies reveal the objective laws of MMP and
innovations in governance technology from the natural sciences
perspective (Anthony et al,, 2023; Kharraz et al,, 2024), with little
focus on the preferences of stakeholders from a social sciences
perspective. Furthermore, although some studies involve the
responsibility of stakeholders, they primarily focus on the
government, enterprises, and the public, with limited attention to
research institutions and environmental organizations, and lack in-
depth discussion on the evolution of collaborative governance
strategies among stakeholders in the MMP governance process.

This paper attempts to answer the following research questions: (1)
How do the behavioral strategies of enterprises, research institutions,
and environmental organizations as micro stakeholders evolve under
complex interactions? (2) Under what conditions can the returns of all
parties evolve stably towards a macro scenario of collaborative
governance? (3) How can the deep coordination between enterprises
and research institutions be promoted from the perspective of industry-
research integration to better facilitate MMP governance? To address
these questions, this paper uses evolutionary game theory, an
important research tool for clarifying complex game relationships
and strategy evolution paths, to deeply analyze the complex
interwoven relationships and dynamic strategy evolution trajectories
formed by enterprises, research institutions, and environmental
organizations in the collaborative governance process of MMP.
Specifically, the marginal contributions of this paper are mainly
reflected in the following aspects:

(1) Breaking through the traditional focus on single enterprises
or simple binary relationships, this paper innovatively
incorporates research institutions and environmental
organizations into the MMP governance research
framework. It re-examines and enriches the theoretical
system and practical path of MMP governance from the
dual perspectives of deep industry-research integration and
external promotion by environmental organizations. This
shift in perspective not only enhances the comprehensiveness
and depth of the research but also provides more diverse and
flexible ideas for solving MMP governance challenges.

(2) This paper particularly emphasizes the dynamic changes in
the dominant relationships and decision sequences between
enterprises and research institutions under different
governance scenarios. This analysis deeply reveals the key
impacts of power structures, information flows, and benefit
distribution on governance effectiveness. By detailing these
scenario factors, this work broadens the application
boundaries of the evolutionary game theory method in
this field and provides scientific evidence for formulating
more precise and effective governance strategies.

(3) Through the construction and analysis of game models, this
paper deeply explores the strategy interactions and evolution
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trends of enterprises, research institutions, and environmental
organizations under different scenarios, extracting a series of
forward looking and operational management insights and
policy recommendations. These insights not only provide
guidance for stakeholders on how to make optimal decisions
in a complex and changing governance environment but also
offer valuable references for governments and related
departments to design new mechanisms and models for
multi-stakeholder collaborative governance, effectively
promoting MMP governance towards a more efficient and
sustainable direction.

The remaining organization of this paper is as follows: Section 2
focuses on explaining the principles of model assumptions and
parameter settings, constructing the game model through the game
matrix between the three stakeholders. Section 3 reveals the
evolutionary paths and stable strategies of the three stakeholders
in the collaborative governance process of marine microplastic
pollution under different scenarios by analyzing the asymptotic
stability of the equilibrium points. Section 4 uses MATLAB 2020a
software for simulation and analyzes the sensitivity of key
parameters. Section 5 summarizes the research conclusions of this
paper and proposes relevant management implications based on
these conclusions.

2 Basic assumptions and
model construction

This paper focuses on the decision making system composed of
enterprises, research institutions, and environmental organizations.
In MMP governance, participating entities are all of bounded
rationality, making it difficult to make optimal choices at the
initial stage but instead continuously adjusting and improving
strategies based on maximizing their own interests. Evolutionary
game theory (EGT), as an important tool for clarifying complex
game relationships and strategy evolution pathways under the
influence of three parties, does not require participants to be fully
rational nor does it require complete information. It combines game
theory analysis with the analysis of dynamic evolutionary processes
and has been widely applied to marine environmental governance
research in recent years (He and Zhang, 2023; Zhang et al., 2023;
Zheng et al.,, 2024). Therefore, the bounded rationality assumption
of evolutionary game theory is more in line with the actual situation
of strategy changes affecting each other among the entities in MMP
governance. The interactions of interests and behavioral influences
among these entities form the dynamic game relationship is shown
in Figure 1.

2.1 Basic assumptions and
parameter setting

Evolutionary game theory studies the decision-making of
behavioral agents based on the assumptions of bounded
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Dynamic game relationship among stakeholders.

rationality and learning mechanisms, meaning that agents gradually
improve their strategies through a certain period of learning to
achieve a stable equilibrium outcome. Therefore, it is assumed that
enterprises, research institutions, and environmental organizations
are all bounded rational decision-makers: the probability that
enterprises choose to govern is x, the probability of choosing not
to govern is 1-x, x € (0,1). The probability that research
institutions choose to actively research and develop (R&D) is y,
and the probability of choosing passive R&D is 1 — y, y € (0, 1). The
probability that environmental organizations choose to focus and
participate is z, and the probability of choosing to ignore is 1 - z,
z € (0,1). The complete parameter settings are shown in Table 1.
The key parameters and their related basis and explanations are
as follows:

Hypothesis 1: Drawing from the research of some scholars
(Xiao et al., 2019; Wang and Huang, 2020), it is known that many
enterprises and research institutions adopt discount mechanisms
when cooperating. If enterprises provide funding to research
institutions (77,) to promote their research and innovation, the
institutions will offer a certain discount when selling related
outcomes to the enterprises (tD). This discount is related to the
investment intensity coefficient (7) of the enterprises.

Hypothesis 2: When enterprises engage in governance,
environmental organizations will assist them in directly participating
in MMP governance. The environmental organizations will incur
certain governance costs (C,) and simultaneously reap the benefits
of environmental improvement (V). If enterprises do not engage in
governance and environmental organizations pay attention and
participate, the organizations, due to their own limitations, will
not choose to govern MMP alone but will instead report the issue
to government departments. According to (Li and Jiang, 2023),
the government should adopt active regulatory strategies
for environmental pollution governance, through which enterprises
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will face government penalties (P) and damage to their reputation (F;).
But if enterprises do not govern and environmental organizations
also choose to ignore regulatory frameworks, due to the difficulty
in monitoring marine microplastics, the non-governance behavior
of enterprises will be hard for the government to detect (Yan and
Cao, 2024).

Hypothesis 3: Paying attention to and participating in MMP
governance is the mission and vision of environmental organizations
(Scrich et al,, 2024). When they choose this strategy, they will win
social acclaim (F,), increase the organization’s visibility, and receive
more support from special public welfare funds (S,;,) (Blackwatters
et al,, 2023; Newig et al,, 2023).

Hypothesis 4: When enterprises choose to govern and research
institutions actively conduct research, the institutions will incur
research and development costs (C,) and receive investment from
the enterprises (77,). If enterprises choose to govern but the
research institutions are passive in their research, the institutions
will incur opportunity costs (C,.).

Hypothesis 5: In the case of environmental organization
participation, if research institutions actively conduct research, the
theoretical research outcomes they achieve will enhance the cognitive
abilities of the members of the environmental organizations (K). The
research institutions will also gain a certain social reputation for
fulfilling their social responsibilities (F,). The participation of
environmental organizations will help research institutions save on
research costs (R,) (Jorgensen et al., 2021).

Hypothesis 6: When research institutions actively conduct
research, the scientific results they achieve can help enterprises
reduce the costs of MMP governance (C,) (Yang and Yuan, 2024).
The better the governance effects of the research equipment, the
lower the governance costs for enterprises (Mofokeng et al., 2024).
In this case, the practical outcomes of the research institutions will
receive positive feedback from enterprises (R,), enhancing the social
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TABLE 1 The game matrix of enterprises, research institutions, and
environmental organizations.

Symbol

Definition

Cost of enterprises
governing MMP

Government penalty
faced by enterprises for
not governing MMP

Discount on MMP
governance equipment
purchased by enterprises

Investment intensity of
enterprises in
research institutions

R&D cost of
research institutions

Opportunity cost of
research institutions

Benefits from
enterprises feedback
after using

research results

Cost savings for
research institutions due
to information sharing
by

environmental
organizations

Support from special
public welfare funds for
environmental

organizations

Definition

Cost of environmental
organizations directly
participating in

MMP governance

Government reward for
successful reporting by
environmental
organizations

Investment intensity
coefficient of enterprises
in research institutions

Image loss of enterprises
for not governing MMP

Social reputation gained
by research institutions

Social reputation gained
by

environmental
organizations

Governance
effectiveness coefficient

Improvement in
knowledge of
environmental
organization members

Environmental
benefits improvement

reputation of the research institutions (F,) and bringing them

certain benefits (Qian et al., 2023).

2.2 Game model construction

2.2.1 Game model for enterprises

The expected profit of an enterprise choosing to govern MMP is

Eqz, the expected profit of not to govern MMP is Eqp, and the

average expected profit is Ej. The expected profit of an enterprise

choosing to govern MMP is:

EQZ =

(tD-(1- S)ch -1T,)yz + (tD-(1 - 9)ch - ‘L'TP)

Y1 -2)+ (- CQp)1-y)z
+( - ch)(l _}’)(1 - Z) = (TD - (1 - S)ch - TTP)

)’+ ( - ch)(l —}’)

(1

The expected profit of an enterprise choosing not to govern

MMP is:
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Eqp=(-P-Fp)yz+(-P-Fy)(l-y)z=(-P-Fyz (2)

The average expected profit of an enterprise is:

% = 'xEQZ + (1 - x)EQB (3)

From this, the replicator dynamic equation for the enterprise’s
behavioral strategy is:

d _
F(X) = ﬁ = x(EQZ - EQ)
=x(1 -x)[(tD - (1 =9C; — 7T, )y = (1 = y)C;y + (P

+ Fcl)z] (4)

2.2.2 Game model for research institutions

The expected profit of a research institution choosing to actively
research is Exy, the expected profit of passively researching is Exp,
and the average expected profit is Ex. The expected profit of a
research institution choosing to actively research is:

Exz = (1T, +9R + R, + F, - C, — D)
xz+ (1T, + 9R. + F, - C, — D)x(1 — 2)+

(R,-C,+F,)(1-x)z+(F, - C,)(1-x)
(1-2) = (7T, + 9R. — tD)x + (R,)z + (F, - C,)

The expected profit of a research institution choosing to
passively research is:

Exp = (= Co)xz + (= C)x(1-2) = (- Co)x (6)

The average expected profit of a research institution is:

Ex = yExz + (1 - y)Eggp (7)

From this, the replicator dynamic equation for the research
institution’s behavioral strategy is:

d .
F(y) = d—f = W(Exz - Ex)

=y -(tT, +9R. ~ 1D+ C,)x+R,z+F, - C] (8)

2.2.3 Game model for
environmental organizations

The expected profit of an environmental organization choosing
to focus on and participate in MMP governance is Ey, the expected
profit of ignoring MMP governance is Eyg, and the average
expected profit is E;. The expected profit of an environmental
organization choosing to focus on and participate in MMP
governance is:

Eyz =
S +F,+K+V-C)xy+ S +F,+V-Cx(1-y)
+( S +A+F, +K)A-x)y+ (S + F, + A1 —x)(1 - p)
=(V-C,-A)x+Ky+S,+F, +A

The expected profit of an environmental organization choosing
to ignore MMP governance is:
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EHB = 0 (10)

The average expected profit of an environmental organization
is:

Eyy = 2Bz + (1 - 2)Epy (1
From this, the replicator dynamic equation for the
environmental organization’s behavioral strategy is:
dz —
F(z) = ar =z(Eyz — Ep)
=z(1-2)[(V-C,-Ax+Ky+S, +F, +A]  (12)

Based on the above replicator dynamic equations, the game
matrix between enterprises, research institutions, and
environmental organizations is derived as shown in Table 2.

3 Stability analysis

By simultaneously solving the replicator dynamic equations, F
(x) =0, F(y) = 0, F(z) = 0,the following pure strategy equilibrium
points are obtained: E,(0,0,0), E,(0,0, 1), E5(0, 1,0), E,(1,0,0), Es
(1,1,0), E¢(0,1,1), E;(1,0,1), Eg(1,1,1). These eight equilibrium
points are located at the boundaries of the solution of the game,
collectively forming the game solution domain.

The derivatives of the replicator dynamic equations for enterprises,
research institutions, and environmental organizations are as follows:

F'0) =% 2 (1-29(D~ (1 - 91C, ~ 2Ty~ Cyl1 )

+ (P +Fy)z] (13)

d
F'(y) = % = (1-2))[(¢T, + 9R. — D+ C)x + R,z + F,

-G (14)

F'(2) =%: (1-22)(V-C,-A)x+Ky+S, +F,+A] (15)
3.1 Asymptotic stability analysis

From Equations 13 to 15, we know that when F'(x) < 0, F'(y) < 0,
F(z) <0, x*, y* and z* are the stable strategies that enterprises,

10.3389/fmars.2024.1459393

research institutions, and environmental organizations should adopt in
the evolutionary process.

3.1.1 Asymptotic stability analysis for enterprises
From Equation 13, we know that the boundary line of the stable
state is given by: (7D — (1= 9)Cqy — 7T,)y — Co(1 = y) + (P + Fy)z
=0, If:
(tD = (1=9)Cyy = 1T,)y = Coo(1 = y) + (P + F)z > 0 (16)
Then, agicx) le=0 > 0, agi’” lyz1 <0. So x* =1 is the stable
strategy, meaning that the enterprise’s choice to govern MMP is

stable, and the choice not to govern MMP is unstable. Conversely,
if:

(tD-(1-9)Cyy —TT,)y — Ce(1 = y) + (P + F4)z < 0 (17)

9 F(x) )

0x |x:0 < 0>

Then, aFE:O ly=1 >0. So x* =0 is the stable
strategy, meaning that the enterprise’s choice not to govern MMP
is stable, and the choice to govern MMP is unstable.

3.1.2 Asymptotic Stability Analysis for
Research Institutions

From Equation 14, we know that the boundary line of the stable
state is given by: (7T, + 9R. — 7D+ C,.)x + R,z + F, - C, = 0, If:

(tT, +9R. —tD+ C)x+ R,z +F, - C, >0 (18)

aF( aF .

Then, Ty) ly—o >0, # -1 <0. So y* =1 is the stable

strategy, meaning that the research institution’s choice to actively

research is stable, and the choice to passively research is unstable.
Conversely, if:

(tT, +9R. - tD+ C,)x + R,z + F, - C, <0 (19)

9F(y) 9F(y)
Then, a—}:v |y=0 <0, a_yy |)’=

meaning that the research institution’s choice to passively research is

1 > 0.S0y" = 0is the stable strategy,

stable, and the choice to actively research is unstable.

3.1.3 Asymptotic stability analysis for
environmental organizations

From Equation 15, we know that the boundary line of the stable
state is given by: (V-C, -A)x+Ky+S,, +F,+A =0, If:

(V-C,-A)x+Ky+S,+F,+A>0 (20)

F aF .
a(zZ) l,=0 >0, a(zZ) |1 <0. So z" =1 is the stable

Then,
strategy, meaning that the environmental organization’s choice to
focus on and actively participate is stable, and the choice to ignore is

TABLE 2 Game Matrix of enterprises, research institutions, environmental organizations.

research institution research actively

Enterprise  onyironmental organization

focus on and participate

D~ (1-9)Cy -

environmental
organization ignore

TTP; ‘L‘TP

research institution research passively

environmental
organization ignore

environmental organization
focus on and participate

D~ (1-9)Cq — 7T, 7T, + IR, + R, + 9R 4F —C b c C.S 4F +V_C =Cys = Cps
overn _C. —1D; ~C.; —C.3 S,y +F, +V—
g F,—C,—tD; S+ F, +K+ V-G, R @ = e Sub T " 0
not to govern -P-F;R,-C,+F; S, +A+F,+K 0;F,-C;0 -P-F;0;S,+F,+A 0;0; 0
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unstable. Conversely, if:

(V-C,-A)x+Ky+Su,+F,+A<0 (21)
Then, ag(zz) |0 <O, ag(;) l,.1 >0. So z* =0 is the stable

strategy, meaning that the environmental organization’s choice to
ignore is stable, and the choice to focus on and actively participate
is unstable.

3.2 System stability analysis

According to the research conclusions of Ritzberger (Ritzberger
and Weibull, 1995), when studying the asymptotic stability of
evolutionary games, it is only necessary to discuss pure strategy
points. Therefore, this paper only needs to discuss the eight pure
strategy equilibrium points that satisfy F(x) = 0, F(y) = 0, F(z) = 0.
According to the research conclusions of Friedman (Friedman,
1998), when the eigenvalues of the matrix are all less than 0, it
indicates that the equilibrium point is asymptotically stable.
Therefore, this paper uses the local stability of the system’s
Jacobian matrix to determine its evolutionary stable strategy. The
Jacobian matrix is as follows:

0F(x)/0x dF(x)/dy dF(x)/dz
0F(y)/dx 0F(y)/ 0y 0F(y)/ 0z
0F(z)/dx 0F(z)/dy 0F(z)/ 9z

J= (22)

In the formula, d F(x)/dx = (1 = 2x)[(7D - (1 - 9)Cy — TT})y
~C(1=p) +(P+Fy)z], dF(x)/ 0y = x(1 -x)(tD +9C, — 7T,),
0F(x)/ 0z =x(1-x)(P+Fy). 0F(y)/0x=y(1 -y)(tT, +9R. ~ T
D+C,), 0F(y)/dy=(1-2y)[(tT, +9R. —~ D+ C,)x + R,z + F,
-C,], 0F(y)/0z=y(1-y)R,. 0F(z)/ox =2z(1-2)(V -C, - A),
0F(z)/dy=2(1-2)K, 0F(z)/0z=(1-22)[(V-C,—A)x+Ky
+S + F, + Al

According to Equation 22, the eigenvalues for each equilibrium
point (Table 3), local stability, and conditions (Table 4) can be
obtained. As shown in Table 4, under any circumstances, E; (0, 0, 0),
E;(0,1,0) and Es(1,0,0) are always unstable points of the system.
This indicates that when either the enterprise or the research

10.3389/fmars.2024.1459393

institution participates in governance, the environmental
organization will maintain a high level of participation. The
decision-making system is stable under the following five
scenarios if the corresponding constraint conditions are met.
Scenario 1: As shown in Figure 2, when P + F; < C and R, + F, <
C,, the equilibrium point E,(0,0,1) is stable. At this point, the
government penalty and image loss faced by enterprises for not
governing MMP are lower than the cost of governing MMP, and the
cost savings for research institutions due to information sharing by
environmental organizations and the social reputation gained by
research institutions are lower than the R&D costs of research
institutions. The combined strategy for MMP governance manifests
as the state where enterprises do not govern, research institutions
engage in passive R&D, and environmental organizations focus and
participate. The outcome of this strategy combination is relatively
poor, and marine microplastic pollution is not effectively governed.

Scenario 2: As shown in Figure 3, when 7D+ P+ F, < (1 -
9)Cq + 7T, and C, < R, + F,, the equilibrium point E4(0,1,1) is
stable. At this point, the discount on MMP governance equipment
purchased by enterprises, the government penalty, and the image
loss faced by enterprises for not governing MMP are lower than the
investment intensity of enterprises in research institutions and the
governance cost for enterprises using the research institutions’
equipment. Additionally, the R&D costs of research institutions
are lower than the social reputation gained by research institutions
and the cost savings for research institutions due to information
sharing by environmental organizations. The combined strategy for
MMP governance manifests as the state where enterprises do not
govern, research institutions actively engage in R&D, and
environmental organizations focus and participate.

Scenario 3: As shown in Figure 4, when Cy < P+ Fy, 7T, +
9R.+C,.+R,+F, <tD+C, C,<V+S,+F,, the equilibrium
point Eg(1,0,1) is stable. At this point, the cost for enterprises to
govern MMP is lower than the government penalty and image loss
faced by enterprises for not governing MMP. The investment
intensity of enterprises in research institutions, feedback benefits
for enterprises from using research results, opportunity costs of
research institutions, cost savings for research institutions due to
information sharing by environmental organizations, and the social

TABLE 3 Jacobi matrix eigenvalues (enterprises, research institutions, environmental organizations).

Equilibrium point

Eigenvalue

E;(0,0,0) - Cy F,-C, Sup + Fy + A
E,(0,0,1) P+Fy-Cy R,+F -C, -Sw-F,-A
E;(0,1,0) D~ (1-9Cy - 7T, C,-F, K+S,+F,+A
E,0,1,1) D~ (1-9Cy — 7T, + P+ Fy C,-R,-F, -K-S4-F,-A
E5(1,0,0) Cy T, +9R. ~ D+ C,. + F, - C, V-C,+Sy+F,
Eg(1,0,1) Cq—-P-Fy TTP+9R57‘L'D+C,C+R,‘+F,*C, C,-V-S4,-F,
E,(1,1,0) (1—9)ch+1TP—1D TD—rTP—SRC—C,f—F,+C, V-C,+K+S,+F,
Eg(1,1,1) (1-9Cy + 7T, ~P~Fy—1D tD-1T, -9R. - C,. - R, - F, +C, C,-V-K-S,-F,
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TABLE 4 Local stability of equilibrium points.

10.3389/fmars.2024.1459393

qu.ggli)r:itum Elge:value Constraint condition Stability
1 2

E;(0,0,0) - U + The constraint cannot be satisfied Unstable
E,(0,0,1) U U - P+F;<Cy R, +F, <C, ESS
E;(0,1,0) U U + The constraint cannot be satisfied Unstable
E,0,1,1) U U - D+ P+Fy<(1-9Cy +1T,, C, <R, +F, ESS
Es(1,0,0) + U U The constraint cannot be satisfied Unstable
E¢(1,0,1) U U U Coq <P+Fy 1T, +9R +C. + R, +F, <D+ C, C, <V +S, +F, ESS
E,;(1,1,0) U U U (I—S)ch+TTP <D, tD+C, < tT, + IR+ C,c + F,, V+ K+ S, + F, < C, ESS
Es(1,1,1) U U U (1-9Cq + 7Ty <P+Fy+ 1D, TD+C, < TTy +9R. + C. + R, + F,, C, < V+ K+ 8, + F, ESS

reputation gained by research institutions are all lower than the
R&D costs of research institutions and the discount on MMP
governance equipment purchased by enterprises. Additionally, the
cost for environmental organizations to directly participate in MMP
governance is lower than the support from special public welfare
funds, social reputation, and the environmental benefits gained by
environmental organizations. The combined strategy for MMP
governance manifests as the state where enterprises govern,
research institutions engage in passive R&D, and environmental
organizations focus and participate.

Scenario 4: As shown in Figure 5, when (1 - 9)C, + 7T, < 7D,
D+C, <1T,+9R. +C +F, V+K+S§,+F,<C,, the
equilibrium point E;(1,1,0) is stable. At this point, the governance
cost for enterprises using research institutions’ equipment and the
investment intensity in research institutions are lower than the
discount on MMP governance equipment purchased by enterprises.
The discount on MMP governance equipment purchased by
enterprises and the R&D costs of research institutions are lower than
the investment intensity of enterprises in research institutions, feedback
benefits for enterprises from using research results, opportunity costs of
research institutions, and the social reputation gained by research
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FIGURE 2

The evolution of strategies in Scenario 1.
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institutions. Additionally, the support from special public welfare funds
for environmental organizations, the improvement in the knowledge
of environmental organization members, the enhancement of
environmental benefits, and the social reputation gained by
environmental organizations are all lower than the cost
for environmental organizations to directly participate in MMP
governance. The combined strategy for MMP governance manifests
as the state where enterprises govern, research institutions actively
engage in R&D, and environmental organizations ignore.

Scenario 5: As shown in Figure 6, when (1 -9)C, + 7T, <
P+Fy+1D, tD+C, <tT,+9R. +C +R,+F,, C,<V+K+
Sup + F,, the equilibrium point Eg(1,1,1) is stable. At this point,
the governance cost for enterprises using research institutions’
equipment and the investment intensity in research institutions
are lower than the discount on MMP governance equipment
purchased by enterprises, the government penalty, and the image
loss faced by enterprises for not governing MMP. The discount on
MMP governance equipment purchased by enterprises and the
R&D costs of research institutions are lower than the investment
intensity of enterprises in research institutions, feedback benefits for
enterprises from using research results, opportunity costs of
research institutions, cost savings for research institutions due to
information sharing by environmental organizations, and the social
reputation gained by research institutions. Additionally, the cost for
environmental organizations to directly participate in MMP
governance is lower than the support from special public welfare
funds, the improvement in the knowledge of environmental
organization members, the social reputation gained by
environmental organizations, and the enhancement of
environmental benefits. The combined strategy for MMP
governance manifests as the state where enterprises govern,
research institutions actively engage in R&D, and environmental
organizations focus and participate.

4 Simulated analysis

In the evolutionary game process among enterprises, research
institutions, and environmental organizations, the strategy choices
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FIGURE 3
The evolution of strategies in Scenario 2.

FIGURE 4
The evolution of strategies in Scenario 3.

FIGURE 5
The evolution of strategies in Scenario 4.
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of each party are interrelated and closely connected. Using
MATLAB 2020a software, the study conducts simulation analysis
on the strategy choices of each party under different scenarios,
visualizing the evolutionary process. The initial values are set as
follows: C; =79.9, P=67, D=5, T,=10,C, =16, C,, = 6, R, =
35 R,=2,S,=4 C,=65 A=06 1=0.5 F,;=12F, =7,

F,=12,9=0.1,K=0.9, V=27 Among them, the value of C,
refers to the bid amount of enterprises in marine microplastic
pollution research and prevention projects (Rizhao Ecological
Environment Bureau, 2024), and the value of C, refers to the
project funds of the National Key R&D Program “Marine
Microplastic Monitoring and Ecological Environmental Effect
Assessment Technology Research” (The State Key Laboratory of
Estuarine and Coastal Sciences, 2017). The value of P draws on the
penalty amount for discharging pollutants and waste into the ocean
as stipulated in the “Marine Environment Protection Law”
(Ministry of Ecology and Environment of the People’s Republic
of China, 2023b). The values of S,;, and C, refer to the donation
income and business activity costs in the financial audit report of
the Shanghai Rendu Ocean NPO Development Center (Shanghai
Rendu Marine Public Welfare Development Center, 2024). The
value of A refers to the reward amount in the “Hainan Province
Ecological Environment Violation Reporting Reward Measures”
(Baike, 2020). Due to the lack of specific practical data for other
values, this paper refers to the data values in the relevant research of
some scholars (Li and Jiang, 2023; Luan et al., 2024; Yan and
Cao, 2024).

With the other values unchanged, setting P = 72, we obtain the
impact of government penalties on the strategy choices of the three
parties (Figure 7). The visual representation from the chart shows
that as the penalty severity escalates step by step, the system’s final
decision steadily converges to Eg(1,1,1), marking a state of
comprehensive cooperative governance equilibrium. In this state,
environmental organizations exhibit unwavering enthusiasm for
participation, with a full participation probability of 1, and the
stability of this decision is almost unaffected by changes in penalty
severity. This demonstrates the steadfast stance and sustained

0.8
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FIGURE 6
The evolution of strategies in Scenario 5.
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FIGURE 7
The impact of government penalties.

momentum of environmental organizations in driving
environmental governance. In contrast, the strategy adjustments
of enterprises and research institutions are particularly sensitive to
changes in penalty severity.

Specifically, when the penalty P =67, enterprises almost
completely abandon their responsibility for governing MMP, with
a probability of 1 for choosing not to govern. This profoundly
reveals the insufficiency of low-intensity penalties to deter
enterprises, making them inclined to avoid governance costs
driven by economic rationality. However, as the P value leaps to
72, there is a significant change in the behavior of enterprises:
initially, due to a fluke mentality, enterprises may still maintain a
brief wait-and-see attitude, with the probability of governance
temporarily dropping and staying low. But over time, the long-
term cost considerations brought about by high penalties gradually
prevail, and enterprises increasingly recognize the necessity and
benefits of governance, thus steadily increasing their governance
probability and eventually fully transitioning to active governance.
In fact, the situation of low violation costs and high compliance
costs is relatively common, leading enterprises to believe that
accepting government penalties is more appropriate than
managing pollution. Therefore, increasing the violation costs for
enterprises will help solve this dilemma (Liu and Dong, 2022). The
strategy choices of enterprises as shown in the Figure 7 with the
change of P also strongly demonstrate that high-intensity punitive
measures combined with the time effect can form a strong positive
incentive for enterprises.

When the P value is set at 67, research institutions face a harsh
reality: due to the substantial upfront investment required for MMP
governance research, lengthy research cycles, and the general lack of
governance motivation among enterprises in this low-penalty
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Time

Time

environment, research institutions often find themselves in a
situation with no support, and their willingness to actively engage
in R&D plummets, typically adopting a passive R&D strategy.
However, as the penalty intensity jumps to a new height of 72,
the behavior pattern of research institutions begins to exhibit a
subtle synchronization with the strategies of enterprises. Initially,
both may experience a brief period of strategy adjustment to adapt
to the new environment, characterized by a temporary decline in
participation, maintaining a low level. But subsequently, as
enterprises increasingly recognize the necessity and urgency of
governing MMP and take practical actions, research institutions
also see a turning point, with both parties’ decisions gradually
converging to 1. However, the change in research institutions lags
behind enterprises. This is mainly because research institutions are
not the direct targets of government penalties. As the penalty
amount increases, compared to the rapid response of enterprises,
research institutions are less sensitive to such changes, and the time
taken for their stable strategy to converge to 1 is also longer.
With other values unchanged, setting 9 =0.5, 9=0.9, we
obtain the impact of governance effectiveness on the strategy
choices of the three parties. As shown in the Figure 8, as 9
gradually increases, enterprises will choose the governance
strategy. When the governance effectiveness is not ideal 9 = 0.1,
enterprises almost immediately abandon the responsibility of
governing MMP. When the governance effectiveness is moderate
9 = 0.5, although enterprises also tend to not govern, this process
appears more hesitant, and the time to converge to the non-
governance decision significantly lengthens. This indicates that
when the governance effectiveness coefficient fluctuates in a low
range, it will not fundamentally incentivize enterprises to govern,
and the lower the governance effectiveness coefficient, the stronger
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The impact of governance effectiveness.

Time

the inclination of enterprises to adopt a non-governance strategy.
Furthermore, when governance effectiveness approaches an ideal
state 9 = 0.9, enterprises’ strategy choices undergo a fundamental
shift. Initially, possibly due to considerations of initial investment,
enterprises’ willingness to govern slightly decreases; however, as 9
increases, implying that the adoption of governance equipment will
significantly reduce enterprises’ governance costs and is expected to
bring significant social benefits and brand reputation. These factors
jointly drive enterprises’ positive adjustment in governance strategy,
ultimately stabilizing at a comprehensive governance decision
(probability gradually approaches 1).

Research institutions and enterprises exhibit a high degree of
consistency in their strategy choices; however, in terms of response
speed, research institutions often lag behind enterprises. This
phenomenon profoundly reveals the leading role of enterprises in
strategy changes. When governance effectiveness is unsatisfactory
9 =0.1 or at a moderate level 9 = 0.5, the probability of research
institutions actively engaging in R&D drops to the lowest point.
This phenomenon is actually caused by the negative feedback
conveyed after enterprises’ practical application. Since the
governance equipment provided by research institutions fails to
meet expectations in actual use, the negative information feedback
from enterprises directly limits the funding channels available to
research institutions, thus dampening their enthusiasm for R&D.
Conversely, when governance effectiveness significantly improves to
a more ideal level 9 = 0.9, the situation is entirely different. At this
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point, research institutions not only receive positive evaluations
from enterprises but, more importantly, excellent governance
results encourage enterprises to increase their investment in
research institutions. These two factors combined greatly boost
the willingness of research institutions to continue deepening R&D
and pursuing technological innovation.

For environmental organizations, their strategy choices exhibit
high stability and persistence. Regardless of the fluctuation in
governance effectiveness, they always adhere to their original
intention, closely monitoring and actively participating in MMP
governance. An intriguing phenomenon is that as governance
effectiveness gradually improves, the speed at which environmental
organizations focus on and participate in MMP governance shows a
subtle slowing trend. There may be multiple reasons behind this
phenomenon. When governance effectiveness is insufficient 9 = 0.1
or mediocre 9 = 0.5, enterprises may choose not to directly engage
in MMP governance due to cost considerations or expected effects.
Coupled with the convenience and low cost of the reporting
mechanism, environmental organizations are more inclined to take
direct reporting methods to express concerns quickly and effectively
and promote problem-solving. However, when governance
effectiveness significantly improves to a satisfactory level 9 = 0.9,
the participation mode of environmental organizations undergoes a
subtle change. They tend to assist enterprises in jointly advancing
MMP governance. Although this deeper level of cooperation is
greatly beneficial for environmental protection, it also means
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higher costs and investments of time and energy. Therefore, at this
stage, environmental organizations may show a certain degree of
caution and consideration in their willingness to directly participate
in governance activities.

With other values unchanged, when 9 = 0.9, setting 7 = 0.1 and
7 =0.9 again, we obtain the impact of enterprises’ investment
intensity in research institutions on the strategy choices of the
three parties. As shown in Figure 9, it is clear that when the
investment intensity remains at a low level (7 =0.1), the
willingness of enterprises to govern and research institutions to
engage in active R&D gradually declines, eventually approaching
zero. Conversely, as the investment intensity continues to increase,
the enthusiasm of both significantly rises, with probabilities gradually
approaching and stabilizing near 1, and the increase in investment
intensity also significantly accelerates this convergence process.

Under the assumption that research outcomes can bring
significant cost savings to enterprises, the roles and status of
enterprises and research institutions are reversed. At this time,
enterprises begin to formulate strategies around the preferences and
guidance of research institutions, thereby placing research
institutions in a leading position. When the investment intensity
in research institutions is low, enterprises will evolve towards a non-
governance strategy. However, as the investment intensity
increases, the system ultimately tends towards a stable state of
governance. On one hand, with increased investment intensity,
enterprises receive more favorable discounts when purchasing
MMP governance equipment, directly reducing the cost of
governing MMP. On the other hand, due to the substantial sunk
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costs from initial investments in research institutions, enterprises
develop a reluctance to abandon their efforts, leading to further
investments and a higher probability of choosing to govern MMP.

For research institutions, facing the high costs associated with
MMP-related research, if the investment intensity provided by
enterprises is insufficient, research institutions often adopt a more
passive attitude towards R&D due to a lack of funding. Conversely,
when enterprises increase their investment intensity, it not only
significantly reduces the cost burden on research institutions but
also strongly motivates them to actively engage in R&D, driving
research activities towards being more vibrant and efficient.

When the investment intensity is low (7 = 0.1), the probability
that environmental organizations choose to focus and actively
participate will gradually converge to 1. However, as the
investment intensity increases, the time it takes for environmental
organizations to converge to 1 becomes longer. This indicates that
high investment intensity slows down the speed at which
environmental organizations evolve towards a strategy of focusing
and actively participating. This is because directly participating in
MMP governance activities incurs corresponding costs, so in cases
where enterprises are governing, the willingness of environmental
organizations to directly participate is somewhat reduced,
maintaining only a certain level of participation. However, due to
the large investment, long cycle, and high risk of technological
innovation, many enterprises are unwilling to further expand into
the field of technology research and development, and their
investment in research institutions is also very limited (Cu, 2020).
Therefore, actively exploring paths to support enterprises in
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The impact of enterprises’ investment intensity in research institutions.
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strengthening technological research and development is very
necessary (Chen et al., 2021).

With other values unchanged, setting C, =7.6 and C, = 8.5
again, we obtain the impact of research institutions’ R&D costs on
the strategy choices of the three parties. As shown in Figure 10, the
probability of enterprises choosing to govern will initially decrease
and remain at a very low level, subsequently converging to 1. The
probability of research institutions choosing to engage in active
R&D will gradually converge to 1. It is noteworthy that the time for
enterprises to reach this stable state always lags behind research
institutions, clearly indicating that enterprises tend to follow the
preferences and guidance of research institutions in the decision-
making process. For environmental organizations, the probability
of choosing to focus on and actively participate in MMP governance
also tends to rise and converge to 1. However, this process is
significantly affected by the increase in R&D costs, manifesting as a
slowing convergence speed and a longer required time. Notably,
when R&D costs rise to an excessively high level (C, = 16), both
enterprises and research institutions undergo a fundamental shift in
their strategy choices, moving from active governance and R&D to
non-governance and passive R&D (strategy choice converges to 0).
Moreover, enterprises make this adjustment earlier than research
institutions, highlighting the substantial inhibitory effect of high
R&D costs on the enthusiasm of both enterprises and research
institutions. When faced with the low willingness of research
institutions due to high costs, enterprises are more inclined to
decisively adopt a non-governance strategy to avoid further
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investment risks. Therefore, the R&D costs associated with MMP
governance need attention, as they profoundly influence the
decisions of research institutions. Unlike the development of new
products in other fields, MMP research requires equipment like
regional trawls for sampling, which may generate new pollution.
Research institutions must bear certain costs for handling these
secondary pollutants (Coppock et al., 2017). Consequently, research
institutions should control effective costs in MMP governance
research to enhance the willingness of both enterprises and
research institutions to govern. Currently, most research
institutions receive funding support to undertake research
projects, including engineering projects (Piro et al.,, 2024).
However, after approval, there is a lack of refined management,
therefore optimizing fund application and management is an
important future step (Ma and Chu, 2024).

With other values unchanged, when P =70, setting R, = 4.5
and R, = 5.9 again, we obtain the impact of the cost savings for
research institutions due to information sharing by environmental
organizations on the strategy choices of the three parties. From the
Figure 11, it is clear that the probability of research institutions
choosing to actively engage in R&D will initially drop to 0 and then
gradually converge to 1. Furthermore, the higher the cost savings
for research institutions due to information sharing by
environmental organizations, the faster the evolution speed of
research institutions towards active R&D. The collection of
marine microplastic information is a necessary prerequisite for
conducting research. Information sharing by environmental
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organizations can save research institutions certain expenses,
thereby enhancing their willingness to actively engage in R&D.
This is essentially the same as shown in Figure 9, where lower R&D
costs drive stronger willingness for active R&D in research
institutions. The probability of environmental organizations
choosing to focus and actively participate is 1, and the higher the
cost savings for research institutions due to information sharing by
environmental organizations, the faster the evolution speed of
environmental organizations towards converging to 1. When
these cost savings are higher, the value of environmental
organizations is reflected, helping to inspire the enthusiasm of
environmental organization members. This increases their
willingness to focus on and participate in MMP governance.
However, in reality, the information communication mechanism
between research institutions and environmental organizations is
still relatively weak. Both sides focus on their own business areas
and lack relevant information sharing, which greatly reduces the
efficiency of MMP governance (Wang et al., 2024).

With other values unchanged, when 9 = 0.9, setting K = 1.5
and K = 3 again, we obtain the impact of the improvement in the
knowledge of environmental organization members on the strategy
choices of the three parties (Figure 12). The probabilities of
enterprises choosing to govern and research institutions choosing
to actively engage in R&D both experience fluctuations before rising
and finally converging to 1, with enterprises reaching this
convergence earlier than research institutions. This indicates that
the improvement in the knowledge of environmental organization
members is influenced directly by research institutions and also
feeds back into the decisions of enterprises and research
institutions, with research institutions making decisions in line
with the preferences of enterprises. The probability of
environmental organizations choosing to focus and actively
participate will gradually converge to 1, and the higher the
knowledge level of environmental organization members, the
shorter the time to converge to 1. The improvement in the
knowledge level of environmental organization members helps
them understand the necessity and urgency of MMP governance,
thereby strengthening the willingness of environmental
organizations to focus on and actively participate. It is
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noteworthy that within a certain time frame, there are two
intersections in the willingness curves of environmental
organizations when K =0.9 and K =1.5. This phenomenon is
not a result of a decline in willingness due to improved
knowledge levels, but rather it is influenced by the decisions of
enterprises and research institutions. Specifically, in this scenario,
the willingness of enterprises and research institutions to participate
is relatively low at this stage. When enterprises choose not to govern
and the knowledge level of environmental organization members is
limited (K =0.9), environmental organizations will directly use
reporting as a means to focus and participate, leading to a rapid
increase in their willingness to participate. From the previous
analysis, we know this is because when enterprise participation
increases, the willingness of environmental organizations to
participate slightly decreases.

5 Conclusions and
management implications

From the novel perspective of industry-research integration, the
effectiveness of MMP governance relies on the collaborative efforts and
deep participation of multiple stakeholders. This paper skillfully
constructs a comprehensive evolutionary game model encompassing
enterprises, research institutions, and environmental organizations.
Using simulation analysis techniques, it analyzes the stable
equilibrium strategies of the three parties under various scenarios
ofMMP governance challenges. The main conclusions of the study are:

(1) Long-term implementation of high penalties can effectively
curb the opportunistic behavior of companies, forcing
them to take on the responsibility for managing MMP
(Maruf et al., 2024). However, given the complexity
and challenges of monitoring MMP, relying solely on
government oversight is insufficient, thus making the
involvement of environmental organizations necessary.
The increased awareness of MMP issues among members
of environmental organizations will greatly enhance their
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The impact of improvement in the knowledge of environmental organization members.
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enthusiasm and determination to participate in governance.
This is consistent with (Zhou and Luo, 2024). Nevertheless,
it is worth noting that as enterprises and research
institutions deepen and efficiently collaborate in the
governance process, the willingness of environmental
organizations to participate may decrease to some extent.
This reflects the dynamic balance and role adjustment
process among governance entities. Therefore, strategies
should be flexibly adjusted in advancing MMP governance
to ensure continuous and effective collaboration among
stakeholders (Ferraro and Failler, 2020).

(2) Role of Research Outcomes in MMP Governance: The

process of determining stakeholder priorities depends on
the goals of the action (Scrich et al., 2024). Research
effectiveness plays a pivotal role in MMP governance.
When research outcomes are significant, research
institutions become the core force in the governance
decision-making system, and their professional insights
and preferences deeply influence corporate decision-
making. This positive interaction not only strengthens the
leadership position of research institutions but also,
through the positive feedback mechanism of companies,
greatly stimulates continuous innovation by research
institutions. Conversely, if research outcomes fail to meet
expectations, companies dominate the governance
decision-making system, and research institutions must
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adjust their research directions and strategies in line with
corporate needs and preferences. This dynamic role reversal
reflects the complex and subtle interactions among
stakeholders in MMP governance, requiring high
flexibility and adaptability from all parties to jointly
address governance challenges.

(3) Cost Considerations in MMP Governance Strategies: Cost

considerations are an unavoidable core issue for all
participants in formulating MMP governance strategies
(Fuerst and Feng, 2022; Mofokeng et al., 2024). When
R&D costs are high, not only is the enthusiasm of all
three parties for governance weakened, but may also
become a key factor hindering the governance process.
Particularly when research institutions hesitate due to
high R&D costs, enterprises often adopt a more
conservative strategy, choosing not to participate in
governance to avoid potential economic burdens.
However, when the R&D outcomes of research
institutions can significantly reduce corporate governance
costs, it will stimulate companies’ willingness to participate
in governance, prompting them to reassess and adjust their
strategy choices (Dijkstra et al., 2021). Similarly, the
contributions of environmental organizations in
information sharing cannot be underestimated. When
they save valuable research costs for research institutions
through efficient information circulation, this support not
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only enhances the confidence of research institutions in
continuing R&D but also further stimulates their intrinsic
motivation for active innovation.

Based on these findings, the article provides the following
management recommendations:

(1) Enhance External Supervision and Incentive Mechanisms:
The primary task is to strengthen government penalties for
non-governance of MMP and ensure the long-term and
firm implementation of these policies to curb enterprise
opportunism and promote active governance participation.
Referring to China’s increase in penalty amounts for marine
environmental pollution through amendments to the
“Marine Environment Protection Law,” this will
effectively alleviate the problem of low costs and
insufficient punishment for enterprises’ illegal discharge
of MMP (Ministry of Ecology and Environment of the
People’s Republic of China, 2023a). At the same time, the
potential of environmental organizations should be fully
utilized, learning from groups like the Blue Ribbon Marine
Protection Association and Blue Ocean Watch. These
organizations can leverage their strong community
foundations and social networks to promote MMP
awareness, organize beach cleanups, and broaden public
awareness channels. They can also host forums and
workshops to improve internal awareness of MMP among
their members and continuously enhance their professional
capabilities (Blue Ribbon Marine Conservation Association,
2024; Zhou and Luo, 2024).

(2) Deepen Industry-Research Integration and Cooperation:
Continuously strengthening communication and
collaboration mechanisms between enterprises and
research institutions is essential. Enterprises should
actively take on social responsibilities to reduce MMP,
improve production processes, and encourage recycling
through increasing investment in technology research and
development, updating governance equipment, and
reducing plastic at multiple stages of production,
packaging, use, recycling, and reuse to reduce MMP from
the source (Landon-Lane, 2018). Research institutions
should focus on improving R&D efficiency and actively
translating research outcomes into practical solutions for
MMP management (Wang et al., 2023). For example, the
Global Partnership on Marine Litter has established
scientific advisory bodies, closely integrating
communication between researchers, enterprises, and
non-governmental organizations, overcoming data gaps in
environmental pollution governance by integrating the
knowledge of different stakeholders, and thus promoting
the environmental pollution governance process (Ferraro
and Failler, 2020).

(3) Ensure Stable and Efficient Funding Support: Research
institutions should actively explore diversified funding
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sources (Ma and Liu, 2023), attracting enterprise
investment and social capital, while strengthening internal
management to reasonably control R&D costs and avoid
resource wastage. Enterprises should optimize their funding
allocation strategies to ensure continuous investment in
MMP governance technology R&D (Fossi et al., 2020).
Environmental organizations should manage MMP
governance to maximize the effectiveness of public
welfare funds, jointly promoting the steady development
of MMP governance. Referencing an example, are the strict
control measures of the UK Smart Sustainable Plastic
Packaging Industrial Strategy Challenge Fund and the
EU’s “Horizon Europe” projects (Williams and Rangel-
Buitrago, 2022; Xu et al., 2024a).
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