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As a new mode of marine industry, marine ranching is gradually becoming an
important means to promote the high-quality development of marine economy.
Meanwhile, the technological innovation of marine ranching enterprises (MREs)
can enhance the economic and ecological functions of marine ranching. This
paper builds an evolutionary game model including MREs, government and
consumers to analyze strategic choices. The results show that: (1) The
government’s incentive policies play a key role in the initial period of MREs,
while the government can gradually eliminate the policies in the mature period of
MREs. (2) Government's incentive policies consist of subsidy and tax policies. The
subsidy amount should be moderate in order to avoid financial burdens, and the
tax policy should be adaptation to different types of MREs. (3) Consumers’
preference significantly affects the strategy of MREs innovation. Government
subsidies for consumers with different preferences can guide market demand
and provide market signals for MREs. This study provides an important reference
for MREs to formulate technological innovation strategy and the government to
formulate relevant policies
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1 Introduction

The ocean is a strategic place for sustainable development and can provide huge
economic benefits. However, with the deepening of industrialization, the overfishing of
marine resources and the intensification of climate change, a series of prominent problems
such as marine pollution, resource shortage and ecological imbalance have appeared
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(Ramirez et al., 2022; Lincoln et al.,, 2023; Ullah et al., 2023). In
2015, the United Nations (UN) listed the sustainability of marine
resources as one of the key development goals. In this context, as an
important tool for resource enhancement and ecological sustainable
development, marine ranching has emerged as a new industry (Yu
and Zhang, 2020), and many countries began to explore the
development path of marine ranching (Chen et al., 2019).

The construction of marine ranching is a complex system
project containing multi-disciplines and multi-agents (Zhang
et al, 2023), which is highly dependent on marine technology
(Qin etal,, 2021; Hou and Zhan, 2023). With the in-depth research
on the development path of marine ranching, many problems still
exist in the construction process, such as long return cycle,
bottleneck of key technologies, the lack of the coordination
among diverse participants, inadequate innovation ability, and
insufficient supervision (Yu and Zhang, 2020; Qin et al., 2022; Jin
and Quan, 2023), which puts forward more urgent and strict
requirements for technological innovation in marine ranching. As
an important subject and active promoter of technological
innovation, marine ranching enterprises (MREs) are the key
forces to realize the ecological, economic and social benefits of
marine ranching (Sun et al., 2024). Through advanced
environmental protection technology, enterprises can reduce the
negative impact of aquaculture activities on marine ecology and
achieve sustainable development (Anthony et al., 2023; Zhang et al.,
2024). Secondly, with the help of intelligent aquaculture equipment
and management system, enterprises can realize accurate
monitoring and scientific management of fishery resources, so as
to improve the production efficiency and economic benefits of
fishery resources (Fan et al., 2023; Zhang et al, 2024). In
addition, the development of virtual reality technology and the
construction of an interactive marine science education platform
can enhance consumers’ awareness of marine environmental
protection (Yuen et al., 2022; Koh et al, 2023). Therefore, the
technological innovation of MRE is not only an inevitable
requirement to cope with environmental challenges and improve
production efficiency, but also a key measure to promote the
sustainable and healthy development of enterprises.

For MREs, even if it needs to bear social responsibility, it does not
come at the expense of economic benefits (Shi et al, 2023). The
government plays a key role in MRE technological innovation process.
With positive and negative incentive measures, the government can
guide the enterprise to choose innovation decision. Additionally, the
enterprise’s choice is also closely related to consumer’s preference.
Research shows that consumer preferences will significantly affect
market demand and ultimately affect corporate decision-making and
profits (Zhang et al., 2019; Meng et al., 2021; Chaudhuri et al., 2024).
Today, consumers’ awareness of environmental protection is
increasingly strengthened and their preferences are increasingly
diversified, which puts forward higher requirements for the product
quality, service experience and environmental friendliness of
enterprises (Biswas et al., 2023; Fesenfeld et al., 2024). Traditional
research on technological innovation mostly focuses on internal
resources, technological capability and market environment, but
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neglects the profound influence of consumer’s preference on
technological innovation strategy. In fact, consumer’s preference not
only directly determines market demand and product structure, but
also indirectly affects the direction of technological innovation and
investment intensity of enterprises (Ploll et al., 2023; Barrientos et al,,
2024; Cui et al,, 2024). The efficient operation of marine ranching
industrial ecosystem requires stakeholders to give full play to their
own advantages and actively create value (Shi et al., 2023; Zhang et al,,
2023). Therefore, in the process of technological innovation, MREs
must fully consider consumer’s preferences, oriented to meet market
demand, and enhance product added value and competitiveness.
Therefore, it is necessary to discuss how government’s incentive
policies and consumer’s preference affect technology innovation
strategies of MREs.

Evolutionary game theory provides an effective tool for
analyzing MRE technology innovation strategy. By constructing
an evolutionary game model, it can reveal the strategy selection and
evolution rules of enterprises in the process of technological
innovation (Luo et al., 2023; Qian et al., 2023; Chen et al., 2024,
2024; Zheng and Wu, 2024; Zhou et al., 2024). In current
researches considering consumer’s preference, evolutionary game
analysis is also actively used to reveal the impact and evolutionary
trend of different strategies (Qiao and Yin, 2021; Shi and Cheng,
2023; Chen et al, 2024; Yue et al, 2024). The application of
evolutionary game in marine ranching mainly focuses on digital
transformation, safety supervision, ecological development, blue
carbon trading (Du et al., 2022; Sun et al., 2024; Wang et al., 2024;
Zheng and Zhang, 2024), but there are few studies on technological
innovation of marine ranching, and even fewer studies on the
technological innovation strategies that combine consumer’s
preference and government policies.

This paper constructs an evolutionary game model to simulate
the evolution of MRE’s technological innovation strategy
considering government’s incentive policies and consumer’s
preference, and deeply analyzes the evolution process and
influencing factors of technological innovation strategy. At the
same time, the applicability and validity of the model are verified
by combining case studies and the situation of the complex market,
so as to provide theoretical support and policy suggestions for
MRE’s technological innovation. The remainder of the paper is
organized as follows. Section 2 presents the model developed in this
study. Section 3 presents the evolutionary game process and the
stability analysis. Section 4 presents the numerical simulations.
Section 5 provides a brief conclusion and recommendations.

2 Construction of the evolutionary
game model

2.1 Participants and their behavioral
logic analysis

Firstly, the government plays an important role in the
development of marine ranching. The government encourages
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and supports the development of MREs through the
implementation of incentive policies. The policies include capital
subsidies, tax incentives, technical support and other forms, and the
target of the subsidy is usually the enterprise, aiming to reduce the
operating costs of the enterprise and improve its market
competitiveness. At the same time, the target of subsidies can also
be consumers, through government subsidies to reduce the price of
products or services, giving consumers purchase concessions. In
addition, the government also regulates the operating behavior of
MREs, protects the rights and interests of consumers, and maintains
fair competition in the market by formulating relevant regulations
and policies. All these efforts will enable the government to obtain
different degrees of performance benefits, such as improvement of
the ecological environment and increase in social credibility.

Secondly, MREs, as the main undertakers of marine ranching
construction, bear important economic and social responsibilities,
and are the backbone of promoting the technological progress and
industrial upgrading of marine ranching. While carrying out the
construction and operation of marine ranching, enterprises can
make use of government subsidies and preferential policies, invest
capital and technology, carry out scientific breeding management
and technological innovation, improve the yield and quality of
marine products, expand the functions of fisheries, and create
diversified eco-products to meet the diversified needs of
consumers. At the same time, technological innovation can also
better ensure the rational utilization of marine resources and the
protection of the ecological environment, create more ecological
benefits and establish a more positive corporate image.

Finally, the profits generated by the sale of marine products and
services are an important guarantee for the sustainable development
of the enterprise, and the source of these profits is largely dependent
on the purchasing behavior of consumers. Consumer demand and
purchasing behavior for marine products and services directly
affects MRE’s sales revenue and profit level. Consumers will
weigh the quality, price, safety and other factors of the product
and choose the product that meets their preferences, and different
products bring different utility to consumers. For enterprises,
consumers’ choice of strategy is the direction and extent of
technological innovation. Producers will decide whether and how
to innovate technologically based on market demand, technical
feasibility, and other factors. In addition, when the government
implements a subsidy policy for consumers, consumers may enjoy
lower prices for marine products and services, thus increasing their
purchasing power. Enterprises may also organize publicity and
educational activities to increase consumer awareness and trust in
marine products and services, further promoting the growth of
market demand. In the process of evolutionary games, the strategic
choices between consumers and MREs will be continuously
adjusted and evolved. Changes in consumer preferences will lead
producers to make technological innovations, which in turn will
influence consumer preferences. This process of mutual influence
and adaptation promotes the continuous innovation and
development of MRE technology. The relationship between the
three parties are show in Figure 1.
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2.2 Model hypotheses

Based on the above analysis, in order to establish the three-party
evolutionary game model of MRE, government and consumers, this
paper puts forward the following hypotheses:

H1: MRE, government and consumers are all finite rationality.
The strategy choice of the game parties is based on the
consideration of maximizing their own interests to make the
corresponding strategy choice.

H2: The strategy set of MRE is {innovate, not innovate}, in
which the probability of enterprises choosing technological
innovation is x, and the probability of no technological
innovation is 1—-x. The prices of products and services
corresponding to the two strategies are P,, P;; and the costs are
C,» C;, respectively. The investment cost paid by enterprises for
technological innovation is I. The additional benefit obtained is Ry,
and the part of the enhanced ecological and environmental benefits
in R, indirectly affects the governance effect of the government, and
the feedback factor is m, 0<m<1 (Gao et al., 2022).

H3: The government’s strategy set is {support, not support}
{supportive, Unsupported}, where the probability that
the government supports the technological innovation is y, and
the probability that it does not support it is 1 —y. When the
government supports it will provide subsidies, where the subsidy
to enterprises is Sy, the subsidy to strong preference consumers is S,,
and the subsidy to weak preference consumers is S;. At the same
time the government will also receive an additional benefit R,.
When the government chooses not to support it will not provide a
subsidy and only enjoys the base benefit R;. The government tax on
technologically innovative enterprises is T} and the tax on
traditional enterprises is T, with T,<T,.

H4: Consumers in the market have different preferences, the
preference set is {strong preference, weak preference}, the probability
of strong preference consumers is z, and the probability of weak
preference consumers is 1 —z. Strong and weak preferences affect
consumers’ price sensitivity to products and services. Strong
preference consumers are more inclined to choose products and
services that meet marine ecological standards and have little impact
on the environment, and they are more interested in diversified
products and services after technological innovation of enterprises, so
they are less price sensitive and show stronger willingness to buy, with
a sensitivity coefficient of 7;. While weak preference consumers are
less interested in products and services with new and diversified
products and services, and it is harder for them to accept the
premium, so they are more price sensitive, and the sensitivity
coefficient is 75, %1<%. Different products and services have
different utility to consumers, the utility to consumers of new
products and services produced by technologically innovative
enterprises is Uj, and the utility to consumers of traditional
products and services is U,, U;> U,.

H5: To simplify the calculation, referring to Zheng and Yu,
2022; Guo et al.,, 2024; Jie and Xin, 2024; Wang et al., 2024, we
define the demand for different products by consumers with
different preferences as: qi = Q- ¥%P,, ¢ = Q- %P, ¢ =Q~—
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%P;, @5 = Q- %P, where g}, g7 represent the demand of strong
preference and weak preference consumers for new products and
services; q3, q3 represent the demand of strong preference and weak
preference consumers for traditional products and services, and Q is
the maximum market size. Based on the above analysis, the
parameter setting table is obtained, as shown in Table 1.

3 Stability analysis
3.1 The process of evolution

According to Table 2, the expected benefit for the MRE when
choosing technological innovations is represented as Ej;, while the
expected benefit when choosing no technological innovations is E,,.
The average benefit, calculated based on these two scenarios, is E,.

Eyy = yz[(P, = C,)(Q = %1P,) + S + Ry = I = Ty + y(1 = 2)[(P, — C,)(Q-
%P) + S+ R —1-T\|+(1-y)z[(P, - C,)Q~%P,) + R, —1-T]
+(1 -1 -2)[(P, - C)Q-pP,) + R, —1-T]

(1)

Ep, = )’Z[(Pt -CH(Q- %Pt) - Tz] +}’(1 - Z)[(Pt -C)(Q- VZPt) - TZ} +(1-
2Py - CIQ - 1P - To] + (1 - y)A - 2)[(P, - C)Q - pP) — T]
(2)

Ey = xEy +(1-x)E, (3)
Substituting Equations 1 and 2 in Equation 3, we can obtain the

replication dynamic equation for the MRE. Also we can get its first
derivative with respect to x:

F(x) =% =x(1-x){T, - T) + R, - I+ (P, - C,)(Q- 1P,) - (P, - C)(Q-
%P) + [Py(P, = C)(p — ") — PP - (1, — Wz + Siy}
(4)

A2 = (1 -20{T, = Ty + Ry~ T+ (P, = G)(Q- 1P, - (P~ C)(Q- 1Py)
+Pu(Py = C)(15 = %) = Pi(P: = C) (1 = M)lz + Siy}
©)
The expected benefit of supportive strategy and unsupported

strategy of the government E,), E,, and the average benefit E, are,
respectively:

Ey =xz(mR; + Ry +R3 +T1 =8, - S,) + x(1 —z)(mR, + Ry + Ry + T} — §;—
$3)+(1-x)z(Ry+ Ry + T, = 8;) + (1 —x)(1 —2)(Ry + Ry + T, — S3)

(6)

Ey =xz(mR, +R; + T}) + x(1 —z)(mR; + R; + T}) + (1
—x0)z(R3 + T5) + (1 = x)(1 = 2)(R; + T) (7)
E, = yEy + (1 - y)Ep (8)

Substituting Equations 6 and 7 in Equation 8, we can obtain the
replication dynamic equation for the government. Also we can get
its first derivative with respect to y:
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TABLE 1 Meaning of parameters involved in the game.

No. Symbol Meaning
1 P, Revenue per unit of new products and services
2 C, Cost per unit of new products and services
3 P, Revenue per unit of traditional products and services
4 C; Cost per unit of traditional products and services
5 I Investment costs of technological innovation by MREs
6 R Additional value gained by MREs for
! technological innovations
Feedback factors on government governance effectiveness
7 m from eco-efficiency enhancement generated by enterprise
technology innovation
8 U, Unit utility of new products and services to consumers
9 U Unit utility of traditional products and services
? to consumers
10 Price sensitivity coefficients for strong
n preference consumers
1 Price sensitivity coefficients for weak
2 preference consumers
12 M Government subsidies for MREs
13 S, Government subsidies for strong preference consumers
14 S3 Government subsidies for weak preference consumers
15 T Government tax burden on technologically
! innovative MREs
16 T, Government tax burden on traditional MREs
17 R Additional benefits of government support for
2 technological innovation
18 R Initial revenue from government unsupported enterprises’
N technological innovation
19 Strong preference consumers’ demand for new products
o and services
20 ) Weak preference consumers’ demand for new products
g and services
)1 | Strong preference consumers’ demand for traditional
€ products and services
” ) Weak preference consumers’ demand for traditional
S products and services
23 Q Overall market size

Based on the above conditional assumptions of the evolutionary game, the payment matrix of
the three-party evolutionary game of MRE, government and consumers is constructed, as
shown in Table 2.

d
F(y) = d—f = (1 =P[Ry = S5 + (S5 = S)z - Sy] )
d(F(y) _

dy (1 - Zy)[Rz - S3 + (53 - Sz)Z - Sl.x} (10)

The expected benefit for strong preference consumers is Esj,
while the expected benefit for weak preference consumers is Es,.
The average benefit, calculated based on these two scenarios, is Ej.
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TABLE 2 The three-party game’s benefit matrix.

Consumers
Enterprise = Government Strong Weak
preference = preference
() (1-2)
(P-C)(Q-1P,) | (PrC)(Q-1P)+
+S;+R;-I-T) Si+R;-I-T;
Supportive mR;+R+R3+T- mR;+R+R3+T-
) NR\) §1-83
Technological (U;-P,)(Q- (U;-P,)(Q-
innovation YP)+S, 15P,)+S3
(x)
(P-C)Q-1P)) | (PrC)(Q-1Py)
+R,-L-T, +R,-L-T,
Unsupported
(1-y) mR;+R3+T; mR;+R3+T)
(Ur-P)(Q-viP,) | (Ui-P)(Q-7:Py)
(P-C)(Q-
P-C)(Q-15P)-T.
prr, | (BrCHQEPIT,
SUPI()O)H e R+R3+T5-S, Ro+R3+T5-S;5
y
No technological (UrP)(Q (UrP)(Q
innovation 1iP)+S; 172P)+S;
(1 (PrC(
~C)(Q-
P-C)(Q-15P)-T.
%P)-Ts (P-C)(Q-12P)-T>
Unsupported
(1-y) Rs+T; Rs+T,
(UrP)(Q-71P) (UrP)(Q-12P)

The first, second and third rows of payoffs respectively represent the payoffs of MREs,
Government and Consumers under corresponding strategies.

10.3389/fmars.2024.1470846

By = xy[(Uy = P)(Q = 1P,) + 8] +x(1 = »)[(U, - P,)(Q- 1P| + (1 -x)
YU, =P)Q-1P) + 8] + (1= x)(1 - y)[(U; - P)(Q - nPy)]
(11)

Ep = xy[(Uy - P)(Q = 13Py) + S5 +x(1 = p)[(U, = P,)(Q - %P+
1 =xp[(Uy = P)Q = 1P) + S5 + (1 = 0)(1 = YU, - P)Q - 1P)]

(12)

Ey = zE3y; + (1 - 2)Ex, (13)

Substituting Equations 11 and 12 in Equation 13, we can obtain
the replication dynamic equation for the consumers. Also we can
get its first derivative with respect to z:

dz _
dt —

F(z) =% = 2(1 - 2){P(U, = P)(p, = ) + [P,(U; = P,) (1, — 1)

Py(U, = P)(p, = 7)]x + (S, = S3)y}
(14)

AEE) = (1 - 22){P,(U, - P)(35 = 11) + [Pa(Uy = P)(3 — 1)~

P(U, = P) (5 = Wlx + (S, = S3)y}
(15)

According to the stability theorem of the differential equation of
evolutionary game, in order to keep a certain strategy in a stable
state, the probabilities x, y and z of MRE, government and
consumers choosing this strategy must be satisfied respectively: F(
x) =0, d(F(x))/dx < 0; F(y) = 0, d(F(y))/dy < 0; F(z) = 0, d(F(2))

/dz < 0. Based on the above analysis, according to Equations 5, 10

_ T)-T,-R+I-(P,—C,)(Q-%P,)+(P,=C,)(Q-pP,)-S1y H
= PP C b= TP PG 1) » at this

and 15, when z =z*

More efficient and environmentally
friendly operations

2
=
5]
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\

N
N
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point, d(F(x))/dx = 0, and the strategy chosen by the MRE is not
stable. However, when z < z*, d(F(x))/dx|,—o < 0, and x = 0 is the
evolutionary stable point for the MRE. Conversely, when z > z*,
d(F(x))/dx|.; <0, and x = 1 is the evolutionary stable point.

For the government, when x = x* = (S-"SZ)S#, at this point,
d(F(y))/dy = 0, and the government’s strategy is not a stable
strategy. Nevertheless, when x < x™, d(F(y))/dyl,-; <0, and y = 1
is the evolutionary stable point for the government. In contrast,
when x > x%, d(F(y))/dy|,- <0, and y = 0 is the evolutionary
stable point.

For the <consumers, when vy =y =
AP G- Pl PG PO, . this point, d(F(2)) /dz
= 0, and the consumers cannot determine a stable strategy. But

when y < y*, d(F(z))/dz|,-y < 0,and z = 0 is the evolutionary stable
point for the consumers. On the contrary, when y > y*, d(F(z))/d
z|,.; <0, and z = 1 is regarded as a stable strategy for consumers.
The phase diagram of the replication dynamics for the MRE,
government, and consumer parties is shown in Figure 2.

3.2 Equilibrium point stability analysis

According to F(x) =0, F(y) =0, F(z) =0, the equilibrium
points of the three- party evolutionary game can be obtained
from Equations 4, 9, and 14. The Jacobian matrix of the
replicated dynamic equation system is shown below.

dF(x) 0F(x) dF(x)

9x 9y Oz jui iz s
_ | 9F») 9FW) OFy) | _ | . . .
=% = o | = |JaJnixs (16)
9F(z) 9F(z) IF() P 2y 7
3x 8y 9z J31 J32 J33

Since the equilibrium of the three- party evolutionary game
must be a strict Nash equilibrium, eight pure strategy points can be
derived, and substituting them into the Equation 16 yields the
eigenvalues of the different strategies as shown in Table 3, and the
stable point represents the evolutionary stable strategy (ESS) when
all the eigenvalues are negative.

10.3389/fmars.2024.1470846

Without loss of generality, assuming that P,>P,>0, C,>C,>0, U,
>C,>0, U,>C,>0, S,>8;>0, it can be concluded that E,(1,1,0), E,
(1,0,0), E¢(1,0,0) and Eg(0,0,0) are the unstable points based on the
above assumptions. The remaining four cases are further
analyzed below.

Case 1: 8+ Ry = T, = [+ (P, - C,)(Q—-1iP,) < (P, - C)(Q -
%P)—T,and R, < 83

For consumers with different preferences, the benefits of MRE
are different. According to the assumption conditions, facing the
same products and services, the strong preference consumers bring
more benefits to the MRE than the weak preference consumers
bring to the MRE, which has nothing to do with whether the MRE
carries out technological innovation or not, and such a conclusion is
consistent with the reality. In other words, (P, - C,)(Q - %P,) >
(P, = C)(Q~=nP,), (P = C)Q~-nPy) > (P, —CHQ~-pPy.
Regardless of consumer preferences, when the benefits to MREs
from technological innovation are smaller than those from
traditional operations, and the government subsidy to MRE
technological innovation is not sufficient to make up the
difference, then MREs will choose not to engage in technological
innovation. Similarly, when R, < S;, it is easy to know that R, <
S1+S,+S;, and the government will choose not to support
technological innovation when the additional benefit gained from
government support for MRE technological innovation is less than
the cost of government subsidies to the outsiders. Purchase of
products can bring additional utility to consumers, strong
preference consumers purchase more than weak preference
consumers, the former get more utility naturally, weak preference
consumers will shift towards strong preference consumers. At this
point E; (0,0,1) is the stabilization point. In this equilibrium, MRE
chooses no technological innovation strategy, the government
chooses no unsupported strategy, and the consumers are strong
preference consumers.

Case 2: §; + R~ T} =1+ (P, - C)(Q-nP,) < (P, -C)Q~-
%»P)-T,and R, > S, + S,

This case is similar to Case 1, for either type of consumer, when
the benefits to the MRE from technological innovation are less than
the benefits from traditional operations, and the government’s subsidy

FIGURE 2

Evolutionary phases of strategies for the MRE (1), government (2), and consumers (3).
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TABLE 3 Eigenvalues of the equilibrium points.

Eigenvalue

Symbol = Stabilit
(A1 Az g Y J
Si-R>+S5, N
33'52;Pn(()]1'Pn) N ESS
E; (LL1) nr Condition:
I-R;-S;+T-To+(P;- Case3
C)(Q-P)-(P,-C,) N
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to the MRE’s technological innovation is not sufficient to make up the
difference, the MRE will choose not to engage in technological
innovation at this point. It is worth noting that when R, > §; + S,,
the government will choose to support technological innovation when
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the additional benefits gained from government support for MRE
technological innovation are greater than the cost of government
subsidies to MREs and consumers. At this time, Es (0,1,1) is the
stabilization point. In this equilibrium, MRE chooses the no
technological innovation strategy, the government chooses the
support strategy, and consumers are the strong preference consumers.

Case 3: §; + Ry =Ty =1+ (P, - C)(Q—-1%P,) > (P, - C)(Q -
YP)-T,and R, > S, + S,

This case builds on Case2 by changing the MRE’s strategy.
Regardless of the type of consumer, when the benefits of
technological innovation by the MRE are greater than the benefits
of traditional operations, the MRE will choose to engage in
technological innovation. When R, > S, + S,, the government will
choose to support technological innovation when the additional
benefits gained from government support for MRE technological
innovation are greater than the cost of government subsidies to
MREs and consumers. At this time E; (1,1,1) is the stabilization
point. In this equilibrium, MRE chooses the technological
innovation strategy, the government chooses the support strategy,
and the consumers are the strong preference consumers.

Case 4: R, = T, ~ I+ (P, - C,)(Q~ %P,) > (P, - C)(Q - 1P,)
-T,and R, < 83

This case is based on Case3 and changes the government’s
strategy. Similarly, for either preference consumer, when the
benefits of MRE to carry out technological innovation are greater
than the benefits of traditional business, MRE will choose
technological innovation strategy. However, when R, < S;, it is
known easily that R, < S| + S, + S3, the government will choose not
to support technological innovation when the additional benefits
gained from government support for MRE technological innovation
are less than the cost of government subsidies to the outsiders. At
this point E; (1,0,1) is the stabilization point. It is important to note
that in this equilibrium condition, the government chooses the
unsupported strategy, and in the absence of government subsidies,
MRE still chooses the technological innovation strategy, the
consumers are strong preference consumers, and the interests
between the enterprises and the consumers achieve a good
market-oriented cycle, which is a kind of ideal state of
market maturity.

4 Numerical simulation
4.1 Simulation of the cases

To confirm the above constructed evolutionary game model
and derive the results, the model and its parameters were simulated
and analyzed using MATLAB software. Referring to the research of
Wan et al., 2021; Sun et al., 2024; Wang et al., 2024 and combining
with the actual situation, while considering the overall equilibrium
of the system and the basic assumptions based on the evolutionary
game, the initial assignments of specific parameters are shown
in Table 4.

As a new industry, Marine ranching industry also follows the
basic laws of life cycle theory, including introduction period, growth
period, maturity period and decline period. At different stages of
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TABLE 4 Simulation model parameter values.

10.3389/fmars.2024.1470846

Casel 10 4 8 2 10 7 13 11 0.2 0.3 4 4 3 4 5 2 10
Case2 10 4 8 2 10 7 13 11 0.2 0.3 2 2 1 4 5 6 10
Case3 11.5 4 8 2 10 7 13 11 0.2 0.3 35 2 1 2 8 6 10
Case4 12.5 4 8 2 10 7 13 11 0.2 0.3 3.5 2 1 2 8 0.5 10

development, the Marine ranching industry is facing different
market environments and challenges. Introduction period:
immature technology, low market awareness, need a lot of
research and development and government support; Growth
period: gradually mature technology, market awareness, rapid
development of the industry; Maturity stage: Market saturation,
fierce competition, need product differentiation and service
innovation to maintain advantages; Recession period: The
industry is declining, and it needs to transform and upgrade, find
new growth points or consider quitting. The application of life cycle
theory to Marine ranching industry is helpful to promote the
sustainable development of Marine ranching industry.

Based on the life cycle theory, technological innovation in MRE
can be simplified into three stages (Yang et al., 2021; Piila et al,
2022; Pan et al., 2023), the initial stage - governmental guidance and
assistance, the development stage - the enterprise independent R&D
and innovation practice, and mature stage - market maturity and

self-driven. These three stages can correspond to each of the four
cases analyzed above. In order to simplify the analysis, we will
change certain values on the basis of one case to show the evolution
process between the cases.

According to the set parameter values, the simulation of each of
the above four cases is carried out, and the results are shown in
Figure 3. Casel is analyzed as the initial stage, when the parameter
values of the cases satisfy the conditions S; + R, — T, —I + (P, -
CIQ-1P,) < (P - C)Q-pP) ~T> and R, < s, E; (0.0,1) is
the ESS, which is in consistent with the above analysis, and further
verifies the stability of the analysis is correct. In the early stage of the
market, consumers are solid advocates of traditional products
and services.

Keeping other values unchanged, set $;=S,_2,S; -1, R, -6 on
the basis of Casel. That is, the government’s external subsidy cost is
reduced, and the additional income obtained by the government in
supporting technological innovation is increased. At this time, the

Case3

FIGURE 3
Simulation results of four cases.
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government’s choice of support for technological innovation is
profitable, and the ESS transfers from E; (0,0,1) to Es (0,1,1).
Despite government support for enterprise technological
innovation, in the early stages of the market, consumers’ embrace
of traditional products and services makes the revenue generated by
new products and services insufficient for enterprises to engage in
technological innovation.

On the basis of Case2, set P,=11.5,S; 35, T; -2, T, _ 8. In
order to support MREs to make technological innovations, the
government reduces the innovation cost of enterprises by increasing
the subsidies to MREs and reducing the tax. At the same time, it
induces technological innovation in traditional MREs by imposing
a higher tax burden on them. Higher prices for new types of
products and services can bring more revenue to enterprises,
further pushing them to choose technological innovation
strategies. The case transforms from Case2 to Case3, and the ESS
transforms from Es (0,1,1) to E; (1,1,1). This phase is the
development stage, when the government’s support for
technological innovation of enterprises is increasing, and
consumers’” acceptance of new products and services is increasing,
MREs will carry out technological innovation to gain more benefits.

On the basis of Case3, set P,=12.5, R, _ 0.5. In this case, the
government’s choice of technological innovation strategy is a loss, if
the condition R, < S; is met, the government’s stability strategy is
not to support technological innovation. With the withdrawal of the
government from the partnership, the maturity of the market allows
MRE to offset the loss of government subsidies by increasing the
price of new products and services to increase profits. The case
changes from Case3 to Case4, and the ESS transforms from E;
(1,1,1) to E; (1,0,1). This stage is the mature stage, and MRE and
consumers have formed a good marketization relationship, which is
the most ideal state of evolutionary game.

Finding 1: The government plays an important role in the
growth period of MREs. The government encourages enterprises to
carry out technological innovation activities through positive and
negative incentives. The government’s incentive policies play a key
role in the growth period of MREs, while the government can
gradually eliminate the policies in the mature period of MREs.

Finding 2: In the mature period of MREs, the government can
gradually eliminate the incentive policies since MRE can offset the
impact of reduced government subsidies by increasing the prices of
products and services.

4.2 Relaxation of the hypothesis

4.2.1 Analysis of consumer maturity

In the above hypothesis, the utility of the products and services
of marine ranch is greater than the cost that consumers pay for
them, so there is no doubt that consumers will choose to purchase
them. But in reality, there will be a more complicated market
situation. The performance brought by new products is closely
related to the market system and environment (Ding and Ding,
2022). New products often require consumers to have a certain
understanding and cognition of new concepts, technologies or
functions. Being able to identify the value of innovative products
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is the performance of mature consumers (Edler et al, 2011).
However, in the initial stage, consumers may hold a conservative
attitude towards MRE’s new products and services, so they need
time to transform from immature to mature.

Therefore, we relax our hypothesis by assuming that the strong
preference consumers in the market are mature consumers for
whom the utility of the new products and services Uj; is still greater
than the cost of purchase by the consumers P,, while the weak
preference consumers are immature consumers for whom the
utility of the new products and services Uj, is less than the cost
of purchase by the consumers P,. In this case, the consumer’s
benefit matrix when enterprises provide the new products and
services is as shown in Table 5 shows.

At this point the consumer’s replication dynamic equation is:

F(z) = % = z(1 - 2){P,(U, - P)(p» - 1) + (U, = P,)(Q - "P,)-

(Ui, = P)(Q = %P,) = P(Uy = P)(1, = %)]x + (S, = S3)y}
(17)

4O = (1 - 22){P,(U, = P)(1, - 1) + [(Uy; = P)(Q - 13 P,)-

(Ui, = P)(Q = %P,) = P(Uy = P)(1, = %)]x + (S, = S3)y}
(18)

Set Uy; - 11, Uy, - 9, and the other parameters remain
unchanged as shown in Table 4. Based on Equations 17 and 18,
we can obtain the results as shown in Figure 4. Compared with the
results in Figure 3, it can be found that the evolutionary stable
points of the four cases have not changed, and the stable points of
Casel to Case4 are E, (0,0,1), E5 (0,1,1), E; (1,1,1), E5 (1,0,1)
respectively. The government plays a key role in the technological
innovation of enterprises, and is an important promoter and
guarantor of the development of technological innovation. Case2
is taken as the initial scenario below to provide an in-depth analysis
of the role of government in the evolution of the cases.

4.2.2 The impact of government subsidies

Based on the analysis in the previous subsection, this section
explores the impact of government subsidies on the behavior of
other subjects after relaxing the assumptions, setting S; = 2, S, = 2,
S5 = 5. Firstly, a sensitivity analysis is conducted on the subsidy S, given
by the government to strong preference consumers. In order to be
more in line with the initial market situation, the initial willingness of
strong preference consumers is set to 0.2, that of the weak preference
consumers is set to 0.8, and the initial willingness of both MREs and the
government is set to 0.5. The simulation results are shown in Figure 5.

From the simulation results in the left figure, it can be seen that
the change in S, can change the evolutionary direction of
consumers, and as S, increases, the evolutionary direction of
consumers changes from 0 to 1, where 2.6 is a key threshold
value. When S, is smaller than the threshold, consumers will
eventually transform into weak preference consumers, and when
S, is larger than the threshold, consumers will eventually transform
into strong preference consumers. The government subsidy given to
strong preference consumers can promote the transformation of
weak preference consumers to strong preference consumers. Set
S, = 3, when ESS is E5(0,1,1).

frontiersin.org


https://doi.org/10.3389/fmars.2024.1470846
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liu and Wu

Case3

FIGURE 4
Simulation results for the four cases after relaxing the assumption.

Further, we change the value of S3, and the results are shown in
Figure 6. As S increases, the rate of consumer evolution to 1
gradually decreases. When S; exceeds the threshold, the direction of
consumer evolution changes from 1 to 0. Setting S; = 6, ESS changes
from E5(0,1,1) to E4(0,1,0). Government subsidies to weak
preference consumers will hinder the transformation of weak
preference consumers to strong preference consumers, and
consumers in the market are still more inclined to accept
traditional products and services, which is not conducive to the
realization of MRE technological innovation.

Finally, we explore the situation where the government subsidy
S; given to MREs changes. Varying the value of S, the results are
shown in Figure 7. When §; = 4 and S; = 4.5, the evolution direction
of MRE is 0 and 1 respectively. However, when the value of §;
continues to increase, the evolution direction of MRE is periodically

TABLE 5 Payoff matrix for consumers after relaxing the assumptions.

Consumers
Enterprise Government Strong Weak
preference preference
() (1-2)
Participation () | (V1 P(@ (UrzP,)(Q-
Technological NPu)+S: V2P)+S;
Innovation (x) L
Non-participation Uy;-P,
partici Wik b )@ P
(I-y) (Q-7:Py)
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Case4

fluctuating, and the increase of S; affects the stability of MRE.
Government subsidies to MRE technological innovation can
increase the enthusiasm of enterprises to carry out technological
innovation. However, with the increasing subsidies of government
expenditure, the financial pressure on the government will be
increasing. When the government grants subsidies to MRE to
support its technological innovation, the government will also
bear more and more financial pressure. However, benefits such as
the improvement of environmental benefits brought by enterprises’
technological innovation and the increase of the public’s credibility
to the government are not as large as government subsidies. In other
words, when the financial burden brought by subsidies exceeds the
additional benefits obtained by the government in scientific and
technological innovation, the government will gradually withdraw
from cooperation due to the negative benefits of choosing this
strategy, and the evolutionary game system will show instability. Set
S; =5, at this time the evolutionary game has no ESS.

Finding 3: Increasing government subsidies to consumers with
strong preferences and reducing subsidies to consumers with weak
preferences can guide consumers to change their preferences and
create a better customer source environment for MRE
technology innovation.

Finding 4: The government subsidy amount should be
moderate. Small subsidy cannot effectively motivate MRE
technological innovation, while large subsidy will overburden the
government and affect the stability of the system’s evolution.
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SZ=2 8
S7=3.0

FIGURE 5
Simulation results of changes in S,.

4.2.3 The impact of government taxation

Changing the government’s tax T; on technology innovation
enterprises, the simulation results are shown in Figure 8. With the
change of T}, the evolution direction of MRE will also change, and
the decrease of T; will encourage enterprises to choose technology
innovation strategy. Set T; = 1 and change the value of T, to further
study the effect of the difference between the two on the evolution of
MRE. As can be seen from Figure 8, the difference between the two
parameters has a threshold between 3 and 4. When the difference is
less than the threshold, the MRE evolves to 0, otherwise, the MRE
evolves to 1. As the difference between T; and T is larger, the MRE
evolves to 1 faster. The government gives positive incentives to the
MRE of technological innovation and negative incentives to the
traditional MRE through taxation. The greater the degree of
differentiated taxation is, the more it can promote the MRE to
carry out technological innovation.

Finding 5: Differentiated taxation imposed by the government
on MRE can promote its technological innovation and the greater
the degree of differentiation, the better the incentive effect.

4.2.4 Analysis of mature markets

The most ideal state of the three-party evolutionary game
between the government, MREs and consumers is the stage of
market maturity and self-driven. In this stage, the government

10.3389/fmars.2024.1470846

gradually withdraws from the role of direct guidance, and a good
market relationship is formed between enterprises and consumers.
Based on the hypothesis of relaxation, set §;=8,=8;=R, = 0, simulate
the scenario of the government’s gradual withdrawal, and the
simulation results are shown in Figure 9.

When the government withdraws, the direction of MRE
evolution is 0, and the direction of consumer evolution is 1. It is
important to note that the relaxation of the hypothetical conditions
does not change the amount of consumer utility for traditional
MRE products and services U2, which means that the net utility of
consumers is still positive when they purchase traditional products
and services, so ultimately, consumers are transformed to strong
preference consumers in order to obtain more net utility. Changing
the value of P, can change the direction of MRE evolution
stabilization, the larger the value of P, the faster the evolution of
MRE to 1, indicating that the enterprise can increase the price of
new products and services to obtain more profits, as a response to
the reduction of government subsidies, relaxing the hypothesis that
Finding?2 is still valid under the complex market.

Setting P,=10.5, the sensitivity analysis of 7; and 9, are made
respectively, and the results are shown in Figure 10. Compared with the
sensitivity of weak preference consumers to price, the strategy choice of
MRE is more easily affected by the sensitivity of strong preference
consumers to price. When the strong preference consumers’ sensitivity
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FIGURE 6
Simulation results of changes in Ss.
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FIGURE 7

Simulation results of changes in S;.

to price decreases to 0.1, the evolution direction of MRE changes from
0 to 1. The lower the sensitivity coefficient, the faster the evolution
stabilization. Changing the sensitivity coefficient of weak preference
consumers to price does not have a great impact on the evolution
direction and rate of MRE. When enterprises are developing
technological innovation strategies, they are more likely to be
influenced by strong preference consumers because these consumers
provide enterprises with greater profit margins and the potential for
market share growth.

Finding 6: The purchasing behavior and price sensitivity of
strong preference consumers provide enterprises with greater
innovation motivation and market opportunities.

5 Conclusions and policy implications
5.1 Conclusions

This paper constructs a tripartite evolutionary game model
including MREs, government and consumers and systematically
analyzes the stability of the model. Using numerical simulation the
evolution of the four scenarios of Case 1-Case 4 using MATLAB
software and considers the validity of the conclusions after the

10.3389/fmars.2024.1470846

hypothesis is relaxed. Finally, it further analyzes the scenario of the
mature market under the withdrawal of government from the
market and the cancellation of subsidies. The study found that:

(1) The government’s incentive policies play a key role in the
initial period of MREs. In the mature period of MREs, since
the enterprises can self-adjust the benefit of innovation
strategy, the government can gradually eliminate the
incentive policies.

(2) Government’s incentive policies consist of subsidy and tax
policies. The subsidy amount should be finely designed so
as to effectively stimulate technological innovation and
avoid excessive financial burden. At the same time, the
implementation of differentiated tax policies can encourage
MRE:s to carry out technological innovation. Furthermore,
a higher degree of differentiation leads to a more significant
the incentive effect.

(3) Consumers’ preference significantly affects the strategy of
MREs innovation. Furthermore, MRE’s strategy choice is
more sensitive to the behavior of consumers with strong
preferences. Government subsidies for consumers with
different preferences can guide market demand and
provide market signals for MREs.
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Simulation results of mature market and changes of P,,.

52 Po[icy imp[ications innovation achievements, so as to encourage enterprises to

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

(1) The government should investigate and assess the stage of MRE:s.

In the initial stage of enterprise, the government can use positive
incentive measures, such as setting up innovation funds, as well
as negative incentive measures, such as increasing penalties for
old fashioned technologies, to stimulate technological
innovation of enterprises. In the mature stage of enterprise,
the government should gradually reduce direct subsidies to
enterprises. At the same time, the government should guide
enterprises to establish a more market-oriented pricing
mechanism, ensure the transparency of policy adjustment,

continuously increase investment in technological innovation.

The government should lead the consumer’s preference
towards innovative marine product and then create a
favorable market environment for technological innovation.
The government can adjust the subsidy strategy for consumers
with different preferences, strengthen the education of
consumers’ environmental awareness and propagate the
benefits of marine ecological products to improve
consumers’ awareness and acceptance of new products and
services. In addition, enterprises should actively carry out
market research and product testing based on consumer
demand, and adjust technological innovation direction
according to consumer feedback.

and enable enterprises to adjust their strategies in time.

(2) The government should design subsidies and tax policies finely
to promote the balance between technological innovation and
fiscal sustainability. Besides, the government should establish
the evaluation and feedback mechanism of the policies. Based

5.3 Limitations and prospects
on on-site investigations, the subsidy amount should be flexibly The research in this paper still has some limitations. Although the
adjusted according to the actual demand of enterprises’  conclusions drawn can provide scientific basis and theoretical support
technological innovation. At the same time, differentiated tax ~ to a certain extent, the core lies in the construction of the model and the
policies will be implemented to give tax exemptions to  setting of parameters, which are often based on a series of assumptions

enterprises with high R&D investment and remarkable  and simplifications. In the subsequent in-depth research, we will
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FIGURE 10
Simulation results of sensitivity analysis for 4 and 7, in mature markets.
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continue to improve the research hypothesis and increase parameters
to make the evolutionary logic more realistic. For example, under
different strategies, the feedback factor m is introduced into the model
as a variable rather than a quantitative one, and real cases are
introduced as analysis objects. Through the combination of
qualitative research methods (such as interviews and observation)
and quantitative research methods (such as questionnaire survey and
statistical analysis), richer and more specific data information can be
provided, which helps to verify and modify the simulation model,
improve the practicability and credibility of research, and contribute
more valuable insights and results to the development of related fields.
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