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Abstract

Few studies have focused on the decisions of biopesticide extension agents, such as government

agricultural extension agents (GAEAs) and market agricultural extension agents (MAEAs). This

paper uses evolutionary game theory to construct a multi-agent biopesticide extension system

model, and Matlab software is used for simulation experiments. The results show that the decisions

between biopesticide extenders and adopters influence each other. The higher the initial probability

of extending biopesticide in GAEA and MAEA, the faster farmers adopt biopesticide. Increasing

financial funding, policy target constraints, and performance appraisal can effectively motivate GAEA

to extend biopesticides. Increasing subsidies can effectively motivate MAEA to extend biopesticides.

Improving farmers’ food security and environmental utilities also contributes to biopesticide extension.

The findings of these simulations could provide theoretical support for the formulation of biopesticide

extension policies in China.
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Introduction

Extending biopesticides is an important way to
achieve the target of chemical pesticide reduction [1].
In the past, humans used large chemical pesticides to
stabilize crop yields and solve basic survival problems
[2]. However, the characteristics of chemical pesticides,
such as high toxicity, easy residue, difficult degradation,
and pest resistance, have not only seriously endangered
human health but also caused ecological damage and
environmental pollution [3,4]. Therefore, the extension
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of biopesticides is an inevitable result of meeting
the requirements of the times and responding to the
pursuit of sustainable development [5]. This is because
biopesticides not only bring economic benefits to
humans but also increase food safety and environmental
benefits [6]. As the world’s largest producer and
consumer of pesticides, it is even more urgent and
important for China to realize its vision for biopesticide
extension [7].

The Chinese government has put forward higher
requirements for green development and high-quality
development in agriculture, which provides a good
opportunity and great potential for biopesticide
extension [4]. For example, in 2015, the Chinese
government implemented a “zero growth” plan for
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chemical pesticides. This favorable policy environment
has led to a trend of significant growth in the number
of biopesticide product registrations. However, it is
important to note that the current market share of
biopesticide products in China is only about 10%.
Most scholars have found that the current diffusion of
biopesticides in China is characterized by “insufficient
motivation for technology extension and low adoption
rate by farmers” [8, 9]. On the one hand, public and
private extension organizations are perceived to have
insufficient incentives to promote biopesticides in terms
of publicity, training, demonstration, and subsidies
[10, 11]. Biopesticide extension is a complex system
involving multi-agent participation in real situations.
On the supply side of biotechnology are two types of
agents that can extend biopesticides directly to farmers:
Government agricultural extension agents (GAEA)
and market agricultural extension agents (MAEA). On
the other hand, the majority of farmers rarely adopt
biopesticides for pest management [12], especially
smallholder farmers [13].

Based on the demand side of biopesticide, scholars are
working to identify and remove the influencing factors
that prevent farmers from adopting biopesticide. They
have empirically analyzed how the following factors
can be optimized to promote biopesticide adoption by
farmers: Technical attributes, pesticide knowledge,
ecological cognition, risk preferences, market factors,
and government regulation, among others [14-16]. For
example, Huang et al. [4] pointed out that biopesticides
have disadvantages such as slow efficacy, few products,
high prices, and a narrow control spectrum. Saddam et
al. [17] found that farmers’ cognitive biases and lack of
capacity negatively affect the choice of safe pesticides.
Benoit et al. [18] indicated that farmers’ risk preferences
and policy perceptions greatly influence pesticide
choice and use behavior. Wang et al. [19] found that
market-related economic factors such as asymmetric
information on green agricultural markets and low
private returns are key barriers to biopesticide adoption.
Constantine et al. [1] found that some agricultural
extension mechanisms, such as a lack of agricultural
technology training and subsidies, hinder biopesticide
extension.

Unfortunately, few scholars have studied the behavior
of biopesticide extension agents from the supply side.
Most scholars only look at external technology extension
as an important factor and study its direct impact on
farmers’ biopesticide adoption [20, 21]. This will lead
to unsystematic and incomplete findings: First, most
studies assume that agrotechnical stations and pesticide
retailers will proactively extend biopesticides to farmers.
However, public agrotechnical stations are government
agricultural extension agents serving multiple policy
objectives, while private pesticide retailers are market
agricultural extension agents seeking market profits.
Furthermore, there is considerable uncertainty about
the willingness of GAEA and MAEA to actively extend
biopesticides [11]. Second, the dynamics of the interplay

of decisions between multiple agents involved in the
biopesticide extension system have largely been ignored.
Scholars have only argued for the unilateral influence of
agrotechnical stations and pesticide retailers on farmers’
biopesticide adoption behavior [1, 4]. Not only are the
effects between GAEA and MAEA extension decisions
ignored, but the inverse effects of farmers’ decisions
to adopt or not adopt biopesticides on the extension
decisions of GAEA and MAEA are not argued.

This paper focuses on the supply and demand of the
biopesticide extension, arguing two questions: How do
decisions among the three participants (GAEA, MAEA,
and farmers) interact with each other? How can GAEA
and MAEA be motivated to actively extend biopesticide
to farmers? Scientific answers to the above questions have
important practical and theoretical value for the country
in formulating biopesticide extension. The contributions
of this paper are as follows: First, we construct a
dynamic model of a biopesticide extension system with
multi-agent participation by using evolutionary game
theory, including GAEA, MAEA, and farmers. The
equilibrium evolution results of biopesticide extension
are deduced theoretically. Second, based on Matlab
software, an evolutionary analysis of the three agents’
participation in the system’s decisions is carried out
by assigning values to system parameters. We not only
verify the results of the theoretical derivation but also
observe the dynamic effects of policy changes in system
parameters, such as financial funding, policy target
constraints, and subsidies, on agents’ decision evolution.

Material and Methods
Biopesticide Extension System

Biopesticide extension is a complex system that
can involve multi-agent participation in real situations.
On the supply side of biotechnology, two types of
agents can extend biopesticides directly to farmers:
Government agricultural extension agents (GAEA) and
market agricultural extension agents (MAEA) [22]. On
the demand side, the success of biopesticide extension is
also linked to farmers’ adoption or non-adoption.

Model

We will use the research model from Thu [23]
and Ju et al. [24]. An evolutionary game theory based
on the participation of three agents is used to analyze
the combination of GAEA and MAEA’s biopesticide
extension decisions and farmers’ adoption decisions.
Theoretically, agents’ learning ability, information
mastery, and forecasting ability are limited. Each agent
cannot predict the decisions of another in the short term
and also cannot accurately account for their own costs
and benefits in the future. Therefore, they can only reach
a stable equilibrium decision in the process of correction,
adjustment, and optimization over a long period of time.
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Based on the realistic context of our research and the
basic requirements of evolutionary game theory, the
following assumptions are presupposed.

Three agents are involved in the game of the
biopesticide extension system (GAEA, MAEA, and
farmers), and they all have limited rationality. We
define the probability of GAEA extending biopesticide
as x(0<x<1), then not extending as 1—x; similarly, the
probability of MAEA extending biopesticide is defined
as y(0<y<l), then not extending as 1-y; the probability
of farmers adopting biopesticide is z(0<z<l), then not
adopting as 1—=z.

GAEA is the agent of the national government and
serves government objectives. GAEA implements
biopesticide extension activities, including publicity,
demonstration, training, and subsidies. GAEA
subsidizes the registration, storage, and transportation
of biopesticides for MAEA as b . Of course, GAEA can
receive financial funding from the national government
for the extension of biopesticide as f. The non-subsidized
cost of GAEA’s public extension of biopesticide is
b,. The high rate of biopesticide use can effectively
reduce environmental pollution, increasing regional
farmers’ environmental utility as e, and the government
performance of GAEA will be enhanced a. Conversely,
if GAEA does not extend biopesticide, it will not be able
to obtain financial support and will bear punishment v ,
because the pesticide-reduction policy goals cannot be
achieved. For maximum profitability, GAEA will extend
biopesticide when f+a>(b,+b,)q.

MAEA is a private organization that extends
biotechnology by selling biopesticide products at
the same time. For example, pesticide retailers will
introduce the types, functions, and operating standards
of biopesticide products. MAEA is the only seller of
biopesticide, and MAEA needs to bear the cost of
¢(c>0) for each unit of biopesticide extension. The total
market demand for pesticides from farmers is ¢q. The
unit costs of biopesticides and chemical pesticides are p,
and p,(p>p,). For maximum profitability, MAEA will
extend biopesticides when p +b >c.

Farmers are the demanders and adopters of
biopesticides. Their pesticide use can obtain base utility
u(u>p,). Farmers can additionally increase the food
safety utility w(w>0) from each unit of biopesticide
adoption. Considering the positive externalities of
biopesticides, then p >u. For maximum profitability,
farmers will adopt biopesticide when u+w>p .

Then, the payoff matrix for GAEA, MAEA, and
farmers in different scenarios can be obtained, as shown
in Tables 1 and 2.

Replicator Dynamic Analysis of Agents

Importantly, we need to introduce a temporal
element and discuss the evolution of different agents’
decisions over time [25]. We can calculate the replicator
dynamic equations for each agent based on the payoff
matrix. GAEA that chooses to “extend” and “not

extend” biopesticide will receive expected payoffs of

E;f and E;x. Then, the replicator dynamic equation
for the GAEA is as follows:

d X -X
}Kﬂzzgzxﬂ—MQ%—E;)
=x(1=x)[f +v+za—b,q—y(bg+za+zv)]y

Similarly, MAEA that choose to “extend” and “not
extend” biopesticides will receive expected payoffs of

E) and E,ln’y . Then, the replicator dynamic equation
for the MAEA is as follows:

d _
Fy)==r = (= yXE} - Ey)
=y(1=)zq(py + p2) +xqb; —cq — pyq] )

Farmers who choose to “adopt” and “not adopt”
biopesticides will receive expected payoffs of E; and

E'-2. Then, the replicator dynamic equation for the
farmers is as follows:

F(z)= % =z(1-z(E; - E;7)

=z2(1-2)[y(2uq — p1q = p2g +wq +e)—uq+ p,q] (3)

Results and Discussion

Dynamic Game: Evolutionary
Stable Strategy Analysis

To obtain the evolutionary path of the equilibrium
strategies of GAEA, MAEA, and farmers in the long-
term extension of biopesticides, we will use dynamic
differential equations to calculate the evolutionary
stabilization strategy (ESS). Of course, the ESS has
to satisfy the necessary conditions of dF(x)/dx<0,
dF(y)/dy<0, and dF(z)/dz<0. Next, the ESS of GAEA,
MAEA, farmers, and the system are discussed
separately.

The ESS of GAEA

The partial derivative of GAEA’s replicator dynamic
equation can be obtained:

dF (x)
dx
=(1=-20)[f +v—=byg—ybg—z(ya+yv-a)l (4)

=(1-2x)f+v+za—byg—y(bq+za+zv)]

In order to simplify the formula and facilitate

P f+v+za—byq

discussion, let 1 and

bg+za+zv
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4 =S Hv=bg—yhg

vatyv—a - It can be deduced that when y>4, or

dF(x)
z>1,, there is a constant 7| x=0<0, This shows

that the ESS of GAEA is x=0, and the choice will be
“no extend”. Conversely, when y<i, or z<i,, there is a

dF (x)
tant ——
constant —° | x

=1<0, which indicates that the ESS of

GAEA is x=1, and the choice will be “extend”. However,

dF(x)

X

-0, which

when y=/ orz=4, , there is a constant
indicates that GAEA’s ESS is unstable.
The findings can be inferred from the above analysis:
First, the probability of GAEA extending biopesticide
will increase as the probability of MAEA extension and
farmer adoption decreases. Second, when GAEA can
get financial funding f>b g+b,q from the national

government for biopesticide extension, =1<0

Q) ,
dx

will be constant for any y,z€[0,1]. So, GAEA will

actively extend biopesticide, regardless of MAEA and

the farmers’ decisions. Furthermore, when financial

. dF (x) .
funding f>yb g+b,q, — | x=1<0 will be constant for

any ze€[01]. GAEA will also actively extend
biopesticide, regardless of farmers’ decisions. When

X)) _0 <0 will be
dx

financial funding f>b,g—v—za,

constant for any ye[0,1]. GAEA will not extend
biopesticide, regardless of farmers’ decisions. When

) _0<0 will be
dx

financial funding f<b,g—v—a,

constant for any »,z€[0,1]. GAEA will not extend
biopesticide, regardless of MAEA and farmers’
decisions. In addition, the GAEA decision evolution is a
similar process for the discussion of v.

The ESS of MAEA

The partial derivative of MAEA’s replicator dynamic
equation can be obtained:

D) _ (1 23)zq(py + o)

Y 4 xqb —cq— paq) )

+ N +
4, =4t pad bZ;(pl P
1

Simply  define

4 a4+ g —xgh

. It can be inferred that if x>/13 or
q(p,+p,)

z>1,, the result @| y=1<0 always holds. The ESS of
y

MAEA is y=1, and “extend” biopesticide will be
chosen. Conversely, when y>4, or z<A, there is a constant

d’; @) ~1<0, the ESS of GAEA is x=1, and the choice
X

is “extend”. However, when x<A, or z<A4, there is a
3 4

dF L.
constant %\ y=0<0. This indicates that MAEA’s
y

ESS is y=0, and “not extend” biopesticides will be
chosen. However, when x =4, or z =4, there is a constant

ar(y)

b 0, which indicates that MAEA’s ESS is unstable.

The findings can also be inferred from the above
analysis: First, there is a positive correlation between the
probability of MAEA extension of biopesticide and the
probability of GAEA extension and farmers’ adoption.
Second, when MAEA’s benefit is smaller from
biopesticide extension, consistent with

cq + —zqp, —gb, .
M,cqwzq*th*qu}, MAEA  will

z
choose “not extend” biopesticide, regardless of GAEA
and farmers’ decisions. When MAEA’s market revenue

gp, <min {

rises to gp, > W%quz, then GAEA’s decision will no
longer be critical in influencing MAEA’s choice to
“extend” biopesticide. When GAEA has a higher
probability of extending biopesticide, and MAEA is
given a large enough subsidy for biopesticide extension

€*P2  then even if farmers do not adopt

to satisfy &, >

biopesticide, MAEA will eventually tend to “extend”
biopesticide. When the extension of biopesticide is
moderately profitable, the probability of MAEA
“extending” biopesticide increases with the probability
of GAEA extension and farmers’ adoption.

The ESS of Farmers

The partial derivative of the farmers’ replicator
dynamic equation can be obtained:

dr
d—(Z) =(1-22)[y(2uq - p1q
z
—prg+wg+e)—(u—py)q] 6)

uqg—prq
2uq—piq—prg+wgte
be inferred that if y>A,, the result ?\ z=1<0 always
z

We can define 45 = It can

holds. The ESS of farmers is z=Il, and ‘“adopt”
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biopesticides will be chosen. Conversely, when y<4_,

sz

there is a constant | z2=0<0, the ESS of farmers is

z=0, and the choice is “not adopt”. However, the
unstable ESS is also obtained when y=/,, since —— F(z) =0.

The findings can also be inferred from the “above
analysis: First, there is a positive correlation between the
probability of a farmer’s biopesticide adoption and the
probability of MAEA’s biopesticide extension. Second,
when the utility of food safety and the environment is

small for W+E<P1
q

biopesticide. Conversely, when the utility of food safety

— P>, farmers will “not adopt”

. L e
and the environment is big for w+—> p; — P, farmers
q

will “adopt” biopesticides. It is important to take into
account the specificity of MAEA (only seller) so that the
decision of farmers to “adopt” is closely related to the
probability of MAEA’s extension.

The ESS of the System

According to Egs. (1), (2), and (3), we can further
obtain the systems’ set of replicator dynamic equations.

F(x):%zx(l—x)[f+v+za—bzq—y(b1q+za+zv)]

F(y)=—==y(-y)zq(p, + py) +xqb, —cq— p,q]

F(z)= i =z(1-2)[y(2uq — p\g — Pq +wq +e)—uq+ p,q]
(7

Theoretically, solving Eq. (7) for F(x)=0, F(y)=0,
and F(z)=0 results in nine potential ESS of the system
(x, 3, 2): E(0, 0, 0), E(1, 0, 0), E,(0, 0, 1), E,(0, 1, 0), E(1,
1, 0), EO, 1, 1), E(1, 0, 1), E(1, 1, 1), E(%, y, 2).

However, the stable equilibrium point of the system in
an asymmetric game must be a strict Nash equilibrium
[16], which must subsequently evolve into a pure
strategic equilibrium [26]. In addition, MAEA is the
only seller of biopesticide products, so E,, E., and E,
should be discarded. Therefore, we only need to discuss
the final evolutionary stability of E, E,, E,, E, E, and
E,. Moreover, the positive and negative directions of the
determinant and trace of the Jacobian matrix of the
system are more often used to determine the stability of
the equilibrium point of the two-agent strategy.
Therefore, this study further utilizes the Lyapunov
discriminant to indirectly determine the stability of
potential equilibrium points of the three-agent system.
This is done by calculating the characteristic roots of the
Jacobian matrix of the system, which indicates that the

ESS is the final evolutionary equilibrium point if it
satisfies all the characteristic roots less than 0. The
Jacobian matrix of the system is Eq. (8).

[6F(x) oF(x) OF(x) |
ox oy oz
_|OF(y) OF(y) ©oF(y)
ox oy oz
OF(z) 0OF(z) OF(z)

| Ox oy oz | ®)

The calculation process of the Jacobian matrix of the
system is as follows:

o
I;_ix) = (1_2x)[f+v—bzq—yblq—Z(ya+yV—a)](9)
PO) (1= x)byg+za+2v)
oy (10)
GF(X) =—x(1-x)(ya+yv—a)
Oz an
OFD) _ w1 =)
ox (12)
o
% =(=2y)[zg(py + p2) +xqb —cq =~ paq]
V (13)
o
? =qy(1=y)(p1 + p2)
z (14)
o),
ox (15)
? =z(1-z)(2uq— p\g — prg +wq +e)
y (16)
% =(1-22)[y(2uq - p1q — p»q +wq +e) —uq+ p,q]

a7)

The specific coordinate values of the six potential
ESS are brought into the matrix in turn, and then solved
to obtain all the characteristic roots, and the results are
shown in Table 3. It can be observed that only E, E , E,,
and E, have the highest probability of becoming ESS,
but they still need to satisfy certain preconditions to
remain stable.
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(a) Scenario 1: EI(O,O,O) and E6(0,1,1)
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(c) Scenario 3: E6(0,1,1)
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Fig. 1. ESS evolutionary path of the system.
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(b) Scenario 2: EI(O,O,O)
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(f) Scenario 6: Eg(l,l,l)

Notes: Scenarios 1-6 are the results obtained using Matlab simulation after giving different parameter values according to Eq. (7). The
colored lines indicate the evolutionary paths and directions of the decision combinations of GAEA, MAEA, and the farmers. The x and
y axes represent the probability of biopesticide extension by GAEA and MAEA, and z axes represent the probability of the farmer’s

adoption.
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Fig. 2. Interaction between agents’ decision.

Notes: The starting point of the evolution is set to x,=0.5, y,=0.5, and z=0.5. Only the parameter settings of x,, y,, and z, are changed
in (a)(b)(c), respectively. The horizontal axes indicate the time required for the agent’s decision to evolve to x=1, y=1, and z=1. Longer

times indicate a slower rate of evolution.
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Simulation Experiments: Matlab Software Platform
Game Scenarios and System Evolution

The impact of system parameter changes on the
evolution of GAEA, MAEA, and farmers’ decisions is
further visualized. Based on the dynamic functional
relationship in Eq. (7), a simulation model of the
dynamics of the biopesticide extension system with the
participation of three agents can be developed. Matlab,
Vensim, Python, and Swarm software are commonly
used in academia to conduct system simulation
experiments. Among them, Matlab is widely used in
the field of socioeconomic research because it can better
implement the operation of matrices and obtain open
evolutionary images. Therefore, Matlab was used for the
simulation experiments in this study.

The assignment of system parameters is the basis for
performing simulation experiments. Of course, these
parameters are only virtual payoff values for each agent.
First, we have to satisfy all the conditions in the system
assumptions: f+a>(b+b,)q, p tb>c, utw>p , and u>p,.
From the stability of the ESS in Table 3, the following
six scenarios can be obtained:

Scenario 1. The sink E (0, 0, 0) and E (0, 1, 1) are
ESS when f<b,q—v and c<p,. To simulate, set b =1, b,=2,
J=0.5, e=1, a=3, v=1, c=1, ¢=1, p =2, p,=1, u=2, and w=1.
The evolutionary path of the system’s decisions is shown
in Fig. la. The results of the simulation experiments
are consistent with those of the game derivation. The
economic implication indicated by this finding is that
GAEA will have no incentive to extend biopesticide
when the financial support given by the national
government for biopesticide extension is at a low level.

Scenario 2. The sink E (0, 0, 0) is ESS when f<b_g—v
and c>p,. To simulate, set b =1, b =2, f=0.5, e=l,
a=3, v=1, c=1, ¢=1, p=0.5, p,=1, u=2, and w=1. The
evolutionary path of the system’s decisions is shown
in Fig. 1b. The results of the simulation experiment
are also the same as those of the game derivation. This
shows that when the cost of biopesticide extension is too
high for MAEA, they will withdraw from biopesticide
extension based on Scenario 1. Both MAEA and GAEA
in this scenario have no preference for extending
biopesticides, and farmers will not adopt biopesticides.

Scenario 3. The sink E 0, 1, 1) is ESS when
b,q—v<f<(b+b,)q and c<p,. To simulate, set b =1, b,=2,
f72, e=1, a=3, v=1, ¢=0.3, ¢=1, p =2, p,=0.5, u=2, and
w=1. The evolutionary path of the system’s decisions
is shown in Fig. lc. The simulation experiments are
consistent with the results of the game derivation. This
means MAEA will extend biopesticide when the unit
cost of biopesticide extension is low and the subsidy level
is high. This is because the extension of biopesticides
can be profitable and subsequently beneficial for farmers
to adopt them.

Scenario 4. The sink E (1, 0, 0) is ESS when b,q—
v<f<(b+b,)q and b <ctp,. To simulate, set b =1, b,=2,
f72, e=1, a=3, v=1, c=1, ¢=1, p=0.5, p,=1, u=2, and

w=1. The evolutionary path of the system’s decisions
is shown in Fig. 1d. The simulation experiments are
consistent with the results of the game derivation. On
the one hand, GAEA can get a medium level of financial
funding from the national government and does not
have to bear excessive subsidy expenditure. So, GAEA
are bound to be willing to extend biopesticide. On the
other hand, MAEA can get fewer subsidies to extend
biopesticides and bear high extension costs, which leads
to lower comparative benefits of biopesticide extension
than chemical pesticides, so MAEA will eventually “not
extend” biopesticide.

Scenario 5. The sink E (1, 0, 0) and E,(1, 1, 1) are
ESS when f>(b+b,)q and b <c+p,. To simulate, set b =1,
b, =2, /=5, e=1, a=3, v=1, c=1, ¢=1, p=0.5, p,=1, u=2,
and w=I1. The evolutionary path of the system’s decisions
is shown in Fig. le. The simulation experiments are
consistent with the results of the game derivation. This
indicates that GAEA receives a high level of financial
funding from the national government, and therefore,
GAEA chooses to “extend” biopesticide, regardless of
other parameters.

Scenario 6. The sink E(1, 1, 1) is ESS when
f>(b+b)g and b>ctp,. To simulate, set b =1, b =2,
f=5, e=1, a=3, v=1, ¢=0.3, ¢=1, p=2, p,=0.5, u=2, and
w=1. The evolutionary path of the system’s decisions
is shown in Fig. 1f. The simulation experiments are
consistent with the results of the game derivation. This
indicates that GAEA can obtain higher financial funding
from the national government, while GAEA will give
MAEA higher subsidies for biopesticide extension. In
this scenario, both GAEA and MAEA can gain more
benefits, and both prefer to “extend” biopesticide.

Interaction of Agents’ Decisions

To demonstrate the interaction between the decisions
of the three agents, GAEA, MAEA, and farmers, we
simulate the system evolution by varying the initial
decision probability values of different agents. We will
take £ (1, 1, 1) of the optimal ESS as an example. The
initial decision probabilities of GAEA, MAEA, and
farmers are set to x,=0.5, y,=0.5, and z,=0.5. The time is
set to 6, and the step size is set to 1 in Matlab software.

For GAEA, set x, is equal to 0.25, 0.5, and 0.75 in
order. However, y,=0.5 and z,=0.5 were still used to
obtain the results shown in Fig. 2a. The results show that
as the initial decision probability of GAEA increases,
the rate of evolution of GAEA decision probability to
x=1 in the system is significantly faster. Also, the speed
of evolution of MAEA decision probability to y=1 and
the evolution of the farmer’s decision probability to z=1
increased. That is, the higher the initial probability of
biopesticide extension by GAEA, the shorter the time
it takes for system participants to reach a synergistic
decision to extend and adopt biopesticide. Therefore, it
is important to enhance the motivation and commitment
of GAEA to extend biopesticide, which will benefit their
better and faster diffusion.
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Fig. 3. Impact of policy changes on the evolution of the system.
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Notes: The reference for the simulation in the Matlab software is the parameter setting of E8 in scenario 6. The principle of each
adjustment is to double the value of the processing variable but keep other parameters in the system unchanged. The vertical axis
coordinates represent the evolution of the system decision from the initial point (0.5, 0.5, 0.5) to (1, 1, 1). The horizontal axis coordinates
indicate the time taken by each agent to evolve to (1, 1, 1). Shorter sum times indicate faster evolution.
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Table 1. Payoff matrix for each agent when biopesticides are adopted by farmers (z).

MAEA | GAEA | Farmer
GAEA extend biopesticide (x)
MAEA extend biopesticide (y) (p,—ctb))q fra=(b+b,)q (u=p,+w)gte
MAEA not extend biopesticide (1-y) 0 fra—bg 0
GAEA not extend biopesticide (1—x)
MAEA extend biopesticide () (p,—)q a (u—p tw)gte
MAEA not extend biopesticide (1) 0 -v 0

Note: The equations in the table represent the benefits of each agent in different scenarios.

Table 2. Payoff matrix for each agent when biopesticides are not adopted by farmers (1—z).

MAEA | GAEA | Farmer
GAEA extend biopesticide (x)
MAEA extends biopesticide (y) (b,—c)q f=(b,+b,)gq 0
MAEA do not extend biopesticide (1-y) D4 f=byg (u—p,q
GAEA not extend biopesticide (1—x)
MAEA extends biopesticide (v) —cq -y 0
MAEA do not extend biopesticide (1—y) yX, - (u=p,)q

Note: The equations in the table represent the benefits of each agent in different scenarios.

Table 3. Characteristic root solution results and system ESS stability.

Potential ESS Characteristic root Signs Stability
frv=byg Unsure
B B Not ESS: f>b,g—v ;
E (0,0, 0) q(c+py) ESS: f<b,g—v.
q(pziu) -
—(f+v-b,9) Unsure
__ Not ESS: f<b,g—v or b >ctp,;
E,(1,0,0) q(b,—c—p,) Unsure ESS: f>b,g-vand b <ctp,
q(pz_u) -
fHv=b,q=bq Unsure
E,0,1,0) q(ctp,) + Not ESS
qutw—p )te Unsure
—(f+v=b,q-b,q) Unsure
E(1,1,0) —q(b,—c—p,) Unsure Not ESS
qlutw—p )yre +
f=b,g-bgq Unsure
B Not ESS: f>(b,+b,)q ;
E(0,1,1) q(c—p) Unsure ESS: f<(b +b,)q and c<p,
—[q(utw—p,)te] -
—(f=b,q=b,q) Unsure

Not ESS: f<(b+b,)q ;
E(1,1,1) —q(p,+b,—c) - ESS: f>(b]+lbz);.

—lg(utw—p )te] -

Note: The determination of ESS stability depends on the positive or negative of “Unsure” in “Signs”. The assumptions in the model
section are also used in the derivation of the results in this table.
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For MAEA, set y, is equal to 0.25, 0.5, and 0.75
in order. However, x,=0.5 and z,=0.5 were still used
to obtain the results shown in Fig. 2b. The results
show that as the initial decision probability of MAEA
increased, the rate of evolution of MAEA decision
probability y=1 and farmers’ decision probability z=1
in the system accelerated significantly. However, the
speed of evolution of GAEA decision probability to x=1
decreased. That is, increasing the initial probability of
biopesticide extension by GAEA can only accelerate
farmers’ adoption. However, it is worth noting that in the
situation of MAEA’s strong extension of biopesticide,
it is important to avoid GAEA’s “free-rider” behavior
(using MAEA’s extension to gain performance
appraisal). The occurrence of “free-rider” can reduce
the overall evolutionary rate of the system, thus delaying
the diffusion of biopesticide.

For farmers, set z, equal to 0.25, 0.5, and 0.75 in
order. However, x,;=0.5 and y,=0.5 were still used to
obtain the results shown in Fig. 2c. The results show
that as the initial decision probability of biopesticide
adoption by farmers increases, the rate of evolution of
GAEA decisions to x=1 in the system remains almost
unchanged. In contrast, the rate of evolution of MAEA
decisions to y=1 accelerates significantly. That is, the
probability of farmers’ adoption will increase the market
demand for it. MAEA is the only supplier of biopesticide
products to farmers and plays a key role in farmers’
biopesticide adoption decisions. In other words, farmers’
market demand for biopesticides will also promote the
extension of biopesticides by MAEA as soon as possible.

Heterogeneous Impact of Policy Change

Reasonable and effective policy design strongly
guarantees biopesticide extension [27]. The parameters
that can be adjusted through policies in the three-agent
participatory biopesticide extension system are financial
funding f, policy target constraints v, performance
appraisal a, biopesticide extension subsidy b,, and
the rice farmer’s utility of food safety w and utility of
environment e. Still taking E(1, 1, 1) of the system as
an example, with x;=0.5, y,=0.5, and z;=0.5, and further
discussing the effects of the above parameter changes on
the evolutionary results in Scenario 6.

(1) Policy changes for GAEA

Changing the financial funding f, policy target
constraints v, and performance appraisal a can directly
affect the benefit maximization goal of GAEA [28]. In
the Matlab simulation experiments, we sequentially
expand the values of f; v, and a and present the results
in Fig. 3a, 3b, 3c. First, when the financial funding the
national government gave to GAEA was increased, the
evolution of GAEA’s decision to extend biopesticide
accelerated significantly, and the speed of decision
evolution of MAEA and farmers increased slightly.
That is, increasing financial funding can effectively

increase the rate of evolution of system decisions to
(1, 1, 1). This effect is especially significant for GAEA.
Second, when the policy target constraint of pesticide
reduction the national government gives to GAEA
is increased, the rate of decision evolution of GAEA
increases slightly, but the rate of decision evolution of
MAEA and farmers remains almost unchanged. It can
be seen that increasing the pesticide reduction target
constraint only leads to pressure directed at GAEA and
has little effect on MAEA and farmers. Third, the rate
of decision evolution of GAEA increased slightly when
the performance appraisal for biopesticide extension
was increased, but the rate of decision evolution of
MAEA and farmers remained almost unchanged. This
evolutionary result is similar to the effect of increasing
the pesticide reduction target constraint. The extension
of biopesticides in China is still in its infancy, and the
current financial funding and subsidy policy system is
not yet perfect. Many studies have pointed out that the
vast majority of Chinese regions have low financial
resources for biopesticides, and there are gaps in
biopesticide subsidies [4, 11].

(2) Policy changes for MAEA

Changing subsidies for biopesticide extension would
directly affect MAEA’s benefit maximization goal.
When the value of the b, parameter is expanded to twice
the value, the evolutionary path is shown in Fig. 3d.
The results show that the evolution of decision becomes
slower for GAEA, while the evolution of decision
increases significantly for both MAEA and farmers. A
possible explanation is that in the case of GAEA, with
limited financial funding from the national government,
increasing subsidies for biopesticide extension would
increase GAEA’s financial burden and subsequently
slow down its decision to extend biopesticide. However,
for MAEA, subsidies can effectively increase the profit
potential of its biopesticide extension and subsequently
accelerate its biopesticide extension decision, thus
helping farmers to adopt biopesticide more quickly.
However, it is also “not a smart” policy for the national
government to bear the financial costs of biopesticide
extension in the long term [28].

(3) Policy changes for farmers

Changing the farmers’ food safety and environmental
utility will directly affect their utility maximization
goal. The willingness to pay for biopesticides will
increase as farmers’ demand preferences for food safety
and environmental utility increase [5, 12]. When the
parameter value of w and e is doubled, the evolutionary
results are shown in Fig. 3e, 3f. The results show that
the speed of decision evolution of GAEA to extend
biopesticide in the above two situations did not change
significantly, and the speed of decision evolution of
MAEA increased slightly, but the speed of decision
evolution of farmers increased significantly. The
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comparative advantage of biopesticides over chemical
pesticides is currently reflected in the reduction of
pesticide residues and pollution. Increasing farmers’
access to utility in biopesticide adoption can compensate
for the lack of economic benefits. Therefore, awareness
of food safety and environmental protection should
be increased through GAEA and MAEA extension
activities, such as advocacy, training, and demonstration

[5].

Conclusions

This study uses dynamic evolutionary game theory
to construct a theoretical model of a biopesticide
extension system with multi-agent participation and
uses Matlab software for parametric simulation. We
answered two main questions: How do the agents in a
biopesticide extension system interact with each other?
How can GAEA and MAEA be motivated to actively
extend biopesticide? The main conclusions obtained are
as follows:

One is that in the biopesticide extension system,
there is a strong dynamic interaction between the
extension decisions of GAEA and MAEA and the
farmer’s adoption decision. Specifically, an increase
in the probability of GAEA extending biopesticide
will increase the probability and speed of GEAE’s
biopesticide extension and the farmer’s biopesticide
adoption; an increase in the probability of MAEA
extending biopesticide will reduce the probability and
speed of GEAE’s biopesticide extension but increase the
probability and speed of farmers’ biopesticide adoption;
an increase in the probability of farmers adopting
biopesticide will increase the probability and speed of
GEAE’s biopesticide extension. It is important to note
that GAEA has a possibility of free-riding behavior to
take advantage of MAEA’s biopesticide extension, and
farmers’ adoption behavior is more likely to be related
to the extension of MAEA. These findings are of great
practical guidance for building a multi-party interest
collaborative  biopesticide promotion mechanism.
The efficiency of unilateral efforts by government
departments or market organizations to promote
biopesticides is low.

The other is that policy changes will heterogeneously
affect the rate of evolution of GAEA, MAEA, and farmer
decisions in biopesticide extension systems. Specifically,
increasing national government funding, policy target
constraints, and performance appraisal are effective
means of accelerating the extension of biopesticide
in GAEA. Increasing subsidies significantly speeds
up the evolution of decisions for MAEA’s biopesticide
extension and farmers’ adoption. Increasing the level of
food safety and environmental utility for farmers can
effectively speed up the evolution of adoption decisions
and accelerate the extension of biopesticides by MAEA.
Similarly, it is worth noting that financial funding and
subsidies play an extremely important role in the initial

stages of biopesticide extension. A balance of interests
needs to be achieved between GAEA, MAEA, and
farmers to create an incentive synergistic biopesticide
extension system. The practical guidance value of these
findings lies in the importance of government financial
subsidies and technical training, especially in the early
stages of promoting biopesticides. At the same time, the
farmer’s ecological protection and food safety awareness
are also very important.

Acknowledgments

This work was supported by the National Natural
Science Foundation of China [72203163], the Scientific
Research Foundation of Hubei University of Education
for Talent Introduction [ESRC20230024], the General
Program of Hubei Provincial Social Science Foundation
[HBSKJJ20233168], the General Project of Humanities
and Social Sciences of the Ministry of Education
[23YJC790121], and the Hubei University of Education
Teaching Research Program [X2024035].

Conflict of Interest

The authors declare no conflict of interest.

References

1. CONSTANTINE K., KANSIIME M., MUGAMBI
I, ET AL. NUNDA W., CHACHA D., RWARE H,
MAKALE F., MULEMA J.,, LAMONTAGNE-GODWIN
J., WILLIAMS F., EDGINGTON S., DAY R. Why don’t
smallholder farmers in Kenya use more biopesticides?
Pest Management Science, 76 (11), 3615, 2020.

2. YANG M., CHU J, LI Z,, LIU X., YU F,, SUN F. An
examination of regional variations in pesticide usage and
grain yield in China before and after the double reduction
policy’s adoption. Polish Journal of Environmental
Studies, 32 (2), 1887, 2023.

3. GOULD F., BROWN Z.S., KUZMA J. Wicked evolution:
Can we address the sociobiological dilemma of pesticide
resistance? Science, 360 (6390), 728, 2018.

4. HUANG Y., YANG Y., XIONG Z. The synergy of
fertilizer and pesticide reduction in China: Measurement
and driving factors. Polish Journal of Environmental
Studies, 33 (4), 3665, 2024.

5. PETRESCU-MAG R., BANATEAN-DUNEA 1., VESA
S., COPACINSCHI S., PETRESCU D. What do Romanian
farmers think about the effects of pesticides? Perceptions
and willingness to pay for bio-pesticides. Sustainability,
11, 3628, 2019.

6. RANA S., HALIM M., MOHIUDDIN M., RAHMAN M.,
RANA M. Role of farmer information and advice center
in technology transfer and farm business development
of smallholder farmers: Insights from Bangladesh.
Agricultural & Rural Studies, 2, 0001, 2024.

7. LIU D., HUANG Y., LUO X. Farmers’ technology
preference and influencing factors for pesticide reduction:
Evidence from Hubei Province, China. Environmental



Game Equilibrium Between Market and Government...

13

10.

11.

12.

13.

14.

15.

16.

17.

18.

Science and Pollution Research, 30, 6424, 2023.

DUKE S. Why are there no widely successful microbial
bioherbicides for weed management in crops? Pest
Management Science, 80 (1), 56, 2024.

HUANG Y., LUO X, LI Z. Substitution or
complementarity: Why do rice farmers use a mix of
biopesticides and chemical pesticides in China? Pest
Management Science, 78 (4), 1630, 2022.

ISGREN E., ANDERSSON E. An environmental justice
perspective on smallholder pesticide use in Sub-Saharan
Africa. The Journal of Environment & Development, 30
(1), 68, 2020.

WUEPPER D., ROLEFF N., FINGER R. Does it matter
who advises farmers? Pest management choices with
public and private extension. Food Policy, 99 (2), 101995,
2021.

NYANGAU P, MURIITHI B., DIIRO G., AKUTSE
K., SUBRAMANIAN S. Farmers’ knowledge and
management practices of cereal, legume and vegetable
insect pests, and willingness to pay for biopesticides.
International Journal of Pest Management, 9, 1817621,
2020.

ABDOLLAHZADEH G, DAMALAS A,
SHARIFZADEH M., AHMADI-GORGI H. Attitude
towards and intention to use biological control among
citrus farmers in Iran. Crop Protection, 108, 95, 2018.
HEZAKIEL H., THAMPI M., REBELLO S,
SHEIKHMOIDEEN J. Biopesticides: a green approach
towards agricultural pests. Applied Biochemistry and
Biotechnology, 196 (8), 5533, 2024.

LITTLE A. Propaganda and credulity: Games and
Economic Behavior, 102, 224232, 2017.

MA Y., WU J,, FAN S., YU S. Towards less agricultural
nitrogen use in China: Perspective from a multi-crop and
multi-region partial equilibrium analysis. Polish Journal of
Environmental Studies, 32 (5), 4713, 2023.

SADDAM B., IDREES M., KUMAR P., MAHAMOOD
M. Biopesticides: Uses and importance in insect pest
control: A review. International Journal of Tropical Insect
Science, 44 (3), 1013, 2024.

BENOIT C., MAIA D., VINCENT M. Understanding
farmers’ reluctance to reduce pesticide use: A choice

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

experiment. Ecological Economics, 167, 106349, 2020.
WANG F.,, CANG Y., CHEN S., KE Y. Aging, land
fragmentation, and banana farmers’ adoption of
biopesticides in China. Environmental Science and
Pollution Research, 35, 30, 2023.

SRIYANKA L., GAGANDEEP K., ALLAN B. Field
efficacy of a biopesticide and a predatory mite for
suppression of Scirtothrips dorsalis (Thysanoptera:
Thripidae) in strawberry. Journal of Economic
Entomology, 4, 1623, 2024.

GAO F.,, XU J.,, LI D., CHEN F. The impact of adopting
green control technologies on farmers’ income: Based on
research data from tea farmers in 16 provinces of China.
Polish Journal of Environmental Studies, 33 (3), 2065,
2024.

SUN S., HU R.,, ZHANG C. Pest control practices,
information sources, and correct pesticide use: Evidence
from rice production in China. Ecological Indicators, 109,
107895, 2021.

THU Y. Extension services and household food security
of women rice farmers in the delta region of Myanmar.
Agricultural & Rural Studies, 1 (3), 0016, 2023.

JU E., ZHOU 1J., JIANG K. Evolution of stakeholders’
behavioral strategies in the ecological compensation
mechanism  for  poverty alleviation. Resources,
Conservation and Recycling, 176, 105915, 2021.
FRIEDMAN D. Evolutionary game in economics.
Econometrica, 59 (3), 637, 1991.

ADOM M., FENING K., BILLAH M., AIGBEDION-
ATALOR P, WILSON D. Efficacy of selected
biopesticides on key pests of chilli pepper for increased
productivity in Ghana. Crop Protection, 176, 2130, 2024.
LI K., ZHAI R., WEI J. Examining the determinants of
green agricultural technology adoption among family
farms: Empirical Insights from Jiangsu, China. Polish
Journal of Environmental Studies, 33(1), 225, 2024.
GROVERMANN C., SCHREINEMACHERS P,
RIWTHONG S., BERGER T. ‘Smart’ policies to reduce
pesticide use and avoid income trade-offs: An agent-based
model applied to Thai agriculture. Ecological Economics,
132, 91, 2017.



