www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Research on multilateral
collaboration strategies

in agricultural seed quality
assurance

Yanmei Wang & Yusheng Chen™*

Seeds, as the initial products in agricultural systems, play a pivotal role in ensuring quality,
fundamental to national food security and sustainable agricultural development. This study
introduces a concept integrating public governance and evolutionary game theory to construct a
quadripartite evolutionary game model involving seed companies, certification agencies, farmers,
and governmental departments. It considers the strategic choices of these stakeholders under
varying economic motivations and market mechanisms, as well as the influence of external regulation
and incentives on game strategies. The existence conditions for evolutionarily stable strategy
combinations are determined using the Lyapunov first method, and MATLAB is employed for
numerical simulation analysis to validate the game analysis under initial conditions. The simulation
results reveal two potential equilibrium points corresponding to different strategic choices among
stakeholders. The study finds that producing high-quality seeds and the refusal of certification
agencies to engage in rent-seeking are crucial for ensuring seed quality. Additionally, the cost-benefit
ratio of seed companies, the speculative cost of certification agencies, and the rights-protection cost
of farmers are key determinants in the evolution of seed quality assurance strategies. This research
also holds practical significance in enhancing seed quality assurance mechanisms and fostering
sustainable development in agriculture.

Keywords Seed quality assurance, Regulatory framework, Impact mechanisms, Evolutionary game,
Simulation analysis

Agricultural production encompasses numerous facets including land management, fertilizer utilization, and
pest and disease control, with seeds being the inception point for these aspects. The regulation of seed quality
emerges as a critical segment within the entire agricultural system’. High-quality seeds are defined as those that
meet or exceed certain quality standards, characterised by a high germination rate, vigorous vitality, appropriate
moisture content, high purity, superior genetic traits, and favourable physical properties. From the perspective
of seed quality, high-quality seeds significantly enhance both the yield and quality of agricultural produce, in
addition to augmenting the crops’ resistance against adverse environmental conditions and pests and diseases®.
A comprehensive optimization of crop growth cycle, disease resistance, and resilience to adverse conditions
amplifies the economic and ecological benefits of agricultural system®. From the perspective of food security,
amidst the backdrop of rapidly escalating global food demand, leveraging high-quality seeds to boost the crop
yield per unit area has morphed into an effective measure and a pivotal pathway to addressing food scarcity issues
and ensuring national food security®. This not only alleviates the pressure on food supply but also elevates the
nutritional value and safety of food, catering to the burgeoning consumer demand for healthful food products.
From the vantage point of sustainable agriculture, high-quality seeds efficaciously curtail the utilization of agri-
cultural inputs such as fertilizers and pesticides, thereby reducing the pressure of agricultural activities on the
environment and natural resources®. Consequently, seed quality bears a direct nexus to farmer livelihoods,
national food security, and the health and sustainability of agricultural ecosystems. Agricultural seeds industry,
as a strategic, foundational core industry, have their quality assurance serving as the linchpin for bolstering agri-
cultural systems’. However, incidents of counterfeit and substandard seeds remain recurrent, such as the “over
440 mu reduction in broad bean yield” in Chengjiang, Yunnan in 2022 and the “total crop failure of a hundred
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mu of chili” in Xiangyang, Henan in 2023, rendering the assurance of seed quality a focal point for the stable
and synergistic development of agricultural systems.

Seed systems can be categorised into three types: formal, informal, and intermediate seed systems®. In China,
the seed system predominantly operates within a formal framework, which is characterised by comprehen-
sive government regulation, robust research and development, and the presence of large-scale seed companies.
Consequently, this paper investigates the strategies for multilateral collaboration strategies in agricultural seed
quality assurance within the formal system. In the production phase, seed companies, as suppliers, influenced
by farmers’ preferences, reputation, market competition, and government regulation, may opt to produce high-
quality seeds. This strategy not only establishes a positive brand image but also secures trust from farmers and
agribusinesses, thereby achieving sustainable development®. However, driven by complex economic conditions
and market mechanisms, like cost-benefit analysis, insufficient market regulation, and information asymmetry,
they might also choose to produce counterfeit and substandard seeds!’. In the inspection phase, seed quality
certification agencies, as regulatory agencies, in China, while regulated and supervised by government policies,
operate as independent entities. Propelled by robust legal and market regulatory mechanisms along with a sense
of professional ethics and responsibility, certification agencies may choose to resist rent-seeking behaviors''.
Conversely, swayed by economic gains and individual utility maximisation, these agencies might adopt proac-
tive rent-seeking strategies, engaging in informal collaborations with seed companies for additional financial
returns'® In the feedback phase, epitomized by the adage, “a single grain sowed in spring yields thousands in
autumn,” farmers, as the ultimate users and consumers of seeds, play a crucial role in assessing seed performance
and influencing future seed improvements through their selections and feedback®. In instances of non-standard or
other quality-related issues, farmers might opt for proactive rights protection to defend their legitimate interests,
urging seed companies and certification agencies to prioritize seed quality, averting similar losses for other farm-
ers. However, given the legal procedures, time, and financial costs entailed in rights protection, farmers might
forego such actions. In the regulatory phase, the government, acting as a guardian in quality assurance'®, might
choose a stringent regulatory approach to propel seed companies and certification agencies towards enhanced
standardization and professionalism. A lenient regulatory stance might be adopted to foster seed innovation
and development, reduce operational costs for enterprises, and invigorate market dynamism and innovation'.

In agricultural systems, the stakeholders involved in seed quality assurance make decisions based on their
interests and information". To achieve the objectives of seed quality assurance, it is imperative to establish robust
systems and mechanisms, guiding the parties towards collaborative relationships rather than adversarial ones,
and collectively propelling the healthy and sustainable development of seeds!®. This paper primarily addresses
the following research questions: How can seed companies strike a balance between ensuring seed quality and
reducing costs? How can seed quality certification agencies guarantee the fairness and accuracy of their evalua-
tions? How can they build trust relationships with seed producers and farmers? How do farmers make decisions
based on the cost of rights protection and compensation? How can the government establish an effective incentive
and penalty mechanism to ensure that seed companies, certification agencies, and farmers adhere to good seed
practices? To address the aforementioned issues, this paper initially employs a quadripartite evolutionary game
theory to set up a mixed strategy game matrix based on the interest relations among seed companies, certifica-
tion agencies, farmers, and the government in seed quality assurance, thereby establishing a game model. This
analysis delves into the evolutionary stable strategies of each gaming subject and the impact mechanism of various
factors on their strategy selections. Subsequently, utilizing Lyapunov’s First Method, the existence conditions
for the combinations of evolutionary stable strategies are discerned. Lastly, a numerical simulation analysis is
carried out using MATLAB 2023Db to exhibit the evolutionary trajectories post alterations in influencing factors,
and to validate the efficacy of the game analysis under different initial conditions. The study aims to contribute
significantly towards augmenting the seed quality assurance mechanisms and propelling the sustainable progres-
sion of agricultural systems.

Theoretical analysis

Public governance theory

The Public Governance Theory, evolved from the amalgamation of political science theories, public administra-
tion theories, and economic analysis methods'”®, posits that governance entities encompass not only public
governance institutions like governmental departments but also private institutions like enterprises and non-
governmental organizations". The essence of public governance lies in collaborative management®>?!, where
diverse governance entities partake and collaborate to augment the flexibility and effectiveness of management?.
In scenarios where seed quality issues lead to reduced yields or total crop failure, solely relying on governmental
departments for rectification might result in missing the sowing season, wasting land resources, and harm-
ing the direct interests and economic benefits of farmers and agri-businesses. Integrating Public Governance
Theory into the seed quality assurance issue helps to elucidate the thought process behind quality assurance?.
This theory accentuates the diversification of governance entities and the cooperative and consultative relations
among them?*?*. It guides the exploration of a cooperative win-win governance structure or model among
seed companies, certification agencies, the general public, and regulatory departments. By doing so, it aids in
constructing a comprehensive seed quality risk governance network, ensuring seed quality assurance. Through
a public governance lens, this study aims to conceptualize and propose a robust governance structure encom-
passing multiple stakeholders to safeguard seed quality and, by extension, the broader agricultural system’s
sustainability and productivity.

Scientific Reports |

(2024) 14:11310 | https://doi.org/10.1038/s41598-024-61505-5 nature portfolio



www.nature.com/scientificreports/

Evolutionary game theory

Evolutionary Game Theory revisits game equilibrium from an evolutionary perspective, relaxing the “complete
rationality ” and assuming participants possess “bounded rationality,” providing a different analytical approach
for Nash equilibrium and equilibrium selection?. Evolutionary game theory continues to be a hot topic in game
theory research and is widely applied across various disciplines. The essence of seed quality assurance revolves
around the game relationships that emerge concerning seed quality among seed companies, certification agen-
cies, farmers, and the government. Seed is the “chip” of food security”’, however, incidents of counterfeit and
substandard seeds persist, the core issues remain unresolved largely due to the self-interest maximization objec-
tive during strategic selections by the responsible parties for seed quality assurance. The profit maximization
by seed companies, rent-seeking behavior by certification agencies, and the cost-benefit analysis by farmers
in rights protection contribute to this unresolved dilemma. Yet, external factors, such as varying regulatory
strategies and incentive systems, can cause deviations in decisions. Stakeholders may adjust their game strate-
gies based on different expected benefits, leading to new game equilibria®®. The logical relationships among the
gaming subjects are depicted in Fig. 1. Under varying degrees of influence from market forces and regulatory
measures, seed companies, certification agencies, and farmers might choose different game strategies and take
corresponding actions based on policy characteristics, regulatory intensity, self-profit, market reputation, inspec-
tion standards, and rights protection costs. And Governmental departments would evaluate the effectiveness of
governance and regulations based on the actual situations and societal environment, analyze the trends in seed
quality assurance, and adjust existing policies accordingly. From this perspective, the process of seed quality
assurance can be viewed as an evolutionary game process among the responsible entities for seed quality assur-
ance. This theoretical approach provides a structured framework to analyze and devise strategic interventions
for enhancing seed quality assurance in agricultural systems.

Model assumptions and construction

Model assumptions

Assumption 1 In this model, four players are assumed: seed companies (Participant 1), seed quality certification
agencies (Participant 2), farmers (Participant 3), and governmental departments (Participant 4). It’s posited that
all participating entities possess bounded rationality and adhere to the principle of profit or utility maximization,
with their strategic choices evolving over time towards optimal strategies.

Assumption 2 : The strategy space of seed companies o= (o}, 2) = (produce high-quality seeds, produce fake and
shoddy seeds), and with probability x produces high-quality seeds, probability 1 — x produces fake and shoddy
seeds; the strategy space of seed quality certification agencies S= (8, 82) = (refuse to rent-seeking, engage to
rent-seeking), the probability of its choice B is y, and the probability of choosing 8, is1 — y; the strategy space
of farmers y = (y1, y2) = (actively seek rights, give up the rights), and with probability z chooses to actively seek
the right, and the probability of 1 — z to give up the right; the strategy space of the governmental departments
8 = (81, 8) = (strict regulation, lax regulation), and with probability u chooses to strict supervise, and with prob-
ability 1 — u chooses to lax regulation.

Assumption 3 The sales revenue of the seeds is denoted as R,. The cost incurred by the seed company for
producing high-quality seeds is represented as C,,, whereas the cost for producing inferior seeds is denoted as
Cp1> with Cyp, > Cp. When high-quality seeds are produced, they pass the quality inspection; conversely, when
inferior seeds are produced, the company might opt to rent-seek from the certification agencies to secure market
entry approval, with the rent-seeking cost represented as By,. Furthermore, the speculative behavior associated
with the production of inferior seeds incurs a speculative cost, Cys, which primarily include costs related to the
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Figure 1. Logic relationship diagram of quadrilateral evolutionary game.
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falsification of seed vitality, moisture content, and germination rates, as well as expenses incurred from fraudulent
advertising of seeds claimed to have disease resistance, strong adaptability, high yields, and enhanced nutritional
values. The inferior seeds result in economic losses for the farmers, and during the process of their rights protec-
tion, compensation, M, needs to be provided to the farmers.

Assumption 4 The government establishes seed quality standards and oversees their overall implementation.
Certification agencies assess and certify seed quality based on the standards set by the government. Seeds are
permitted to enter the market for sale only after passing the inspection conducted by a third-party certification
agencies. The revenue from inspection for the certification agencies is denoted as Ry, with the inspection cost
represented as C4. When inferior seeds are produced by the seed company, if the certification agencies refuses
to engage in rent-seeking, the seeds fail the inspection and are not allowed into the market. Conversely, if the
certification agencies is inclined towards rent-seeking, it engages in rent-seeking behavior with the seed com-
pany, assisting the inferior seeds in obtaining market entry approval. The revenue from rent-seeking for the
certification agencies is denoted as Ryss where Rgs = Bpys and the rent-seeking cost, Cyss primarily encompasses
expenses for fabricating basic information, production processes, and issuing false inspection reports. When
the certification agencies engage in rent-seeking, aiding the seed company in getting market entry approval for
the inferior seeds, it becomes liable in cases where farmers seek rights protection, bearing joint liability and
providing compensation, M.

Assumption 5 Farmers earn income, Ry, from planting high-quality seeds and harvesting them abundantly, with
a cost of Cy, where Cy = R, During the period of cultivation with inferior seeds, farmers carry out irrigation and
fertilization. Yet, the low-quality seeds result in a reduced yield or even a total crop failure for the season, incur-
ring a loss to the farmers denoted as Hy. Upon discovering quality issues with the seeds, timely rights protection
actions by farmers can recuperate losses M, + M,. However, given the generally weak legal awareness among
some farmers, they might opt for a quiet settlement when confronted with inferior seeds. To mitigate losses for
other farmers, the government encourages farmers to actively seek rights protection when they encounter inferior
seeds, denoted as Ry, with the cost of rights protection represented by Cp.

Assumption 6 In the scenario of stringent regulation by governmental departments, seed companies produc-
ing and selling inferior seeds are subjected to a fine denoted as F;, while certification agencies with rent-seeking
intentions are fined F;. Conversely, seed companies producing and selling high-quality seeds are rewarded with
Rpg, and certification agencies refusing rent-seeking are rewarded with Rg,. Under a lenient regulatory approach,
the governmental departments do not proactively acquire strategic choice information from seed companies and
certification agencies, thus, no rewards or punishments are administered. The cost incurred by governmental
departments for regulation is represented as C,.

Assumption 7 High-quality seeds are conducive to enhancing crop resistance to diseases, and improving both
the yield and quality of varieties, which in turn increases the economic benefits for farmers, enhances consumer
satisfaction, and promotes economic development and social stability, bringing about a social benefit, Ry, for the
government. When seed companies produce inferior seeds and engage in rent-seeking transactions with certi-
fication agencies, the market infiltration of inferior seeds jeopardizes food security and economic development.
To maintain social stability and rectify the seed industry, the government incurs a cost denoted as Dg. When
governmental departments adopt a lax strategy, and due to regulatory lapses, situations where inferior seeds
infiltrate the market occur, the governmental departments will be held accountable by superior authorities and
subjected to administrative penalties denoted as Tg.

Model construction
Based on the aforementioned assumptions and parameter settings, a mixed strategy game matrix involving seed
companies, certification agencies, farmers, and governmental departments can be obtained, as shown in Table 1.

Results and analysis

Analysis on strategic stability of the game subjects

Strategic stability in seed companies production

The expected earnings from seed companies producing either high-quality or inferior seeds, along with the
average expected earnings (E1;, E1p, E1), are as follows:

E; = Rp - Cph + uRpg
iz =Rp—Cpl—Cps—Bpr—i—pr,—qu—ZMp—pr + yzM, (1)
Ey = xE;1 + (1 —x)Erp

The replicator dynamic equation for the production strategy of seed companies is:

dx —
F(x) = i x(E11 — Er) = x(x — 1)(Cph — Bpr — Cp1 — Cps + yBpr — uF — uRpg — zMp — yR, + yzMp)
(2)

The first derivative of F(x) is:
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Fi+Fy—Cg —Dg — Ry Fs+Fy—Cg — Dy —Dg — T, - G —Dy =Ty — G

Table 1. Mixed strategy game matrix.

d(F(x))/dx = 2x — 1)(Cpp — Bpr — Cpy — Cps + yBpr — uFs — uRpe — zMp — yRy, + yzMp)

€)

Based on the stability theorem of differential equations, it is known that the strategy of seed com-
panies choosing to produce high-quality seeds must satisfy the following condition for a stable
state:F(x) = 0 and d(F(x))/dx <0

Proposition 1 When y > y1,z < z1, and u < uy, the stable strategy for seed companies is to produce high-quality
seeds; when and y < y1, z > z1, and u > wy, the stable strategy is to produce inferior seeds; when y = yy, z = zy,
and u = uy, the seed companies cannot determine their stable strategy. Where the threshold values are:

91 = (Cph — Bpr — Cpl — Cpg — uFs — z2Mp — uRpg /(R — zMp — Bpy)

21 = (Cph — Bpr — Cpl — Cps + yBpr — UFs — uRpg — yRp)/(Mp — yM,)
ur = (Cph — Bpr — Cpt — Cps + yBpr — 2Mp — yR, + yzMy) /(Fs + Rpg)

(4)

Proof LetG(y) = Cpn — Byr — Cpi — Cps + yBpr — uFs — uRpy — zMy — yR, + yzMj.

Setting F(x) = 0, results in x = 0 or x = lor G(y) = 0.9G(y)/dy = Bpr +zM, — R, < 0, indicating that
G(y)is a decreasing function of y, When y > y1, G(y) < 0, and only when x = 1 does it satisfy the condition
for strategy stability F(x) = 0and d(F(x))/dx < 0 get satisfied. Similarly, when < y;, G(y) > 0, and only when
x = 0does it satisfy the condition for strategy stability F(x) = 0 and d(F(x))/dx < 0 get satisfied. When y = yy,
G(y) = 0,andd(F(x))/dx = 0, the seed companies cannot determine its stable strategy. The impact of threshold
values z; and u; on strategy stability can be demonstrated analogously.

According to Proposition 1, The phase diagram of the seed companies’ strategic choice is shown in Fig. 2a,
indicating that the probability of seed companies choosing to produce inferior seeds corresponds to the volume
Va1 of region Aj, and the probability of choosing to produce high-quality seeds corresponds to the volume V4,
of region A,. Upon calculation, it is found:

(5)

Var=1-Vaq (6)

Corollary 1 The probability of seed companies producing high-quality products is positively correlated with specula-
tive cost (Cps), the cost of inferior seeds (Cp)), government rewards (Rpg), and government fines (Fs), and negatively
correlated with production cost (Cpp).

Proof Based on the expression V4, for the probability of seed companies producing high-quality seeds, we cal-
culate the first-order partial derivatives with respect to each influencing factor, yielding:

3Va2/8Rpg > 0,8V42/0Cs, < 0,0Va2/dCp1 > 0,8V42/0Cps > 0,dVaz/dF; > 0,dVa2/8(Cop — Cpr) < 0.
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Figure 2. Phase diagram of evolutionary strategies among all parties.

Strategic stability in rent-seeking by certification agencies
The expected earnings from either refusal or intention of rent-seeking by the certification agencies, along with
the average expected earnings (Ejj, E», E,) are as follows:

By = Ry — Cy + uRyg
Eyp =Ry — Cgs — Cq + Rys + xCys — zMy — xRys + xzMy (7)
Ex = Ry — Cys — Cg + Rygs + xCys — zMy — xRys + x2My
The replicator dynamic equation for certification agencies is:
F(y) =dy/dt = y(Ezl — E) =y(y — D(Rgs — Cys — uF; + xCys — zMyq — uRge — xRys + xzMg)  (8)
The first derivative of F(y) is:
d(F(y))/y = (2y = 1) (Rgs — Cgs — uFy + xCys — zMg — uRgg — xRys + x2M) ©)
Based on the stability theorem of differential equations, it is known that for the strategy of rent-seeking refusal

by the certification agencies to be in a stable state, it must satisfy:F (y) = 0 and d(F(y))/dy < 0.

Proposition 2 When x > x,z > z, and u > u, the stable strategy for the certification agencies is to refuse rent-
seeking; whenu < uz, X < X3, and z < z», the stable strategy for the certification agencies is to intend rent-seeking;
whenu = uy, x = x», and z = z, the certification agencies cannot determine their stable strategy. Threshold values:
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Uy = (Rgs — Cys + xCqs — zMy — xRys + x2My) / (Fg + Ryg)
X2 = (Rgs — Cgs — uFy — zMy — uRyg) /(Rgs — Cgqs — zMy) (10)
2y = (Rgs — Cgs — uFy + xCqs — zMy — uRgg — xRys + xzMg) /(Mg — xMy)

Proof Let H(u) = Rys — Cygs — uFq + xCqs — zMy — uRgg — xRgs + xzM,. Setting F(y) = 0, yields y = 0 or
y = lor H(u) = 0. Given that 0H (1) /du = —R4y — F4 < 0, it is evident that H(u) is a decreasing function of
u. Whenu > us, H(u) < 0,and only when y = 1does it satisfy the condition for strategy stability F(y) = 0 and
d(F(y))/dy < 0. Similarly, when < uy, H(u) > 0, and only when y = 0 does it satisfy the condition for strategy
stability (y) = 0and d(F(y))/dy < 0. When (y) =0and (F(y))/dy < 0, Hu) = 0, and d(F(y))/dy = 0, the
certification agencies are unable to determine their stable strategy. The impact of threshold values x; and z, on
strategy stability can be demonstrated analogously.

According to Proposition 2, The phase diagram of the strategy choices by the certification agencies is shown
in Fig. 2b, illustrating that the probability of refusing rent-seeking is represented by the volume Vp; of area By,
while the probability of intending to seek rent is represented by the volume Vi, of area B,. Through calculation,
it is obtained that:

1 r1
Vi = / / updxdy = —(Cgs — Rys +2Mg)/ (2(Fq + Rgg)) (11)
0/ 0

Ver=1—Vp (12)

Corollary 2 The probability of seed quality certification agencies refusing rent-seeking is positively correlated with
rent-seeking cost (Cys) and illegal compensation (M), and negatively correlated with rent-seeking revenue (Rys).

Proof By deriving the first-order partial derivatives from the expression for the prob-
ability Vg1 of certification agencies refusing rent-seeking for each influencing factor, it is
obtained: 0V /dRys < 0,0Vp1/dCys > 0,0Vp/dMy > 0.

Strategic stability in farmers’ rights protection
The expected earnings from either active rights protection or forfeiture of rights protection by the farmers, along
with the average expected earnings (E31, Esz, E3), are as follows:

Esp = (u—D(x—1D(y—1)(Cy + Cr + Hf — My — My) — x(Cr — Ry)

—u(x — 1)(y = 1)(Cp + C¢ + Hf — My — My — Rg) (13)
B3 = —x(Cr — Ry) — (x = D(y = D(Cr + Hy)

E3 = zE31 + (1 — 2)E3

The replicator dynamic equation for the farmers’ rights protection strategy is as follows:

F(z) = dz/dt = z(Es; — E3) = z(z — 1)(—(x — )(y — D(M;, — Cp + My + uRg)) (14)
The first derivative of F(z) is:
d(F(2))/dz = 2z — D)(—=(x — D(y — D(M, — Cp + My + uRg)) (15)

Based on the stability theorem of differential equation, it is imperative that the strategy of farmers actively
seeking rights must satisfy the following conditions:F(z) = 0 and d(F(z))/dz < 0

Proposition3 When x > x3, y > y3, andu > us, the stable strategy for farmers is to actively seek rights. Conversely,
when x < x3, y < y5, and u < u3, the stable strategy chosen by farmers is to forgo rights. However, when x = x3,
¥y = 3, and u = u3, farmers are unable to ascertain their stable strategy. Threshold values are as follows:

uz = (Cp — My — My — xCpp — yCp + xM), + xMy + yMp + yM, + xyCy

—xyMp — xyMgq) /(Rfy — xRy — YRy + xyRyg)

x3 = (Cp — Mp — My — yCp + yM, + yMy — uRgy + uyRg;)

[(Cp — Mp — My — yCp + yMp + yMy — uRg + uyRg) (16)
y3 = (Cp — Mp — My — xCb — yCyp + xMp + xMy + yM,

+yMy — uRg + xyCp — xyMp — xyMg + uxRg; + uyRg — uxyRy)

/(Cp — My — My — xCp, + xMp + xMy — uRp — xuRyp)

Proof LetI(u) = —(x — 1)(y — 1)(Mp — Cp, + My + uRg,). Setting F(z) = 0, yieldsz = 0orz = 1or I(u) = 0.
Since 9I(u)/du = —(x — 1)(y — )Ry < 0, it follows that I() is a decreasing function of u. When u > u3,
I(u) < 0,and only when y = 1is the stable strategy condition F(y) = 0and d(F(y))/dy < 0 satisfied. Similarly,
when < u3, (1) > 0, and only when y = 0 is the stable strategy condition F(y) = 0and d(F(y))/dy < 0 satis-
fied. Whenu = u3, I(u) = 0,d(F(y))/dy = 0, the certification agencies cannot determine its stable strategy. The
impact of threshold values x3 and y3 on strategy stability can be proven analogously.

Based on Proposition 3, the phase diagram of farmers’ strategy selection is shown in Fig. 2¢, indicating
that the probability of farmers foregoing their rights is represented by the volume of V. in region C;, while
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the probability of farmers actively asserting their rights is represented by the volume of V, in region C,. The
calculations are as follows:

1 1
Vi =/ / usdxdz = —(M, — Cp + M) /Ry (7)
0J 0

Vo=1-Vqy (18)

Corollary 3 The probability of farmers actively asserting their rights is positively correlated with the compensation
received from seed companies and certification agencies (MpandM,), and is negatively correlated with the cost of
rights assertion (Cp).

Proof By taking the partial derivatives of the expression for the probability of farm-
ers actively asserting their rights (V) with respect to each influencing factor, the following is
obtained: 3V /dM, = 1/Rgy > 0,0V2/dC, = —1/Rgy < 0,0V2/dMy = 1/Rgz > O.

Strategic stability in government regulation
The expected earnings from either strict or lax regulation by the government, along with the average expected
earnings (E41, E42, E4) are as follows:

Ey = y(x — 1)(Cg — Fs + Ryg) — xy(Cq — R + Rpg + Rgg) +x(y — 1) (Cq — Fy — Re + Rpe)
—2(x = 1)(y = 1)(Cq + Dy — Fy — Fs+ Rg) + (x — 1)(y — 1)(z — 1)(Cg + Dy — Fy — Fy)

Epn =y(x—1)Cg —x(Cq —Rg) + (x — D(y — 1)(z — 1)(Cq 4+ Dy + Ty) (19)
—2(x = 1)(y — 1)(Cg + Dy + Ty)

Ey=uEy + (1 —u)Egp

The replicator dynamic equation for government regulation is:
F(u) = du/dt = u(u — 1)(xFs — Fs — Tg — Fy + yFq + xRpg + YRy

20
+ 2Ry +xTg + yTy — xzRg; — yzR — xyTy + xyzRy) (20)

The first derivative of F(u) is:

d(F(u))/du = 2u — 1)(xFs — Fs — Ty — Fy + yFq + XRpg + yRgg + 2R + xTy + yTy — x2Rp — yzR — xyTy + xyzRg)
(21)
According to the stability theorem of differential equations, the strategy of strict regulation chosen by the
government must satisfy:F(u) = 0and d(F(u))/du < 0.

Proposition4 When x < x4, y < y,, 2 < za, the stable strategy for the governmental departments is strict regula-
tion; when X > x4, y > ¥4, Z > 24, the stable strategy for the governmental departments is lax regulation; when
X = X4, ¥ = Y4 Z = 24, the governmental departments cannot determine its stable strategy. Threshold values:

x4 = (=Fs — Tg — Fg + yFg + yRgg + 2R, + yTg — yzRg) /(—Fs — Ryg — Tg + 2R + yTg — yzRg)

¥y = (xFs — Fs — Tg — Fg + xRpg + 2Ry + xTg — x2Rp) [(—Fy — Rgg — Ty + 2Ry + xTy — xzRyy)

za = (Fs+ Tg + Fg — yFg — xRpg — yRge — xTg — yTg + xyTy — xF5)/ (R — xRy — YRy + xyRg)

(22)

Proof Let j(y) = (xF — F; — Ty — Fy + yFy + xRpg + yRgg + 2R + xTg + yTg — xzRy — yzRg, — xyT + xyzRg). Setting
F(u) =0, it yieldsu =0oru=1or J(y) =0.9J(y)/dy = Fg+ Rgg + Tg — zZRgy — xTg + xzRgy > 0, Since
Tg > R, it follows that ] (y) is an increasing function of y. When y < y,, J(y) < 0, and only when u = 1is the
strategic stability condition F(u) = 0 and d(F(u))/du < 0satisfied. Similarly, when y > y,, ] (y) > 0, and only
when 1 = 0 is the strategic stability condition F(u) = 0 and d(F(u))/du < 0 satisfied. When y = y,, ](y) =0,
d(F(u))/du = 0, the governmental departments cannot determine its stable strategy. The effects of the threshold
values x4 and z4 on strategic stability can be proved in a similar manner.

Based on Proposition 4, the phase diagram of the strategic choice of the governmental departments is shown
in Fig. 2d. It demonstrates that the probability of the governmental departments choosing strict regulation is
represented by the volume of Dy, denoted as Vpj, while the probability of choosing loose regulation is represented
by the volume of D5, denoted as V. The calculations yield:

1 rl
Vp1 = / / zydxdu = (Fy + Ryg + Tg/2) /R + (Rpg /2 — Fy/2 + Rgg) /((y — 1)Rgy) (23)
0J 0

Vpa =1—Vpy (24)

Corollary 4 The probability of the governmental departments choosing strict regulation is positively correlated with
the fines imposed on seed companies for producing inferior seeds (Fs), fines on certification agencies for active rent-
seeking (F), and higher-level accountability (T), while it is negatively correlated with the rewards given based on
the production of high-quality seeds (Rpg).
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Proof By deriving the first-order partial derivatives from the expression Vp; for the probability of the govern-
mental departments choosing strict regulation, we obtain:d Vp;/dF; = —1/ <2 (y — I)ng> > 0,0Vp1/0F; =
1/Rg > 0,dVp1/dRpg = 1/(2(y — DRy < 0,8V /3Ty > 0

Equilibrium points in the four-party evolutionary game system

In the dynamic system of game interactions among seed companies, certification agencies, farmers, and govern-
ment, the stability of strategy selection can be determined using Lyapunov’s First Method. The Jacobian matrix
of this four-party evolutionary game in this study is:

dF(x)/dx 0F(x)/dy 0F(x)/0z dF(x)/du

[ _ | PEQ)/ox 9F()/dy DF()/0z DF () /du
~ | 0F(z)/9x 9 F(z)/dy 0F(z)/dz 0F(z)/du
0F(u)/dx 0F(u)/dy 0F(u)/dz 0F(u)/ou

Setting F(x)= F(y)= F(z)= F(u)=0, 43 sets of system equilibrium solutions are obtained. Among them, 16
sets of pure strategy equilibrium solutions are substituted into the Jacobian matrix to obtain 16 sets of matrix
eigenvalues. As seen in Table 2, under the relevant conditions, there are two strategy combinations, (0, 0, 1, 1)
and (0, 0, 1, 0), which belong to ESS points.

Simulation analysis

Based on the previous analysis, two points have the potential to become stable points. To further verify the valid-
ity of the evolutionarily stable points analyzed previously, the evolutionary trajectories of all gaming subjects will
be numerically simulated using MATLAB 2023b in the following sections.

Seed, being the “chip” of agriculture, plays a pivotal role in ensuring the smooth operation of the agricultural
system. The quality assurance of seeds is therefore of paramount importance. This section sets up simulation
parameters based on real-world data to make the simulation results more reliable and reflective of the actual
market dynamics. The data sources include the annual report data of Zhongnongfa Seed Group Co., Ltd. (2022)%,
the amount of fines for counterfeit seed incidents®, and the income per mu of wheat planting by farmers®'.

Seed companies are engaged in the research, development, and production of various types of crop seeds. The
cost of producing high-quality seeds is denoted by C,, = 5. However, for higher profits, some might resort to
producing counterfeit seeds at a much lower cost of C,; = 0.01, with additional costs such as rent-seeking from
certification agencies By, = 0.5, false marketing and management costs Cy; = 0.2, and compensation to farmers
for their active rights protection M, =0.5, while the revenue from seed sales remains at Ry, = 6. Certification
agencies, on the other hand, have a revenue of R; = 3 with a certification cost of C; = 1. They may also engage
in rent-seeking activities with a revenue of Ry = 0.5 and a speculative cost of Cy4s = 0.1. If farmers choose to
protect their rights actively, the certification agencies may have to compensate My = 0.1. Farmers incur a seed
purchase cost of C; = 6 and can earn a revenue of Ry = 7.8 post a successful harvest. However, in case they end

Jacobian matrix eigenvalues

uilibrium points 1> A2, 43 ign of the re art tability conclusions onditions
Equilibrium poi s A2y A Sign of the real p Stabili clusi Conditi

> 0,0, , 0, b — > Cpn = Bpr — Cpp — Cps , 0, X, X ncertaint -
(1,0,0,0) 0,0, Fg = Ryg, Cpn = Bpr = Cp = G, (0,0 ) U inty
(0,0,0,0) Cys = Rys, FgtFstTg, My — CptMg,Byr — Cpppt Cpi+Cps (= +, X, X) Unstable points -

, 1, O, WRgs = Cgss I's— > Cpi= CpntCpst , +, X, X nstable points -
(0,1,0,0) 0,Rgs — Cys, Fs— Ryq, Cpi— CpptCpstRp (U ) Unstable poi
(0,0,1,0) 1/(Bpr= CpptCpi+CpstMp), — 1/(Cqs + My— Rys), — 1/(Mp— CptMy), 1/(FgtFo— R+Ty (== =-) ESS %%
(0,0,0,1) 1/(Bpr— CpmtCpr+CpstFs+ Rpg), 1/(CystFgtRgg— Rys), 1/(Mp— Cpt Mg+Ryg), = 1/(Fy +Fs+Ty) (X, X, +, X) Unstable points -
(1,1,0,0) 0,0,— Rpg— ng,Cph— Cpl— Cps— Rp (0,0, -, x) Uncertainty -
10,1, , 0, Fq= Rpg,Cph— Bpr— Cpi— Cps— , 0, X, X ncertain -
(1,0,1,0) 0,0, Fg— Rpg,Cpp— Bpr— Cpi— Cps— M) (0,0 ) U inty

, L L, , Fs— > Rgs— -Cgs, Cpr = CpptCpst , 0, X, X ncertaint: -
(0,1,1,0) 0, Fs— Rqg, Rgs— Mq-Cgs, Cp — Cpit+Cps+ Rp (0,0 ) U inty

,0,0, \Rpe— Fg, FotRye,Cop— Bpr— Cpj— Cps— Fs— , X, +, X nstable points -
(1,0,0,1) 0,Rpg— Fy, FqtRyg.Cpn— Bpr— Cpi— Cps— Fs— Rpg (0 ) Unstable poi

,1,0,1 , Rgg— Fo, Rgs— Fg— Ryg— Cys,Cpi— CpptCpst Fst Rp+ , X, +, X nstable points -
(0,1,0,1) 0, Rgg— F, Rgs— Fq= Rgg— CyoCpi— Cppt Cpst FtRy+Rpe (¥ ) Unstable poi
©,0,1,1) 1/(Bpr— CoptCpi+CpstFytMy+ Ryg), 1/(Caet Ft M+ Rgg— Rgs), — 1/(Mp— CitMg+Ryy), — 1/(Fy e ESS ®®

o +F= Ryp+Ty) o o)

> L L U, — - > Uph= Cpi—= Cps— , U, — X ncertains -
(1,1, 1,0) 0,0, = Ryg— Ryq, Cpp— Cpi— Cps— Rp (0,0 ) U inty

> L0, > +Rgg, — Fg— Uph= Cpl= Cps— Fs— Kp— ,+, = X nstable points -
(1,1,0,1) 0, Ryg+Rgg, = Fq— Rgg:Cpn— Cpi— Cps— Fs— Rp— Ryg (0 ) Unstable poi

>0, 1, 3 — by, FgtRgg, Cpp— Bpr — Cpj— Cps— Is— - , X, +, X nstable points -
(1,0,1,1) 0, Ryg = Fy, Fg+Rgg, Cpp— B Cpi— Cps— Fs— Mp— Rpe (0 ) Unstable poi
0,1,1,1) 0, Rge— Fs, Rys— Fy— My— Ryg— CyCpi— CpptCpstFot Rp+Rpe (0, X, X, X) Uncertainty -
(1,1,1,1) 0, Rge— Fs, Rgs— Fy= My— Rgg— CyCp— CppitCpstFstRpg+Rpe (0, x, +, xX) Unstable points -

Table 2. Stability analysis of equilibrium points. Conditions: @BP, — Cpi + Cpi + Cps + My < 0;

@Cys + My — Ry < 0; QM — Cp + My > 0; DF, + F; — Ry + T, < 0;
@Bpr_cph+cpl+cps+M +F5+Rpg <0;©Cqs+Fq+Mq+ng_Rqs < 0;

@M, — Cyp+ My + R > 0;@F; + Fs — R + Ty > 0
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up buying counterfeit seeds, they suffer a loss of Hf = 6.5 with an active rights protection cost of C, = 1. The
governmental departments bear a cost of C; = 4 for regulation. Under strict regulation, when high-quality seeds
enter the market, seed companies and certification agencies are rewarded with R,; = 0.2 and Rge = 0.1respec-
tively, while the societal benefit is Ry =7. If counterfeit seeds enter the market, fines of Fs = 1 and Fy = 0.1are
imposed on seed companies and certification agencies respectively, with a reward of R = 1.5 for farmers’ active
rights protection. The cost of market rectification and maintaining social stability by the government is denoted
by Dg = 10. The baseline parameter values are set to satisfy conditions & to ®. The initial strategy choices of
all game subjects are setat x = 0.5, y = 0.5,z = 0.5,u = 0.5.

Influence of cost-benefit ratio on seed companies

When conditions & to B are satisfied, the basic array 1 sets the cost-benefit ratio to 1:1.2, based on the annual
report data released by the Agricultural Development Seed Group Co., Ltd. The evolution game process and the
outcomes are illustrated in Fig. 3a, where the system gradually stabilizes at (0, 0, 1, 1), representing the stable
strategy of “seed companies producing inferior seeds, certification agencies inclined to rent-seeking, farmers
actively asserting their rights, and strict government regulation”. This validates the accuracy of the conclu-
sions drawn earlier and provides a more intuitive explanation of the issue at hand. As depicted in Fig. 3b-d, an
increase in the cost-benefit ratio accelerates the speed at which seed companies lean towards producing high-
quality seeds, and the governmental departments are more inclined to opt for lax regulation, thus achieving
the maximum social benefit at the lowest management cost. This is in alignment with the conclusions drawn
in Inference 1.

Influence of rent-seeking costs on certification agencies

Compared with the basic array 1, it can be observed that the higher the speculative cost, the greater the prob-
ability of the certification agencies refusing rent-seeking. This is consistent with the conclusion of Corollary 2.
Moreover, as the speculative cost increases, the certification agencies tend to refuse rent-seeking more quickly,
and seed companies tend to produce high-quality seeds faster, as shown in Fig. 4. When seed companies pro-
duce inferior seeds, appraisal agencies refuse to seek rent and prevent inferior seeds from entering the market,
resulting in silence costs for seed companies. Therefore, as the probability of the certification agencies refusing
rent-seeking increases, seed companies lower the probability of producing inferior seeds.

Influence of farmers’ rights protection cost

When seed companies produce inferior seeds and the certification agencies have an intention to seek rent, the
interests of farmers who purchase inferior seeds are harmed. At this time, whether the farmers take the initia-
tive to protect their rights is affected by the cost of rights protection, as shown in Fig. 5. When the cost of rights
protection is less than the sum of compensation and rewards, the probability of farmers taking the initiative to
protect their rights continuously increases over time. When the cost of rights protection is equal to the sum of
compensation and government rewards, i.e., C, = M) + My + Ry, the probability of farmers actively protecting
or giving up their rights is 50% each, being in a non-stable evolutionary equilibrium, where any minor change will
cause it to deviate towards the happening state. The higher the cost of rights protection, even if rights protection
can recover losses, the probability of farmers giving up rights protection increases with the evolution of time.

Impact of government regulatory mechanism

To further validate the feasibility and effectiveness of the governmental departments on seed quality assurance,
values in Array 1 are altered, setting Fs = 0.1and Tg = 0.5, to satisfy conditions (D to @, forming Array 2. Based
on Array 1 and Array 2, a simulation is conducted to analyze the impact of the accountability strength of the
higher-level government on the strategy choice of the governmental departments, as illustrated in Fig. 6. This
simulation serves both as an analysis of the evolutionary equilibrium point and an affirmation of the function
of the higher-level accountability mechanism.

Discussion

Evolutionary game equilibrium point analysis

This study highlights the crucial roles of seed companies, certification agencies, farmers, and government in
ensuring seed quality. Under the influence of varying economic motives and degrees of regulation, the produc-
tion of high-quality seeds and the rejection of rent-seeking are crucial to seed quality assurance. In essence, the
combined influence of market forces and regulatory measures forms the cornerstone of seed quality assurance.
(1) The equilibrium points, (0, 0, 1, 1) and (0, 0, 1, 0), in this paper all occur under the environment where the
seed companies produce inferior seeds and the certification agencies intend to seek rent, causing the inferior
seeds to enter the market. In this scenario, farmers tend to choose strategies that protect their own interests,
while the government makes different choices under different circumstances. (2) According to the cost-benefit
analysis, if seed companies produce high-quality seeds, regardless of whether the certification agencies intend to
seek rent, whether the farmers actively uphold their rights, or whether the governmental departments are strictly
regulated, high-quality seeds will bring sufficient benefits to farmers, the government, and society. (3) If seed
companies produce inferior seeds, and the certification agencies refuse to seek rent, thus preventing the inferior
seeds from entering the market, the interests of the farmers are not harmed. Therefore, the strategy choices of the
farmers or the government have no effect on quality assurance®. (4) If inferior seeds enter the market, accord-
ing to the equilibrium point analysis, the interests of the farmers are directly impacted. Upholding their rights
is the best strategy choice for the farmers. The increase in social instability factors leads to a scenario where the
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Figure 3. Impact of changes in cost-benefit ratio of seed companies on the evolutionary strategy of all parties.

government’s strategy choice depends on the comparison between the sum of the rewards for farmers’ rights
protection and the income from superior accountability and fines.

Stakeholder strategy choice impact mechanisms

The strategic choices of seed companies are influenced by a multitude of factors including speculative costs,
production costs, and governmental policies. Profit maximisation, serving as a significant economic motive,
directly influences production decisions; a higher cost-benefit ratio inclines seed companies towards the produc-
tion of high-quality seeds. Production cost is also a significant influencing factor; greater production costs may
prompt seed companies to opt for the production of lower-cost substandard seeds. Governmental rewards and
penalties also affect company decisions®*. The encouragement for the production of high-quality seeds can be
fostered by amplifying rewards, whilst the deterrence of seed companies from unlawful activities can be achieved
by intensifying penalty measures.

The rent-seeking behaviour of certification agencies is conjointly influenced by rent-seeking costs, anticipated
illegal compensation, and rent-seeking benefits. Rent-seeking costs directly affect the rent-seeking actions of cer-
tification agencies; higher costs erode higher profits, thus reducing the economic benefits and leading to a decline
in the willingness to engage in rent-seeking. Anticipated illegal compensation is also a critical factor; higher
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Figure 4. Impact of increased rent-seeking cost of certification agencies on the evolutionary strategy of all
parties.

expected compensation augments the risks and costs associated with rent-seeking behaviour, thereby increas-
ing the probability of certification agencies refusing rent-seeking. Rent-seeking benefits, serving as the driving
force behind the rent-seeking actions of certification agencies, also impact their decisions®. Higher speculative
benefits, despite certain risks and costs, diminish the probability of certification agencies refusing rent-seeking.

The degree of refinement in the compensation mechanism directly impacts the proactiveness of farmers in
seeking legal redress**’. Should farmers be able to obtain reasonable and ample compensation from seed com-
panies and certification agencies, they would be more inclined to resolve issues through legal channels. When
the rights of farmers are infringed upon, higher litigation costs may deter them from taking legal action. Govern-
ment support for farmers’ rights protection, such as legal aid, informational services, and simplified litigation
procedures, also significantly influence the farmers’ decision on whether to pursue legal action.

The strategy choices of government regulatory departments are collectively influenced by fine mechanisms,
accountability mechanisms, and reward mechanisms. The fine mechanism is a crucial component of the regula-
tory strategy, where moderate fines can prevent and mitigate illegal activities by seed companies and certifica-
tion agencies, thereby maintaining market fairness and stability. The higher-level accountability mechanism is
another non-negligible factor; strengthening this mechanism can enhance the execution efficiency of regulatory
departments, ensuring the effective implementation of regulatory policies®. The reward mechanism also plays
a pivotal role, encouraging seed companies to allocate more resources towards the production of high-quality
seeds, thereby promoting the high-quality development of seeds.

Limitations and future research directions
Intellectual Property Rights (IPRs) play a pivotal role in safeguarding the rights of seed patent holders throughout
the processes of seed research, development, production, and sales. In this study, the production of inferior seeds
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Figure 6. Impact of higher-level accountability intensity on the evolutionary strategies of governmental
departments.
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by seed companies significantly infringes upon the rights of patent holders, potentially leading to complaints
from other seed enterprises. Future research needs to incorporate the impact of this dimension. Seed compa-
nies’ strategic shifts solely from a cost-benefit perspective, variations in government incentives for producing
high-quality seeds, fines for producing inferior seeds, rent-seeking costs, speculative costs, and compensations
for farmer litigations will all exert influences on the strategic choices of the gaming stakeholders. Compared to
the factors analyzed in this paper, these elements exert a lesser impact on strategy selection, yet they should be
integrated into subsequent studies on seed companies.

Given that seed companies are the starting point of the seed quality assurance system, and that much of the
research inadequacies lie in the production phase of high-quality seeds, only external factors affecting seed com-
panies have been considered, overlooking the impact of endogenous dynamics. Therefore, future research will
unfold from the internal driving mechanisms of seed companies, combining complex network and dynamical
studies to construct an evolutionary game model for the complex network of seed companies. This will entail
analyzing the influence of imitation effects and demonstration effects on seed companies’ inclination towards
the production of high-quality seeds.

Conclusion

This study unveils the intricate game relationships among key stakeholders in the seed industry within agri-
cultural systems, and the mechanism of influence regarding strategic choices. The assurance of seed quality
is delineated into three stages: firstly, the production stage, where the genesis of seed quality assurance lies
in the choice of seed companies to produce high-quality seeds. Under the joint influence of farmer feedback
and regulatory bodies, the emergence of high-quality seeds fundamentally safeguards the development of seed
quality at its source. Secondly, the market entry stage, where substandard seeds, once produced, are prevented
from entering the market. In this context, regulatory measures come into play, and certification agencies act as
a “barrier” to market entry for these inferior seeds. Thirdly, the feedback stage, where substandard seeds, if they
enter the market, market forces come into play and will face the critical scrutiny of farmers who are essential to
seed quality assurance. Seed companies are the starting point of the seed quality assurance system, and ensuring
quality at the “source” can eliminate and reduce regulatory costs in subsequent stages. Certification agencies play
a pivotal role in seed quality assessment, with their fairness and accuracy directly impacting the healthy develop-
ment of seeds. Farmers are the feedback providers against substandard seeds and beneficiaries of high-quality
seeds. The government acts as a “guardian” in quality assurance, ensuring a conducive environment for quality
control. Through the combined effects of market forces and regulatory frameworks, and with concerted efforts
from all stakeholders involved, an effective seed quality assurance system can be refined, thereby ensuring the
sustainable development of agricultural systems.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 3 March 2024; Accepted: 7 May 2024
Published online: 17 May 2024

References

1. Dadlani, M. & Yadava, D. K. Seed Science and Technology: Biology, Production, Quality (Springer Nature, 2023).

2. Dwivedi, S. L., Spillane, C., Lopez, F, Ayele, B. T. & Ortiz, R. First the seed: Genomic advances in seed science for improved crop
productivity and food security. Crop Sci. 61, 1501-1526. https://doi.org/10.1002/csc2.20402 (2021).

3. Liu, E. M. & Huang, J. Risk preferences and pesticide use by cotton farmers in China. J. Dev. Econ. 103, 202-215. https://doi.org/
10.1016/j.jdeveco.2012.12.005 (2013).

4. Zhao,]J., Luo, Q,, Deng, H. & Yan, Y. Opportunities and challenges of sustainable agricultural development in China. Philos. Trans.
R. Soc. B Biol. Sci. 363, 893-904. https://doi.org/10.1098/rstb.2007.2190 (2008).

5. Thompson, J. & Scoones, I. Addressing the dynamics of agri-food systems: An emerging agenda for social science research. Environ.
Sci. Policy 12, 386-397. https://doi.org/10.1016/j.envsci.2009.03.001 (2009).

6. Pimentel, D. et al. Environmental and economic effects of reducing pesticide use in agriculture. Agric. Ecosyst. Environ. 46, 273-288.
https://doi.org/10.1016/0167-8809(93)90030-S (1993).

7. Wimalasekera, R. Role of seed quality in improving crop yields. Crop Prod. Glob. Environ. Issues https://doi.org/10.1007/978-3-
319-23162-4_6 (2015).

8. Westengen, O. T., Dalle, S. P. & Mulesa, T. H. Navigating toward resilient and inclusive seed systems. Proc. Natl. Acad. Sci. 120,
€2218777120. https://doi.org/10.1073/pnas.2218777120 (2023).

9. Kumar, S,, Sripathy, K. V., Udaya Bhaskar, K. & Vinesh, B. In Seed Science and Technology: Biology, Production, Quality (eds Dadlani,
M. & Yadava, D. K.) 109-131 (Springer Nature Singapore, 2023).

10. Tiwari, A. et al. In Market-Driven Plant Breeding for Practicing Breeders (eds Tiwari, A. et al.) 323-387 (Springer Nature Singapore,
2022).

11. Misra, M. K., Harries, A. & Dadlani, M. In Seed Science and Technology: Biology, Production, Quality (eds Dadlani, M. & Yadava,
D. K.) 267-297 (Springer Nature, 2023).

12. Feng, Q. Shi, X. & Zhang, ]. Influence of rent-seeking on safety supervision in Chinese construction: Based on a simulation tech-
nology. Technol. Forecast. Soc. Change 138, 1-9. https://doi.org/10.1016/j.techfore.2018.10.016 (2019).

13. Spielman, D. J. & Kennedy, A. Towards better metrics and policymaking for seed system development: Insights from Asia’s seed
industry. Agric. Syst. 147, 111-122. https://doi.org/10.1016/j.agsy.2016.05.015 (2016).

14. Zhang, M., Huang, Y., Jin, Y. & Bao, Y. Government regulation strategy, leading firms” innovation strategy, and following firms
imitation strategy: An analysis based on evolutionary game theory. PLoS One 18, €0286730. https://doi.org/10.1371/journal.pone.
0286730 (2023).

15. Su, X, Duan, S., Guo, S. & Liu, H. Evolutionary games in the agricultural product quality and safety information system: A multia-
gent simulation approach. Complexity 2018, 7684185. https://doi.org/10.1155/2018/7684185 (2018).

Scientific Reports |

(2024) 14:11310 | https://doi.org/10.1038/s41598-024-61505-5 nature portfolio


https://doi.org/10.1002/csc2.20402
https://doi.org/10.1016/j.jdeveco.2012.12.005
https://doi.org/10.1016/j.jdeveco.2012.12.005
https://doi.org/10.1098/rstb.2007.2190
https://doi.org/10.1016/j.envsci.2009.03.001
https://doi.org/10.1016/0167-8809(93)90030-S
https://doi.org/10.1007/978-3-319-23162-4_6
https://doi.org/10.1007/978-3-319-23162-4_6
https://doi.org/10.1073/pnas.2218777120
https://doi.org/10.1016/j.techfore.2018.10.016
https://doi.org/10.1016/j.agsy.2016.05.015
https://doi.org/10.1371/journal.pone.0286730
https://doi.org/10.1371/journal.pone.0286730
https://doi.org/10.1155/2018/7684185

www.nature.com/scientificreports/

16. Teng, Y. et al. Behavioral decision-making of the government, farmer-specialized cooperatives, and farmers regarding the quality
and safety of agricultural products. Front. Public Health https://doi.org/10.3389/fpubh.2022.920936 (2022).

17. Rhodes, R. A. W. The new governance: Governing without government. Political Stud. 44, 652-667. https://doi.org/10.1111/j.
1467-9248.1996.tb01747.x (1996).

18. Stoker, G. Governance as theory: Five propositions. Int. Soc. Sci. J. 50, 17-28. https://doi.org/10.1111/1468-2451.00106 (1998).

19. Ansell, C. & Gash, A. Collaborative governance in theory and practice. J. Public Admin. Res. Theory 18, 543-571. https://doi.org/
10.1093/jopart/mumo032 (2008).

20. Serensen, E. & Torfing, J. The democratic anchorage of governance networks. Scand. Polit. Stud. 28, 195-218. https://doi.org/10.
1111/j.1467-9477.2005.00129.x (2005).

21. Emerson, K., Nabatchi, T. & Balogh, S. An integrative framework for collaborative governance. J. Public Admin. Res. Theory 22,
1-29. https://doi.org/10.1093/jopart/mur011 (2012).

22. Klijn, E. H., Koppenjan, J. & Termeer, K. Managing networks in the public sector: A theoretical study of management strategies
in policy networks. Public Admin. 73, 437-454. https://doi.org/10.1111/j.1467-9299.1995.tb00837.x (1995).

23. Yuan, B., He, L., Gu, B. & Zhang, Y. The evolutionary game theoretic analysis for emission reduction and promotion in low-carbon
supply chains. Appl. Sci. 8, 1965. https://doi.org/10.3390/app810196510.3390/app8101965 (2018).

24. Sabatier, P. A., Focht, W,, Lubell, M., Trachtenberg, Z. & Vedlitz, A. Swimming Upstream: Collaborative Approaches to Watershed
Management (MIT Press, 2005).

25. Bodin, O. & Crona, B. L. The role of social networks in natural resource governance: What relational patterns make a difference?.
Glob. Environ. Change 19, 366-374. https://doi.org/10.1016/j.gloenvcha.2009.05.002 (2009).

26. Smith, ]. M. Did Darwin Get it Right? Essays on Games, Sex and Evolution 202-215 (Springer, 1982).

27. Wang, F. & Xu, Y. Evolutionary game analysis of the quality of agricultural products in supply chain. Agriculture 12, 1575. https://
doi.org/10.3390/agriculture12101575 (2022).

28. Li, Y., Dong, W. & Guo, Z. An evolutionary game model for quality control of agricultural supermarket matched supply chain with
government participation. SHS Web Conf. https://doi.org/10.1051/shsconf/202317002016 (2023).

29. Zhongnongfa Seed Group Co., Ltd. The Annual Report of Nongfa Seed Industry 2022 (2022).

30. Affairs, G. P. D. O. A. A. R. Product Quality and Safety Supervision and Management Office (2022).

31. Statistics, H. P. B. O. Double Increase in Wheat Quantity and Price, Increase in Summer Grain Yield and Farmers’ Income (2022).

32. Tonapi, V. A., Kumar, M. & Manjunath, P. C. Seed Quality Assurance (2011).

33. Chen, S.-PJ. et al. The seed quality assurance regulations and certification system in soybean production—A Chinese and inter-
national perspective. Agriculture 12, 624. https://doi.org/10.3390/agriculture12050624 (2022).

34. Donovan, J., Rutsaert, P., Spielman, D., Shikuku, K. M. & Demont, M. Seed value chain development in the Global South: Key
issues and new directions for public breeding programs. Outlook Agric. 50, 366-377. https://doi.org/10.1177/003072702110595
51 (2021).

35. Bate, R, Jin, G. Z. & Mathur, A. In whom we trust: The role of certification agencies in online drug markets. Soc. Sci. Electron.
Publ. 14, 111-150. https://doi.org/10.3386/w17955 (2012).

36. Gong, Y. & Tan, R. Emergence of local collective action for land adjustment in land consolidation in China: An archetype analysis.
Landsc. Urban Plan. 214, 104160. https://doi.org/10.1016/j.landurbplan.2021.104160 (2021).

37. Xuehai, J. et al. Establishing an agro-ecological compensation mechanism to promote agricultural green development in China.
J. Resour. Ecol. 9, 426-433. https://doi.org/10.5814/j.issn.1674-764x.2018.04.010 (2018).

38. Tao, J. & Wang, J. Farmers’ willingness to accept compensation for livestock and poultry waste resource utilization and its deter-
minants. Chin. J. Popul. Resour. Environ. 18, 144-154. https://doi.org/10.1016/j.cjpre.2021.04.019 (2020).

39. Graycar, A. Global Encyclopedia of Public Administration, Public Policy, and Governance (ed A. Farazmand) 63-68 (Springer
International Publishing, 2018).

Acknowledgements
The authors gratefully acknowledge the support from National Social Science Fund (No. 23BGL192).

Author contributions
Y.M.W. provided the main manuscript, wrote the codes in MATLAB, run the simulations, and contributed on
derivation of mathematical formulas. Y.S.C. edited the manuscript, also supervised and ensured the project.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:11310 | https://doi.org/10.1038/s41598-024-61505-5 nature portfolio


https://doi.org/10.3389/fpubh.2022.920936
https://doi.org/10.1111/j.1467-9248.1996.tb01747.x
https://doi.org/10.1111/j.1467-9248.1996.tb01747.x
https://doi.org/10.1111/1468-2451.00106
https://doi.org/10.1093/jopart/mum032
https://doi.org/10.1093/jopart/mum032
https://doi.org/10.1111/j.1467-9477.2005.00129.x
https://doi.org/10.1111/j.1467-9477.2005.00129.x
https://doi.org/10.1093/jopart/mur011
https://doi.org/10.1111/j.1467-9299.1995.tb00837.x
https://doi.org/10.3390/app810196510.3390/app8101965
https://doi.org/10.1016/j.gloenvcha.2009.05.002
https://doi.org/10.3390/agriculture12101575
https://doi.org/10.3390/agriculture12101575
https://doi.org/10.1051/shsconf/202317002016
https://doi.org/10.3390/agriculture12050624
https://doi.org/10.1177/00307270211059551
https://doi.org/10.1177/00307270211059551
https://doi.org/10.3386/w17955
https://doi.org/10.1016/j.landurbplan.2021.104160
https://doi.org/10.5814/j.issn.1674-764x.2018.04.010
https://doi.org/10.1016/j.cjpre.2021.04.019
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Research on multilateral collaboration strategies in agricultural seed quality assurance
	Theoretical analysis
	Public governance theory
	Evolutionary game theory

	Model assumptions and construction
	Model assumptions
	Model construction

	Results and analysis
	Analysis on strategic stability of the game subjects
	Strategic stability in seed companies production
	Strategic stability in rent-seeking by certification agencies
	Strategic stability in farmers’ rights protection
	Strategic stability in government regulation
	Equilibrium points in the four-party evolutionary game system

	Simulation analysis
	Influence of cost–benefit ratio on seed companies
	Influence of rent-seeking costs on certification agencies
	Influence of farmers’ rights protection cost
	Impact of government regulatory mechanism


	Discussion
	Evolutionary game equilibrium point analysis
	Stakeholder strategy choice impact mechanisms
	Limitations and future research directions

	Conclusion
	References
	Acknowledgements


