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Abstract

:

The whole trusteeship of green agricultural production plays an important role in promoting the protection of black land, and it is particularly crucial to clarify the behavioral characteristics and game relationships of agents involved in the whole trusteeship. This study uses the dynamic evolutionary game method to construct a tripartite evolutionary game model of governments, service organizations and farmers participating in the whole trusteeship of green agricultural production, aiming to come up with effective strategies to promote the widespread application of green agricultural production trusteeship and achieve agricultural green development. The results are as follows: (1) At present, the agricultural production model in Northeast China is dominated by traditional agricultural production and supplemented by green agricultural production. (2) Incentive and punitive measures will encourage agents to adopt positive strategies. (3) In areas with a poor awareness of green agricultural production trusteeship, the government’s incentive and punishment measures for farmers and service organizations are imbalanced. (4) The relatively high cost of trusteeship leads to a lack of market competitiveness, which has a negative impact on service organizations promoting green agricultural production trusteeship. This study provides an effective reference for improving the overall implementation effect of black land protection in Northeast China.
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1. Introduction


The conservation tillage of black land has achieved phased results, and the sustainable promotion of black land protection is a long-term work. The grain production of black land in Northeast China accounts for 20% to 25% of the total national output [1]. Therefore, the sustainable agricultural production system is of great significance for black land in Northeast China to ensure national food security. However, due to the decline of the content (SOMs) caused by traditional agricultural production models, soil degradation and water loss has occurred [2,3,4,5]. Therefore, in recent years, the protection of black land has been considered a fundamental, coordinated and strategic issue, maintaining national ecological balance and food security [6]. The release of the “Action Plan for Conservation Tillage of Northeast Black Soil (2020–2025)” has promoted Lishu County to establish the demonstrative effect of the “Lishu Model”, which implements green agricultural production technologies such as harvesting and straw mulching, soil loosening, no-tillage seeding and fertilization to comprehensively improve the production and ecological functions of black soil [7,8]. However, at present, the protection of black land in Northeast China is still faced with a series of problems such as whether the current farming methods can maintain the thickness of black soil layers [9]. Therefore, it is very important to continuously promote the protection of black land. The root cause of the problem of black land protection lies in the high-quality development of agriculture and the level of agricultural modernization. Agricultural green development is the only way to promote the realization of high-quality agricultural development and enhance agricultural modernization [10].



Agricultural green development is an important measure to continuously promote the protection of black land. Due to global climate change and ecological environmental degradation, green development has gradually become a topic of concern for international organizations [11,12,13,14]. “The Opinions on Innovating Systems and Mechanisms to Promote Green Agricultural Development” emphasize that governments, service organizations, farmers, consumers and other parties should be mobilized to actively participate in green development to achieve agricultural green development. Agricultural green development is an economic transformation process involving the adjustment of agricultural infrastructure and production models. In essence, it aims to reduce the depletion of natural resources and minimize the adverse impact on the environment in the process of agricultural production [15,16]. The core of agricultural green development is green agricultural production, which is a production model aimed at energy conservation and emission reduction adopting green agricultural production technologies to achieve sustainable development [17]. Shen et al. demonstrated that compared with conventional tillage, the use of subsoiling, no-tillage and other green agricultural production technologies [18] increased the aggregate associated organic carbon in the soil by 9.73%, effectively enhancing the carbon sequestration capacity of the soil [19]. Therefore, agricultural green development is an important support for consolidating the achievements of black land protection.



Comprehensively promoting the whole trusteeship of green agricultural production is an important guarantee for the realization of green agricultural development. According to the sixth national census, there are 210 million farming households with less than 10 mu (mu, a Chinese unit of land measurement that equals 1/15 of a hectare) of arable land. Therefore, effectively organizing and promoting the green transformation of farmers’ production is the key and difficulty to realize agricultural green development [20]. Relying on service organizations to adopt agricultural production trusteeship is an important way to promote the precise connection between modern agricultural green development and green transformation for farmers [21,22]. Trusteeship refers to a socialized service model in which farmers entrust the partial or whole process of agricultural production, including planting, management and harvesting, to agricultural production service institutions without transferring land management rights [23]. Combined with the concept of agricultural green development, the whole trusteeship of green agricultural production is a model in which the service subjects use green production technology to complete the whole process of agricultural production entrusted by farmers and other subjects in a relatively low-cost manner. The whole trusteeship of green agricultural production is an important link for service organizations to promote agricultural green development and consolidate black land protection by popularizing green production behavior [24]. The model of the whole trusteeship of green agricultural production also provides an effective reference for solving the problems of the low willingness of farmers to participate in black land protection and the difficulty of governments to promote black land protection policies [25].



The trusteeship of green agricultural production under black land protection involves multi-agent behavioral decision making. “The Measures for the Management of Soil Environment of Agricultural Land” show that local governments are the regulatory agencies for black land protection, and farmers are the direct executors of black land protection. As rational people, it is difficult for farmers to give up the traditional agricultural production model. Green agricultural mechanization is an inevitable requirement for agricultural green development [26]. These agricultural machinery and equipment have a large input cost for farmers. However, some scholars demonstrate that scale effect (reducing the average cost of green production) is the key to promote farmers’ green production. The whole trusteeship of green agricultural production can make farmers replace labor input with a lower machinery price through scale effect so as to realize green agricultural development [27,28]. Research has demonstrated that the agricultural socialized service market is a typical multi-agent game market [29]. However, the slow development of green agriculture in China stems from neglecting the conflicting interests of different participants in the process of green agricultural development [30]. The promotion of green agricultural production trusteeship is a complex behavioral game process that involves conflicts of interest between governments, service organizations, and farmers. It is necessary and important to coordinate the conflicts of interests among the tripartite agents involved. Therefore, it is necessary to use evolutionary game to simulate the strategic changes made by participants under the whole trusteeship of green agricultural production.



In summary, in the context of the continuous promotion of black land protection, this article carries out the following work: (1) We build a tripartite evolutionary game model between governments, service organizations and farmers. (2) We construct replication dynamic equations and analyze stable strategies for tripartite evolution. (3) Based on the obtained data, a numerical simulation is conducted on the tripartite evolutionary game model to determine effective strategy combinations and establish collaborative mechanisms to promote the widespread application of the whole trusteeship of green agricultural production, as shown in Figure 1. The remaining part of this study is structured as follows: (1) Section 2 is a literature review. (2) Section 3 is the theoretical basis and assumptions of the tripartite evolutionary game model. (3) Section 4 provides equilibrium and simulation analyses on the tripartite evolutionary game model. (4) Section 5 discusses the links between the findings of this study and relevant research on green agricultural production trusteeship. (6) Section 6 introduces the findings, recommendations and limitations of this study.




2. Literature Review


At present, research on the trusteeship of green agricultural production under the protection of black land is in the primary stage. This study reviews the literature from three aspects: green agricultural production, black land protection and the relationship between green agricultural production trusteeship and black land protection.



2.1. Research on Green Agricultural Production


The environmental challenges faced by natural resources are attributed to traditional agricultural production technology, and the key to prevent the degradation of natural resources is to realize green production technology. Fatemi et al. calculated the ecological indices such as the biocapacity and ecological footprint of rural areas of the Fars province of Iran and concluded that green technology is the main factor affecting the ecological index [31]. Green agricultural production technology plays an important role in sustainable environmental development. By establishing a comprehensive strategic framework based on SWOT, Ikram et al. concluded that the plans and programs for the promotion of green technology in the agricultural sector were considered the best strategy [32]. Xu et al. demonstrated that the ease of use and practicality of green agricultural production technology play an important role in the decision-making process of farmers [33]. Zeng and Shi proposed that the trusteeship model of green agricultural production is an important way to connect green production technology and agricultural green production [34]. Zhang and He certified that the model of green agricultural production trusteeship will drive farmers to engage in agricultural green production and promote the green development of agriculture [35]. These studies have proved that green agricultural production trusteeship is an important way to promote farmers to adopt green agricultural production technology and agricultural green development.




2.2. Research on Black Land Protection


Some scholars have studied the effectiveness of regulatory legislation in protecting agricultural land. Denver and Lenore demonstrated that the agricultural land reserve in British Columbia is relatively successful in protecting farmland [36]. On the contrary, research by Duguma and Tebarek showed that the legislation of farmland transformation greatly affects the livelihood assets of farmers [37]. Some scholars have analyzed the important factors of black land protection by establishing the index system of black land protection. Cynthia et al. showed that soil erosion is the main cause of land degradation and suggested that ecosystem services should be incorporated into future policies to prevent soil and water loss [38]. Based on the important factors of black land protection, some scholars put forward the relevant strategies of black land protection. Xu et al. took the black soil region of Northeast China as the research object. According to the landform and soil erosion characteristics, the black soil area in Northeast China was divided into rolling hills, low mountains, hills and gullies and agricultural and pastoral areas. The research team proposed the land use strategy of three lines of defense control mode, pyramid control mode and minimum development maximum protection control mode [39]. These studies mainly focus on the empirical research of black land protection.




2.3. Research on the Relationship between Black Land Protection and Green Agricultural Production Trusteeship


Based on the analysis of the influencing factors of black land protection, Qu et al. demonstrated that green agricultural production can promote black land conservation tillage [40]. The proposal of “Agricultural Production Trusteeship Service—Application of Green Production Technology—Agricultural Carbon Emission Reduction” mechanism can better analyze the internal interaction process between black land protection and green agricultural production trusteeship [41]. Research has proved that the enhancement of soil carbon sequestration capacity is an important indicator for the improvement of black soil quality [2]. Zhao et al. established a theoretical framework to analyze the impact of agricultural production trusteeship on carbon emissions from planting. The results showed that agricultural production trusteeship has a significant inhibitory effect on planting carbon emissions [42]. The trusteeship of green agricultural production not only ensures the improvement of black land quality but also improves the efficiency of food production. Based on the survey data of five major grain-producing provinces in China, Sun et al. used the propensity score matching method to study the promotion effect of agricultural production trusteeship on grain quality production. The empirical results showed that after farmers’ participation in the trusteeship of green agricultural production, the high-quality grain yield increased by 0.292 percentage points [43].



At present, research studies on green agricultural production trusteeship and black land protection, which do not consider the impact of the decision-making changes made by participants on the promotion of the whole trusteeship of green agricultural production, basically focus on the factors analysis of farmers’ willingness to adopt production trusteeship [44,45], the factors analysis to improve the efficiency of green agriculture production [46,47,48] and the increase in soil organic content [49,50]. There is little literature that combines the background of black land protection to study the behavioral decision making of governments, service organizations and farmers in the game of green agricultural production trusteeship. Therefore, it is important and necessary to explore the dynamic collaborative mechanism of the whole trusteeship of green agricultural production promotion.



To sum up, from the perspective of black land protection, this study constructs a tripartite evolutionary game model of governments, service organizations and farmers under the whole trusteeship of green agricultural production, analyzes the behavioral decision making characteristics and game relationship of the three stakeholders through a numerical simulation in Python 3.7.0 software and explores the optimal strategy combination for promoting the whole trusteeship of green agricultural production so as to provide reasonable suggestions for promoting the wide application of the whole trusteeship of green agricultural production.





3. Theoretical Basis and Hypothesis of Tripartite Evolutionary Game Model


Evolutionary game theory has been widely used in different disciplines. Based on the concept of bounded rationality, stakeholders show a tendency of iterative imitation and adaptation to enhance their strategies [51]. This theory is a valuable tool for studying the interaction between stakeholders. Its basic principles include evolutionary stability strategy and replication dynamics [52].



Many academic research studies have developed theoretical or empirical analysis frameworks based on game theory to study the interest differences among stakeholders. In the field of green agricultural production, some scholars have used the game theory method to build a game model between governments and farmers, studied the factors affecting the diffusion of green agricultural production technology and concluded that the policy effect and the cost of green agricultural production technology have a significant impact on the diffusion of green agricultural production technology [53,54,55]. With the deepening of research, multi-agent game theory has attracted much attention. Scholars have constructed a tripartite game model between government, farmers and consumers and concluded that enhancing the strength of policy tools can help farmers achieve green transformations [56]. In addition, some scholars have constructed a tripartite game model between the central government, local governments and farmers, proposing that governments should implement more complex dynamic subsidy strategies to encourage farmers to actively participate in farmland protection [57]. It is worth noting that current research has not considered the impact of green agricultural production trusteeship on black land protection and the green transformation of farmers.



Based on the research of scholars on green agricultural production, this article analyzes the game behavior of stakeholders in the process of promoting green agricultural production trusteeship in different contexts, determines effective strategy combinations and establishes collaborative mechanisms to promote the widespread application of the whole trusteeship of green agricultural production.



3.1. Agents Description


The promotion of the whole trusteeship of green agricultural production is a game process of multi-agent continuous interactions. It is necessary to understand the behavioral decision-making characteristics and dynamic interaction of governments, service organizations and farmers. Therefore, this study discusses the behavioral decision-making characteristics among the above subjects and elaborates on the interaction between the interest subjects. The organizational structure of governments, service organizations and farmers is shown in Figure 2.



Governments, service organizations and farmers have formed external and internal interactions. In terms of external interactions, the policies formulated by governments encourage and restrict farmers, and farmers consult with service organizations on production technology issues. This leads to the behavior of farmers being affected by governments and service organizations at the same time. In order to obtain a government subsidy for technological reform and special trusteeship, service organizations respond to governments’ call to promote the whole trusteeship of green agricultural production to farmers. The actual trusteeship demand of farmers has a feedback effect on service organizations, which leads to the behavior of service organizations being affected by governments and farmers at the same time. The external interaction of stakeholders leads to stakeholders’ game in decision making, which constitutes an internal interaction. In terms of internal interactions, farmers choose to accept or reject green agricultural production trusteeship according to governments’ reward and punishment policies and the trusteeship model of service organizations. Service organizations need to make decisions to promote the whole trusteeship of green agricultural production or traditional agricultural production according to governments’ incentive policies and farmers’ trusteeship requirements. According to the production behavior of farmers and the trusteeship model of service organizations, governments choose to actively promote the trusteeship of green agricultural production or passively promote the trusteeship of green agricultural production. According to the dynamic interaction and decision-making behavior among stakeholders, the following assumptions can be put forward.




3.2. Model Assumptions


Hypothesis 1.

As the regulator of black land protection in Northeast China, governments are the protectors of ecological environments. Considering economic construction, ecological construction and government performance, governments’ implementation of policies such as publicity and education [58], administrative penalties and production subsidies can promote the promotion of green agricultural production trusteeship. Considering the financial pressure, the difficulty of supervision and the contradiction between economic and efficient development and agricultural green development [59], governments have implemented fiscal tightening and other measures to passively promote the trusteeship of green agricultural production. Therefore, governments’ behavior and decision making can be divided into the active promotion of green agricultural production trusteeship (APG) and the negative promotion of green agricultural production trusteeship (NPG).





Hypothesis 2.

Service organizations are the promoters of popularizing green agricultural production trust. On the one hand, in order to seek long-term development, service organizations actively study technological reform and respond to government policies to promote green agricultural production trusteeship, popularize green agricultural production technology and improve farmers’ awareness of green agricultural production trusteeship. On the other hand, service organizations seeking to maximize short-term interests give up their investment in technological innovation and continue to provide the whole trusteeship of traditional agricultural production rather than green agricultural production. Therefore, the behavioral decision making of service organizations can be divided into the promotion of the whole trusteeship of green agricultural production (PGT) and the promotion of traditional agricultural production (PCT).





Hypothesis 3.

Farmers are the implementers of black land protection. On the one hand, considering the influence of factors such as green agricultural production trusteeship awareness, production subsidies, administrative penalties and long-term interests, farmers purchase green agricultural production trusteeship services from service organizations to develop green agriculture. On the other hand, in order to maximize short-term profits, conservative farmers still adopt the traditional agricultural production model over reclaiming black land and thus destroying the agricultural ecosystem. Therefore, the behavioral decision of farmers can be divided into accepting green agricultural production trusteeship (AGP) and rejecting green agricultural production trusteeship (RGP).






3.3. Model Parameters


3.3.1. Relevant Benefits of Governments Are Assumed as Follows


① When governments choose APG, the technical reform and construction subsidy given to service organizations are   R  , the special subsidy for service organizations to promote the whole trusteeship of green agricultural production service is     B   g     (including straw, no-tillage seeding and subsoiling subsidies) and the subsidy given to farmers to participate in green agricultural production is   I  . When farmers reject the trusteeship of green agricultural production, the administrative penalty imposed by governments on farmers is     B   F    . The governance cost paid by governments due to the deterioration of agricultural ecosystem development is     H   3    . When farmers accept the trusteeship of green agricultural production because the agricultural ecosystem is protected for sustainable development, governments’ tax revenue for green agricultural product processing is     H   1     and governments’ positive performance benefits from improving public trust are     K   1    .



② When governments choose NPG, technical reform and construction subsidy   R   is still provided to service organizations, but special subsidy     B   g     and subsidy   I   are respectively not issued to service organizations and farmers. When farmers reject the trusteeship of green agricultural production, the negative performance loss faced by governments due to the deterioration of agricultural ecosystems and the decline of public trust is     K   2     and the non-green agricultural product processing tax received by governments is     H   2    .




3.3.2. Relevant Benefits of Service Organizations Are Assumed as Follows


① When service organizations adopt PGT (including straw returning, subsoiling, soil testing formula, no-tillage seeding, mechanized weeding and organic fertilizer), the special subsidy obtained by service organizations is     B   g    . The annual operating expenses obtained by service organizations are     C   1    . The cost of building a green agricultural production base by service organizations and the related publicity expenses are     C   2    . The production cost for service organizations to carry out the whole trusteeship of green agricultural production is     C   g    . The fee of the whole trusteeship of green agricultural production charged by service organizations to farmers is     D   g    . Due to the PGT, the reputation, social recognition and market share of service organizations are improved, and the potential benefits obtained by service organizations are     N   1    .



② When service organizations adopt PCT, the annual operating expenses of service organizations are     C   3    . The cost of building traditional agricultural production bases by service organizations and the related publicity expenses are     C   4    . The production cost of the whole trusteeship of traditional agricultural production carried out by service organizations is     C   L    . The fee of the whole trusteeship of traditional agricultural production charged by service organizations to farmers is     D   L    . When farmers choose the green agricultural production trusteeship, service organizations suffer negative potential loss     N   2     due to the reduction in market share and social recognition.




3.3.3. Relevant Benefits of Farmers Are Assumed as Follows


① When farmers choose AGP and the strategic choices of farmers and service organizations are inconsistent, the self-planting cost of farmers adopting green agricultural production is     A   1    . When both farmers and service organizations choose green agricultural production, the fee that farmers pay service organizations for the whole trusteeship of green agricultural production is     D   g    . Farmers’ income from green agricultural products is     E   g    . Due to the adoption of green agricultural production, the agricultural ecological environment is protected by sustainable development. The potential green environmental benefits for farmers are     F   1     (including soil improvement, fertility enhancement, pesticide residue reduction, etc.) and the government rewards for farmers are   I  .



② When farmers choose RGP and the strategic choices of farmers and service organizations are inconsistent, the self-planting cost of farmers adopting traditional agricultural production is     A   2    . When both farmers and service organizations choose traditional agricultural production, the fee paid by farmers to service organizations for the whole trusteeship of traditional agricultural production is     D   L    . Farmers’ income from non-green agricultural products is     E   L    . Due to the adoption of non-green agricultural production and the deterioration of the agricultural ecological environment, the potential losses suffered by farmers are     F   2     (including soil hardening, water and soil loss, reduced fertility, increased pesticide residues, etc.), and the administrative penalty imposed by governments on farmers is     B   F    .



Based on the above assumptions, according to the interest assumption of the stakeholders, the tripartite game income matrix is constructed and the specific income corresponding to each strategy combination is obtained, as shown in Table 1.






4. Result


4.1. Equilibrium Analysis of Tripartite Evolutionary Game Model


Alos Ferrer and Ania proposed that individuals use different proportions of pure strategy combinations to represent mixed strategies in the game model [60]. This study assumes that the proportion of governments choosing APG is x and the proportion choosing NPG is 1 − x; the proportion of service organizations adopting PGT is y and the proportion choosing PCT is 1 − y; and the proportion of farmers choosing AGP is z and the proportion of farmers choosing RGP is 1 − z.



4.1.1. Replication Dynamic Equation Analysis of Governments


The expected benefits of governments choosing APG and NPG are respectively     U   x     and     U   1 − x    , and the average benefit is       U  ¯    x    .



The expected benefits of governments’ decisions are


    U   x   =   H   2   +   K   1   − R −   H   3   +   B   F   + z (   H   1   − I +   H   3   −   H   2   −   B   F   ) − y   B   g    



(1)






    U   1 − x   =   H   2   − R −   K   2   + z (   K   2   +   H   1   −   H   2   )  



(2)







The average benefit of governments’ decisions is


      U  ¯    x   = x   U   x   + ( 1 − x )   U   1 − x    



(3)







According to Malthusia’s equation [61], the governments’ replication dynamic equation RD is


    F   1   ( x , y , z ) =   d x   d t   = x (   U   x   −     U  ¯    x   ) = x ( 1 − x ) (   U   x   −   U   1 − x   ) = x ( 1 − x ) [   K   1   +   K   2   −    H   3   +   B   F   − y   B   g   + z (   H   3   − I −   B   F   −   K   2   ) ]  



(4)







The first partial derivative of     F   1   ( x , y , z )   with respect to x is


    ∂   F   1   ( x , y , z )     ∂ x   = ( 1 − 2 x ) [   K   1   +   K   2   −   H   3   +   B   F   − y   B   g   + z (   H   3   − I −   B   F   −   K   2   ) ]  



(5)







According to Lyapunov’s stability theorem [62], when     F   1   ( x , y , z )   = 0, x = 0, x = 1 and y =       K   1   +   K   2   −   H   3   +   B   F   + z (   H   3   − I −   B   F   −   K   2   )     B   g       are the three equilibrium strategies of governments’ decision making in the evolutionary game system.



	(1)

	
When y =       K   1   +   K   2   −   H   3   +   B   F   + z (   H   3   − I −   B   F   −   K   2   )     B   g      , this means that governments are in a balanced state regardless of whether they adopt the strategy of APG or NPG, but governments cannot form a stable strategy [63] due to     ∂   F   1   ( x , y , z )     ∂ x    |x=0 or x=1 = 0.




	(2)

	
When y ≠       K   1   +   K   2   −   H   3   +   B   F   + z (   H   3   − I −   B   F   −   K   2   )     B   g      , x = 0 or x = 1 may be an evolutionary stable strategy (ESS).




	(3)

	
When y   <     K   1   +   K   2   −   H   3   +   B   F   + z (   H   3   − I −   B   F   −   K   2   )     B   g       and     ∂   F   1   ( x , y , z )     ∂ x    |x=1   <   0, x = 1 is the governments’ ESS.




	(4)

	
When y   >     K   1   +   K   2   −   H   3   +   B   F   + z (   H   3   − I −   B   F   −   K   2   )     B   g       and     ∂   F   1   ( x , y , z )     ∂ x    |x=0   <   0, x = 0 is the governments’ ESS.







To draw the evolutionary trend map of the governments’ strategies as shown in Figure 3, y =       K   1   +   K   2   −   H   3   +   B   F   + z (   H   3   − I −   B   F   −   K   2   )     B   g       divides the tripartite strategy combination into two spaces: G1 and G2. When the initial point of the game model is located at the bottom left of the split plane, the governments’ strategies evolve towards x = 1 and governments eventually choose APG, as shown in b of Figure 3. When the initial point of the game model is located at the top right of the split plane, the governments’ strategies evolve towards x = 0 and governments eventually choose NPG, as shown in c of Figure 3.



Therefore, the probability that governments choose APG is G1 =     ∫  0   1      ∫  0   1        K   1   +   K   2   −   H   3   +   B   F   − z (   H   3   − I −   B   F   −   K   2   )     B   g     d y d x      , and the probability that governments choose NPG is G2 = 1 − G1.




4.1.2. Replication Dynamic Equation Analysis of Service Organizations


The expected benefits of service organizations choosing PGT and PCT are respectively     U   y     and     U   1 − y    , and the average benefit is       U  ¯    y    .



The expected benefits of service organizations’ decision are


    U   y   = R +   N   1   −   C   1   −   C   2   + z (   D   g   −   C   g   ) + x   B   g    



(6)






    U   1 − y   = R   + D   L   −   C   3   −   C   4   −   C   L   −   N   2   + z (   C   L   −   D   L   )  



(7)







The average benefit of service organizations’ decisions is


      U  ¯    y   = y   U   y   + ( 1 − y )   U   1 − y    



(8)







According to Malthusia’s equation, the service organizations’ replication dynamic equation RD is


    F   2   ( x , y , z ) =   d y   d t   = y (   U   y   −     U  ¯    y   ) = y ( 1 − y ) (   U   y   −   U   1 − y   ) = y ( 1 − y ) [   N   1   +   N   2   +    C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g   + z (   D   g   +   D   L   −   C   g   −   C   L   ) ]  



(9)







The first partial derivative of     F   2   ( x , y , z )   with respect to y is


    ∂   F   2   ( x , y , z )   ∂ y   = ( 1 − 2 y ) [   N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g   +  z (   D   g   +   D   L   −   C   g   −   C   L   ) ]  



(10)







According to Lyapunov’s stability theorem, when     F   2   ( x , y , z )   = 0, y = 0, y = 1 and z =       N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g       C   L   +   C   g   −   D   L   −   D   g       are the three equilibrium strategies of service organizations’ decision making in the evolutionary game system.



	(1)

	
When z =       N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g       C   L   +   C   g   −   D   L   −   D   g      , this means that service organizations are in a balanced state regardless of whether it adopts the strategy of PGT or PCT, but service organizations cannot form a stable strategy due to     ∂   F   2   ( x , y , z )   ∂ y    |y=0 or y=1 = 0.




	(2)

	
When z ≠       N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g       C   L   +   C   g   −   D   L   −   D   g      , y = 0 or y = 1 may be the ESS.




	(3)

	
When z   <     N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g       C   L   +   C   g   −   D   L   −   D   g       and     ∂   F   2   ( x , y , z )   ∂ y    |y=1   <   0, y = 1 is the service organizations’ ESS.




	(4)

	
When z   >     N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g       C   L   +   C   g   −   D   L   −   D   g       and     ∂   F   2   ( x , y , z )   ∂ y    |y=0   <   0, y = 0 is the service organizations’ ESS.







To draw the evolutionary trend map of service organizations’ strategies as shown in Figure 4, z =       N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g       C   L   +   C   g   −   D   L   −   D   g       divides the tripartite strategy combination into two spaces: S1 and S2. When the initial point of the game model is located in front of the split plane, service organizations’ strategies evolve towards y = 1, and service organizations eventually choose PGT, as shown in b of Figure 4. When the initial point of the game model is located behind the split plane, the service organizations’ strategies evolve towards y = 0, and service organizations eventually choose PCT, as shown in c of Figure 4.



Therefore, the probability that service organizations choose PGT is S1 =     ∫  0   1      ∫  0   1        N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g       C   L   +   C   g   −   D   L   −   D   g     d z d x      , and the probability that service organizations choose PCT is S2 = 1 − S1.




4.1.3. Replication Dynamic Equation Analysis of Farmers


The expected benefits of farmers choosing AGP and RGP are respectively     U   z     and     U   1 − z    , and the average benefit is       U  ¯    z    .



The expected benefits of farmers’ decisions are


    U   z   =   E   g   −   A   1   +   F   1   + y (   A   1   −   D   g   ) + x I  



(11)






    U   1 − z   =   E   L   −   D   L   −   F   2   − y (   A   2   −   D   L   )  



(12)







The average benefit of farmers’ decisions is


      U  ¯    z   = z   U   z   + ( 1 − z )   U   1 − z    



(13)







According to Malthusia’s equation, the farmers’ replication dynamic equation RD is


    F   3   ( x , y , z )   =   d z   d t   = z (   U   z   −     U  ¯    z   ) = z ( 1 − z ) (   U   z   −   U   1 − z   ) = z ( 1 − z ) [   E   g   +   F   1   +    F   2   +   D   L   −   E   L   −   A   1   + x I + y (   A   1   +   A   2   −   D   g   −   D   L   ) ]  



(14)







The first partial derivative of     F   3   ( x , y , z )   with respect to z is


    ∂   F   3   ( x , y , z )   ∂ z   = ( 1 − 2 z ) [   E   g   +   F   1   +   F   2   +   D   L   −   E   L   −   A   1   + x I + y (   A   1   +   A   2   −   D   g   −    D   L   ) ]  



(15)







According to Lyapunov’s stability theorem, when     F   3   ( x , y , z )   = 0, z = 0, z = 1 and x =       − E   g   −   F   1   −   F   2   −   D   L   +   A   1   +   E   L   − y (   A   1   +   A   2   −   D   g   −   D   L   )   I     are the three equilibrium strategies of farmers’ decision making in the evolutionary game system.



When x =       − E   g   −   F   1   −   F   2   −   D   L   +   A   1   +   E   L   − y (   A   1   +   A   2   −   D   g   −   D   L   )   I    , this means that farmers are in a balanced state regardless of whether they adopt the strategy of AGP or RGP, but farmers cannot form a stable strategy due to     ∂   F   3   ( x , y , z )   ∂ z    |z=0 or z=1 = 0.



When x ≠       − E   g   −   F   1   −   F   2   −   D   L   +   A   1   +   E   L   − y (   A   1   +   A   2   −   D   g   −   D   L   )   I    , z = 0 or z = 1 may be the ESS.



When x   <     − E   g   −   F   1   −   F   2   −   D   L   +   A   1   +   E   L   − y (   A   1   +   A   2   −   D   g   −   D   L   )   I     and     ∂   F   3   ( x , y , z )   ∂ z    |z=0   <   0, z = 0 is the farmers’ ESS.



When x   >     − E   g   −   F   1   −   F   2   −   D   L   +   A   1   +   E   L   − y (   A   1   +   A   2   −   D   g   −   D   L   )   I     and     ∂   F   3   ( x , y , z )   ∂ z    |z=1   <   0, z = 1 is the farmers’ ESS.



To draw the evolutionary trend map of farmers’ strategies as shown in Figure 5, x =       − E   g   −   F   1   −   F   2   −   D   L   +   A   1   +   E   L   − y (   A   1   +   A   2   −   D   g   −   D   L   )   I     divides the tripartite strategy combination into two spaces: F1 and F2. When the initial point of the game model is located on the left of the split plane, farmers’ strategies evolve towards z = 0 and farmers eventually choose AGP, as shown in b of Figure 5. When the initial point of the game model is located on the right of the split plane, farmers’ strategies evolve towards z = 1 and farmers eventually choose NGP, as shown in c of Figure 5.



Therefore, the probability that farmers choose AGP is     F   1      =     ∫  0   1      ∫  0   1        − E   g   −   F   1   −   F   2   −   D   L   +   A   1   +   E   L   − y (   A   1   +   A   2   −   D   g   −   D   L   )   I   d z d y      , and the probability that farmers choose RGP is     F   2     = 1 −     F   1    .





4.2. Stability Analysis of Evolutionary Equilibrium Point


A three-dimensional dynamic system (I) is composed of the replication dynamic equations of the three populations of governments, service organizations and farmers:


          F   1   ( x , y , z ) = x ( 1 − x ) [   K   1   +   K   2   −   H   3   +   B   F   − y   B   g   + z (   H   3   − I −   B   F   −   K   2   ) ]         F   2   ( x , y , z ) = y ( 1 − y ) [   N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g   + z (   D   g   +   D   L   −   C   g   −   C   L   ) ]         F   3   ( x , y , z ) = z ( 1 − z ) [   E   g   +   F   1   +   F   2   +   D   L   −   E   L   −   A   1   + x I + y (   A   1   +   A   2   −   D   g   −   D   L   ) ]        



(16)







When     F   1     x , y , z      = 0,     F   2     x , y , z      = 0 and     F   3     x , y , z      = 0, a three-dimensional dynamic system (I) exists that contains eight pure strategy equilibrium points,     E   1   ( 0,0 , 0 )  ,     E   2   ( 0,0 , 1 )  ,     E   3   ( 0,1 , 0 )  ,     E   4   ( 0,1 , 1 )  ,     E   5   ( 1,0 , 0 )  ,     E   6   ( 1,0 , 1 )  ,     E   7   ( 1,1 , 0 )   and     E   8   ( 1,1 , 1 )  , and one mixed strategy equilibrium point,     E   9    .


    E   9   (     − E   g   −   F   1   −   F   2   −   D   L   +   A   1   +   E   L   − y (   A   1   +   A   2   −   D   g   −   D   L   )   I   ,     K   1   +   K   2   −   H   3   +   B   F   + z (   H   3   − I −   B   F   −   K   2   )     B   g     ,     N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g       C   L   +   C   g   −   D   L   −   D   g     )  



(17)







Weibull pointed out that the equilibrium point of the mixed strategy does not strictly follow the Nash equilibrium [64]. Because the tripartite evolutionary game equilibrium is a strict Nash equilibrium, the pure strategy strictly follows the Nash equilibrium. Therefore, in the three-dimensional dynamic system (I) of the tripartite game, it is only necessary to discuss the asymptotic stability of the above eight pure strategy equilibrium points. The Jacobian matrix of system (I) is shown in Equation (18). According to evolutionary game theory and Lyapunov’s stability theorem, when all eigenvalues are λ < 0 in the matrix, the equilibrium point is asymptotically stable in the sense of Lyapunov’s stability theorem. When there is an eigenvalue λ > 0 in the matrix, the equilibrium point is unstable. When the eigenvalues of the matrix have both positive and negative λ, the equilibrium point is unstable and is called the saddle point. The corresponding eigenvalues of the eight pure strategy points of system (I) are shown in Table 2. Friedman proposed a method to judge the evolution equilibrium of the pure strategy and analyzed the stability of multivariate differential equations through the Jacobian matrix [65].


   J   x , y , z   =        ∂   F   1     x , y , z     ∂ x       ∂   F   1     x , y , z     ∂ y       ∂   F   1     x , y , z     ∂ z         ∂   F   2     x , y , z     ∂ x       ∂   F   2     x , y , z     ∂ y       ∂   F   2     x , y , z     ∂ z         ∂   F   3   ( x , y , z )   ∂ x       ∂   F   3     x , y , z     ∂ y       ∂   F   3     x , y , z     ∂ z                   ∂   F   1   ( x , y , z )   ∂ x   = ( 1 − 2 x ) [   K   1   +   K   2   −   H   3   +   B   F   + z (   H   3   − I −   B   F   −   K   2   ) − y   B   g   ]         ∂   F   1   ( x , y , z )   ∂ y   = x ( 1 − x )   B   g           ∂   F   1   ( x , y , z )   ∂ z   = x ( 1 − x ) (   H   3   − I −   B   F   −   K   2   )         ∂   F   2   ( x , y , z )   ∂ x   = y ( 1 − y )   B   g           ∂   F   2   ( x , y , z )   ∂ y   = ( 1 − 2 y ) [   N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   + x   B   g   + z (   − C   L   −   C   g   +   D   L   +   D   g   ) ]         ∂   F   2   ( x , y , z )   ∂ z   = y ( 1 − y ) (   − C   L   −   C   g   +   D   L   +   D   g   g )         ∂   F   3   ( x , y , z )   ∂ x   = z ( 1 − z ) I         ∂   F   3   ( x , y , z )   ∂ y   = z ( 1 − z ) (   A   1   +   A   2   −   D   g   −   D   L   )         ∂   F   3   ( x , y , z )   ∂ z   = ( 1 − 2 z ) [   E   g   +   F   1   +   F   2   +   D   L   −   A   1   −   E   L   + y (   A   1   +   A   2   −   D   g   −   D   L   ) + x I ]         



(18)







According to the eigenvalues given in Table 2, the stability of these eight equilibrium points is classified and discussed.



Case 1: When the eigenvalues     λ   1   ,   λ   2   ,   λ   3     of equilibrium point     E   1     meet this situation:     K   1   +   K   2   +   B   F   <   H   3   ,   N   1   +   N   2   +   C   3   +   C   4   +   C   L   <   C   1   +   C   2   +   D   L   ,   E   g   +   F   1   +   F   2   +   D   L   <   A   1   +   E   L   ;   equilibrium point     E   1     evolves into an ESS with the tripartite game in system (I).     E   1     shows that governments adopt the strategy of NPG, service organizations adopt the strategy of PCT and farmers adopt the strategy of RGP. Governments do not implement such measures as financial subsidies and administrative penalties for the trusteeship of green agricultural production. Service organizations and farmers pursue the maximization of interests and adopt the model of traditional agricultural production, which exacerbates the deterioration of the agricultural ecological environment.



Case 2: When the eigenvalues     λ   1   ,     λ   2   ,     λ   3     of equilibrium point     E   2     meet this situation:     K   1   < I ,   N   1   +   N   2   +   C   3   +   C   4   +   D   g   <   C   g   +   C   1   +   C   2   ,   E   g   +   F   1   +   F   2   +   D   L   >   A   1   +   E   L   ;   equilibrium point     E   2     evolves into an ESS with the tripartite game in system (I).     E   2     shows that governments adopt the strategy of NPG, service organizations adopt the strategy of PCT and farmers adopt the strategy of AGP. Governments do not implement such measures as financial subsidies and administrative penalties for the trusteeship of green agricultural production. Relying on limited rationality, farmers spontaneously develop green agriculture, protect black land and give up pursuing the maximization of interests. Service organizations do not follow market feedback and adopt strategies that deviate from those of farmers.



Case 3: When the eigenvalues     λ   1   ,   λ   2   ,   λ   3     of equilibrium point     E   3     meet this situation:     K   1   +   K   2   +   B   F   <   H   3   +   B   g   ,   N   1   +   N   2   +   C   3   +   C   4   +   C   L   >   C   1   +   C   2   +   D   L   ,   E   g   +   F   1   +   F   2   +   A   2   <   E   L   +   D   g   ;   equilibrium point     E   3     evolves into an ESS with the tripartite game in system (I).     E   3     shows that governments adopt the strategy of NPG, service organizations adopt the strategy of PGT and farmers adopt the strategy of RGP. Governments do not implement such measures as financial subsidies and administrative penalties for the trusteeship of green agricultural production. Service organizations popularize green agricultural production to farmers and promote the whole trusteeship of green agricultural production. Farmers refuse the trusteeship of green agricultural production, pursue the maximization of grain production and excessively reclaim black land.



Case 4: When the eigenvalues     λ   1   ,   λ   2   ,   λ   3     of equilibrium point     E   4     meet this situation:     K   1   < I +   B   g   ,   N   1   +   N   2   +   C   3   +   C   4   +   D   g   >   C   g   +   C   1   +   C   2   ,   E   g   +   F   1   +   F   2   +   A   2   >   E   L   +   D   g   ;   equilibrium point     E   4     evolves into an ESS with the tripartite game in system (I).     E   4     shows that governments adopt the strategy of NPG, service organizations adopt the strategy of PGT and farmers adopt the strategy of AGP. In the absence of governments’ financial subsidies and administrative supervision, service organizations and farmers spontaneously abandon the traditional agricultural production model and adopt the green agricultural production model, relying on the role of market regulation. This stable state can be considered as a sub ideal state.



Case 5: When the eigenvalues     λ   1   ,   λ   2   ,   λ   3     of equilibrium point     E   5     meet this situation:     K   1   +   K   2   +   B   F   >   H   3   ,   N   1   +   N   2   +   C   3   +   C   4   +   C   L   +   B   g   <   C   1   +   C   2   +   D   L   ,   E   g   +   F   1   +   F   2   +   D   L   + I <   A   1   +   E   L   ;   equilibrium point     E   5     evolves into an ESS with the tripartite game in system (I).     E   5     shows that governments adopt the strategy of APG, service organizations adopt the strategy of PCT and farmers adopt the strategy of RGP. Under the constraints and incentives of governments’ administrative fines and financial subsidies, governments cannot promote farmers and service organizations to promote green agricultural production. Therefore, it is worth conducting in-depth research on the extent to which administrative penalties and financial subsidies can encourage farmers and service organizations to change their strategies.



Case 6: When the eigenvalues     λ   1   ,   λ   2   ,   λ   3     of equilibrium point     E   6     meet this situation:     K   1   > I ,   N   1   +   N   2   +   C   3   +   C   4   +   B   g   +   D   g   <   C   g   +   C   1   +   C   2   ,   E   g   +   F   1   +   F   2   +   D   L   + I >   A   1   +   E   L   ;   equilibrium point     E   6     evolves into an ESS with the tripartite game in system (I).     E   6     shows that governments adopt the strategy of APG, service organizations adopt the strategy of PCT and farmers adopt the strategy of AGP. Under the government’s financial subsidy incentives and administrative punishment constraints, farmers give up the traditional agricultural production model, respond to the governments’ call to accept green agricultural production and purchase green agricultural production trusteeship. However, service organizations adopt the strategy of PCT which is contrary to the farmers.



Case 7: When the eigenvalues     λ   1   ,   λ   2   ,   λ   3     of equilibrium point     E   7     meet this situation:     K   1   +   K   2   +   B   F   >   H   3   +   B   g   ,   N   1   +   N   2   +   C   3   +   C   4   +   C   L   +   B   g   >   C   1   +   C   2   +   D   L   ,   E   g   +   F   1   +   F   2   +   A   2   + I <   E   L   +   D   g   ;   equilibrium point     E   7     evolves into an ESS with the tripartite game in system (I).     E   7     shows that governments adopt the strategy of APG, service organizations adopt the strategy of PGT and farmers adopt the strategy of RGP. Governments’ financial subsidies and administrative penalties make service organizations and farmers take opposing strategies and service organizations do not adopt the same agricultural production model as farmers according to market feedback.



Case 8: When the eigenvalues     λ   1   ,   λ   2   ,   λ   3     of equilibrium point     E   8     meet this situation:     K   1   > I +   B   g   ,   N   1   +   N   2   +   C   3   +   C   4   +   B   g   +   D   g   >   C   g   +   C   1   +   C   2   ,   E   g   +   F   1   +   F   2   +   A   2   + I >   E   L   +   D   g   ;   equilibrium point     E   8     evolves into an ESS with the tripartite game in system (I).     E   8     shows that governments adopt the strategy of APG, service organizations adopt the strategy of PGT and farmers adopt the strategy of AGP. The strategy combination of     E   8     is idealized. Under the positive stimulus of governments’ financial subsidies and the negative constraint of administrative punishment, farmers give up the traditional agricultural production model and seek a new agricultural production model to respond to and protect black land. Service organizations respond to market demand and promote green agricultural production trusteeship services with the support of government subsidies for technological reform.




4.3. Simulation Analysis


In the above theoretical analysis, this study determines the corresponding conditions for the evolution of pure strategic equilibrium points of stakeholders into stable points. In order to intuitively observe the evolution of the reality of green agricultural production trusteeship in Northeast China under the initial conditions and the influence of the parameters in the model on the stability of the system, this study uses Python 3.7.0 software for a numerical simulation based on the real data of Northeast China and analyzes the dynamic evolution trajectory of stakeholders’ decisions. The data of parameters are mainly from the China Statistical Yearbook, the China Rural Statistical Yearbook, a rural field survey and an expert survey method, as shown in Table 3.



Combined with the actual data in Table 3, the specific characteristic values of each pure strategy point are shown in Table 4. Combined with the analysis of the above eight situations, it can be concluded that     E   1    ,     E   2    ,     E   3    ,     E   4    ,     E   6     and     E   7     are saddle points, but     E   5     and     E   8     are stability strategy points. With the evolution process of each participant’s game, system (I) tends towards two stable points,     E   5     and     E   8    .



4.3.1. Evaluation of Implementation Effect of Initial Strategy


In order to evaluate the evolution and stability of green agricultural production trusteeship in Northeast China under black land protection under the initial conditions, we need to set different initial ratios for multiple evolutionary simulations to observe the evolution trajectory of the system. According to the setting method proposed by Chen and Gao, the probability of multi-agent initial decision making is set to 0.1 to 0.9, and the growth steps are 0.15, 0.1 and 0.05 [66]. However, because the step size is too small, the evolution trajectory would be too centralized and difficult to identify, so the growth step size of the initial decision probability is set to 0.15, and a total of 216 numerical simulations are simulated. It can be seen from Figure 6a that different initial strategy proportions in system (I) evolve towards (1,0,0) and (1,1,1) equilibrium points, respectively, and are in a stable state. The simulation effect of system (I) is consistent with the results shown in Table 4 above, which proves that the model of system (I) is correct.



In view of the phenomenon that system (I) forms two equilibrium points, (1,0,0) and (1,1,1), the following analysis is made: ① As can be seen from Figure 6b, taking (0.4, 0.4) as the starting point, the horizontal and vertical jointly form a watershed. In the region with y > 0.4, service organizations that choose to promote green agricultural production trusteeships can guide farmers with different proportion strategies to choose green agricultural production trusteeships, making system (I) tend towards stable point (1,1,1). ② In the region with y < 0.4, with a low awareness of green agricultural production trusteeship and in the absence of government subsidy incentives and administrative punishment constraints, farmers should choose the traditional agricultural production trusteeship model in order to maximize their interests, so that the service organizations also choose to promote the traditional agricultural production trusteeship and rapidly occupy the market share, gradually eliminating the service organizations that choose to promote the green agricultural production trusteeship, making system (I) tend towards the stable point (1,0,0).




4.3.2. Sensitivity Analysis


This study assumes that the regions where the initial proportion strategies of the three parties are less than 0.5 are the regions with a low awareness of green agricultural production trusteeships and analyzes the influence of the changes in special subsidy     B   g    , farmer subsidy   I  , administrative penalty     B   F    , total cost of the whole trusteeship of green agricultural production     C   g     and the whole trusteeship of green agricultural production trusteeship fee     D   g    , etc., on the evolution trend of the tripartite game model.



Impact of Special Subsidy     B   g    


We set the initial point as     E   I     (0.3, 0.25, 0.25) and the unit of time t as year. Figure 7a shows that the increase in special subsidy     B   g     changes the evolution path of tripartite decision making. When special subsidy     B   g     is increased to 68 CNY/mu, the strategic stability point evolves from (1,0,0) to (1,1,1). For areas with a low awareness of green agricultural production trusteeship, increasing the financial subsidy allocated by governments to organizations is conducive to improving farmers’ awareness of green agricultural production trusteeship. Figure 7b shows the following: ① When special subsidy     B   g     is increased to 68 CNY/mu, 216 simulations of system (I) will evolve towards (1,1,1). ② In areas where the awareness of green agricultural production trusteeship is extremely poor, the evolution path of the tripartite strategy combination shows that governments always take the lead in actively promoting green agricultural production trusteeship, and then the strategic ratio of service organizations and farmers shows exponential growth, tending to promote the whole trusteeship of green agricultural production and accepting the trusteeship of green agricultural production, respectively. This evolution path shows that governments are supervisors playing a guiding role in the popularization of green agricultural production trusteeship.



Figure 8 shows the following: ① Governments always actively promote the trusteeship of green agricultural production. ② The increase in special subsidies significantly increases the enthusiasm of service organizations to promote the whole trusteeship of green agricultural production. ③ Under the financial support of governments, with the continuous increase in special subsidy     B   g    , the game competition between the service organizations promoting PGT and the service organizations promoting PCT intensifies. When special subsidy     B   g     increases to 68 CNY/mu, the proportion of service organizations promoting PGT increases rapidly, and farmers experience the process of changing from the strategy of traditional agricultural production trusteeship to the strategy of green agricultural production trusteeship.




Common Influence of the Total Cost of     C   1    ,     C   2     and     C   g     of Service Organizations


Figure 9a shows that reducing the total cost of the whole trusteeship of green agricultural production effectively reduces the evolution from the initial strategy point located in the weak area of green agricultural production trusteeship to the stable point (1,0,0). Figure 9b shows that when annual operating cost     C   1     is reduced to 28 CNY/mu, the construction cost of green agricultural production base and related publicity cost     C   2     is reduced to 20 CNY/mu and the cost,     C   g    , of the whole trusteeship of green agricultural production is reduced to 329 CNY/mu, meaning that service organizations gain higher profits. Because of their stronger competitiveness, the enthusiasm of service organizations to promote the whole trusteeship of green agricultural production services improves, which expands the scale of farmers adopting green agricultural production trusteeship strategies and finally makes all the initial strategy sets of system (I) evolve towards stable point (1,1,1).




Common Impact of Farmers’ Subsidy   I   and Administrative Penalty     B   F    


Figure 10 shows the following: ① Reducing farmers’ subsidy   I   and increasing administrative penalty     B   F     at the same time changes the evolution path of tripartite decision making. ② When   I   and     B   F     are 112 CNY/mu and 80 CNY/mu, respectively, the proportion of the tripartite strategies evolving to the stable point (1,0,0) in the area where green agricultural production trusteeship is weak in system (I) of Figure 10a is reduced by about 50% compared with system (I) of Figure 6a. ③ When   I   and     B   F     are 96 CNY/mu and 140 CNY/mu, respectively, the initial strategy points in system (I) in Figure 10b tend to evolve towards stable point (1,1,1). Reducing farmers’ subsidy   I   and increasing administrative penalty     B   F     at the same time can effectively promote the whole trusteeship of green agricultural production. Reducing farmers’ subsidy   I   can reduce the financial burden of governments, and increasing administrative penalty     B   F     can effectively restrain farmers from taking the whole trusteeship of traditional agricultural production excessively reclaiming black land and encourage farmers to choose green agricultural production trusteeship services, which improves farmers’ willingness to accept the trusteeship of green agricultural production. Therefore, governments’ subsidies for green farmers should not be excessive, and government administrative penalties for non-green farmers should be significantly increased.



We set the initial point as     E   I     (0.2, 0.2, 0.2) and the unit of time t as year. The slope of the tripartite evolution path in Figure 11 shows the following: ① farmers in areas with a poor awareness of green agricultural production trusteeship are sensitive to changes in production subsidy   I   and administrative penalty     B   F     and can quickly adjust their decision-making strategies. ② When     B   F     rises to 80 CNY/mu, the evolution path of farmers experiences a change entailing firstly a decline, then a small increase and finally a decline, indicating that when the     B   F     of administrative penalty reaches a certain critical value, farmers have a strategic “shake”. After a period of game competition, farmers choose the traditional agricultural production trusteeship service if they find that the penalty does not offset the comprehensive benefits obtained from the traditional agricultural production trusteeship service too much. ③ When     B   F     continues to increase to 140 CNY/mu and   I   decreases to 96 CNY/mu, farmers quickly choose AGP due to the strong deterrent of a high penalty. With the feedback from the market, service organizations rapidly shift from PCT to PGT.




The Cost of Self-Planting of Green Agriculture Production     A   1    , Farmers’ Subsidy   I   and Administrative Penalty     B   F    


Compared with system (I) in Figure 6, Figure 12 shows the following: ① On the one hand, when the cost of     A   1     is reduced from 570 CNY/mu to 550 CNY/mu and 490 CNY/mu, respectively, the initial strategies in the area with a poor awareness of green agricultural production trusteeship evolves towards the stable point (1,0,0) to a certain extent. ② On the other hand, the reduction in     A   1     is the service of the partial or whole production trusteeship through service organizations and the use of green production technology to reduce the cost of mechanized operations and artificial pesticides. The reduction in     A   1     is conducive to the popularization of the application of the whole trusteeship of green agricultural production.



From the above analysis, it can be seen that the reduction in     A   1     cannot make the full initial strategies of system (I) evolve towards stable point (1,1,1). Therefore, it is necessary and important to analyze the impact on system (I) under the common changes in     A   1    , farmers’ subsidy   I   and administrative penalty     B   F    . Figure 13a shows the following: ① when governments increase administrative penalty     B   F    , farmers adopt the green agricultural production model through the partial trusteeship with service organizations in order to find new agricultural production technologies to transform the model of agricultural production. In this case, the farmers’ self-planting cost of green agricultural production     A   1     decreases. Compared with system (I) in Figure 6, when     A   1     = 530 CNY/mu,   I   = 112 CNY/mu,     B   F     = 40 CNY/mu, the proportion of the tripartite strategies evolving to the stable point (1,0,0) in the area with weak green agricultural production trusteeship in system (I) is reduced by about 45%. ② When governments continue to increase the administrative penalty     B   F     while maintaining the level of farmers’ subsidy   I  , farmers independently carry out full trusteeship with service organizations to adopt green agricultural production, facing high illegal costs. In this case, cost     A   1     continues to decline. Compared with system (I) in Figure 6, when     A   1     decreases to 490 CNY/mu,   I   decreases to 112 CNY/mu and     B   F     increases to 80 CNY/mu, each initial strategy in system (I) tends to evolve towards stable point (1,1,1). The game model achieves the equilibrium state that service organizations and farmers jointly promote the wide application of the whole trusteeship of green agricultural production.



According to the simulation results, this study builds a multi-agent collaborative mechanism, which is shown in Figure 14. The mechanism to promote the wide application of the whole trusteeship of green agricultural production includes four sub mechanisms: 1. Multi-Agent Responsibility Mechanism with Responsibility as the Core. As the power source to promote the operation of the whole trusteeship of the green agricultural production mechanism, it can coordinate the relationship among governments, service organizations and farmers, clarify the responsibilities of each agent, ensure the normal operation of the whole trusteeship of the green agricultural production mechanism and improve the operation efficiency of each mechanism. 2. Reward and Punishment Mechanism with Policy System as the Core. With the goal of promoting the wide application of the whole trusteeship of green agricultural production, governments formulate regulatory, incentive and punishment policies to ensure that all agents implement in accordance with laws, regulations and the relevant policies, improve the green agricultural trusteeship service systems and guide service organizations and farmers to implement green agricultural production trusteeship. 3. Risk Sharing Mechanism with Financial Funds as the Core. The mechanism emphasizes the establishment of a mutual trust mechanism around governments, service organizations and farmers. Relying on financial funds, governments provide a solid financial source to help with the technical innovation risk of service organizations’ promotion of the whole trusteeship of green agricultural production and the economic risk faced by farmers due to the transformation of farming methods. Service organizations rely on government financial funds to realize the innovation of green production technology, reduce the cost of the whole trusteeship of green agricultural production and provide green production technology returns for the investment risk of government financial funds. Farmers rely on government financial funds to realize the farming transformation of green agricultural production trusteeship and provide modern agricultural returns for the investment risk of government financial funds. 4. The Interest Distribution Mechanism with the Government’s Overall Planning as the Core. Governments divide regions with a poor awareness of green agricultural production trusteeship and focus on supporting service organizations and farmers in regions with a poor awareness of green agricultural production trusteeship to promote the whole trusteeship of green agricultural production in accordance with the principles of openness, transparency, mutual benefit and win–win results. Governments need to strengthen the regional guidance of green agricultural production trusteeship, drive more regions to realize the transformation of green agricultural production and solidly promote the development of green agriculture. The four sub mechanisms are inseparable and contain each other. Only the four sub mechanisms working together can ensure the smooth operation of the mechanism to promote the wide application of the whole trusteeship of green agricultural production.







5. Discussion


Under the background of black land protection, green agricultural production trusteeship involves the decision-making behavior of relevant stakeholders. Therefore, this study proposes a tripartite evolutionary game model for promoting green agricultural production trusteeship. The results of this study are consistent with the relevant literature research and enrich the research content in the field of green agricultural production trusteeship.



The system simulation results under different initial ratios show that governments have always actively promoted the trusteeship of green agricultural production. “The Implementation Plan of the National Black Land Protection Project (2021–2025)” defines the goal of protecting 250 million mu of black land by 2030. Under the influence of policy effect, governments will vigorously and actively promote the trusteeship of green agricultural production, which is consistent with the research of Smith [67] and Ogle [68]. At present, China’s policy tools for promoting green agricultural production can be divided into two categories, mainly including incentive measures and punitive measures. Incentive measures include subsidies for innovation [69], production trusteeship [70], and production [71]. Incentive and punishment measures mainly incentivize and constrain service organizations and farmers to transform traditional agricultural production models and achieve a green transformation through economic means. This study indicates that increasing the intensity of incentive measures can effectively promote service organizations to promote green agricultural production trusteeship. However, the incentive intensity for farmers should be maintained at a moderate level. The main form of government punishment is penalty. In fact, this study indicates that the effect of punishment is more pronounced than that of incentives. The punishment measures aim to limit the excessive farming behavior of non-green farmers. The incentive measures aim to promote green production behavior among service organizations and farmers, but this increases the financial burden on the government. Therefore, adjusting the subsidy and administrative penalty for farmers as well as service organizations is a key tool to promote green agricultural production trusteeship, which is consistent with the research of Lonester [72] and Kulkarni [73].



The production decisions of farmers and service organizations directly affects the promotion effect of green agricultural production trusteeship. Related studies have shown that farmers adopt traditional agricultural production models in pursuit of higher yields and higher farm returns [74,75]. However, more and more farmers are consciously adopting green agricultural production models [76]. This is consistent with the results of this study: there are two different states of agricultural production models in Northeast China at present, with traditional agricultural production methods and green agricultural production methods coexisting. Due to a lack of subjective responsibility and environmental friendliness [77], the proactive awareness of farmers to change traditional agricultural production models is not high [78]. Therefore, in addition to adjusting production subsidies and penalties for farmers, it is also necessary to focus on education and environmental publicity [79]. For example, measures such as legal publicity and guidance from resident experts can be taken to enhance the awareness of farmers towards green production transformation.



This study finds that the slow development of green agriculture is mainly due to the relatively high cost of green production trusteeship, which is consistent with the research of Ma [70]. Zhu et al. indicates that the adjustment effect of labor prices was the main factor in cost increases, but the effects of technological progress and efficiency improvement could effectively reduce the costs of production [80]. Therefore, in order to reduce the cost of production trusteeship, it is necessary to improve the level of mechanization and reduce the dependence on labor, such as accelerating the research and development of intelligent agricultural machinery. In addition, this study indicates that promoting farmers to reduce the costs of green agriculture production is beneficial for farmers to seek partial or whole trusteeship from service organizations [81], which is a key factor in promoting green agricultural development and is consistent with the research of Cui [54]. The action path is to reduce labor costs through mechanized partial trusteeship production and thereby increase the proportion of green agricultural production trusteeship.



In summary, this study provides a theoretical analysis for promoting green agricultural production trusteeship. In addition, from the perspectives of governments, service organizations and farmers, this study proposes the establishment of a multi-agent collaborative mechanism to incentivize and encourage relevant stakeholders to participate in the whole trusteeship of green agricultural production and consolidate the protection of black land.




6. Conclusions


6.1. Findings


Based on the background of consolidating the protection of black land, this study applies the dynamic evolutionary game method to include the governments, service organizations and farmers as interested agents in the promotion of green agricultural trusteeship. Through evolutionary game modeling and a numerical simulation, the impact of the relevant important parameters on strategy selection is analyzed. The following conclusions are drawn:




	(1)

	
From the theoretical analysis and numerical simulation, it can be seen that there are two different models of agricultural production in Northeast China at this stage: the coexistence of the traditional agricultural production model and green agricultural production. Under different initial strategies, on one hand, a part of the strategy sets with a low initial proportion eventually evolves into a non-ideal state in which governments actively promote the green agricultural production trusteeship to protect black land, and service organizations and farmers jointly choose the traditional agricultural production model to maximize profits. On the other hand, a part of the strategy sets with a high initial proportion eventually evolves into a state in which the tripartite agents jointly realize green agricultural production. Under the strategy sets of each initial proportion, governments always adopt the strategy of actively promoting green agricultural production trusteeship to protect black land. For regions with a poor awareness of green agricultural production trusteeship, governments need to balance fiscal expenditure and administrative punishment and strengthen the guidance for service organizations and farmers to promote the wide application of the whole trusteeship of green agricultural production.




	(2)

	
Through the simulation and analysis of key factors under different conditions, the following conclusions can be drawn: (1) In areas with a poor awareness of green agricultural production trusteeship, governments lack incentives for providing a special subsidy to service organizations and lack constraints on administrative penalties for farmers’ excessive reclamation of black land. Therefore, in regions where the awareness of green agricultural production trusteeship is poor, the government subsidy for green farmers should be maintained at 112 CNY/mu, and administrative penalties for non-green farmers for the over-cultivation of black land should be increased to a level above 80 CNY/mu. The increase in penalty is effective in promoting black land protection and raising farmers’ awareness of green agricultural production trusteeship. (2) Due to the relatively high total cost of the whole trusteeship of green agricultural production, the green technology of service organizations lacks competitiveness. Reducing the total cost of trusteeships is the most direct and effective way for service organizations to promote green agricultural production trusteeship. Therefore, service organizations should control the production cost of trusteeships at 329 CNY/mu. (3) Governments need to strengthen their communication and cooperation with service organizations and increase the special subsidies given to service organizations, especially with regard to the introduction of green agricultural machinery from abroad and self-research. The special subsidy allocated by governments to service organizations should be maintained at 68 CNY/mu, which can effectively increase the incentive for service organizations to move into rural areas to carry out the promotion of the whole trusteeship of green agricultural production services, which promotes the awareness of green agricultural production trusteeship among farmers.










6.2. Recommendations


	(1)

	
Governments are the promoter of the promulgation and implementation of the green agricultural production trusteeship policy. (1) Governments should join the village committees together to establish green agricultural production trusteeship propaganda points in rural areas, organize regular lectures on the development of green agricultural production for farmers and help them to form a view of the harmonious development of human beings and nature. (2) Governments and village committees should jointly lead farmers to arrange reasonable field crop rotation according to different planting models and rotation fallow systems and order green agricultural production trusteeship services, forming a new green agricultural cultivation model of “low input, high output”.




	(2)

	
Service organizations are important hubs between government policies to promote green agricultural development and farmers’ implementation of green agricultural production trusteeship. In order to respond to the policy and promote the whole trusteeship of green agricultural production, service organizations should take the following measures: (1) regularly carry out green production technology forums to enhance the professionalism of the relevant technical personnel, which will help to rationally improve the green agricultural production process; (2) actively carry out work to promote the whole trusteeship of green agricultural production, take the initiative to open green agricultural production model publicity lectures and strengthen communication with farmers and form strategic partnerships; and (3) regularly inspect aging and dilapidated production facilities and replace them with new and advanced production facilities (such as green agricultural machinery and green HVAC equipment) in order to improve the efficiency of production and thus reduce the costs of production.








6.3. Limitations and Reflection


This study has the following limitations: (1) This study only examines the black land area in Northeast China, and future research should focus on the national cultivated land area to improve data sources. Moreover, this study also only examines governments, service organizations, and farmers, neglecting the role of village committees in achieving the transformation of green agriculture for farmers. (2) The return calculation process of evolutionary game theory is based on the objective return of expectation theory, which does not fully conform to the finite rationality hypothesis. Strategy selection is based on the perception of the value of strategy returns rather than the objective practical utility, so it is necessary to introduce prospect theory to make up for the shortcomings of evolutionary game theory.



Based on evolutionary game theory and prospect theory, future research can focus on agricultural production areas in the country, establish a four-way game model of governments, village committees, service organizations and farmers, analyze the influence of key factors on the behavior and decision making of four stakeholders, and put forward specific suggestions for the wide application of green agricultural production trusteeship.
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Figure 1. Specific technical route. 
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Figure 2. Relationship between governments, service organizations and farmers. 
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Figure 3. Evolution trend of governments’ strategy. (a) Phase diagram of governments’ dynamic evolution. (b) Evolution trend of governments’ strategy APG. (c) Evolution trend of governments’ strategy NPG. 
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Figure 4. Evolution trend of service organizations’ strategy. (a) Phase diagram of service organizations’ dynamic evolution. (b) Evolution trend of service organizations’ strategy PGT. (c) Evolution trend of service organizations’ strategy PCT. 
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Figure 5. Evolution trend of farmers’ strategy. (a) Phase diagram of farmers’ dynamic evolution. (b) Evolution trend of farmers’ strategy AGP. (c) Evolution trend of farmers’ strategy NGP. 
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Figure 6. Evolution path of system (I) under real data. (a) The three-dimensional evolution path of system (I) with different initial strategies. (b) The evolution path of service organizations and farmers with different initial strategies. The lines in different color refer to the different initial strategies. 
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Figure 7. Sensitivity of system (I) to changes in Bg. (a) Evolution path of System (I) with EI (0.3, 0.25, 0.25) under different Bg (b) The three-dimensional evolution path of system (I) with different initial strategies under Bg = 68. The lines in different color refer to the different initial strategies. 
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Figure 8. Evolution path of the tripartite agent under the influence of different Bg. 
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Figure 9. Sensitivity performance of system (I) to common changes in C1, C2 and Cg. (a) The three-dimensional evolution path of system (I) with different initial strategies under C1 = 32, C2 = 40, Cg = 329. (b) The three-dimensional evolution path of system (I) with different initial strategies under C1 = 28, C2 = 20, Cg = 329. The lines in different color refer to the different initial strategies. 
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Figure 10. Sensitivity performance of system (I) to common changes in I and BF. (a) The three-dimensional evolution path of system (I) with different initial strategies under I = 112, BF = 80. (b) The three-dimensional evolution path of system (I) with different initial strategies under I = 96, BF = 140. The lines in different color refer to the different initial strategies. 
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Figure 11. Evolution path of tripartite agent under the influence of different changes in I and BF. 
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Figure 12. Sensitivity of system (I) to changes in A1. (a) The three-dimensional evolution path of system (I) with different initial strategies under A1 = 530. (b) The three-dimensional evolution path of system (I) with different initial strategies under A1 = 490. The lines in different color refer to the different initial strategies. 
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Figure 13. Sensitivity performance of system (I) to common changes in A1, BF and I. (a) The three-dimensional evolution path of system (I) with different initial strategies under A1 = 530, I = 112, BF = 40. (b) The three-dimensional evolution path of system (I) with different initial strategies under A1 = 490, I = 112, BF = 80. The lines in different color refer to the different initial strategies. 
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Figure 14. Multi-agent collaborative mechanism. 
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Table 1. The tripartite game revenue matrix.
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	Strategies
	Governments
	Service Organizations
	Farmers





	(NPG, PCT, RGP)
	     H   2   − R   − K   2     
	   R        +   D   L   −   C   3   −   C   4   −   C   L   −   N   2     
	     E   L   −   D   L   −   F   2     



	(NPG, PCT, AGP)
	     H   1   − R   
	   R −   N   2   −   C   3   −   C   4     
	     E   g   −   A   1          +   F   1     



	(NPG, PGT, RGP)
	     H   2   − R −   K   2     
	   R        +     N   1   −   C   1   −   C   2     
	     E   L   −   A   2   −   F   2     



	(NPG, PGT, AGP)
	     H   1   − R   
	   R        +   D   g          +     N   1   −   C   1   −   C   2   −   C   g     
	     E   g   −   D   g          +   F   1     



	(APG, PCT, RGP)
	     H   2          +   K   1   − R −   H   3          +   B   F     
	   R        +     D   L   −   C   3   −   C   4   −   C   L   −   N   2     
	     E   L   −   D   L   −   F   2   −   B   F     



	(APG, PCT, AGP)
	     H   1          +   K   1   − R − I   
	   R −   C   3   −   C   4   −   N   2     
	   I        +   E   g   −   A   1          +     F   1     



	(APG, PGT, RGP)
	     H   2          +     K   1   − R −   H   3          +   B   F   −   B   g     
	   R        +   N   1          +     B   g   −   C   1   −   C   2     
	     E   L   −   A   2   −   F   2   −   B   F     



	(APG, PGT, AGP)
	     H   1          +     K   1   − R − I −   B   g     
	     B   g          +   D   g          + R      +   N   1   −   C   1   −   C   2   −   C   g     
	   I      +   E   g   −   D   g          +   F   1     










 





Table 2. Characteristic value of pure strategy.
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	Strategy
	Eigenvalue λ1
	Eigenvalue λ2
	Eigenvalue λ3





	     E   1   ( 0 , 0 , 0 )   
	     K   1   +   K   2   −   H   3   +   B   F     
	     N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L     
	     E   g   +   F   1   +   F   2   +   D   L   −   A   1   −   E   L     



	     E   2   ( 0 , 0 , 1 )   
	     K   1   − I   
	     N   1   +   N   2   +   C   3   +   C   4   +   D   g   −   C   g   −   C   1   −   C   2     
	   − (   E   g   +   F   1   +   F   2   +   D   L   −   A   1   −   E   L   )   



	     E   3   ( 0 , 1 , 0 )   
	     K   1   +   K   2   −   H   3   +   B   F   −   B   g     
	   − (   N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L   )   
	     E   g   +   F   1   +   F   2   +   A   2   −   E   L   −   D   g     



	     E   4   ( 0 , 1 , 1 )   
	     K   1   − I −   B   g     
	   − (   N   1   +   N   2   +   C   3   +   C   4   +   D   g   −   C   g   −   C   1   −   C   2   )   
	   − (   E   g   +   F   1   +   F   2   +   A   2   −   E   L   −   D   g   )   



	     E   5   ( 1 , 0 , 0 )   
	   − (   K   1   +   K   2   −   H   3   +   B   F   )   
	     N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L        +   B   g     
	     E   g   +   F   1   +   F   2   +   D   L   −   A   1   −   E   L   +   I



	     E   6   ( 1 , 0 , 1 )   
	   − (   K   1   − I )   
	     N   1   +   N   2   +   C   3   +   C   4   +   B   g   +   D   g   −   C   g   −   C   1   −   C   2     
	   − (   E   g   +   F   1   +   F   2   +   D   L   −   A   1   −   E   L   + I )   



	     E   7   ( 1 , 1 , 0 )   
	   − (   K   1   +   K   2   −   H   3   +   B   F   −   B   g   )   
	   − (   N   1   +   N   2   +   C   3   +   C   4   +   C   L   −   C   1   −   C   2   −   D   L        +   B   g   )   
	     E   g   +   F   1   +   F   2   +   A   2   −   E   L   −   D   g   +   I



	     E   8   ( 1 , 1 , 1 )   
	   − (   K   1   − I −   B   g   )   
	   − (   N   1   +   N   2   +   C   3   +   C   4   +   B   g   +   D   g   −   C   g   −   C   1   −   C   2   )   
	   − (   E   g   +   F   1   +   F   2   +   A   2   −   E   L   −   D   g   + I )   










 





Table 3. Initial values of variable parameters based on real data.
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	Parameter
	Date Resource
	Date

(CNY/mu)





	     A   1     
	Taking 250 million mu of black land protection area in Northeast China as the base, the cost of using organic fertilizer by farmers is 227 CNY/mu. The input of loosening soil for sowing and green pesticides is 85 CNY/mu and the cost of large-scale mechanization is about 258 CNY/mu. Total: 227 + 85 + 258 = 570 CNY/mu. (Data source: field survey in Lishu County).
	570



	     A   2     
	Based on the protection area of 250 million mu of black land in Northeast China, the use of inorganic fertilizers by farmers is 133 CNY/mu, the cost of pesticides and small-scale mechanization is 278 CNY/mu and other costs such as pesticides are 69 CNY/mu. Total: 133 + 69 + 278 = 480 CNY/mu. (Data source: field survey in Lishu County).
	480



	     C   2     
	This was obtained through field research in rural areas. (Data source: with the relevant service organizations in Lishu County).
	60



	     C   3     
	With reference to the Agricultural Technology Extension Center of Fuyuan City and Yicheng District, the expenses for the daily work of the organizations are respectively 0.6031 million and 0.9873 million. According to the “Heilongjiang” 14th five year plan for agricultural science and technology development, there are 2528 service organizations. It is estimated that there are 7584 service organizations in the three provinces of Northeast China. Total: [(0.6031 + 0.9873)/2] × 7584/250 = 24.124 CNY/mu. (Data source: Fuyuan Agriculture and Rural Bureau, Zhumadian Agricultural and Rural Bureau and Heilongjiang Provincial People’s Government).
	24.124



	     C   1     
	This refers to the notice of the implementation plan for the reform and construction of the grassroots agricultural technology extension system in Gaoan City in 2022, and the work funds and team building training funds are 0.625 million. Total: [0.625 + (0.6031 + 0.9873)/2] × 7584/250 = 42.48 CNY/mu.

(Data source: Gaoan Agricultural and Rural Bureau).
	42.48



	     C   4     
	This was obtained field research in rural areas. (Data source: with the relevant service organizations in Lishu County).
	12



	     D   L     
	Taking wheat planting in Lishu County, Heilongjiang Province, as a reference, compared with the farmers’ self-planting, the service organization’s traditional production trusteeship reduced the planting cost by 13–20%, the labor cost by 30–45% and the fertilizer application by 15–25%. The cost was estimated to be 340 CNY/mu. (Data source: Lishu County People’s Government).
	340



	     D   g     
	Taking wheat planting in Lanxi County, Heilongjiang Province, as a reference, compared with farmers’ self-planting, the green production trusteeship of service organizations reduced the planting cost by 10–15%, the labor cost by 25–35% and the fertilizer application by 10–20%. The cost was estimated to be 440 CNY/mu. (Data source: LanXi County People’s Government).
	440



	     E   g     
	According to the China Statistical Yearbook in 2023, taking wheat planting as a reference, the average yield is 1100 kg/mu, the purchase price is 1.17 CNY/kg, the subsidy per mu is 58 and the land rent cost is 373. Total: 1100 × 1.17 + 58 − 373 = 972 CNY/mu. (Data source: China Statistical Yearbook 2023).
	972



	     E   L     
	According to the China Statistical Yearbook in 2023, taking wheat planting as a reference, the yield of “predatory production” is 1300 kg/mu, the purchase price is 1.17 CNY/kg, the subsidy per mu is 58 and the land rent cost is 373. Total: 1300 × 1.17 + 58−373 = 1206 CNY/mu. (Data source: China Statistical Yearbook 2023).
	1206



	     H   3     
	This takes the black land protection funds allocated by the finance bureaus of Inner Mongolia and prefecture-level cities as a reference, estimated by municipal units. Total: 80 × 39/250 = 12.48 CNY/mu. (Data source: Inner Mongolia Finance Bureau).
	12.48



	     B   g     
	This is based on the funds of CNY 4.53772 million of the Sunwu County production trust project in 2022 and the funds of the Black Land Protection Project in Northeast China, estimated by county-level units. Total: [4.5372 × (60 + 67 + 100)+ (800 + 620 + 540)]/250 =11.956 yuan/mu. (Data source: Sunwu County People’s Government network, etc.).
	11.956



	   I   
	Referring to the implementation plan of black land conservation tillage in 2022, 58 CNY/mu was used to subsidize farmers. Other subsidies, such as non-closed facility farming and organic fertilizer subsidies, were estimated to be 62 CNY/mu. Total: 58 + 62 = 120 CNY/mu. (Data source: Chinese Government Website).
	120



	     H   1     
	In 2022, the total output value of China’s green agricultural product processing was about 2823.48 billion, with a tax rate of 17%, and the proportion of production in Northeast China was 25%. Total: ( 2823.48 billion × 0.17 × 0.25)/250 million mu = 480 CNY/mu. (Data source: Department of Rural Industry Development, Ministry of Agriculture and Rural Affairs of China).
	480



	     H   2     
	In 2022, the total output value of non-green agricultural products processing in China was about 2352.94 billion, with a tax rate of 17%, and the proportion of non-green agricultural products in Northeast China was 25%. Total: (2352.94 billion × 0.17 × 0.25)/250 million mu = 400 CNY/mu. (Data source: Department of Rural Industry Development, Ministry of Agriculture and Rural Affairs of China).
	400



	     C   L     
	The estimated cost is 295 CNY/mu based on the profit of about 45 CNY/mu achieved by the scientific operation of the service organization and in combination with the production trusteeship costs. Total: 340 − 45 = 295 CNY/mu. (Data source: Ministry of Agriculture and Rural Affairs of China).
	295



	     C   g     
	The estimated cost is 349 CNY/mu based on the profit of about 91 CNY/mu achieved by the scientific operation of the service organization and in combination with the production trusteeship costs. Total: 440 − 91 = 349 CNY/mu. (Data source: Ministry of Agriculture and Rural Affairs of China).
	349



	     F   1     
	Due to the adoption of green agricultural production trusteeship services and the optimization of black soil geology, the efficiency of wheat is 100 CNY/mu. (Data source: Ministry of Agriculture and Rural Affairs of China and expert survey estimate).
	100



	     F   2     
	According to the statistics of the Ministry of Agriculture and Rural Areas, the annual loss of nitrogen, phosphorus, potassium and other minerals in the black soil area of Northeast China is about 4.5 million tons. According to 2800 yuan/ton of chemical fertilizer, it is estimated that 45 × 28 million = 12.6 billion, and the adverse and far-reaching impact is estimated by experts to be 20 billion. Total: (12.6 + 20) billion /250 million mu =130.4 CNY/mu. (Data source: Ministry of Agriculture and Rural Affairs of China).
	130.4



	     B   F     
	Referring to the illegal sale of 250,000 m3 of black land in Heilongjiang Province, the fine for black land is 3000 CNY/m3. It is estimated that the penalty in Northeast China is 9 CNY/mu. (Data source: Heilongjiang Provincial People’s Government).
	9










 





Table 4. Real data eigenvalues of eight pure strategy equilibrium points.
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	Strategy
	Eigenvalue      λ   1     
	Eigenvalue      λ   2     
	Eigenvalue      λ   3     





	     E   1   ( 0 , 0 , 0 )   
	446.32
	−61.56
	−233.6



	     E   2   ( 0 , 0 , 1 )   
	80
	74.49
	233.6



	     E   3   ( 0 , 1 , 0 )   
	434.36
	61.56
	36.4



	     E   4   ( 0 , 1 , 1 )   
	68.04
	−74.49
	−36.4



	     E   5   ( 1 , 0 , 0 )   
	−446.32
	−49.60
	−113.6



	     E   6   ( 1 , 0 , 1 )   
	−80
	86.76
	113.6



	     E   7   ( 1 , 1 , 0 )   
	−434.36
	49.60
	156.4



	     E   8   ( 1 , 1 , 1 )   
	−68.04
	−86.76
	−156.4
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