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Abstract

:

Grassland degradation has become one of the most important ecological and environmental problems in the world, affecting the ecological balance of grassland and the welfare of residents. To reveal the impact mechanism of herders’ livelihood constraints on grassland degradation, and to explore the comprehensive management methods to ensure herders’ livelihoods and grassland ecological restoration, this paper constructed an evolutionary game model considering local governments and herders. It is found that the ideal stable equilibrium game can be achieved when certain conditions are met, that is, when the local governments actively regulate and herders moderate grazing, the grassland degradation caused by overgrazing can be reduced. The livelihood differentiation of herders significantly affects the stable equilibrium state of the evolutionary game. The local government’s regulation is the key to promoting moderate grazing of herders. The effect of incentive measures on the moderate grazing of herders is limited, while punishment measures can significantly restrict the excessive grazing behavior of herders. Policy support for household livelihood differentiation can effectively motivate herders to moderate grazing and achieve their survival and development needs to a greater extent through a non-grazing livelihood. The research results help decision-makers to formulate policies to combat grassland degradation, and promote the improvement of herders’ lives.






Keywords:


grassland degradation; governance; livelihood differentiation; livelihood; sustainability; evolutionary game












1. Introduction


Grasslands are an important component of terrestrial ecosystems, accounting for 40.5% of the total global land area (excluding ice caps and ice sheets) [1], and have important ecological and food production functions [2,3]. Grassland degradation is a phenomenon where climatic or anthropogenic disturbances exceed the self-regulatory threshold of grassland ecosystems, making it difficult to recover and reverse successional change [2,4,5]. In the past century, global widespread and multiform grassland degradation has reduced the productivity of grasslands, weakened ecosystem services and reduced the carrying capacity of the land, and also reduced the livelihoods of residents who depend on grasslands and livestock farming or become refugees [2,6], which has become one of the important worldwide ecological and environmental problems [2,7]. Therefore, there is an urgent need to explore the effective mechanisms to manage grassland degradation to maintain sustainable functions and services of the grassland ecosystems and achieve sustainable livelihoods for the residents.



Grassland degradation is a complex phenomenon, with drivers that are dynamic, interacting, and influenced by multiple actors involved, which poses several challenges for public institutions responsible for sustainable use and management [8,9]. Many studies have analyzed the mechanisms of grassland degradation governance [2,10], for different cases and scenarios of grassland degradation governance, and have focused on the ecological restoration options and institutional designs for grassland degradation governance [11,12]. The impact of human factors on grassland degradation has been widely documented [2,13,14], especially in commons [15], where livestock numbers can easily exceed the carrying capacity of the grasslands [4], which is known as overgrazing, an overgrazing practice is generally undertaken by herders to gain more revenue [16]. While controlling livestock numbers is an important way to combat overgrazing on grasslands [15], some research has shown that increasing herders’ incomes and promoting livelihood differentiation, can effectively reduce their overgrazing behavior [17]. They argue that livelihood differentiation can enable herders to reduce their dependence on pastoralism, thereby reducing their livestock numbers and avoiding livestock numbers exceeding the carrying capacity of the grasslands.



These studies show the impact of herders’ livelihood constraints on the governance of grassland degradation, but there is relatively little analysis of the dynamics of the game process among the stakeholders involved, as well as a lack of multi-scenario analysis for the development of effective governance policies. Evolutionary games assume that humans are imperfectly rational and that participants are in imperfect information conditions [18]. This is consistent with the limited ideal situation in the actual game process and better reflects the spontaneous evolutionary process of the different participants’ strategies [19]. To reveal the mechanism of herders’ livelihood constraints on grassland degradation and to explore an integrated management approach to safeguard herders’ livelihoods and grassland ecological restoration, this paper constructs an evolutionary game model based on both local governments and herders, seeking policy insights to achieve the dual goals of grassland ecological restoration and residents’ poverty alleviation.



A possible innovation of this paper is to focus on the game behavior of both local governments and herders, and to incorporate herders’ livelihood differentiations into a game theoretical framework, revealing the multi-player interaction model of the grassland degradation governance and the governance effects under different scenarios, as well as the impact of herders livelihood differentiations on the stability of the evolutionary game, and the relevant findings can provide a reference for the formulation of grassland degradation governance policies.




2. Literature Review


Many studies have shown that grassland degradation is influenced by agricultural development, urbanization, species invasion, climate change, and other anthropogenic factors [2,10]. Some empirical studies have identified human behavior as one of the most significant causes, with clearing, deforestation, and overgrazing in recent decades, leading to global desertification and grassland degradation, seriously endangering regional ecosystem services and functions [14]. Especially in border areas where grassland property rights are unclear, herders prefer to use public grassland resources to protect their grassland resources to minimize feeding costs [3], a behavior that exacerbates overgrazing and illegal cultivation. There are also classic studies that show how easily public resources can be overused. Each user ignores the costs imposed on others, and individual decisions can accumulate into a tragic overuse [15,20]. The reality of low biomass, vegetation degradation and biodiversity loss due to overgrazing remains an important challenge to the sustainability of grassland ecosystems and the livelihoods of herders [21,22,23]. Fedrigo found that overgrazing has had a significant impact on the grassland structure, leading to biomass reduction and biodiversity loss [24]. An empirical study by Fan, showed that human activities in Northern Tibet are expanding on the land surface, encroaching on nature reserves, and undermining the sustainability of grasslands [25]. Therefore, finding solutions to the problem of overgrazing to promote the management of grassland degradation is important to achieving sustainable management of the grassland ecosystems.



Many studies have shown that, the difficult livelihood of herders is the main factor causing overgrazing, in general, the grassland area is a relatively fragile ecological environment and the single type of industry led to the prairie region with a low economic density and higher incidence of poverty [5,26]. Under the pressure of livelihood, herders have to rely only on grazing for a long time to achieve survival and development needs [16]. As the population increases and the food structure changes, the increasing demand drives the number of livestock feeding on natural grasslands, and overgrazing directly contributes to the grassland degradation [27], creating a vicious circle between the herders’ livelihoods and grassland degradation. Lise found that greater livelihood problems for herders lead to overgrazing, which in turn leads to grassland degradation, which in turn, increases poverty [16]. David found that the large increase in livestock and herders’ households has degraded most grasslands in Inner Mongolia to varying degrees and that a general strategy to alleviate poverty and grassland degradation, emphasizes livestock production intensification to maintain herders’ livelihoods and large livestock numbers in the system [5].



Moderate grazing is an important approach to the sustainable use of grassland resources globally [28], and in response to overgrazing, policymakers have used a variety of approaches to address these complex challenges of grassland degradation management, such as grazing bans, grassland conservation subsidies, incentive systems, and ecological migration [11,12]. Some studies have found that these restrictions or reductions in human activities can promote the ecosystem restoration and enhance the ecosystem resilience, effectively contributing to the functioning ecosystem [8,29,30]. However, prohibiting the use of local ecosystems often reduces the income of residents, thereby affecting their livelihoods and thus creating a poverty trap [9,31]. More effective policies for managing grassland degradation need to consider the sustainability of farmers’ livelihoods and achieve the twin goals of grassland ecological restoration and poverty alleviation for the residents [12].



Livelihood differentiation is an important way of achieving sustainable livelihoods for herders. Livelihoods, or livelihood strategies, are a way of making a living based on capabilities, assets, and activities [32]. In livelihood research, farmers have received more attention. Farmers’ livelihood strategies are dynamic, and when the environmental context, livelihood capital, and policy regimes change drastically, farmers tend to shift their livelihood strategies to adapt to new human-land relations [33]. In this context, livelihood differentiation has received widespread attention, and the widespread participation of farmers in non-farm employment has led to the emergence of farmers with different livelihood strategies, such as agricultural production-led farmers, non-farm labor-led farmers, and part-time farmers [34]. Studies have shown that the differentiation of farmers’ livelihoods can reduce the intensity of land use, break through the constraints of financial and technological inputs, and achieve a better land use efficiency [35,36]; however, some studies have also shown that the excessive differentiation of farmers’ livelihoods may lead to the adoption of crude management practices on arable land, abandonment or abandonment of the land [37,38,39]. When farmers or herders are overly dependent on land resources, such as arable land or grassland and the natural resources attached to them, it is important to regulate their land use behavior through livelihood differentiation.



In summary, studies have focused on the drivers of grassland degradation and how it is managed, and found that overgrazing is the main factor leading to the grassland degradation; studies on herders’ grazing behaviors have also found that subsistence and development pressures are the main drivers of overgrazing. The dual objectives of sustainable livelihoods and the restoration of grassland ecosystems are key to promoting the management of the grassland degradation, but few studies have focused on the grassland degradation under the influence of livelihood differentiations, and there is a lack of quantitative policy modeling. This paper uses evolutionary game theory to explore the evolutionary game of livelihood differentiation and grassland degradation management, which can reveal the multi-player game mechanism in grassland degradation management and provide insights into the policy of grassland degradation management.




3. Model Background and Assumptions


To establish the model, this paper takes the actual grassland degradation in the Qinghai-Tibet Plateau of China, as the background. The Qinghai-Tibet Plateau, also known as the “Third Pole of the World”, has an average elevation of 4000 m. It is bordered by the Pamir Plateau in the west, the Hengduan Mountains in the east, the Kunlun Mountains, the Altun Mountains, the Qilian Mountains in the north, and the Himalayas in the south. The main vegetation types from the southeast to northwest include forests, scrub, meadows, grasslands, deserts, alpine vegetation, and cultivated vegetation. The area of grassland is the largest, accounting for 62% of the total area of the Qinghai-Tibet Plateau.



Prior to the 1980s, the grasslands on the Qinghai-Tibet plateau were common-pool resources, and after the 1980s, China began to promote the household production responsibility system for grasslands. Today, the ownership of the grassland resources belongs to the state and is operated under contract by the family on the Qinghai-Tibet Plateau, with herders having the right to use it. The purpose of implementing this system is to motivate herders to manage grasslands and to raise their awareness of grassland protection. However, due to the complexity, the wide distribution, the difficulty of rational development, the utilization of grassland resources, and the limitation of social understanding of the grasslands, the household production responsibility system does not completely solve the problem of overgrazing and grassland degradation. In order to prevent and control grassland degradation, local governments have introduced restrictive and incentive measures.



At present, China’s grassland management has formed a multiple governance system with dual administrative and judicial supervision. The revision of the Grassland Law has been promoted to crack down on illegal acts that destroy grasslands. At the same time, the project of returning farmland to grassland and blocking grazing is being carried out to maintain the balance between grass and livestock through proper grazing regulation by grassland producers, operators, and human settlements. To promote the sustainable livelihood of herders, the local governments have also implemented many poverty alleviation projects, including ecological compensation and subsidies for herders’ grassland ecological protection [40], which have increased herders’ incomes and reduced their survival and development pressure. In order to strengthen the management of local governments, the forest chief system has also been implemented. It refers to the system in which the main leader of the local government, as the forest chief, is responsible for leading, organizing, and coordinating the protection and development of ecological resources, so as to promote the construction of the ecological civilization. In this grassland degradation management mechanism, herders are the main regulated objects, while the local governments are the main regulators. They play together to form an evolutionary game system for the herders’ poverty alleviation and the local government’s grassland degradation management.



3.1. Analysis of the Players’ Behaviors


The analysis of herders’ behaviors. Moderate grazing not only regulates the grass-livestock relationship but also allows herders to gain a certain level of profit. When the need for food and clothing is difficult to meet, herders may be forced to pay more attention to the current high level of benefits to the neglect of long-term benefits, which may enhance the phenomenon of grazing intensity in the pastoral areas. Overgrazing breaks the balanced grass-livestock relationship, reduces the carrying capacity of the ecological environment, and eventually becomes an important external shock to the pasture degradation. Although overgrazing by herders yields high returns in the short term, the grassland degradation and ecological damage caused over time will in turn have a significant negative impact on the livelihoods of herders who mainly graze their livestock, thus creating a vicious circle. When the need for food and clothing is met, and considering the survival needs of future generations, herders are more inclined to adopt sustainable forms of grazing and avoid overgrazing. In the wider pastoral areas, to achieve the subsistence needs, herders need local governments to transfer other work to them in order to achieve a livelihood differentiation and reduce their dependence on grassland and their livelihood pressures.



An analysis of the local government’s behavior. As an agent of regional development, the local governments have a major responsibility for the development of the ecology and herders’ livelihoods in the region. Local governments have become involved in the management of grassland degradation to break the vicious circle of overgrazing and grassland degradation, due to the high cost of management and pressure from the central government regulation and public opinion. On the one hand, the local governments need to formulate certain policies and measures to combat grassland degradation and reduce the negative impacts that lead to grassland degradation; on the other hand, the local governments also need to formulate certain policies and measures to improve the livelihoods of herders, including developing ecological protection positions in pasture areas and carrying out ecological compensation for grassland, etc. At the same time, it also needs to raise the cost of overgrazing by herders through punitive measures to restrain their overgrazing behavior. With the local government’s restraint, herders will tend to choose to graze moderately, creating a harmonious situation in the human–land relations, mitigating the grassland degradation, and promoting the sustainable development of the critical and unique ecosystem of global importance here.



Based on the above analysis, this paper integrated the local governments and herders into the same dynamic evolutionary system, analyzed the game mechanism between the local governments and herders in the process of achieving grassland degradation management and the sustainable livelihoods of herders, and finally constructed the theoretical model, as shown in Figure 1.




3.2. Model Assumptions


Based on the above realistic scenario, this paper further condenses the main cost and benefit indicators of the game between the local governments and herders, and for analysis, the following assumptions are made on the key parameters here (Table 1).



Hypothesis 1.

According to the previous analysis, the main stakeholders involved in the process of managing the grassland degradation, considering the sustainability of herders’ livelihoods, are the local governments and herders, where the behavior of both parties interacts and each party has an effective rationality; in addition, the local government’s strategy is set {active regulation, negative regulation}, assuming that the probability of the local government choosing to actively regulate is x, and the probability of choosing to negatively regulate is 1 − x. When local governments choose to actively regulate, they will not only pay for the cost of combating grassland degradation, but also take the initiative to adopt incentives and penalties to regulate the behavior of herders and promote the differentiation of the herders’ livelihoods to reduce the pressure on their livelihoods. When local governments choose to negatively regulate, they are not responsible to simply pay for the cost of combating grassland degradation, without regulating the overgrazing behavior of herders. The herders’ strategy set is {overgrazing, moderate grazing}, assuming that the probability of choosing to overgraze is y, and the probability of choosing to graze moderately is 1 − y.





Hypothesis 2.

When the local governments choose to actively regulate, their regulatory cost is C (C > 0). The larger the proportion of overgrazing, the more difficult it will be for the local governments to regulate, and the higher the cost will be, so it can be assumed that C(y) = B + ky. B is the fixed regulatory cost and k is the coefficient of the influence of the proportion of the overgrazing behavior on the local government’s regulatory cost. If herders overgraze, the degradation of the grassland caused by the problem requires the local governments to invest financial resources to combat the problem, which constitutes the local government’s cost (Cg). When the local governments choose to actively regulate, if herders overgraze, the local governments will take certain penalties (P) against them. When the local governments choose to negatively regulate, they will be subject to the accountability of the central government and the pressure of social opinion, which constitutes its negative pressure (S).





Hypothesis 3.

There is a relatively widespread poverty problem in the majority of the pastoral areas, and to alleviate poverty and combat grassland degradation at the same time, the active regulatory local governments will provide a certain amount of subsidies (A) to herders for the grassland ecological protection, and at the same time, to improve herders’ income sources, the local governments will actively engage in developing other sources of livelihoods, including supporting geographical indication products, developing branded pastoralism, and promoting the industrialization of agricultural and pastoral products, which requires paying only a certain amount of industrial support costs (Ci). The greater the intensity of the industrial support (θ), the higher the income of the herders’ non-grazing livelihood.





Hypothesis 4.

Livelihood issues are an important factor in herders’ overgrazing behaviors, and the livelihood pressure is directly related to the herders’ economic level, livelihood resources, livelihood capacity, livelihood activities, and subsidies for grassland ecological conservation. Assume that the poverty level of herders is γ, their dependence on grazing livelihoods is α, and their dependence on non-grazing livelihoods is β; their gain from the complete dependence on grazing livelihoods is Rg and their gain from their complete dependence on non-grazing livelihoods is Rn, and for the pastoral areas, grazing is one of their main incomes, so there is Rg > Rn; When herders completely depend on grazing for their livelihood, the overgrazing behavior may occur, and the extra income of overgrazing is Rs. When herders are moderately grazing, the local government’s ecological conservation subsidy for grassland is A; when he or she is overgrazing, the local government’s penalty for overgrazing is P.






3.3. Payment Matrix


According to the parameter setting, the evolutionary game model containing the local governments and herders is constructed, assuming that both parties are finite rational participating subjects, both can make strategic choices according to their wishes, and the payment matrix of the two parties can be obtained (Table 2).





4. Model Analysis


4.1. Analysis of Replication Dynamics


Based on the payment matrix, the equilibrium strategies of the local governments and herders are analyzed according to evolutionary game theory.



4.1.1. Analysis of the Replication Dynamics of the Local Governments


Assuming that the expected benefit for local governments choosing an active regulatory strategy is E11, E11 is expressed as Equation (1).


   E  11   = y  (  − B −  C g  − k y + P −  C i  θ  )  +  (  1 − y  )   (  − A − B − k y −  C i  θ  )   



(1)







Assuming that the expected benefit to the local governments for choosing a negative regulatory strategy is E12, E12 is expressed as Equation (2).


   E  12   = y  (  −  C g  − S  )  +  (  1 − y  )   (  − S  )   



(2)







Assuming that the average return to the local governments is      E 1   ¯   ,      E 1   ¯    is expressed as Equation (3).


         E 1   ¯  = x  E  11   +  (  1 − x  )   E  12            =  (  1 − x  )    (   − S  (  1 − y  )  +  (  −  C g  − S  )  y   )            + x   (    (  1 − y  )   (  − A − B − k y −  C i  θ  )  + y  (  − B −  C g  + P − k y −  C i  θ  )    )        



(3)







The replicated dynamic equation for the choice of an active regulatory strategy by the local governments is obtained from the Malthusian dynamic equation. Then, Equation (4) can be obtained.


  F  ( x )  =   d x   d t   = x  (   E  11   −    E 1   ¯   )  =  (  − 1 + x  )  x  (  A + B − S − A y + k y − P y +  C i  θ  )   



(4)








4.1.2. Analysis of the Replication Dynamics of Herders


Assuming that the expected benefit for a herdsman choosing an overgrazing strategy is E21, E21 is expressed as Equation (5).


   E  21   = x   (   − P +  (   R g  +  R s   )   (  α + β  )  γ   )   +  (  1 − x  )   (   R g  +  R s   )   (  α + β  )  γ  



(5)







Assuming that the expected benefit for a herdsman choosing a moderate grazing strategy is E22, E22 is expressed as Equation (6).


   E  22   = x   (   A + γ   (    R g  α +  R n  β  (  1 + θ  )    )     )   +  (  1 − x  )   (   R g  α +  R n  β  )  γ  



(6)







Assuming that the average return to local governments is      E 2   ¯   ,      E 2   ¯    is expressed as Equation (7).


         E 2   ¯  = y  E  21   +  (  1 − y  )   E  22            = y   (    (   R g  +  R s   )   (  1 − x  )   (  α + β  )  γ + x  (  − P +  (   R g  +  R s   )   (  α + β  )  γ  )    )            +  (  1 − y  )    (    (  1 − x  )    (    R g  α +  R n  β   )   γ + x   (   A + γ   (    R g  α +  R n  β  (  1 + θ  )    )     )     )        



(7)







The replication dynamic equation for the choice of the active regulatory strategy by the local governments is obtained from the Malthusian dynamic equation. Then, Equation (8) can be obtained.


      F  ( y )  =   d y   d t   = y  (   E  21   −    E 2   ¯   )           =  (  − 1 + y  )  y   (   A x + P x     − γ   (    R s   (  α + β  )  + β   (    R g  −  R n   (  1 + x θ  )    )     )     )        



(8)









4.2. Analysis of the Stabilisation Strategies


Combining Equations (2) and (3) yields a two-dimensional dynamical system (I). Then, Equation (9) can be obtained.


   {      F  ( x )  =  (  − 1 + x  )  x  (  A + B − S − A y + k y − P y +  C i  θ  )        F  ( y )  =  (  − 1 + y  )  y   (   A x + P x − γ   (    R s   (  α + β  )  + β   (    R g  −  R n   (  1 + x θ  )    )     )     )          



(9)







To facilitate the analysis of the equilibrium point and the stability of the system, let


  M =    R s  α γ +  R g  β γ −  R n  β γ +  R s  β γ   A + P +  R n  β γ θ    



(10)






  N =   A + B − S +  C i  θ   A − k + P    



(11)







Theorem 1.

The equilibrium points of the system are (0,0), (0,1), (1,0), (1,1), (M, N).





Proof of Theorem 1.

For the two-dimensional dynamical system (I), let F(x) = F(y) = 0. It is obvious that (0,0), (0,1), (1,0), and (1,1) are the equilibrium points of the system, and also (M, N) is the equilibrium point of the system, and there are six equilibrium points in this evolutionary game system. □





An analysis of the local stability of the Jacobi matrix of the evolutionary game system can be obtained by changing the stability of the equilibrium point of the system [41].


  J =  [       F x   ( x )       F y   ( x )         F x   ( y )       F y   ( y )       ]  =  [       a  11        a  12          a  21        a  22        ]   



(12)




where a11 = (−1 + 2 x) (A + B − S − A y + k y − P y + Ci θ), a12 = −(A − k + P) (−1 + x) x, a21 = (−1 + y) y (A + P + Rn β γ θ), a22 = (−1 + 2 y) (A x + P x − γ (Rs (α + β) + β (Rg − Rn (1 + x θ)))).



The determinant of the Jacobi matrix J, detJ = a11 a22 − a12 a21, and the trace trJ = a11 + a22. When detJ > 0 and trJ < 0, the equilibrium point is a steady state. Table 3 can be obtained, according to Equation (13).


  E =    (  A − k + P  )   (   R s  α +  (   R g  −  R n  +  R s   )  β  )  γ   (   A + P − γ   (    R s   (  α + β  )  + β   (    R g  −  R n   (  1 + θ  )    )     )     )        (  A + P +  R n  β γ θ  )   2     



(13)






  F =    (  A + P +  R n  β γ θ  )   (  A + B − S +  C i  θ  )   (  B + k − P − S +  C i  θ  )       (  A − k + P  )   2     



(14)







The asymptotic stability of the equilibrium point can be progressed, based on the Jacobi matrix.



Theorem 2.

When −k + P < B − S + Ci θ< -A and 0 < γ (Rs (α + β) + β (Rg − Rn)) < A+P + β γ Rn θ (Scenario 1), there are two evolutionary stable strategies (0,1) and (1,0) for system (I). At this point, (0,0) and (1,1) are unstable points, and (M, N) is a saddle point.





Proof of Theorem 2.

When −k + P < B − S + Ci θ < −A and 0 < γ (Rs (α + β) + β (Rg − Rn)) < A + P − β γ Rn θ, the local equilibrium points (0,1) and (1,0) have detJ> 0 and trJ< 0, which satisfy the condition of the asymptotic stability; the local equilibrium points (0,0) and (1,1) have detJ > 0 and trJ > 0, at which point these two equilibria are unstable; the local equilibrium point (M, N) has an uncertain detJ and trJ = 0, at which point this equilibrium is a saddle point (Table 4). □





Theorem 3.

When −A < B − S + Ci θ < −k + P and 0 < γ (Rs α + (Rg − Rn + Rs) β) < A + P + β γ Rn θ (Scenario 2), there is no stable strategy for system (I), at which point (0,0), (0,1), (1,0) and (1,1) are all saddle points.





Proof of Theorem 3.

According to the conditions of Theorem 3, Table 5 can be proved by referring to the process of proving Theorem 2. □





Theorem 4.

System (I) has a unique evolutionary stabilization strategy when the following conditions are satisfied.











	
(1) When −A < B − S + Ci θ < −k + P and 0 < A + P + β γ Rn θ < γ (Rs (α + β) + β (Rg − Rn)) (Scenario 3), the evolutionary stability strategy is (1,1), at which point (0,0) and (0,1) are saddle points and (1,0) is unstable.



	
(2) When B − S + Ci θ < −A < −k + P and 0 < γ (Rs (α + β) + β (Rg − Rn)) < A + P + β γ Rn θ (Scenario 4), or B − S + Ci θ < −k + P < −A and 0 < γ (Rs (α + β) + β (Rg − Rn)) < A + P + β γ Rn θ (Scenario 5) when the evolutionary stability strategy is (1,0), at which point (0,1) and (1,1) are saddle points and (0,0) is an unstable point.



	
(3) When B − S + Ci θ < −A< −k + P and 0 < A + P + β γ Rn θ < γ (Rs (α + β) + β (Rg − Rn)) (Scenario 6), or B − S + Ci θ < −k + P < −A and 0 < A + P + β γ Rn θ < γ (Rs (α + β) + β (Rg − Rn)) (Scenario 7) when the evolutionary stability strategy is (1,1), at which point (0,1) and (1,0) are saddle points and (0,0) is an instable point.



	
(4) When −A < −k + P < B − S + Ci θ and 0 < γ (Rs (α + β) + β (Rg − Rn)) < A + P + β γ Rn θ (Scenario 8), or −k + P< −A < B − S + Ci θ and 0 < γ (Rs (α + β) + β (Rg − Rn)) < A + P + β γ Rn θ (Scenario 9) when the evolutionary stability strategy is (0,1), at which point (0,0) and (1,0) are saddle points and (1,1) is an unstable point.



	
(5) When −A< −k + P < B − S + Ci θ and 0 < A + P + β γ Rn θ < γ (Rs (α + β) + β (Rg − Rn)) (Scenario 10), or −k + P< −A < B − S + Ci θ and 0 < A + P + β γ Rn θ < γ (Rs (α + β) + β (Rg − Rn)) (Scenario 11) when the evolutionary stability strategy is (0,1), at which point (0,0) and (1,1) are saddle points and (1,0) is an instable point.



	
(6) The evolutionary stability strategy is (0,1) when −k + P < B − S + Ci θ< −A and 0 < A + P + β γ Rn θ < γ (Rs (α + β) + β (Rg − Rn)) (Scenario 12), at which point (1,0) and (1,1) are saddle points and (0,0) is an unstable point.










Proof of Theorem 4.

According to the conditions of Theorem 4, Table 6 can be proved by referring to the process of proving Theorem 2. □





All of the scenarios of the evolutionary game between the local governments and herders are also shown in Figure 2





5. Numerical Simulation


To present the results of this paper more intuitively, and to analyze the mechanism of the grassland degradation governance, considering the differentiation of herders’ livelihoods, the evolutionary game process under various types of constraints is simulated in this paper using MATLAB. The stability analysis in Section 3, shows that the local governments actively regulate and herders moderately graze, i.e., strategy combination (1,0) is the ideal state for the grassland degradation management. In the grassland degradation governance, the two conventional regulatory measures of the ecological supplemental incentive A for moderate grazing and penalty P for transitional grazing, will directly affect the evolutionary steady state of the system, while the poverty status of herders, the livelihood differentiation characteristics, and the local government’s livelihood differentiation support policy will also directly affect the evolutionary steady state of the system. Considering the policy implications, this paper focuses on γ, β, Rn, θ, and the parameters of A and P.



Take the management of the grassland degradation on the Qinghai-Tibet Plateau in China, as an example. On the Qinghai-Tibet Plateau, especially in the Northern Qinghai-Tibet plateau, human activities have caused more significant grassland degradation management, where the incidence of poverty is high, which is a deep-seated cause of the overgrazing behavior among herders. To reduce the incidence of poverty while reducing overgrazing, the local governments have promoted the management of overgrazing, on the one hand, and the management of livelihood differentiation among herders, on the other, including the comprehensive promotion of the forest chief system, and the simultaneous implementation of projects, such as returning farmland to grassland and fencing off grazing. Through rational grazing control by grassland producers and human settlements and the maintenance of the grass-livestock balance, the management of the grassland degradation has now achieved more significant results.



To achieve the required demand for survival and development, there is a certain degree of overgrazing behavior of local herders with a probability y of about 0.5. Affected by the fiscal capacity and the administrative capacity, the active regulation behavior of the local governments has certain uncertainties, and x can be estimated as 0.5. The set value only indicates the initial environmental situation and does not affect the outcome of the game. There are two cases of strategy combinations (1,0) that satisfy the unique equilibrium, when B − S + Ci θ < -A < −k + P and 0 < γ (Rs (α + β) + β (Rg − Rn)) < A + P + β γ Rn θ, or B − S + Ci θ < −k + P < −A and 0 < γ (Rs (α + β) + β (Rg − Rn)) < A + P + β γ Rn θ, the evolutionary stable strategy is (1,0), and here only Scenario 4 is considered, with the following parameters set: B = 1, k = 1, Cg = 1, P = 1, S = 3, A = 1, Ci = 1, θ = 0.6, γ = 0.8, α = 0.8, β = 0.2, Rg = 5, Rn = 3 and Rs = 2.



5.1. The Impact of the Herders’ Livelihood Differentiations in the Game of Grassland Degradation Management


5.1.1. The Impact of the Poverty Levels of Herders in the Evolutionary Game


As shown in Figure 3, all of the other factors being equal, the higher the poverty level of herders γ, the less motivated herders are to choose a moderate grazing strategy, while the local governments are more inclined to adopt an active regulatory strategy at this time. Poverty is a way of life caused by the lack of basic goods and services necessary for living and the lack of opportunities and means for development. In areas where the poverty level of herders is higher, herders will be more likely to obtain more resources for survival through overgrazing to make ends meet, thus neglecting the carrying capacity of the grassland itself; at the same time, to reduce or avoid excessive grazing by herders, the local governments are more inclined to actively regulate. This includes cracking down on illegal acts of grassland destruction and implementing projects such as returning farmland to grassland and fencing off grazing to restrain the herders’ grazing behaviors.




5.1.2. The Impact of the Dependence of Herders on Non-Grazing Livelihoods in the Evolutionary Game


Herders’ livelihoods include both pastoral and non-pastoral livelihoods. They have a limited time and managers to obtain the material resources needed for their livelihoods and need to allocate time between their pastoral and non-pastoral livelihoods. There are two possible livelihood differentiation scenarios: one is complementary, where the herders’ pastoral livelihoods remain the same and their non-pastoral livelihoods change; the other is alternative, where the herders’ pastoral livelihoods will decrease when their non-pastoral livelihoods increase. Figure 4a shows the alternative livelihood differentiation model, where the higher the β dependence of the herders on non-grazing livelihoods, the higher their incentive to graze moderately and the lower the incentive for the local governments regulation; Figure 4b shows the complementary livelihood differentiation model, where the higher the β dependence of the herders on non-grazing livelihoods, the higher their incentive to graze moderately; the incentive for the local governments regulation does not change much at this time. Clearly, in the complementary livelihood differentiation model, there is greater uncertainty about the impact of changes in the herders’ livelihood, depending on their behavioral choices, and for herders, their grazing livelihoods can satisfy their basic needs to some extent, while the alternative role of non-grazing livelihoods is insufficient and less effective.




5.1.3. The Impact of the Benefits of Herders When They Are Completely Dependent on Non-Grazing Livelihoods in the Evolutionary Game


The non-grazing livelihood gains of herders relative to their grazing livelihood gains are not as shown in Figure 5, the larger the non-grazing livelihood gains of herders, Rn, the more motivated herders are to choose a moderate grazing strategy, while the more motivated the local governments are to choose an active regulatory strategy. The higher the return on non-grazing livelihoods, the more motivated herders are to switch from grazing to non-grazing livelihoods, when there is relatively less pressure to degrade grasslands, and the local governments are less motivated to regulate them. The higher the returns from non-grazing livelihoods, the more motivated herders will be to switch from grazing to non-grazing livelihoods.




5.1.4. The Impact of the Local Governments’ Industrial Support Cost for the Livelihood Differentiation of Herders in the Evolutionary Game


To promote the herders’ livelihoods to acquire more livelihood needs, the local governments may support herders’ livelihood differentiations through industrial policies, herders’ re-education, and the development of ecological ranger positions. As shown in Figure 6, the stronger the local government’s livelihood differentiation support policy θ is, the more motivated herders are to choose moderate grazing strategies, when the costs created by a livelihood differentiation policy support will constrain the local government’s supportive actions. It is clear that the local government’s livelihood differentiation policy has a positive impact on the incentives of herders to reduce their transitional grazing behavior through livelihood differentiation, but the policy should be formulated with local financial and administrative capacities in mind. Ecological compensation and central government transfers are key to supporting local support for poverty alleviation and the grassland degradation management.





5.2. The Impact of the Local Governments’ Incentives and Penalties in the Evolutionary Game


The basic measures of the local government’s reward and punishment mechanism to promote the management of the grassland degradation caused by overgrazing, as shown in Figure 7, the greater the local government’s ecological compensation incentive A for the herders’ moderate grazing, the more motivated they may be to choose a moderate grazing behavior, but there is also uncertainty, this incentive itself constitutes the cost of the active local government’s regulation, when the incentive is too high, the local government’s active regulation is less motivated when the constraint is weakened, herders may transition their grazing behavior; the greater the local government’s penalty P for overgrazing, the higher its incentive to choose a moderate grazing behavior, and at the same time the higher the local government’s incentive to actively regulate. Penalties have a more robust restraining effect than incentives.





6. Discussion


This paper presents a model construction and analysis based on the reality of grassland degradation, which can be further discussed in the context of the reality of grassland degradation in the Qinghai-Tibet Plateau of China. Grassland degradation on the Qinghai-Tibet Plateau has become a relatively popular area of research. The Qinghai-Tibet Plateau is representative and it is of great significance to choose it as the case area. First of all, the Qinghai-Tibet Plateau is a sensitive area for global environmental change [42,43]. Studying the problem of the grassland degradation here and finding solutions will help protect the ecological environment of the Qinghai-Tibet Plateau and provide local solutions for global grassland ecological protection. In addition, the Qinghai-Tibet Plateau is a vast area with a small population and a single type of stakeholders, which is conducive to more focus on the research problem in this study.



Several researchers have shown that Eurasian grasslands are experiencing severe degradation [21], especially the alpine grasslands of the Qinghai-Tibet Plateau and the temperate grasslands of the Mongolian Plateau [5,11,17,25]. Nearly 49% of the global grassland area has degraded [14], and that about 2 million km2 of grassland on the Qinghai-Tibet Plateau has undergone degradation in the last 20 years [23]. In contrast to climate change, human activities, such as overgrazing, are the main pressure for grassland degradation [2], and studies have empirically shown that human activities in Northern Tibet are expanding on the land surface, encroaching on nature reserves, and undermining the sustainability of grasslands [25]. In this regard, the quest for the management of overgrazing and grassland degradation is crucial for the conservation and sustainable management of the vegetation on the Qinghai-Tibet Plateau, especially for the achievement of the UN 2030 Sustainable Development Goals for high mountain regions [2,44].



This paper also incorporates the livelihood differentiations of herders into the framework of game theory, revealing the multi-subject interaction model of grassland degradation management and the governance effects under different scenarios, as well as the impact of the livelihood differentiations of herders on the stability of the evolutionary game. In the process of overgrazing and grassland degradation management on the Qinghai-Tibet Plateau, it is necessary to coordinate the interests of multiple actors and promote the co-management and sharing of the grassland degradation management. Firstly, the central governments should pay more attention to the ecological environment of the Qinghai-Tibet Plateau, not only by providing certain financial subsidies to reduce the monitoring costs of the local governments but also by setting reasonable control tasks and holding those who fail to complete them accountable. Secondly, local governments should formulate relevant policies and regulations to restrain the behavior of herders, not only through ex-ante restraints, such as fencing and returning farmland to grass, but also through clear and severe administrative penalties to thereby restrain overgrazing herders. In addition, the governance system should take into account the participation of other stakeholders, promote the participation of social organizations in the regulation of human behaviors on the Qinghai-Tibet Plateau, increase the level of media exposure to the ecological and environmental problems on the Qinghai-Tibet Plateau, and improve the transparency of the local government’s regulatory actions and results, so as to promote a synergistic development system to reduce overgrazing and combat grassland degradation.



There are some shortcomings in this study, as this paper constructs the evolutionary game considering the local governments and herders and clarifies the role of the local governments in managing the herders’ overgrazing, but in fact, the role of other actors such as environmental protection associations, the media, and tourists in the ecological and social development of the Qinghai-Tibet Plateau, should not be underestimated and have an important role in influencing the herders’ overgrazing and ultimately in the degradation of grasslands. In future research, we will consider other subjects and further explore the stakeholder mechanism of grassland degradation.




7. Conclusions


Moderate grazing is an important approach to the sustainable use of global grassland resources, and therefore there is a need to balance the relationship between grassland sustainability and livelihood sustainability [4], and to meet the needs of herders for survival and development while avoiding overgrazing. Exploring effective mechanisms to manage grassland degradation to maintain sustainable functions and the services of the grassland ecosystems, and achieve sustainable livelihoods for the local people, is an issue worth exploring. Several studies have shown the impact of the herders’ livelihood constraints on the grassland degradation governance, but there is relatively little analysis of the dynamics of the game process among the stakeholders involved, as well as a lack of multi-scenario analysis for developing effective governance policies. To reveal the mechanism of the impact of the herders’ livelihood constraints on grassland degradation, and to explore an integrated management approach to safeguard the herders’ livelihoods and grassland ecological restoration, this paper constructs an evolutionary game model considering local governments and herders, seeking policy insights to achieve the dual goals of grassland ecological restoration and poverty alleviation for the residents. The main findings of the study are as follows.



	
When certain conditions are met, the equilibrium points of the evolutionary game system are (0,0), (0,1), (1,0), (1,1), (M, N), where (1,0) is the ideal stable equilibrium strategy, i.e., when the local governments actively regulate and the herders graze moderately, then the problem of grassland degradation caused by overgrazing can be reduced.



	
Herders’ livelihood differentiation significantly affects the stable equilibrium of the evolutionary game, with herders more motivated to adopt a transitional grazing strategy when their poverty level is high, and are more motivated to adopt a moderate grazing strategy when their non-grazing livelihood dependence is high and they are more motivated to adopt a moderate grazing strategy when their non-grazing livelihood benefit is high.



	
Local government’s regulation is the key to promoting moderate grazing by herders. Its incentives have a limited effect in motivating herders to moderate grazing, while the penalties can significantly restrain the herders’ overgrazing behavior; policy support for the differentiation of farmers’ livelihoods can effectively motivate herders to moderate grazing and achieve their survival and development needs to a greater extent through non-grazing livelihoods.
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Figure 1. Theoretical framework. 
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Figure 2. Phase diagram of the evolutionary game between the local governments and herders. 
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Figure 3. The impact of the poverty levels of herders in the evolutionary game. 
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Figure 4. The impact of the dependence of herders on non-grazing livelihoods in the evolutionary game. (a) alternative livelihood differentiation model; (b) complementary livelihood differentiation model. 
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Figure 5. The impact of the benefits of herders when they are completely dependent on non-grazing livelihoods in the evolutionary game. 
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Figure 6. The impact of the government’s industrial support cost for the livelihood differentiation of herders in the evolutionary game. 
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Figure 7. The impact of local government’s incentives (a) and penalties (b) on the evolutionary game. 
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Table 1. Parameters of the evolutionary game model for the local governments and herders.
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	Parameters
	Description





	B
	Fixed costs for local government’s choice to actively regulate



	k
	Coefficient of the impact of the proportion of overgrazing behavior of the herders on their regulatory costs



	Cg
	Costs of grassland degradation management paid by the local governments



	P
	The penalties imposed on herders when the local governments choose to actively regulate



	S
	External pressure on the local governments to choose to negatively regulate



	A
	Local government’s subsidies for herders’ grassland ecological protection



	Ci
	Local government’s industrial support cost for the livelihood differentiation of herders



	θ
	The intensity of the industrial support for the livelihood differentiation of herders by the local government



	γ
	Poverty levels of herders



	α
	Dependence of herders on grazing livelihoods



	β
	Dependence of herders on non-grazing livelihoods



	Rg
	The benefits of herders when they are completely dependent on grazing for their livelihood



	Rn
	The benefits of herders when they are completely dependent on non-grazing livelihoods



	Rs
	Additional benefits of overgrazing for herders



	x
	Probability of local governments choosing to regulate



	y
	Probability of herders choosing to overgraze
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Table 2. Payment matrix for the evolutionary game.
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Herders




	
Overgrazing

	
Moderate Grazing






	
Local governments

	
Active regulation

	
−(B + k y) − Cg + P − θ Ci

γ ((α + β) (Rg + Rs)) − P

	
−(B + k y) − A − θ Ci

γ (α Rg + (1 + θ) β Rn) + A




	
Negative regulation

	
− Cg − S

γ ((α + β) (Rg + Rs))

	
−S

γ (α Rg + β Rn)
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Table 3. Specific values of a11, a12, a21, and a22 at the local equilibrium points.
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	Balancing Point
	a11
	a12
	a21
	a22





	E1 (0,0)
	−A − B + S − Ci θ
	0
	0
	(Rs α + (Rg − Rn + Rs) β) γ



	E2 (0,1)
	−B − k + P + S − Ci θ
	0
	0
	−(Rs α + (Rg − Rn + Rs) β) γ



	E3 (1,0)
	A + B − S + Ci θ
	0
	0
	−A − P + Rs (α + β) γ + β γ (Rg − Rn (1 + θ))



	E4 (1,1)
	B + k − P − S + Ci θ
	0
	0
	A + P − γ (Rs (α + β) + β (Rg − Rn (1 + θ)))



	E5 (M, N)
	0
	E
	F
	0
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Table 4. Asymptotic stability analysis of the local equilibrium points under Scenario 1.
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	Balancing Point
	trJ
	detJ
	Stability
	λ1
	λ2





	E1 (0,0)
	+
	+
	Unstable Point
	+
	+



	E2 (0,1)
	−
	+
	ESS
	−
	−



	E3 (1,0)
	−
	+
	ESS
	−
	−



	E4 (1,1)
	+
	+
	Unstable Point
	+
	+



	E5 (M, N)
	0
	−EF
	Saddle Point
	+
	+
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Table 5. Asymptotic stability analysis of the local equilibrium points under Scenario 2.






Table 5. Asymptotic stability analysis of the local equilibrium points under Scenario 2.





	Balancing Point
	trJ
	detJ
	Stability
	λ1
	λ2





	E1 (0,0)
	Uncertainty
	−
	Saddle Point
	−
	+



	E2 (0,1)
	Uncertainty
	−
	Saddle Point
	+
	−



	E3 (1,0)
	Uncertainty
	−
	Saddle Point
	+
	−



	E4 (1,1)
	Uncertainty
	−
	Saddle Point
	−
	+
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Table 6. Asymptotic stability analysis of the local equilibrium points under Scenarios 3–12.






Table 6. Asymptotic stability analysis of the local equilibrium points under Scenarios 3–12.





	
Balancing Point

	
Scenario 3

	
Scenario 4 and Scenario 5

	
Scenario 6 and Scenario 7




	
trJ

	
detJ

	
Stability

	
trJ

	
detJ

	
Stability

	
trJ

	
detJ

	
Stability






	
E1 (0,0)

	
Uncertainty

	
−

	
Saddle Point

	
+

	
+

	
Unstable point

	
+

	
+

	
Unstable point




	
E2 (0,1)

	
Uncertainty

	
−

	
Saddle Point

	
Uncertainty

	
−

	
Saddle Point

	
Uncertainty

	
−

	
Saddle Point




	
E3 (1,0)

	
+

	
+

	
Unstable point

	
−

	
+

	
ESS

	
Uncertainty

	
−

	
Saddle Point




	
E4 (1,1)

	
−

	
+

	
ESS

	
Uncertainty

	
−

	
Saddle Point

	
-

	
+

	
ESS




	
Balancing point

	
Scenario 8 and Scenario 9

	
Scenario 10 and Scenario 11

	
Scenario 12




	
trJ

	
detJ

	
Stability

	
trJ

	
detJ

	
Stability

	
trJ

	
detJ

	
Stability




	
E1 (0,0)

	
Uncertainty

	
−

	
Saddle Point

	
Uncertainty

	
−

	
Saddle Point

	
+

	
+

	
Unstable Point




	
E2 (0,1)

	
−

	
+

	
ESS

	
−

	
+

	
ESS

	
−

	
+

	
ESS




	
E3 (1,0)

	
Uncertainty

	
−

	
Saddle Point

	
+

	
+

	
Unstable Point

	
Uncertainty

	
−

	
Saddle Point




	
E4 (1,1)

	
+

	
+

	
Unstable Point

	
Uncertainty

	
−

	
Saddle Point

	
Uncertainty

	
−

	
Saddle Point
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