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Abstract

:

As infectious diseases have a severe impact on the individual survival and competitive ability of host species in grassland communities, competition between relevant species may have different consequences, potentially influencing the species composition of grassland communities and the functioning of grassland ecosystems. Understanding the impact of infectious diseases on competition is thus crucial for the health management of grassland ecosystems. How do infectious diseases affect the competitive coexistence of grassland plant species? In this study, by drawing on Tilman’s multispecies competition model and incorporating the spread characteristics of grassland plant diseases, we built three spatial competition models of two grass species subject to infectious diseases, and we analyzed the invasion conditions of infectious diseases and how they impact the population dynamics and competitive consequences of the species. Our model revealed the following: (1) Diseases with high transmission rates and low virulence are more likely to invade populations, while the presence of non-host species is detrimental to disease invasion. (2) Disease promotes the coexistence of competing species, breaking down the original competition–compromise trade-off mechanism for species coexistence and greatly expanding the range of parameters within which the two species can coexist. (3) Pathogen infections indirectly weaken the suppression of inferior species by dominant species, which is similar to the cascade effect seen in trophic interactions. Our findings highlight the importance of disease in species coexistence and grassland biodiversity maintenance.
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1. Introduction


Grasslands are widespread worldwide, covering a total area of 52.54 million square kilometers or nearly 40% of Earth’s land surface [1]. As one of the most important terrestrial ecosystems, grasslands play an important role in biodiversity conservation, soil protection, and carbon storage [2,3,4,5]. However, in recent years, global biosecurity risks have become increasingly serious, with the frequent occurrence of major new and emerging infectious diseases and plant and animal epidemics, leading to a large-scale loss of biodiversity [6,7]. The impact of infectious diseases on grassland ecosystems is also a growing concern [8,9,10,11].



Plant pathogens (fungi, oomycetes, bacteria, and viruses) are present in all grassland ecosystems and can be transmitted horizontally within and between species by soil, air, water, and insect vectors [12] or vertically between parents and offspring through reproductive and trophic propagation [13,14]. Once a pathogen infects a plant host, it may have positive or negative impacts on their adaptations by affecting the growth, reproduction, and viability of the host species [15,16], which, in turn, causes changes in the competitive relationships between the host and other non-host species [17,18]. It may also cause the extinction or overpopulation of certain species [19], affecting the use and allocation of ecological niches in the ecosystem, thus having an impact on population density and the spatial distribution of communities [20], which, in turn, affects biodiversity maintenance, as well as ecosystem stability and functioning [21,22,23,24,25]. Therefore, understanding how infectious diseases in grasslands affect the dynamics and outcomes of competition between host and competing populations is important.



Mathematical modeling has become a powerful tool for analyzing population dynamics. Ecoepidemiological models that combine infectious disease dynamics and population dynamics are based on the classical Lotka–Volterra competition model, which examines how infectious diseases affect the interspecific competition and population dynamics of animal species in a predator–prey system [26,27,28,29]. The metapopulation model of multispecies competition proposed by Tilman in 1994 [30] is a classical and simple spatial model that predicts that an infinite number of species with different competitive abilities can coexist, and it uses spatial partitioning to explain how habitats such as grassland communities can achieve a high level of diversity through interspecific trade-offs. Therefore, a multispecies competition model that considers spatial structure is more suitable for describing the population dynamics of grassland communities. To accurately construct an ecological infectious disease model, the key is to accurately grasp the transmission characteristics of grassland infectious diseases.



In general, it is difficult for plants to recover on their own after infection [31]; therefore, it is more suitable to consider SI (susceptible–infected) epidemics. In addition, along with horizontal transmission, this study pays special attention to the vertical transmission of diseases. We found that the transmission of infectious diseases in grasslands can be broadly divided into three categories: Type I, where the infected plant is incapable of reproduction (infections that kill the host quickly are classified in this category); Type II, where the diseased plant still reproduces but does not vertically transmit the pathogen to its offspring (i.e., the offspring is healthy); and Type III, where the diseased plant vertically transmits the pathogen to its offspring (i.e., the offspring of the diseased plant is congenitally infected). For example, Alfalfadownymildew reduces the ability of diseased plants to flower or fruit and even causes death in severe cases [32]. Clover Kabatiella anthracnose reduces or even prevents the yield of Trifolium subterraneum L. [33]. Clover flower rot only infects Trifolium pratense L.; in a previous study, infected ovaries fertilized with healthy pollen produced mostly bacterial seeds, but the seeds that developed from reinfected florets that were pollinated normally remained healthy [34]. Seed-borne diseases are prevalent in grass plants, including Grasses ergot, Grasses choke, and Lupine anthracnose, among others [35]. Generally, for plants, pathogens are more likely to infect dominant species than rare species [36,37].



Based on the above background, we start with the competition between two species. While considering horizontal transmission, we combine the three types of vertical transmission mentioned above to discuss the thresholds for different types of diseases to invade the host population under the SI framework, and we answer the following question: how do different types of diseases affect the competitive relationship between host and non-host species?




2. Materials and Methods


2.1. Spatial Competition Model without Infection


In the two-species competition model proposed by Tilman in 1994 [30], which has a competitive hierarchy, it is assumed that species 1 has a higher competitive ability than species 2 and that both species live in a spatially separated patch habitat. Competition can only occur within the patch, and the superior competitor on the patch occupied by the two species always displaces the inferior competitor. Therefore, each patch can be occupied by at most one species; that is, two species cannot coexist. Patches are linked by the migration of individuals, and empty patches can be encroached upon by migrating individuals. A superior competitor can displace an inferior competitor by encroaching on the patch occupied by the inferior competitor, but the opposite cannot occur. Therefore, the classical model for the description of their interactions is


        d  P 1    d t   =  c 1   P 1   (  1 −  P 1   )  −  m 1   P 1          d  P 2    d t   =  c 2   P 2   (  1 −  P 1  −  P 2   )  −  m 2   P 2  −  c 1   P 1   P 2       



(1)




where    P 1    and    P 2    represent the proportion of sites occupied by the superior and inferior competitors (called abundance);    c 1    and    c 2    are the colonization rates; and    m 1    and    m 2    are the mortality (local extinction) rates, respectively.    c 1   p 1   (  1 −  p 1   )    is the rate of production of the newly colonized sites of species 1. It can be seen that species 1 is completely unaffected by species 2. Additionally, species 1 can not only invade empty patches but can also occupy patches occupied by species 2 (   c 1   p 1   p 2   ), whereas species 2 can only colonize sites in which both it and species 1 are absent (the term   1 −  p 1  −  p 2   ).



According to the stability analysis of Equation (1) [30], if    c 2  <    c 1   (   c 1  −  m 1  +  m 2   )     m 1     , then there exists a stable boundary equilibrium point    (  1 −    m 1     c 1    , 0  )   . At this point, the inferior competitor is excluded from the competition, leaving only the superior species to survive. Conversely, if    c 1  >  m 1    and    c 2  >    c 1   (   c 1  −  m 1  +  m 2   )     m 1     , then there exists a stable internal equilibrium    (  1 −    m 1     c 1    , 1 −    m 2     c 2    −  (  1 −    m 1     c 1     )   (  1 +    c 1     c 2     )   )   , where the inferior competitor can invade the superior population, and the two species can coexist. Assuming that both species have the same local population extinction rate,    m 1  =  m 2  = m  , the coexistence condition becomes    c 1  > m  ,     c 2  >   c 1  2  / m  , i.e., then, we have    c 2  >  c 1    [30]. This result indicates that, for species 2, which is less competitive, to achieve stable coexistence throughout the region, it must have a stronger ability to invade than species 1, which is more competitive. For the two competing species to coexist at the level of metapopulation, a trade-off between competitive and invasive abilities should occur.




2.2. Modeling Disease Infection of Species Competition


In our research, we focus on the impact of infectious diseases on the species competition system, exploring the dynamic behavior of competing species when infected by diseases. One of the basic models for studying the dynamics of infectious diseases is the SI model [38] (S and I stand for susceptible individuals and infected individuals, respectively). This model is used to describe the situation in which susceptible individuals may be infected but are unable to recover once infected, which is consistent with the transmission characteristics of grass plant diseases in general and can therefore be used to model the transmission dynamics of infectious diseases in grass plants. Next, we couple the SI epidemic models for the three transmission modes described above with the two-species spatial competition model (Equation (1)) to develop three ecological epidemic models.



Assuming that the dominant species is at risk of contracting a particular disease, both horizontal and vertical transmission can cause infections, and pathogen virulence can lead to higher mortality rates in infected individuals. Based on capturing the essence of the problem, the following important assumptions are made to keep the model simple: First, the disease is only transmissible between one species, as species 2 is immune to it. Once infected, the species has no resistance or resilience. Second, the disease weakens host competitiveness, but the infected and the inferior competitors cannot invade each other’s patches; they can only encroach on empty patches. Third, the susceptible superior competitors are unable to change the state of the patch of the infected. The state of each patch can only be one of four cases, namely, occupied by a susceptible superior competitor (abbreviated as the susceptible), occupied by an infected superior competitor (abbreviated as the infected), occupied by an inferior competitor, or an empty patch, denoted as    P 1   ,  I ,    P 2   , and  E , respectively, so that    P 1  + I +  P 2  + E = 1  . From this, we first model the Type I model of SI (where infected individuals cannot reproduce), whose density over time can be expressed by the following differential equations:


        d  P 1    d t   =  c 1   P 1   (  1 −  P 1  − I  )  −  m 1   P 1  − β  P 1  I         d I   d t   = β  P 1  I −  m 1  I − d I         d  P 2    d t   =  c 2   P 2   (  1 −  P 1  −  P 2  − I  )  −  m 2   P 2  −  c 1   P 1   P 2       



(2)




where  β  is the transmission rate,  d  is the mortality rate caused by the infection (toxicity), and   β  P 1  I   is the proportion of patches occupied by the infected. All the other parameters are the same as those in Equation (1). In particular, when   β = 0   and   d = 0   (i.e., no infection), Equation (2) turns back into Equation (1). If we consider the situation without vertical infection (Type II), Equation (2) can be modified as follows:


        d  P 1    d t   =  (   c 1   P 1  + δ  c 1  I  )   (  1 −  P 1  − I  )  −  m 1   P 1  − β  P 1  I         d I   d t   = β  P 1  I −  m 1  I − d I         d  P 2    d t   =  c 2   P 2   (  1 −  P 1  −  P 2  − I  )  −  m 2   P 2  −  (   c 1   P 1  + δ  c 1  I  )   P 2       



(3)




where   0 < δ < 1  ; this portrays the extent to which the colonization capacity of the healthy offspring of the infected is weaker than that of the offspring of the susceptible individuals.   δ  c 1    is the colonization rate of the infected offspring (the susceptible    P 1   ), and    (   c 1   p 1  + δ  c 1  I  )   (  1 −  P 1  − I  )    is the sum of the occupancy rate of empty patches by all susceptible dominant competitors. Here, we assume that the effect of pathogen infestation on reproduction affects only the number of offspring and does not affect other aspects of the quality of the offspring (e.g., genetic characteristics and disease resistance). When   δ = 0  , Equation (3) changes back to Equation (2). If the infected can transmit vertically (Type III), the dynamics equations are


        d  P 1    d t   =  c 1   P 1   (  1 −  P 1  − I  )  −  m 1   P 1  − β  P 1  I         d I   d t   = c I  (  1 −  P 1  −  P 2  − I  )  + β  P 1  I −  m 1  I − d I         d  P 2    d t   =  c 2   P 2   (  1 −  P 1  −  P 2  − I  )  −  m 2   P 2  −  c 1   P 1   P 2       



(4)




where  c  is the colonization rate of the infected offspring (the infected I), and   c I  (  1 −  P 1  −  P 2  − I  )    is the occupancy rate of the infected in the empty patch, i.e., the reproductive rate of the vertical transmission of the infected species. It is hypothesized that infection reduces the reproductive capacity of individuals, resulting in a decrease in the number of offspring and ultimately leading to a lower colonization rate in the congenitally infected offspring than in the healthy susceptible offspring, so   c <  c 1   . In particular, when   c = 0  , Equation (4) changes back to Equation (2).



The three sets of models developed above, coupling the infection dynamics and the competitive processes of the two species, can be used to study the impact of pathogens on the coexistence of competing species. Next, by comparing the evolutionary dynamics of the infected populations (Equations (2)–(4)) and the uninfected populations (Equation (1)), we explore how diseases affect competition and coexistence between the two species under different modes of transmission.





3. Results


3.1. Stability Analysis


Considering the existence of non-negative equilibria and the local stability of Equations (2)–(4), the persistence results for each species are obtained as follows (for the conditions of the existence and stability of each equilibrium point, see the Appendix A):




	(1)

	
The disease fails to spread and eventually disappears, at which point it is possible that the inferior competitor becomes extinct and that the superior competitor reaches its environmental carrying capacity of   1 −    m 1     c 1    ;   it is also possible that the inferior species successfully invades, so the superior and inferior species eventually coexist stably at a density of      P 1 *  = 1 −    m 1     c 1    ,  P 2 *  = 1 −    m 2     c 2    −  (  1 −    m 1     c 1     )   (  1 +    c 1     c 2     )   .




	(2)

	
The disease successfully invades the host and eventually becomes endemic, at which point the inferior competitor may become competitively excluded and eventually bec Please confirm if the bold is unnecessary and can be removed. The following highlights are the same. ome extinct, or it may stably coexist with the susceptible and infected individuals at a density of    (   P  1 I  *  ,   I I  *  ,  P  2 I  *   )    (the steady-state values are different for each equation; see the supporting material for details).




	(3)

	
Only Equation (4) has an extinction risk for the susceptible dominant species: When all hosts are infected, their numbers are close to an environmental capacity of   1 − (  m 1  + d ) / c  , and the inferior competitor becomes extinct. In contrast, in Equations (2) and (3), the invasion of the pathogen does not directly lead to host extinction, and the equilibrium value for the susceptible individuals,    P  1 I  *  =  (   m 1  + d  )  / β  , is always greater than zero.










3.2. Threshold for Disease Invasion


The first and foremost concerns with the issue of an infectious disease are its invasion, persistence, and spread. Based on the different modes of transmission (Equations (2)–(4)), first, we explore the conditions under which infectious diseases can successfully invade populations. This requires the number of infected to be able to increase when a small number of infections initially occur, i.e., the rate of growth of the infected per unit of individuals is greater than zero (   1 I    d I   d t   > 0  ), which is calculated as follows:


  β  P 1  + c S >  m 1  + d  



(5)




where    P 1    is the density of susceptible hosts, and  S  is the proportion of the remaining empty plaques before infection (  c S   is the occupancy of empty plaques by congenitally infected individuals). Note that, for the Type I and Type II models,   c S = 0  . In inequality 5, it can be seen that the threshold for disease invasion depends on the rate of transmission and the density of susceptible individuals; high transmission rates and a large number of susceptible individuals facilitate the spread of infectious diseases, whereas higher rates of extinction and greater virulence can promote disease resistance (Figure 1).   β  P 1  + c S   represents the total rate of infection (both horizontal infection and vertical infection), while    m 1  + d   represents the rate at which the infected individuals are removed (in this case, death, as recovery is not considered in this study). Inequality 5 demonstrates that, for a pathogen to successfully invade, the average number of infected individuals per unit of time (  β  P 1  + c S  ) must exceed the average number of deaths of infected individuals (   m 1  + d  ). The average time for an individual to become infected (  1 /  (  β  P 1  + c S  )   ) is shorter than the average length of the disease course of the infected individuals (  1 /  (   m 1  + d  )   ). By transforming Equation (5) into     β  P 1  + c S    m 1  + d   > 1  , we can see that the left side of the inequality represents the basic reproduction number (   R 0   ) of the dynamics of infectious diseases. This refers to the number of infections caused by an infected individual during the period of infection, so condition 5 represents the basic condition for an infectious disease outbreak, i.e.,    R 0  > 1  .



In Equation (1), before the invasion of the infectious disease, the initial population either consists of only hosts (inferior species have been excluded) or hosts that coexist with their competitors. Assuming that the initial population reaches the stable equilibrium state before infection, its densities are, respectively,


    P 1  =  P 1 *  = 1 −    m 1     c 1      ,  P 2  =  P 2 *  = 1 −    m 2     c 2    −  (  1 −    m 1     c 1     )   (  1 +    c 1     c 2     )    



(6)







For Type I and Type II, the conditions of disease invasion are the same, and Equation (5) can be rewritten as follows:


  β  (  1 −    m 1     c 1     )  >  m 1  + d  



(7)




where the left side of the inequality describes the number of individuals infected per unit of time through horizontal infection. Transforming inequality 6 results in the corresponding basic reproduction number of Type I and Type II, denoted as    R 0 1    and    R 0 2   , respectively:


   R 0 1  =  R 0 2  =   β  (  1 −    m 1     c 1     )     m 1  + d    



(8)







For Type III, when the initial population is species 1 in a steady state, the remaining patch is   S =  S 1 *  = 1 −  P 1 *  =    m 1     c 1     , and inequality 5 becomes


  β  (  1 −    m 1     c 1     )  + c    m 1     c 1    >  m 1  + d  



(9)







Correspondingly, the basic reproduction number is denoted as      R 0  31    :


   R 0  31   =   β  (  1 −    m 1     c 1     )  + c    m 1     c 1       m 1  + d   .  



(10)







If the initial population consists of the two coexisting species, then   S =  S 2 *  = 1 −  P 1 *  −  P 2 *  =    c 1     c 2     (  1 −    m 1     c 1     )  +    m 2     c 2     , and there are


  β  (  1 −    m 1     c 1     )  + c  [     c 1     c 2     (  1 −    m 1     c 1     )  +    m 2     c 2     ]  >  m 1  + d  



(11)







The basic reproduction number is denoted as    R 0  32    :


   R 0  32   =   β  (  1 −    m 1     c 1     )  + c  [     c 1     c 2     (  1 −    m 1     c 1     )  +    m 2     c 2     ]     m 1  + d   .  



(12)







Clearly, the higher the colonization rate of the infected offspring and the greater the number of remaining plaques, the more favorable the spread of the disease. All three modes of transmission show that high transmission rates and low virulence are most conducive to pathogen invasion (Figure 1).



It is worth noting that when    S 1 *  >  S 2 *   , there are    c 2  >  c 1   (   c 1  −  m 1  +  m 2   )  /  m 1   , which is also the threshold for the inferior species to invade the dominant species without infection. This suggests that infectious diseases are more likely to invade when there are only hosts than when the two species coexist (Figure 1), i.e., the presence of the host’s competitor is not conducive to pathogen invasion. In addition, comparing the three types of transmission, it is evident that Type III is the most favorable for disease invasion under the same parameter conditions, while Type I and Type II require higher transmission rates or lower toxicity.




3.3. Impact of Infectious Diseases on Competitive Dynamics


There are only two possible outcomes when a pathogen attempts to invade the host population: failure (   R 0  < 1  ) or success (   R 0  > 1  ). What are the effects on interspecies competitive dynamics and outcomes when pathogens successfully invade grassland communities? According to stability analysis, there are two possible states for the two species without disease: The inferior species is rejected by the superior species, or the two competing species coexist. Through numerical simulations, we investigated the dynamics of the epidemiological model (Equations (2)–(4)) after the invasion of an infectious disease under the two initial states. The results suggest that, in general, regardless of whether the populations are in a state of exclusion or coexistence before infection and regardless of the disease transmission mode (Type I, II, or III), the spread of diseases can promote the evolution of the two species toward coexistence. There are two specific scenarios: (1) If the two species can coexist without disease, then the addition of disease will not change that coexistence (Figure 2A,C,E). (2) If inferior competitors are rejected without disease, then the infection of the dominant species may allow for the inferior species to invade, leading to coexistence (Figure 2B,D,F).



However, an infectious disease does not necessarily promote species coexistence, and there are still cases where the pathogen successfully invades the host population, but the two species are unable to coexist (Figure 2 in B from part a to part b and similarly in Figure 2D,F). As the intensity of infection increases, the effect of the pathogen on the dominant species makes it possible for the inferior species to escape competitive exclusion to achieve coexistence. Interestingly, although disease infection causes relative changes in the densities of the host and its competitors and may even reverse competitive strengths and weaknesses, with inferior competitors being in patches at greater densities and becoming more competitive species (Figure 2), the total biomass of the entire system before and after infection is hardly altered by the infection, even increasing slightly (Figure 2).



The transmission rates and virulence have a direct impact on the spread of pathogens. Further, we modeled their effects on competitive systems under pathogen stress in each of the three systems. The results show that increased transmission rates help promote species coexistence, whereas increased virulence, which weakens the effect of disease on competition, is detrimental to species coexistence (Figure 3). Low virulence facilitates the spread of pathogens, but it has less impact on the host and is not sufficient to free inferior species from competitive exclusion. By contrast, high virulence does not facilitate the spread of pathogens, makes it difficult to invade host populations, and has little effect on host competition. Therefore, pathogens with high transmission rates and low-to-moderate virulence are the most likely to promote species coexistence (Figure 3).



The method of disease transmission also affects species coexistence. Type III transmission, in comparison to Type I and Type II transmission, necessitates the lowest transmission rate for the inferior competitor to invade the superior species (Figure 2), and it also takes longer for the system to reach equilibrium (Figure 2E,F); with this transmission, it is more likely that competitive strengths and weaknesses become reversed. Vertical transmission, in which offspring is innately infected, is essentially equivalent to increased transmission rates, thus exacerbating the impact of disease on competitive relationships. The steady-state density of infected populations is significantly higher in Type II transmission than in the other two modes (Figure 2C,D). This is because the offspring of the infected is susceptible and infected at birth, which increases the number of infected individuals (Figure 4A). Additionally, in Type III transmission, excessively high transmission rates can reduce the persecution of the host by high virulence (see Figure 3c(L)), which enables the coexistence of the two species.



In addition to the pathogen characterization parameters having an impact on coexistence, changes in the colonization rate of the offspring of infected individuals can also have an impact on coexistence. For diseases that are not vertically transmissible (Type II), the increased colonization of healthy offspring (  δ  c 1   ) can promote disease transmission without impacting host density, but excessive  δ  is likely to be detrimental to interspecific coexistence (Figure 4A). However, for diseases that are vertically transmissible (Type III), the increased colonization ( c ) of naturally infected individuals has the potential to promote coexistence (Figure 4B).




3.4. Mechanisms by Which Infectious Diseases Promote Coexistence


Mutual invasion is a crucial criterion for species coexistence. The superior species can invade the inferior population as long as it meets the conditions for its continuation. Does pathogen infection make it easier for the inferior species to invade dominant competing populations? To successfully invade a dominant population that is already infected, the inferior competitor must have a per capita growth rate greater than zero (   1   P 2      d  P 2    d t   > 0  ) when the initial population is in equilibrium and the inferior species is very small (ignored,    P 2  ≈ 0  ). Equations (2)–(4) have the same third equation in common:


   1   P 2      d  P 2    d t   =  c 2   (  1 −  P 1  −  P 2  − I  )  −  m 2  −  c 1   P 1   



(13)







Letting the above equation be greater than zero yields the inferior competitor invasion threshold as


   c 2  >    c 1    P  1 I   *  +  m 2    1 −   P  1 I   *  −   I I  *     



(14)




where    P  1 I  *  ,   I I  *    is the equilibrium density of the dominant competitors and the infected.



Taking Equation (2) as an example,    (   P  1 I  *  ,   I I  *   )  =  (     m 1  + d  β  ,   β  (   c 1  −  m 1   )  −  c 1   (   m 1  + d  )    β  (  β +  c 1   )     )   , and by substituting this into the above inequality, (14) can be rewritten as follows:


   c 2  >    [   c 1   (   m 1  + d  )  + β  m 2   ]   (   c 1  + β  )    β  (  β − d  )     



(15)







In the absence of disease, the inferior competitor must satisfy only    c 2  >  c 1   (   c 1  −  m 1  +  m 2   )  /  m 1    to successfully invade the dominant species. Next, numerical simulations are conducted to visually demonstrate the impact of disease on the invasion of inferior species.



In the absence of the infection of species 1, when the extinction rate of species 2 is not lower than that of species 1 (   m 2  ≥  m 1   ), species 2, which is weakly competitive, must have a stronger colonization capacity (   c 2  >  c 1   ) to invade species 1, which is competitively strong (the light gray areas in Figure 5A–F are all above the black dotted line). In the absence of disease, coexistence between species requires trade-offs among competitiveness, colonization capacity, and longevity. However, pathogen coercion disrupts this mechanism of competition and compromise. Even if the inferior competitor has a lower colonization rate (   c 2  <  c 1   ), it can still invade the superior population (Figure 5 has the dark gray areas of    c 2  <  c 1   ), and the greater the transmission rate, the easier it is for the inferior species to invade. Thus, the spread of pathogens significantly reduces the invasion threshold of the inferior species, greatly expanding the range of parameters in which the two species can coexist, which contributes to the maintenance of species diversity. This is the mechanism behind disease-promoted species coexistence. The conclusions under the Type II and III modes of transmission are similar and will not be repeated.





4. Discussion


The significance of pathogens in ecosystems is often underestimated and trivialized [39,40]. However, the effects of pathogen stress can be significant, as they can affect host population dynamics, interspecific relationships, and the cycling of matter and energy flows in ecosystems, and they are important drivers of biodiversity and food web stability [38,39,40,41,42,43,44]; thus, the impact of disease on competitive relationships has also received widespread attention [45,46,47,48]. In this study, we combined the susceptible–infected (SI) infectious disease model and the species competition model and examined the effects of infectious diseases on the population dynamics and competitive outcomes of two competing species in a grassland community. The analysis reveals that diseases with high transmission rates and low virulence are more likely to be invasive. Additionally, diseases that enable strains to be vertically transmissible under the same conditions are more likely to establish and spread in grassland communities (Figure 1). If the dominant species can cause the extinction of the inferior species without disease, then disease may promote the coexistence of the two species (Figure 2, right column). This result is consistent with that of the Lotka–Volterra system [49] and the resource competition system [50] under the effect of disease. In addition, other ecoepidemic competition models allow for disease-induced coexistence removal, as in discrete-time ecoepidemiological modeling [51,52]. In contrast, for systems that could otherwise coexist, disease will not change the outcome of coexistence but may reverse competitive strengths and weaknesses (Figure 2, left column), as shown in our study, but such outcomes do not always occur. In the SIS epidemic model, Han L found that a species that would have coexisted with its competitors in the absence of infection became extinct due to infection [46]. Overall, pathogen infections disrupt the competition–compromise trade-off mechanisms that enable species to coexist and expand the conditions that promote species coexistence (Figure 5), and pathogens with large transmission rates and low-to-moderate virulence are the most likely to facilitate species coexistence (Figure 3). This has significant implications for invasion biology [53].



The mechanisms by which plant diversity is positively correlated with productivity are diverse and include reduced competition, ecosystem complementarity, selection effects, and biotic and abiotic facilitation [54,55,56]. The balance between intraspecific and interspecific competition plays a major role in the relationship between biodiversity and ecosystem functioning [57]. However, individual interference when competing also helps to enhance coexistence in species competition [58]. In this study, we demonstrate that pathogen infection can increase the total biomass of the competitive system (as shown by the elevated yellow dashed line in Figure 2 and Figure 3). This is because pathogen infection reduces the biomass of the host, which indirectly weakens the suppression of the dominant species. As a result, the biomass of the dominant species increases, compensating for or outweighing the decrease in the host species and leading to an overall increase in the productivity of the grassland community. This mechanism resembles the cascade effect of trophic interactions [59]. In food webs, the top predators cause a decrease in both intermediate predators and prey. However, the decrease in the intermediate predators indirectly reduces their consumption of prey. The asymmetric impact of the top predators on the intermediate predators and prey benefits the prey. Feng Zhang [60] demonstrated similar results for ecological gaming systems under the stress of infectious diseases, in addition to competitive systems.



In this study, we considered the scenario of infection by a dominant species based on the susceptible–infected disease (SI) model framework, not only for grassland ecosystems but also for similar sessile organism patchy habitats with high diversity (e.g., tropical forests), where our modeling and study results hold. In addition, further research is needed for the susceptible–infected–susceptible (SIS) mode of transmission, susceptible–infected–recovered (SIR) mode of transmission, etc. In this study, only the competition between two species was examined, with only one disease infecting one of them; however, the reality is much more complex, as there is more multispecies competition; one disease can infect multiple species, and multiple diseases can infect multiple species. In addition, this study only captures the main features of disease transmission for modeling, ignoring the life history of the pathogen, the incubation period of infection, etc. In fact, it is more realistic to consider these factors and model ecology in discrete-time systems, but, undoubtedly, this is more challenging.
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Appendix A


To ensure survival all discussions are based on the premise    c 1  >  m 1  ,  c 2  >  m 2   , and taking into account the actual situation, all of the discussion in    R + 3  =  {   (   P 1  , I ,  P 2   )  ∈  R + 3  :     0 ≤  P 1  ≤ 1 , 0 ≤ I ≤ 1 , 0 ≤  P 2  ≤ 1 ,  P 1  + I +  P 2  ≤ 1  }   .



The results of Equations (2) and (3) are:




	(1)

	
Equilibrium    E 0   (  0 , 0 , 0  )  ,    E 1   (  0 , 0 , 1 −    m 2     c 2     )    always exist and unstable, which means the dominant species can always invade the weaker competing population;




	(2)

	
Equilibrium    E 2   (  1 −    m 1     c 1    , 0 , 0  )    always exists and locally stable when   β <    c 1   (   m 1  + d  )     c 1  −  m 1    ,    c 2  <    c 1   (   c 1  −  m 1  +  m 2   )     m 1     , which represents the weaker species is rejected, only the dominant competitor continues to survive and reaches its environmental capacity   1 −    m 1     c 1     ;




	(3)

	
The disease-free equilibrium    E 3   (  1 −    m 1     c 1    , 0 , 1 −    m 2     c 2    −  (  1 −    m 1     c 1     )   (  1 +    c 1     c 2     )   )    exists when    c 2  >    c 1   (   c 1  +  m 2  −  m 1   )     m 1     , and it is locally stable if   β <    c 1   (   m 1  + d  )     c 1  −  m 1     , which means the dominant and weaker species coexist stably, and the disease is not yet able to invade;




	(4)

	
Equilibrium    E 4   (   P  1 I  *  ,   I I  *  , 0  )      exists when   β >    c 1   (   m 1  + d  )     c 1  −  m 1     , and is locally stable if    c 2  <  c  2 I    , which represents the host is infected in a certain proportion, the disease persists for a long time, and the weaker species are rejected, eventually dying out.




	(5)

	
When   β >    c 1   (   m 1  + d  )     c 1  −  m 1    ,    c 2  >  c  2 I    , the endemic disease equilibrium    E 5   (   P  1 I  *  ,   I I  *  ,  P  2 I  *   )    exists and is globally stable. It means that the disease becomes endemic at a certain level, while the two competing species coexist in a stable way and the equilibrium density does not change with the initial value of the population size.









Where    c  2 I   =    [   c 1   (   m 1  + d  )  + β  m 2   ]   (   c 1  + β  )    β  (  β − d  )     ,    P  1 I  *  =    m 1  + d  β   ,     I I  *  =   β  (   c 1  −  m 1   )  −  c 1   (   m 1  + d  )    β  (  β +  c 1   )     ,    P  2 I  *  = 1 −    m 2     c 2    −  (  1 +    c 1     c 2     )     m 1  + d  β  −   I I  *    for Equation (2), the process see Supplementary Materials part I; Meanwhile for Equation (3),    c  2 I   =    c 1   (   m 1  + d  )  + β  m 2  + δ  c 1  β   I I  *    β −  m 1  − d − β   I I  *     ,   P  1 I  *  =    m 1  + d  β   ,    I I  *  =   − B +  Δ    2 A    ,   P  2 I  *  = 1 −    m 2     c 2    −  (  1 +    c 1     c 2     )   P  1 I  *  −  (  1 + δ    c 1     c 2     )    I I  *    where   Δ =  B 2  − 4 A C  ,  A = δ  c 1  > 0  ,   B = δ  c 1   (   P  1 I  *  − 1  )  +  (   c 1  + β  )   P  1 I  *   ,   C =  c 1    (  P  1 I  *  )  2  −  (   c 1  −  m 1   )   P  1 I  *   , the process see Supplementary Materials part II.



For the Equation (4), there have some changes in conditions. For brevity of presentation, sign    c  2 I   =    c 1 2   (   m 1  + d  )  + β  [   c 1   (   m 1  + d  )  + β  m 2  − c  c 1  − c  m 2  +  c 1   m 2   ]  − c  c 1   m 1    β  (  β − d  )     . The results are as follows,




	(1)

	
Equilibrium    E 0   (  0 , 0 , 0  )   ,    E 1   (  0 , 0 , 1 −    m 2     c 2     )    always exist and unstable;




	(2)

	
   E 2   (  1 −    m 1     c 1    , 0 , 0  )    always exists and locally stable when   β <    c 1   (   m 1  + d  )  − c  m 1     c 1  −  m 1     ,      c 2  <    c 1   (   c 1  −  m 1  +  m 2   )     m 1     ;




	(3)

	
   E 3   (  1 −    m 1     c 1    , 0 , 1 −    m 2     c 2    −  (  1 −    m 1     c 1     )   (  1 +    c 1     c 2     )   )    exists when    c 2  >    c 1   (   c 1  +  m 2  −  m 1   )     m 1     , and stable if   β <    c 1   c 2   (   m 1  + d  )  − c  c 1   (   c 1  −  m 1  +  m 2   )     c 2   (   c 1  −  m 1   )     ;




	(4)

	
Equilibrium      E 4   (  0 , 1 −    m 1  + d  c  , 0  )    exists when   c >  m 1  + d  , and stable if   β >    c 1   (   m 1  + d  )  − c  m 1    c −  m 1  − d    ,   c >    c 2   (   m 1  + d  )     m 2    ,   which means all hosts are infected and their numbers are close to the environmental capacity of   1 − (  m 1  + d ) / c  , the inferior competitor becomes extinct.




	(5)

	
   E 5   (   P  1 I  *  ,   I I  *  , 0  )  =  (     A 1     A 0    ,    A 2     A 0    , 0  )      exists when        c 1   (   m 1  + d  )  − c  m 1    c −  m 1    < β <    c 1   (   m 1  + d  )  − c  m 1    c −  m 1  − d    , and unstable if    c 2  >  c  2 I     (the process see Supplementary Materials part III). where A0 = β(c1 − c + β), A1 = c1 (m1 + d) − β(c − m1 − d) − cm1, A2 = −c1 (m1 + d) + β(c1 − m1) + cm1 ;




	(6)

	
   E 6   (   P  1 I  *  ,   I I  *  ,  P  2 I  *   )  =  (     B 1     B 0    ,    B 2     B 0    ,    B 3     B 0     )    exists if   β >    c 1   c 2   (   m 1  + d  )  − c  c 1   (   c 1  −  m 1  +  m 2   )     c 2   (   c 1  −  m 1   )     ,    c 2  >  c  2 I    ,   c <    c 2   (   m 1  + d  )     m 2     . And further, when    a 1  > 0  ,    a 3  > 0 ,  a 1   a 2  −  a 3  > 0 ,   the equilibrium is locally asymptotically stable according to the Routh-Huriwitz criterion, where,    B 0  =  (   c 1  + β  )   (   c 1  c +  c 2  β  )   ,    B 1  =  (   c 1  + β  )   (   c 2  d +  c 2   m 1  − c  m 2   )   ,    B 2  =  c 1  c  (   c 1  −  m 1  +  m 2   )  +  (   c 1   c 2  −  c 2   m 1   )  β −  c 1   c 2   (   m 1  + d  )   ,    B 3  =  (   c 2  −  m 2   )   β 2  −  μ 1  β +  μ 2   ,    μ 1  =  c 1  d +  c 2  d +  c 1   m 1  +  c 1   m 2  − c  m 2  − c  c 1   ,    μ 2  = c  c 1   m 1  −  c 1 2   m 1  −  c 1 2  d  . The    a 1   ,   a 2  ,  a 3    and process see Supplementary Materials part III.
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Figure 1. Thresholds for disease to invade host populations.    R 0 1    =    R 0 2    is the invasion threshold for pathogens under Type I and Type II transmission modes,    R 0  31     is the invasion threshold when the initial population consists of only the host under Type III transmission mode, and    R 0  32     is when the host and its opponent coexist under Type III transmission mode. The value of the parameter above the surface,    R 0  = 1  , ensures successful invasion; otherwise, invasion fails. Parameters:    c 1  = 0.6 ,  m 1  = 0.48 , c = 0.45 ,  c 2  = 0.6 ,  m 2  = 0.05  . 
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Figure 2. The impact of infectious diseases on the competitive dynamics of two species in a state of coexistence (subfigures A,C,E) or exclusion (subfigures B,D,F) in Type I, Type II, and Type III models. The graph displays the densities of the superior, infected, and inferior competitors with blue, red, and green lines, respectively. The yellow dashed line represents the sum of the densities of all three groups, and the vertical dashed line indicates the time of infectious disease occurrence in the population. The parameter in the left column is    c 2  = 0.6  ; the parameter in the right column is    c 2  = 0.4  ; and the other parameters are taken identically as c1 = 0.6, m1 = 0.4, m2 = 0.1, β = 3, d = 0.1; additionally,   δ = 0.75   is taken for (C,D), and   c = 0.4   is taken for (E,F), with initial values of    P 1  ,  P 2  , I   being    (  0.01 ,   0.001 ,   0.01  )   . Some parameter values are taken from Reference [26]. 
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Figure 3. Combined effect of transmission rate and toxicity on species coexistence under Type I (a), Type II (b), and Type III (c) modes of transmission. Parameters:    c 1  = 0.6 ,  m 1  = 0.4 ,  c 2  = 0.4 ,  m 2  = 0.1 , δ = 0.5 ,  and    c = 0.4  . 
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Figure 4. Panel (A) shows the effect of  δ  on the equilibrium state of system 2. Parameters are    c 1  = 0.6 ,  m 1  = 0.4 ,  c 2  = 0.35 ,  m 2  = 0.1 , β = 1.8 ,    and    d = 0.01 ,   with the same initial values as in Figure 2. Panel (B) shows the effect of  c  on the equilibrium state of system 3. Parameters are    c 1  = 0.6 ,  m 1  = 0.4 ,  c 2  = 0.3 ,  m 2  = 0.1 , β = 1.2 , d = 0.05 ,   with the same initial values as in Figure 2. Note that   c <  c 1   . 