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The presence of generalist plant pathogens might not explain the long term coexistence of plant species
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Pathogens have been shown to contribute to the possibility of coexistence of competing plant species by creating ecological distinction between the coexisting species. This coexistence promoting mechanism resembles intra-specific density dependence as found in Lotka Volterra models. However, plant species adapt in their level of resistance against pathogen infection and this adaptation has been shown to be traded-off by a reduction in growth rate. A model is developed to show that taking into account the possible adaptation of plant species to increase their resistance against pathogen infection by generalist pathogens has consequences for the coexistence of the plant species. The results show that in systems where plants adapt to the pathogen infection, coexistence becomes impossible. The implication of this finding is that plant pathogens might contribute less to the coexistence of plant species than is commonly thought.

A c c e p t e d m a n u s c r i p t INTRODUCTION

In natural and semi-natural systems plant species competing for mutual resources coexist.

A good example is the coexistence of species in grass land communities, where species compete for light, space and nutrients (see e.g. [START_REF] Dodd | Community Stability -a 60-Year Record of Trends and Outbreaks in the Occurrence of Species in the Park Grass Experiment[END_REF][START_REF] Peterson | Ecological resilience, biodiversity, and scale[END_REF][START_REF] Rosenzweig | Species diversity in space and time[END_REF][START_REF] Wilson | The diversity of life[END_REF]. A long standing question in plant ecology is why so many plant species can coexist.

Persistent coexistence of species is possible when each of the species increases in density when rare and whereby each species can invade an existing assemblage of the other species [START_REF] Armstrong | Competitive exclusion[END_REF][START_REF] Chesson | Invasibility and stochastic boundedness in monotonic competition models[END_REF][START_REF] Law | Permanence and the assembly of ecological communities[END_REF]. This means that each species' long-term per capita growth rate needs to be positive [START_REF] Chesson | Multispecies competition in variable environments[END_REF]. In Lotka -Volterra models [START_REF] Volterra | Variations and fluctuations in the number of individuals in animal species living together Journal du Conseil Permanent International pour L'exploration de la Mer III[END_REF] this is the case when intra-specific competition is stronger than inter-specific competition. From this it follows that persistent coexistence is enabled by mechanisms creating a significant level of ecological difference between the species involved [START_REF] Chesson | A need for niches?[END_REF][START_REF] Chesson | Mechanisms of maintenance of species diversity[END_REF].

Examples of such persistent coexistence promoting mechanisms are resource partitioning [START_REF] Grover | Resource competition[END_REF][START_REF] James | Seasonal timing of N pulses influences N capture in a saltbush scrub community[END_REF][START_REF] Nippert | Soil water partitioning contributes to species coexistence in tallgrass prairie[END_REF][START_REF] Tilman | Resource competition and community structure[END_REF], frequencydependent predation [START_REF] Gendron | Models and mechanisms of frequency-dependent predation[END_REF][START_REF] Huntly | Herbivores and the Dynamics of Communities and Ecosystems[END_REF], relative non-linearity of competition [START_REF] Abrams | When does periodic variation in resource growth allow robust coexistence of competing consumer species?[END_REF][START_REF] Kuang | Predation-competition interactions for seasonally recruiting species[END_REF][START_REF] Roxburgh | The intermediate disturbance hypothesis: Patch dynamics and mechanisms of species coexistence[END_REF] and the storage effect [START_REF] Roxburgh | The intermediate disturbance hypothesis: Patch dynamics and mechanisms of species coexistence[END_REF][START_REF] Sears | New methods for quantifying the spatial storage effect: An illustration with desert annuals[END_REF].

There are indications that besides these ecological mechanisms, evolutionary dynamics may also contribute to the coexistence of species [START_REF] Fussmann | Evolution as a critical component of plankton dynamics[END_REF][START_REF] Yoshida | Rapid evolution drives ecological dynamics in a predator-prey system[END_REF]. This is probably due to fact that changes in phenotype often carry a cost, such that improvements in one trait, e.g. defence, are offset by a disadvantage in
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another trait, e.g. a reduction in competitive ability [START_REF] Yoshida | Rapid evolution drives ecological dynamics in a predator-prey system[END_REF]. Such trade-offs are an important component of evolutionary dynamics and may increase the ecological differences between species which enables coexistence.

This paper focuses on how coexistence mechanisms can be affected by the presence of pathogen induced plant defence adaptation. Two model scenarios are compared.

Firstly, the system is studied from a purely ecological point of view, not taking into account plant trait adaptation dynamics. This is the common approach and for this case we will show that the presence of a generalist pathogen can promote the coexistence of plant species, whereby the effect the pathogen has on the plant species can be regarded as frequency-dependent predation. Species coexistence as a result of disturbances and density dependent mortality was already shown by others (see e.g. [START_REF] Crawley | Timing of disturbance and coexistence in a species-rich ruderal plant community[END_REF][START_REF] Freckleton | Pathogens, density dependence and the coexistence of tropical trees[END_REF][START_REF] Holt | The ecological consequences of shared natural enemies[END_REF]. [START_REF] Freckleton | Pathogens, density dependence and the coexistence of tropical trees[END_REF] suggest that the intra-specific density dependence is less strong when a plant is infected by a generalist pathogen than when infected by a specialist pathogen. Frequencydependent coexistence might thus be less likely in the presence of a generalist pathogen, but the overall ideas still hold for generalist predators or pathogens [START_REF] Holt | The ecological consequences of shared natural enemies[END_REF][START_REF] Szwabinski | Competition and predation in a three species model[END_REF]. Despite the reduced chance of coexistence in the presence of generalist pathogens this paper focuses on generalist pathogens, because most plant pathogens can attack a broad range of plant species, whereas specialist pathogens are rare [START_REF] Ellis | Microfungi on land plants: an identification handbook[END_REF][START_REF] Gilbert | Phylogenetic signal in plant pathogen-host range[END_REF]. Overall the generalist pathogens are thus expected to contribute more to the coexistence of species.

Secondly, the model is extended to include plant trait adaptation dynamics to study to what extent the conclusions from the purely ecological scenario are changed due
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to the presence of these defence adaptations. The ecological model is extended by including a trade-off between a plant's investment in defence and its investment in plant growth, as previously used in theoretical studies [START_REF] Boots | The evolution of costly resistance in host-parasite systems[END_REF][START_REF] Bowers | Community dynamics, trade-offs, invasion criteria and the evolution of host resistance to microparasites[END_REF]. Such a trade-off relation is well established in the experimental literature. For example, both [START_REF] Way | Constitutive expression of a phenylalanine ammonia-lyase gene from Stylosanthes humilis in transgenic tobacco leads to enhanced disease resistance but impaired plant growth[END_REF] and Ruuhola & Julkunen-Tiito (2003) found that increased phenylalanine ammonia-lyase (PAL) levels, which are strongly correlated with the synthesis of defence related compounds, result in decreased plant growth and flowering. Other experimental work [START_REF] Yoshida | Evolutionary trade-off between defence against grazing and competitive ability in a simple unicellular alga, Chlorella vulgaris[END_REF]) also shows the existence of such a trade-off. To study the effect of plant defence adaptations on the coexistence of two plant species the methods of adaptive dynamics [START_REF] Dieckmann | The dynamical theory of coevolution: A derivation from stochastic ecological processes[END_REF][START_REF] Marrow | Evolutionary dynamics of predator-prey systems: an ecological perspective[END_REF][START_REF] Loeuille | Consequences of plant-herbivore coevolution on the dynamics and functioning of ecosystems[END_REF][START_REF] Jiang | Adaptive evolution of phytoplankton cell size[END_REF]) are used.

MODEL CONSTRUCTION AND MATHEMATICAL ANALYSIS

Ecological dynamics: plant defence strategies do not change over time

The model describes a system of two plant species, X and Y, competing for space [START_REF] De Wit | On competition, Versl. landbouwk. onderzoek[END_REF]. The intrinsic rate of increase of the densities X and Y of the plant species are denoted by r x and r y , respectively. The competitive ability of plant species X and Y are measured by α x and α y , respectively. Species X and Y are affected by an infectious generalist plant pathogen, I, which has infection parameters ȕ x and ȕ y on species X and Y, respectively. Plants remain infectious for on average 1/ω time units. Since the pathogen lesions are relatively short lived they make little contribution to resource use and therefore no density dependent feedback of the infecteds is included in the host equations.

The ecological model is thus be given by (1)

See Figure 1a and Table 1 for a graphical representation and a parameter description.

Without loss of generality plant species Y is assumed to have the largest maximum intrinsic rate of increase, r y > r x , and in the absence of the pathogen, species Y is thus the stronger competitor out-competing species X. Plants might use different resources/nutrients and including the full Lotka-Volterra dynamics of the plants, i.e.

allowing each plant species to affect different species in a different and unique way, might thus be more realistic. This model variant is studied in Appendix 1, but we note here that our key conclusion remains unchanged.

As established in the literature [START_REF] Ruuhola | Trade-off between synthesis of salicylates and growth of micropropagated Salix pentandra[END_REF][START_REF] Way | Constitutive expression of a phenylalanine ammonia-lyase gene from Stylosanthes humilis in transgenic tobacco leads to enhanced disease resistance but impaired plant growth[END_REF] the trade-off between plant defence against pathogen infection and plant growth rate, such that a higher level of defence (lower disease susceptibility, ȕ) is associated with a reduced plant growth rate (low r). We assume that this type of defence is constitutive and that it operates through molecules in the epidermis cells that detect the pathogen germ tube. The biochemical network of recognition molecules, the down-stream defence turn-over rate of ȝ, the nutrient density in the plant, R, and the density of recognition molecules, D, can be modeled as (Fig. 1b)
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The time-scale of infectivity rate adaptations is much larger than that of the above described dynamics and equations (2) can thus be assumed to be in steady state.

Assuming that disease transmission rate relates to the density of recognition molecules,

D , as 0 - β = β D n
n e , we find as our trade-off relation between plant defence against a pathogen and plant growth:
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with n∈{x,y} and A=İı/ȝ, 1/ B = ϕ . This trade-off is convex, i.e. strictly accelerating with respect to the cost in competitive ability. The position of the trade-offs of the individual plant species with respect to one another is referred to as a trade-off scenario.

In this paper two such trade-off scenarios are studied: i) the trade-off curves do not intersect (Fig. 1c and Table 1) and ii) the trade-off curves intersect (Fig. 1d and Table 1).

In this paper we study the possibility of plant species X and Y to coexist in the presence of the pathogen and are thus interested in the internal steady state of the system. This internal steady state is given by The stability of the internal steady states is checked using numerical simulation.
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Plant defence strategy adaptations

Both species X and Y adapt their level of defence against the pathogen, reflected in adaptation of the infection rate parameters ȕ x and ȕ y , respectively. We adopt the methods developed by Dieckmann & Law (1996) (see also [START_REF] Marrow | Evolutionary dynamics of predator-prey systems: an ecological perspective[END_REF]) to study the evolution of multiple traits.

A mutant's fitness is given by the mutant's population growth rate in the resident population, which is at steady state. Consider a system with resident plant populations X and Y, and infection rate parameters ȕ x and ȕ y , respectively. In this system a mutant of species X with a defence strategy leading to an infection rate ȕ xi thus has fitness

( , ) (( ) ( ) ( ) )/( ) ϕ β β = β -β + β -β + β -β β -β x xi y xi x xi x y x y xi x y r r r . (5) 
This mutant dies out when ( , ) 0

ϕ β β < x xi
, but has the chance to invade the system when ( , ) 0

ϕ β β > x xi
. The actual success of invasion depends on the selection strength and is determined by the derivative of the fitness, which measures the sensitivity of the mutant's initial rate of increase to changes in its phenotype. Likewise a mutant of species Y with an infection rate ȕ yi has fitness
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and dies out when ( , ) 0

ϕ β β < y yi
, but has a chance to invade the system when

( , ) 0 ϕ β β > y yi
.

With the fitness criteria ( 5) and ( 6) the adaptative trajectories of the system are defined by considering a sequence of mutants that continuously replaces the resident [START_REF] Dieckmann | The dynamical theory of coevolution: A derivation from stochastic ecological processes[END_REF][START_REF] Marrow | Evolutionary dynamics of predator-prey systems: an ecological perspective[END_REF]. This trait substitution sequence measures the sensitivity of the mutant's initial growth rate in the resident population to changes in the mutant's trait that is under adaptation. Whether adaptation is towards higher or lower trait values and the exact direction of the resultant adaptation within the ȕ x -ȕ y plane depends on the fitness gradient and the mutation rates of both plant species, respectively [START_REF] Dieckmann | The dynamical theory of coevolution: A derivation from stochastic ecological processes[END_REF][START_REF] Jiang | Adaptive evolution of phytoplankton cell size[END_REF][START_REF] Loeuille | Consequences of plant-herbivore coevolution on the dynamics and functioning of ecosystems[END_REF][START_REF] Marrow | Evolutionary dynamics of predator-prey systems: an ecological perspective[END_REF]. The adaptative trajectories are governed by the differential equations ( , ) /
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Here β n is the expected mean phenotypic trait value and k n is the variance of the additive genetic values, assumed to be constant. Differences in k n between the species represent the fact that different species can evolve at different rates.

RESULTS

Generalist pathogens promote coexistence on an ecological time-scale

In the absence of the generalist pathogen the plant species cannot coexist and the species with the largest maximum intrinsic rate of increase r, here species Y, always outcompetes the other species [START_REF] De Wit | On competition, Versl. landbouwk. onderzoek[END_REF][START_REF] Edelstein-Keshet | Mathematical models in biology[END_REF].

Figure 2 shows the areas where X, Y, and I coexist for the two trade-off scenarios, i.e.

it shows the areas where pathogen I ensures that coexistence between plant species X and Y is possible on an ecological time scale. These areas are given as a function of the infection parameters ȕ x and ȕ y because these parameters will in the next step be varied, indicating plant defence adaptation. Note that in these graphs each individual ȕ value has a associated plant intrinsic growth rate, r, as defined by the trade-off relationship (Fig. 1).

In the presence of the generalist pathogen and when no adaptation of the level of defence against infection takes place a considerable area in the ȕ x -ȕ y parameter space exists where the plant species coexist due to pathogen presence (Fig. 2; light grey area). Note in the scenario where the trade-off curves do not intersect the area of coexistence is much smaller, because there are less parameter combinations for which the two plant species have equal fitness. In general we find that only the combination of a poorly defended and a well defended plant species leads to coexistence. Remember that the trade-off states that a poorly defended plant will be a strong grower whereas a well defended plant is a weak grower, which means that plants with opposite defence strategies can still achieve the same level of fitness. For both scenarios there is also a large area within the parameter ranges where the internal steady state exists but where it is unstable. In this area the initial conditions determine which of the plant species eventually wins the competition (founder control) (Fig. 2; dark grey area). In the remainder of the ȕ x -ȕ y parameter plane (Fig. 2;

white area) only one plant species survives. These results show that on an ecological time scale the presence of a generalist pathogen can promote the coexistence of species for certain plant trait combinations. The parameter area where plant coexistence is possible is larger when the trade-off curves intersect (Fig. 2b) as compared to when they do not intersect (Fig. 2a).

Adaptation of plant defence excludes coexistence

Now the plant trait adaptation dynamics will be studied by superimposing them onto because as soon as the isocline leaves these areas, there will only be one plant species left and therefore the isocline for coexistence no longer exists. Outside the areas where X, Y, and I coexist, a singular strategy point can be defined for the remaining species, resulting in an individual point across the trait axis of the evolving species. We choose not to plot these points to avoid confusion. Secondly, in Figure 3c the adaptation trajectories are superimposed on Figure 3b, whereby the adaptation trajectories (Eqn. 7) denote the direction of the resultant adaptation within the ȕ x -ȕ y plane depending on the fitness gradient and the mutation rates of both plant species.

The local stability of the singular strategy points on the isoclines for co-adaptation were determined by algebraic analysis of the second-order derivatives of the fitness criterion at the singular strategy of the species of interest [START_REF] Geritz | Evolutionarily singular strategies and the adaptive growth and branching of the evolutionary tree[END_REF]. All points were found to be evolutionary stable and convergence stable (results not shown). This result is in accordance with the findings by [START_REF] Boots | The evolution of costly resistance in host-parasite systems[END_REF], who found that when resistance is increasingly costly, a single evolutionary stable strategy is predicted.

For the non-intersecting trade-off scenario (Fig. 1c) the adaptation isocline for species X does not exist within any of the coexistence areas and the adaptation isocline for species Y only crosses a very small part of one of the plant coexistence areas (Fig. 3a).

This means that no singular strategy points for the co-adaptation of the two plant species exist within the studied ȕ x -ȕ y parameter range. The coexistence of plant species on a long time-scale which allows for defence strategy adaptations is thus impossible for this tradeoff scenario. For the intersecting trade-off scenario (Fig. 1d) the evolutionary isoclines intersect twice (Fig. 3b). This means that the system has two singular strategies for co-adaptation of the plant species. One of these points is at the intersection of two areas in the parameter space where the plant species coexist and both plant species have adapted very similar levels of defence, i.e. ȕ x § ȕ y . The second singular strategy point lies in a parameter region where species X has strongly invested in defence, i.e. ȕ x is low, whereas species Y has invested in growth, i.e. medium-high ȕ y . However, this singular point lies in the founder control area. Four qualitatively different sets of adaptation trajectories can be distinguished. Firstly (Fig. 3c: line marked with 1), from a coexistence area (an area where X and Y coexist in the ecological model) and for which ȕ x is large, ȕ y will start to increase until species Y out-competes species X. Secondly (Fig. 3c: line marked with 2), from a coexistence area where ȕ y is large, ȕ x will start to increase until species X outcompetes species Y. Thirdly (Fig. 3c: line marked with 3), defence strategy adaptations can be towards the singular strategy point where ȕ x § ȕ y . In principle the trajectory stops there. However, because this singular strategy point is an evolutionary repeller any level of stochasticity can push the system towards i) an area where species Y wins; ii) an area where species X wins or iii) the other coexistence area. Fourthly (Fig. 3c: lines marked with 4), defence strategy adaptations can be towards the second singular strategy point of co-adaptation, which is an evolutionary attractor. However, adaptations towards this point end up in the founder control area where one of the two species wins and the other one dies out. Thus, as for the non-intersecting trade-off scenario coexistence of plant species on a long time-scale which allows for defence strategy adaptations is also impossible for the intersecting trade-off scenario.

A c c e p t e d m a n u s c r i p t DISCUSSION

Both experimental and theoretical population dynamics studies that do not take plant trait adaptation into account have shown that under specific conditions disease presence can result in plant species coexistence, where this is otherwise not possible. For example, [START_REF] Crawley | Timing of disturbance and coexistence in a species-rich ruderal plant community[END_REF] showed for a large natural grassland system that temporal variability in disturbances, like a variation in the intensity of disease outbreaks, can have large effects on the biomass and relative frequencies of coexisting plant species. Similarly, Venturio (2001) showed that when plant species with the stronger competitive abilities are affected by a disease the disease might act in favor of the plant species with a lower competitive ability, resulting in species coexistence. [START_REF] Szwabinski | Competition and predation in a three species model[END_REF] study a system of two prey species attacked by a generalist predator with a preference for one of the prey species, which compares well to ours. They concluded that in the absence of stochasticity long term coexistence of the three species is possible when the preference of the predators is small, but that in the presence of stochasticity generally one of the prey populations goes extinct on a large (ecological) time-scale. Our results agree with these studies in the sense that on an ecological time-scale pathogen presence can enable the coexistence of plant species for a range of plant defence and growth strategies.

However, when adaptation is taken into account by allowing defence strategies to adapt over time this no longer holds in the case of infection by a generalist pathogen.

Disease mediated coexistence thus becomes impossible when trait adaptations are taken into account. The evolutionary isoclines only have two intersection points which means that there are only two singular strategies for co-adaptation of the plant species. One of these points lies in the founder control area which means that one of the two species wins arguments are strengthened by the fact that in rotifer-algal systems ecological and evolutionary dynamics have been shown to occur on similar timescales, resulting in the evolutionary dynamics having a direct effect on population/ecological dynamics [START_REF] Fussmann | Evolution as a critical component of plankton dynamics[END_REF][START_REF] Yoshida | Rapid evolution drives ecological dynamics in a predator-prey system[END_REF]. There is evidence of plant trait adaptations in grassland communities, including defence adaptations to pathogen infection, having occured in decades or less [START_REF] Davies | Physiological differences among populations of Anthoxanthum odoratum collected from Park Grass Experiment: II. Response to aluminium[END_REF][START_REF] Silvertown | Reinforcement of reproductive isolation between adjacent populations in the Park Grass Experiment[END_REF][START_REF] Snaydon | Rapid population differentiation in a mosaic environment: II. Morphological variation in Anthoxanthum odoratum[END_REF] suggesting that at least in certain plant systems the ecological and evolutionary time-scale can be quite similar and again stressing the need for taking into account both ecological and evolutionary processes.

The position of the trade-offs of the individual plant species with respect to one another had a strong effect on the size of the coexistence area (Fig. 2). Changes in the trade-off parameters resulting in an alternative position with respect to the origin, the point of trade-off intersection or the distance between the individual lines, but without affecting the trade-off shape, resulted in qualitatively similar but often much smaller areas of coexistence (results not shown). The two scenarios highlighted in this paper were chosen because they differed in coexistence potential around intermediate levels of defence and because they both resulted in relatively large areas of coexistence. Without
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coexistence on the ecological time scale our main hypothesis that pathogen-induced coexistence remains when plant adaptations can occur would not be relevant.

Trade-off shapes can have a crucial impact on the evolutionary behaviour of a biological system [START_REF] Boots | The evolution of costly resistance in host-parasite systems[END_REF][START_REF] Hoyle | The influence of trade-off shape on evlutionary behaviour in classical ecological scenarios[END_REF]. For example, a sigmoidal trade-off could lead to branching and subsequent coexistence of multiple strains. Given that in our system the trade-off shape is dictated by plant defence mechanisms and that we test a hypothesis relating to plants, testing the effect of alternative trade-off shapes is outside the scope of this paper. It might however, be interesting and relevant to test the effects of different trade-off shapes for other biological systems.

Like [START_REF] Boots | The evolution of costly resistance in host-parasite systems[END_REF] we investigated the evolutionary dynamics of resistance against pathogen attack in the presence of a genetically uniform generalist pathogen and like them we are aware of the fact that the pathogen can also undergo adaptive changes. However, little is known about what pathogen traits are likely to adapt and what evolutionary consequences such changes have. The most discussed type of pathogen trait adaptation is an adaptation in the pathogen's virulence to a host or its resistance to a fungicide incurring a fitness cost expressed through, for example, a lower spore production rate [START_REF] Julian | The introduction and characterisation of isolates of Pseudocercosporella herpotrichoides with altered sensitivity to the fungicide prochloraz[END_REF][START_REF] Karaoglanidis | Fitness of Cercospora beticola field isolates -resistant and -sensitive to demethylation inhibitor fungicides[END_REF]. In these cases higher pathogen infectivity rates thus result in higher plant mortality rates. Such pathogen adaptations are likely to induce a shift in the coexistence area, but we do not anticipate such pathogen adaptations to change the qualitative results presented. However, this can be a subject of future study. A second possible pathogen trait adaptation is an adaptation in host specialisation whereby an increased infectivity rate on one host results in a decreased infectivity rate on other hosts [START_REF] Gudelj | Evolution of sibling fungal plant pathogens in relation to host specialization[END_REF]. Including such a trade-off relation goes beyond the scope of this paper but will be addressed in future research.

This paper studied the potential of a generalist pathogen in promoting the coexistence of plant species since generalist pathogens are more common than specialist pathogens [START_REF] Ellis | Microfungi on land plants: an identification handbook[END_REF][START_REF] Gilbert | Phylogenetic signal in plant pathogen-host range[END_REF]. However, as mentioned in the introduction [START_REF] Freckleton | Pathogens, density dependence and the coexistence of tropical trees[END_REF] suggest that the intra-specific density dependence is less strong when a plant is infected by a generalist pathogen than when infected by a specialist pathogen. Similar analyses are thus required for two competing plant species that are both infected by a specialist pathogen.

In this paper we have shown that despite frequency dependent infection by generalist pathogens playing an important role in promoting plant species coexistence on an ecological time scale, long term species coexistence as observed in many natural plant communities can not be explained by such a mechanism. The question how so many plant species can coexist thus remains. The number of species that can coexist in the long run seems strongly affected by the evolutionary processes and it would thus be interesting to investigate which of the other coexistence promoting mechanisms, e.g. resource partitioning [START_REF] Grover | Resource competition[END_REF][START_REF] James | Seasonal timing of N pulses influences N capture in a saltbush scrub community[END_REF][START_REF] Nippert | Soil water partitioning contributes to species coexistence in tallgrass prairie[END_REF][START_REF] Tilman | Resource competition and community structure[END_REF], relative non-linearity of competition [START_REF] Abrams | When does periodic variation in resource growth allow robust coexistence of competing consumer species?[END_REF][START_REF] Kuang | Predation-competition interactions for seasonally recruiting species[END_REF][START_REF] Roxburgh | The intermediate disturbance hypothesis: Patch dynamics and mechanisms of species coexistence[END_REF] and the storage effect [START_REF] Roxburgh | The intermediate disturbance hypothesis: Patch dynamics and mechanisms of species coexistence[END_REF][START_REF] Sears | New methods for quantifying the spatial storage effect: An illustration with desert annuals[END_REF] can explain both the coexistence on an ecological time scale and a time scale allowing for trait adaptations. 
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As before, the model describes a system of two plant species, X and Y, affected by an infectious generalist plant pathogen, I, with the definitions of the parameters as given in the main text. However, rather than two there are now four competition parameters, whereby the competitive ability of plant species X and Y towards individuals of the same species is measured by a x and a y , respectively, whereas the competitive ability of X and Y towards individuals of other species is measured by b x and b y , respectively.

In the Lotka-Volterra competition model the presence of the pathogen is not required for plant species coexistence. In this paper, the main question is however, given the competition parameters are such that the plant species cannot coexist, does the presence of a generalist pathogen make plant species coexistence possible on an ecological time scale? And if so, how is this coexistence affected by the presence of plant defence adaptations? We find that, for a range of competition parameter combinations of the Lotka-Volterra model, the presence of a generalist pathogen can allow for species coexistence, where this would otherwise not be possible. As for the de Wit model, this coexistence is no longer possible when plant defence adaptations take place. Moreover, for certain competition parameter combinations the two coexistence areas that touch each Volterra model (Fig. A1). The separation of these coexistence areas has a consequence for the evolutionary dynamics, in the sense that in this situation the isoclines for plant species coexistence no longer intersect (Fig. A1).

In the presence of the Lotka-Volterra dynamics representing differential resource use our overall conclusion thus remains unchanged, i.e. the coexistence of plant species on a long time-scale, which allows for defence strategy adaptations, might not be explained by the presence of generalist pathogens. ȕ, is associated with a reduced plant growth rate, r. See Table 1 and main text for a detailed parameter description. 
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Table 1 Parameter and variable definitions. Parallel and intersecting refer to the two trade-off scenarios as depicted in Figure 1c andd. 4. Figure

Symbol Description Value

Species