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Abstract 1 

As acknowledged by Optimal Foraging theories, predator diets depend on prey profitability. 2 

Parasites, ubiquitous in food webs, are known to affect simultaneously host vulnerability to 3 

predation and host energy contents, thereby affecting profitability. In this work, we study the 4 

eco-evolutionary consequences of prey infection by a non trophically-transmitted parasite, with 5 

a simple lifecycle, on predator diet. We also analyze the consequences for coexistence between 6 

prey, predators and parasites. We model a trophic module with one predator and two prey 7 

species, one of these prey being infected by a parasite, and distinguish between two effects of 8 

infection: a decrease in host fecundity (virulence effect) and an increase in vulnerability to 9 

predation (facilitation effect). Predator foraging may evolve toward specialist or generalist 10 

strategies, the latter being less efficient on a given resource. We show that the virulence effect 11 

leads to specialisation on the non-infected prey while the facilitation effect, by increasing prey 12 

profitability, favors specialisation on the infected prey. Combining the two effects at 13 

intermediate intensities promotes either generalist predators or the diversification of foraging 14 

strategies (coexistence of specialists), depending of trade-off shape. We then investigate how 15 

the evolution of predator diet affects the niche overlap between predator and parasite. We show 16 

that facilitation effects systematically lead to a high niche overlap, ultimately resulting in the 17 

loss of the parasite. Virulence effects conversely favor coexistence by allowing a separation of 18 

the predator and parasite niches. 19 

Keyword: Adaptive foraging, virulence, vulnerability, predator diet, profitability, 20 

parasitism 21 

  22 
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1. Introduction 23 

The consequences of parasitism on food webs regarding trophic cascades (Buck and Ripple 24 

2017) or in terms of stabilisation (Hilker and Schmitz 2008; Prosnier et al. 2018) or 25 

destabilisation (Hudson et al. 1998; Prosnier et al. 2018) are most often investigated through 26 

the lens of ecology. On the other hand, parasite evolution is frequently addressed through the 27 

evolution of virulence or transmission, sometimes in a context of trophic interactions (Cressler 28 

et al. 2016). However, modulating host phenotype and abundance may also have evolutionary 29 

consequences for the species interacting with the hosts, including predators. In this work, we 30 

study how infection of a prey species by a specialist parasite with a simple life cycle (i.e. with 31 

one host) affects the evolution of the predator foraging strategy. 32 

A possible way to understand variations in predator diet is to consider Optimal Foraging 33 

Theory, under which predators interact only with the prey species that enhance their net energy 34 

intake rate (Pyke et al. 1977). The relative profitability of prey species, defined as the ratio 35 

between energetic gain (prey energetic value) and energetic cost (search and handling times), 36 

determines the occurrence of trophic links and therefore the degree of generalism of predators 37 

(Emlen 1966; MacArthur and Pianka 1966; Charnov 1976a, 1976b). Although parasite-induced 38 

alterations in host phenotype are likely to modify the two components of profitability, the 39 

consequences on the structure of natural communities remain poorly understood.  40 

Infection induces modifications in host energy allocation, either because parasites use energy 41 

for their own development, or because hosts allocate energy to the immune response at the 42 

expense of other functions. This energy reallocation may (negatively) affect host fitness through 43 

direct and indirect effects. Direct effects on fitness (virulence effects hereafter) occur when 44 

parasites reduce host fecundity, increase host mortality or both. Increased mortality has been 45 

described very often (Brassard et al. 1982; Prins and Weyerhaeuser 1987; Lynsdale et al. 2017). 46 
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Infection-induced fecundity reduction is documented for various animals like water fleas 47 

(Daphnia sp.) hosting bacterial, viruses or fungi that reduce offspring production by 7-66%  48 

(Decaestecker et al. 2003). Such virulence effects should decrease the density of hosts (prey), 49 

which make them less profitable towards predators, search time being increased. Indirect effects 50 

on fitness through increased vulnerability to natural enemies and particularly predators 51 

(facilitation effects hereafter) results from changes in host phenotype including behavior, 52 

morphology or physiology. This can be part of an adaptive transmission strategy in trophically-53 

transmitted parasites (Cézilly et al. 2010) but also occurs in non-manipulative parasites (Goren 54 

and Ben-Ami 2017), as the simple lifecycle parasite without trophic transmission that we 55 

consider in this article. For instance, red grouses infected by nematodes are more consumed by 56 

mammalian predators due to higher scent emissions, as parasites induce physiological 57 

modifications (Hudson et al. 1992). Anisops prefer Daphnia infected by Pasteura ramosa in 58 

dark condition but the non-infected Daphnia in light condition (Goren and Ben-Ami 2017), 59 

possibly due to modifications in host colouration and mobility. Making the host more attractive 60 

(e.g. increased conspicuousness) or more catchable (e.g. decreased mobility) may decrease the 61 

search and handling times of predators and thus increase profitability. Note that separating 62 

virulence and facilitation effects is a simplification we use to highlight important differences. 63 

In reality, both effects may be to some degree correlated: host resources diverted by the parasite 64 

for its own development affect simultaneously host fecundity and/or morality (i.e. virulence 65 

effect) and host behaviour (i.e. resulting in a facilitation effect). Because virulence and 66 

facilitation effects can therefore act in opposite ways on profitability and infection by a single 67 

parasite species that induces both effects, the consequences on predator foraging strategies 68 

could be unintuitive. 69 

Previous theoretical investigations on the evolution of predator foraging in the absence of 70 

parasite suggest that the type of trade-off regarding the relative intensity of predation on each 71 
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prey included in the diet largely affects predator diet evolution (Egas et al. 2004; Rueffler et al. 72 

2006). Concave trade-offs usually select generalist predators (i.e. that consume both prey) 73 

whereas convex trade-offs lead to specialist predators (i.e. that consume only one prey) or to 74 

diversification (i.e. coexistence of various predator strategies). These works however consider 75 

only symmetrical resources (i.e. all prey are identical), so that they cannot account for trait 76 

modifications due to parasitism. Infection dynamics can also interact with predation dynamics 77 

in complex ways. Here, based on Optimal Foraging, we expect that predators should specialise 78 

on the prey whose profitability has been increased by infection. It follows that virulence effects 79 

should lead to either generalist strategies or to specialisation on the alternative (i.e. non-80 

infected) prey while specialisation on the infected prey should be observed with facilitation 81 

effects. 82 

Beside evolutionary outcomes, we also investigate whether and how the evolution of 83 

predator diet affects species coexistence in the trophic module. Coexistence between two prey 84 

species depends on a balance between intrinsic competitivity (i.e., which prey species would 85 

dominate in the absence of predators and parasites (Gause 1934)) and the intensity of apparent 86 

competition (i.e., predator-mediated competitions (Holt 1977)). Prey coexistence is favored 87 

when the most competitive species is also the one preferred by the predator (Holt et al. 1994). 88 

Because virulence and facilitation effects constrain both direct and apparent competition, the 89 

ecological dynamics linked to infection have been shown to influence prey coexistence 90 

(Prosnier et al. 2018). Here, we go beyond and tackle the feedback of the evolution of predator 91 

diet on these ecological effects with the idea that it may alter apparent competition and thereby 92 

prey coexistence in predictable ways. An increase in coexistence is expected in case of 93 

virulence effects as evolution should favor the predators that prefer the alternative prey, the 94 

negative effects of parasitism being then compensated by a release from predation. Under 95 
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facilitation effects increasing profitability, parasitism should amplify specialisation on the 96 

infected species, which may lead to prey exclusion and impair coexistence. 97 

Understanding the conditions of coexistence between parasites and predators requires 98 

decomposing the relative effects they have on each other. Regarding the effects of predators on 99 

parasites, a classical hypothesis in ecology is that predators may limit parasite prevalence within 100 

populations (Healthy Herd Hypothesis, Packer et al. 2003; Lafferty 2004; Duffy et al. 2005) in 101 

several ways. First, predators indirectly consume parasites when consuming infected prey 102 

(concomitant predation) (Johnson et al. 2010), for instance the signal crayfish (Pacifastacus 103 

leniusculus) reduces the abundance (but not the prevalence) of parasites of its isopod and snail 104 

prey (Pulkkinen et al. 2013). Second, predators can limit parasite transmission by reducing host 105 

density, for instance, Dallas et al. (2018) showed in the water flea Daphnia dentifera that under 106 

a density threshold of 80 ind.L-1, its fungal pathogen Metschnikowia bicuspidata cannot be 107 

maintained. Such negative effects should be amplified when parasites increase host 108 

vulnerability through facilitation effects, as suggested by the models developed by Packer et al. 109 

(2003) and Prosnier et al. (2018). Now consider the effects of parasites on the predators of their 110 

host. Virulence effects, by reducing host density, decrease predator density through resource 111 

limitation (bottom-up effects). Such bottom-up reduction in predator density has for instance 112 

been experimentally observed with paramecia infected by Holospora undulata and consumed 113 

by Didinum nasutum (Banerji et al. 2015). Conversely, parasites could enhance predator density 114 

when they induce facilitation effects, as they increase prey vulnerability (theoretical works of 115 

Hethcote et al. [2004] and Prosnier et al. [2018]). 116 

Accounting for the evolution of predator diet should therefore largely influence the outcomes 117 

of these ecological effects. If virulence effects promote specialisation on the alternative prey, 118 

evolutionary dynamics should lead to niche partitioning between parasites and predators, 119 
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thereby increasing coexistence. On the other hand, facilitation effects should increase niche 120 

overlap and thus competition between predators and parasites. 121 

To understand these eco-evolutionary dynamics, we model a trophic module with one 122 

predator and two prey in competition, the most competitive prey being infected and structured 123 

in susceptible and infected individuals. The parasite induces virulence and facilitation effects, 124 

modeled respectively by a reduction of host fecundity or an increase in host vulnerability to 125 

predation. In agreement with our predictions, we show that virulence effects favor 126 

specialization on the alternative prey while facilitation effects have the opposite effect. Our 127 

results also show that evolution favors niche separation among parasites and predators, thereby 128 

promoting coexistence. 129 

2. Model presentation and analysis 130 

2.1. Predation-infection model 131 

The model considers two prey species sharing a predator. We assume both intraspecific and 132 

interspecific competition among prey and we model predation through linear functional 133 

responses. The infected prey (labeled 1) is also the most competitive and its population is 134 

structured in susceptible and infected individuals (S1 and I1 respectively). Parasite transmission 135 

is horizontal and we assume that infected individuals do not recover. Considering these 136 

hypotheses, ecological dynamics follow the set of equations:  137 

{
 
 
 

 
 
 
𝑑𝑆1
𝑑𝑡

= 𝑆1(𝑓1 −𝑚1 − 𝑐11𝑁1 − 𝑐12𝑁2 − 𝑎1𝑃) + 𝐼1((𝑓1 − 𝑛) − 𝑖𝑆1)

𝑑𝐼1
𝑑𝑡

= 𝐼1(𝑖𝑆1 − 𝑐11𝑁1 − 𝑐12𝑁2 − (𝑎1 + 𝑗)𝑃 −𝑚1)

𝑑𝑁2
𝑑𝑡

= 𝑁2(𝑟2 − 𝑐21𝑁1 − 𝑐22𝑁2 − 𝑎2𝑃)

𝑑𝑃

𝑑𝑡
= 𝑃(𝑒𝑎1𝑁1 + 𝑒𝑗𝐼1 + 𝑒𝑎2𝑁2 −𝑚)

 (1) 
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, with Nx the total prey species x population, 𝑆𝑥 and 𝐼𝑥 respectively the susceptible and 138 

infected individuals (thus 𝑁1 = 𝑆1 + 𝐼1), 𝑓1 the intrinsic fecundity rate of the infected prey, 𝑚1 139 

its intrinsic mortality rate, 𝑟2 is the intrinsic growth rate of the alternative prey (with 𝑟2 = 𝑓2 −140 

𝑚2), 𝑃 the predator density,  𝑚 its intrinsic mortality rate, 𝑖 the per capita transmission rate of 141 

the parasite, 𝑐𝑥𝑥 the per capita competition rate of prey 𝑥, 𝑐𝑥𝑦 the per capita competition effect 142 

of prey 𝑦 on prey 𝑥, 𝑎𝑥 the per capita attack rate of the predator on prey 𝑥, 𝑒 the conversion 143 

efficiency. Virulence effects are implemented through a decreased fecundity in the infected 144 

prey (parameter n) and facilitation effects through an increased attack rate on the infected prey 145 

(parameter l). The biological interpretation, dimensions and default values of parameters are 146 

given in Table 1. 147 

Prey N1 being the most competitive, we assume that 𝑟1𝑐22 > 𝑟2𝑐12et 𝑟1𝑐21 > 𝑟2𝑐11 (Hutson 148 

and Vickers 1983) so that it excludes the alternative prey in the absence of predators and 149 

parasites.  150 

Table 1. Biological interpretation, dimensions and default values of model’s parameters. Used values are those 

proposed in Prosnier et al. (2018) and based on Hutson and Vickers (1983). 

Parameters Descriptions Defaults values Dimensions 

Model (Eq. (1)) 

𝑁1, 𝑁2, 𝑃  Species densities - ind.m-2 
𝑆1, 𝐼1  Density of the susceptible and infected individuals of prey species 1 - ind.m-2 

𝑓1  Intrinsic fecundity rate of prey species 1 25 d-1 

𝑚1  Intrinsic mortality rate of prey species 1 10 d-1 

𝑟2  Intrinsic growth rate of prey species 2 18 d-1 

𝑐11  Per capita intraspecific competition rate of prey species 1 1 m2.ind-1.d-1 

𝑐22  Per capita intraspecific competition rate of prey species 2 8 m2.ind-1.d-1 

𝑐12  Per capita interspecific competition rate of prey species 2 on prey 

species 1 5 

m2.ind-1.d-1 

𝑐21  Per capita interspecific competition rate of prey species 1 on prey 

species 2 4 

m2.ind-1.d-1 

𝑎1  Per capita attack rate on prey species 1 - m2.ind-1.d-1 

𝑎2  Per capita attack rate on prey species 2 - m2.ind-1.d-1 

𝑒  Conversion efficiency 1 Dimensionless 

𝑚  Predator mortality rate 2.5 ind.m-2.d-1 

𝑖  Per capita parasite transmission rate 35 m2.ind-1.d-1 

𝑛  Virulence effect (decrease in infected prey fecundity rate) - d-1 

𝑗 Facilitation effect (increase in infected prey vulnerability) - m2.ind-1.d-1 

Trade-off (Eq. (2)) 

𝑠  Shape of the trade-off - Dimensionless 

𝑘0 Total Allocation in foraging effort 1.5 m2s.ind-s.d-s 
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The ecological model was previously analyzed by Prosnier et al. (2018). They show that 151 

coexistence is possible only given restrictive conditions. Between-prey coexistence is possible 152 

if the competitive ability of the best competitor has to be partially reduced by virulence effect 153 

(decreased fecundity), and if the predator consumes preferentially the infected prey (facilitation 154 

effect). Too large virulence effects allow the parasite to competitively exclude the predator, 155 

while too large facilitation effects allow the predator to overconsume infected prey, thereby 156 

leading to the parasite extinction.  157 

2.2. Trade-off constraints on adaptive foraging 158 

We assume that the foraging strategy of the predator varies along a trade-off function that 159 

describes allocation (e.g. attack rate) between the two prey species. The time or energy devoted 160 

to the consumption of one prey reduces predation on the other. We also assume that generalist 161 

strategies have lower attack rates on a given prey compared to a specialist of the same prey. 162 

Such trade-offs (Fig. 1) can be modelled using the following function (Egas et al. 2004): 163 

𝑎1
𝑠 + 𝑎2

𝑠 = 𝑘0 ↔ 𝑎2 = (𝑘0 − 𝑎1
𝑠)1/𝑠 (2) 

, where 𝑠 affects the trade-off curvature (convex: 𝑠 < 1, linear: 𝑠 = 1 or concave: 𝑠 > 1), 164 

and 𝑘0 corresponds to the total allocation of energy or time in predation. 165 
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2.3. Predator diet evolution 166 

We use adaptive dynamics (Dieckmann and Law 1996; Geritz et al. 1998) to analyse diet 167 

evolution (i.e. variations in a1). Adaptive dynamics assume that evolutionary and ecological 168 

dynamics occur on separate timescales, i.e. rare mutations, of small phenotypic effects. Under 169 

such conditions, resident phenotypes a1 reach the ecological equilibrium before the next 170 

mutation occurs and evolution can be understood based on the invasibility of this equilibrium 171 

by nearby mutants (phenotype a1m). The relative fitness of mutants can then be defined by their 172 

Figure 1. Concave (s>1) and convex (s<1) trade-off of predation investment in each prey. Modules schematize 

intensity of each trophic link. Symbols represent modules composition: predator (circle), competitive prey 

(triangle), alternative prey (inversed triangle), infected species are represented in black, healthy species in white. 

Bold lines show values for generalist predator and thin lines values for specialist predator. See Table 1 for 

parameter values. 
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intrinsic growth rate when rare in these equilibrium conditions (invasion fitness, Metz et al. 173 

1992): 174 

𝜔(𝑎1𝑚, 𝑎1) =
1

𝑃(𝑎1𝑚)

𝑑𝑃(𝑎1𝑚)

𝑑𝑡
|
𝑃(𝑎1𝑚)→0

𝑃(𝑎1)→𝑃
∗(𝑎1)

 

𝜔(𝑎1𝑚, 𝑎1) = 𝑒𝑎1𝑚(𝑆1
∗ + 𝐼1

∗) + 𝑒𝑗𝐼1
∗ + 𝑒(𝑘0 − 𝑎1𝑚

𝑠)1/𝑠𝑁2
∗ −𝑚 

(3) 

From equation (3), we see that the mutants having high attack rates on prey 𝑁1 (𝑎1𝑚) can 175 

invade (i.e. the fitness function is more likely positive) when 𝑁1 population is large enough, or 176 

when the density of the alternative prey 𝑁2 is small enough. 177 

Variations of trait 𝑎1 (with 𝑎2 deduced using equ. (2)), can be described using the 178 

canonical equation of adaptive dynamics (Dieckmann and Law 1996): 179 

𝑑𝑎1
𝑑𝑡

=
1

2
µ 𝜎2𝑃∗(𝑎1)

𝜕𝜔(𝑎1𝑚, 𝑎1)

𝜕𝑎1𝑚
|
𝑎1𝑚→𝑎1 

 (4) 

Where µ is the per capita mutation rate, σ2 the phenotypic variance linked to mutation 180 

process, and P* the equilibrium density of residents (phenotype 𝑎1). In equation (4), the 181 

selection process is described by the slope of the fitness landscape around the resident 182 

phenotype, 
𝜕𝜔(𝑎1𝑚,𝑎1)

𝜕𝑎1𝑚
|
𝑎1𝑚→𝑎1 

. The direction of evolution entirely depends on the sign of this 183 

slope, so that 𝑎1 increases when the slope is positive and decreases when the slope is negative. 184 

From equation (4), note that phenotypes no longer vary when the gradient is null, so that 185 

evolutionary singularities 𝑎̅1correspond to: 186 

𝜕𝜔(𝑎1𝑚, 𝑎1)

𝜕𝑎1𝑚
|
𝑎1𝑚→𝑎1→𝑎1 

= 0 (5) 

The dynamics around these singularities can be characterized using two criteria (Eshel 1983; 187 

Geritz et al. 1997; Diekmann 2004). Invasibility describes whether the singularity can be 188 
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invaded by nearby mutants (i.e. non-invasible strategies are ESS). Convergence describes if, 189 

starting close to the singularity, selected mutants are even closer to it, so that the strategy is 190 

eventually reached. Second derivatives of the fitness 𝜔(𝑎1𝑚, 𝑎1) allow us to characterize 191 

invasibility and convergence (Diekmann 2004). We define 𝑐22 as: 192 

𝑐22 = 
𝜕2𝜔

𝜕𝑎1𝑚
2|
𝑎1𝑚→𝑎1→𝑎̅1

 (6) 

 193 

A singularity is non-invasible if 𝑐22 < 0, thus if  194 

𝑐22 = −𝑎̅1
𝑠−2𝑘0(𝑘0 − 𝑎̅1

𝑠)
1
𝑠
−2𝑁2

∗(𝑠 − 1) < 0 (7) 

From this equation we show that non-invasible singularities only occur with a concave trade-195 

off (s>1). 196 

Each singularity 𝑎̅1corresponds to a certain level of foraging generalism, as low values 197 

indicate that the predator mostly feeds on the alternative resource, while high values of 198 

𝑎̅1indicate that the predator mainly feeds on the host. We consider a predator as a specialist if 199 

more than 75% of its diet is based on one prey (thin lines on Fig. 1). 200 

2.4. Various outcomes of diet evolution 201 

In our system, the predator specialises on the most competitive prey (N1) in the absence of 202 

parasite (Not shown). In the presence of parasites, we can observe four outcomes regarding diet 203 

evolution, which are depicted on Figures 2, 3 and A1. Figure 2 represents the temporal 204 

dynamics of the four populations (uninfected prey, infected prey, non-host prey and predator) 205 

and the values of the attack rate on 𝑎1 – simulations were performed with Scilab (version 5.5.2). 206 

Figures 3 and A1 are Pairwise Invasibility Plots (PIP, Diekmann 2004) – that were generated 207 

using Mathematica® 11.1.1 (Wolfram research), by plotting the sign of the relative fitness (Equ 208 
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(3)) when all species equilibriums are positive  –, which describe the relative fitness 𝜔(𝑎1𝑚, 𝑎1): 209 

the value of the evolving trait a1 of the resident population (x-axis) relative to that of the mutant 210 

(y-axis). The mutant has a positive relative fitness and thus can invade the population in the 211 

dark area, and a negative relative fitness in the white area. Note that because mutations are 212 

small and rare, resident and mutant trait values are close to the diagonal 𝑥 = 𝑦, and thus the 213 

evolution of the trait follows the diagonal, depending of the fitness value above and below the 214 

diagonal. Evolutionary directions are shown with white arrows.  215 

Generally, we observe a specialization on the infected prey with high facilitation effects and 216 

a specialization on alternative prey with high virulence effects. At intermediate effects we 217 

Figure 2. Various eco-evolutionary dynamics (species densities and trait value of the predator) of the module 

depending of trade-off shape and parasitism effects. a,c) concave trade-off, b,d) convex trade-off. a) high 

facilitation effect, b) high virulence effect, c,d) medium virulence and facilitation effect. Symbols show the module 

composition and the intensity of trophic link at the end of the simulation: predator (circle), competitive prey 

(triangle), alternative prey (inversed triangle). Infected species are show in fill, healthy species in empty. Healthy-

host species S1 is show in orange dashed line, infected-host species I1 in orange dotted line, alternative prey N2 in 

blue dashed-dotted line, predator P in red solid line. Values of a1, the evolving trait, is shown in dark (grey scale 

indicates the density of the predator that have each trait value). Parameter values: see Table 1, except: a) n = 20, j 

= 5, s = 2; b) n = 15, j = 2, s = 0.8 ; c) n = 20, j = 2, s = 2 ; d) n = 15, j = 3, s = 0.8. 
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obtain generalist predators with concave trade-off, and diversification and evolutionary 218 

multistability with convex trade-off. In detail, we show that the predator can be generalist (Figs 219 

2c, 3b, A1b,c), which requires that the singularity 𝑎̅1 is a Continuously Stable Strategy (CSS, 220 

i.e. convergent and non-invasible) with intermediate values (see figure 1). As previously 221 

showed (eq. 7), this only occurs for concave trade-offs. Predators can also be specialists, either 222 

on the host (Fig. 2a) or on the alternative prey (Fig. 2b), which can be achieved in four ways. 223 

Figure 3. Pairwise Invasibility Plots of evolution of predator diet (i.e. evolution of a1) for a concave (a-c) and a 

convex (d-f) trade-offs, when increasing intensity of virulence effect. On PIP, black area corresponds to a positive 

relative fitness of mutants, white area corresponds to a negative relative fitness of mutants, grey area shows no-

coexistence of the system. The white solid arrows show the direction of evolution, the white dotted arrows show 

evolutionary branching. a-c) CSS, d) no singularity, e) one EBP and two repellors, f) one repellor. Parameter 

values: see Table 1, except a) n = 1, j = 1, s = 2 ; b) n = 10, j = 1, s = 2 ; c) n = 30, j = 1, s = 2 ; d) n = 5, j = 3, s = 

0.8 ; e) n = 15, j = 3, s = 0.8 ; f) n = 17, j = 3, s = 0.8. Note that Fig A1 shows the results with the facilitation 

effect. 
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First, specialists could correspond to CSS of large or small values (Fig. 3a,c, A1a). 224 

Alternatively, the singularity may be a Repellor (i.e. non-convergent and invasible), with 225 

evolution leading to specialization on one species or another depending on the initial diet. In 226 

our model, repellors only occur with convex trade-offs as they are invasible (eq. 7) (Fig. 3f). A 227 

last possibility to obtain a specialist is that no singularity exists, when the fitness gradient (eq. 228 

3) is always positive or negative. Evolution then leads to a continuous increase or decrease of 229 

𝑎1, so that complete specialization is selected (Fig. 3d, A1d,f). Differentiating the fitness 230 

function (3) to get the fitness gradient, it can easily be shown that the loss of one prey 231 

systematically selects specialization on the other prey (Fig. 2a). Finally, we can obtain a 232 

diversification of the predator strategies (polymorphism) with the coexistence of two 233 

specialists, one on each prey (Figs 2d, 3e, A1e). Such evolutionary dynamics correspond to 234 

Evolutionary Branching Points (EBP): a singularity that is convergent and invasible. Such 235 

branchings occur only for convex trade-offs where the singularity is invasible (eq. 7). Note that 236 

these outcomes are not mutually exclusive, as several singularities may coexist for a given set 237 

of parameters, yielding complex evolutionary dynamics. For instance, on Fig. 3e, two repellors 238 

coexist with a branching point, so that, depending of its initial diet, a predator can evolve to 239 

specialisation on the host (if the initial 𝑎1 is high, i.e. higher than the value of the highest 240 

repellor), on the alternative prey (if the initial 𝑎1 is low, i.e. lower than the value of the lowest 241 

repellor), or to diversification (i.e. a coalition of two specialists as illustrated on Fig. 2d) (Fig. 242 

3e and A1e). 243 

2.5. Parasites affect diet evolution 244 

Now that we have described the possible outcomes, we investigate how the intensity of the 245 

parasite-induced virulence and facilitation effects constrains their occurrence. Virulence effects 246 

are depicted on Fig. 3, facilitation effects on Fig. A1 and both effects investigated concurrently 247 

on Fig. 4 – Data were generated with Mathematica®, using analytical form of the fitness 248 
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gradient and the equilibriums of the four species: for each parameters couple we obtain the 249 

numerical value of the fitness and then search the zero-crossing along an a1 gradient; we 250 

reported either the corresponding value (for a null fitness) of a1 for the concave trade-off, either 251 

the number of zero-crossing for the convex trade-off; for each zero-crossing we control for the 252 

existence of all species.  253 

When only virulence effects occur (Fig. 3), as expected, a higher virulence changes the 254 

outcome of evolution from specialisation on the infected prey to specialisation on the alternative 255 

prey. Conversely, but also in agreement with our predictions, higher facilitation effects 256 

eventually lead to specialisation on the infected prey (Appendix A). In both cases, intermediate 257 

effects either lead to generalist strategies (concave trade-offs, Fig. 3b, A1b), or to diversification 258 

(convex trade-offs, Fig. 3e, A1e). To go further and assuming concave trade-offs, increasing 259 

the virulence effects move the CSS toward lower values of 𝑎1, so that the predator increasingly 260 

specializes on the alternative prey (Fig. 3a-c), while increasing facilitation effects move the 261 

CSS toward higher values of 𝑎1 so that the predator increasingly relies on the host species (Fig. 262 

A1a-c). Similarly, for convex trade-offs, higher virulence effects move the system from a 263 

complete specialization on the host (Fig. 3d) to a situation in which most dynamics would lead 264 

to specialization on the alternative prey (fig. 3f). Analogous variations can be described when 265 

decreasing the facilitation effects (fig. A1d-f).  266 

Figure 4 summarizes these antagonistic consequences of virulence and facilitation effects, 267 

and how they depend on the shape of the trade-off function. As previously described, specialist 268 

strategies are selected when either virulence or facilitation effects are strong (Fig. 4, light grey 269 

and black areas), regardless of the shape of the trade-off. However, most parasites are likely to 270 

induce virulence and facilitation effects simultaneously, so that the evolutionary outcome may 271 

often be in between these extreme cases (i.e. in the middle of the panels of Fig. 4). Such 272 

evolutionary outcomes depend on the shape of the trade-off. Concave trade-offs allow 273 
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generalist strategies (medium grey, Fig. 4a) while convex trade-offs favor the diversification of 274 

predator diets, potentially leading to the coexistence of specialist strategies (dark grey, Fig. 4b). 275 

Finally, note on Figure 4 that extreme effects may lead to the loss of coexistence within the 276 

module (white areas), highlighting the fact that evolutionary responses of predators to prey 277 

infection may have far reaching consequences for community structure. We now analyze such 278 

consequences for species coexistence in further details. 279 

2.6. Consequences on coexistence 280 

While we know that parasitism may directly constrain coexistence of prey by changing the 281 

relative weight of direct and apparent competition (Prosnier et al. 2018), here we highlight that 282 

evolutionary dynamics in response to parasitism may favor coexistence in trophic modules. To 283 

clarify the role of evolution, on figure 5, we show the coexistence conditions with (grey area) 284 

and without (area delimited by the solid line) diet evolution. For the “without evolution” 285 

Figure 4. Predator diet after evolution, function of virulence effect (x-axis) and facilitation effect (y-axis) of the 

parasite, with concave (a) and convex (b) trade-offs. Parameter values: see Table 1, except a) s = 2, b) s = 0.8.  
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scenarios, we consider as reference cases in which the predator is specialised on the infected 286 

prey (Fig. 5a), on the alternative prey (Fig. 5c), or is a generalist (Fig. 5b).  287 

Our results suggest that evolution systematically enhances the size of coexistence area. The 288 

coexistence area is increased by a factor 2.22 compared to a predator specialist on the host prey 289 

(Fig. 5a), of 1.26 compared to a generalist predator (Fig. 5b), and of 1.04 compared to a predator 290 

specialist on the alternative prey (Fig. 5c). Evolution particularly acts at low and high intensities 291 

of virulence effects. At low intensities where the combination of predation and competition 292 

could result in the exclusion of the alternative prey (Fig. 5c), evolution allows coexistence 293 

because it selects predator diets that are more specialized on the host prey. Thereby, evolution 294 

increases apparent competition on the competitively dominant prey. At high intensities, the 295 

Figure 5. Coexistence of the three species, with convex trade-off, with evolution (grey area) and without 

evolution (inside the black delimitation). When the predator is a) specialist on the infected prey N1, b) generalist, 

c) specialist on the alternative prey N2. The species loss at the limits are written, in dark without evolution, in 

grey with evolution. Ratio is the ratio of coexistence surface with/without evolution. Parameters value: see Table 

1 except s=2. Note that Fig B1 shows the results with a concave trade-off. 
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predator is excluded because the parasite decreases the amount of prey available, especially in 296 

case of specialisation on the host prey (Fig. 5a). Here evolution promotes coexistence in that it 297 

favors the diets more oriented toward the alternative prey. Note that while the global effect of 298 

evolution is to enhance coexistence, it may decrease it for particular effects. For instance, when 299 

both virulence and facilitation effects are high, from an ecological point of view a balance exists 300 

between apparent and direct competition among prey and coexistence is possible without 301 

evolution (e.g. Fig. 5b,c, see also Prosnier et al. 2018). Evolution however increases the weight 302 

of apparent competition and results in the exclusion of the alternative prey. While Fig. 5 303 

assumes a concave trade-off, we note that the effects of evolution on coexistence are similar for 304 

convex trade-offs (see Appendix B). 305 

3. Discussion 306 

Parasites likely affect food webs in many ways. Because of their virulence and the resulting 307 

decrease in fecundity, they can constrain the availability of prey populations, thereby leading 308 

to resource limitation for predators. Alternatively, parasite-induced phenotypic alterations can 309 

strengthen trophic interactions, making infected prey more susceptible to predation. While these 310 

ecological consequences of parasitism for food webs have received some attention 311 

(McNaughton 1992; Banerji et al. 2015; Buck and Ripple 2017; Buck 2019), parasitism also 312 

affects coevolution between prey and predator species. Here, our model shows that the 313 

evolution of predator diet depends on the type of parasitism effect (virulence or facilitation) and 314 

its intensity. We show that virulence effects usually lead to the selection of increased predation 315 

on the alternative (i.e. non host) prey, while facilitation effects favor predation on the host 316 

species. Such results are consistent with our predictions based on host profitability: virulence 317 

effects reduce profitability whereas facilitation effects increase it. Evolution also favors 318 

coexistence among prey and between predators and parasites. 319 
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As expected, virulence and facilitation effects have antagonistic consequences on the 320 

evolution of predator diet. Virulence effects (i.e. decreased host fecundity) lead to specialization 321 

on the alternative prey. Because virulence decreases the host prey population, the first part of 322 

the fitness function (Eq. 2) is decreased and foraging strategies that focus more on the 323 

alternative prey are favored. Conversely, facilitation effects (i.e. increase in host vulnerability) 324 

lead to specialization on the infected prey. Again, turning to the definition of fitness (Eq. 2), 325 

the first term is increased when facilitation effects are present, so that strategies focusing more 326 

on the host species are selected. Consequently, the evolution of predator diet can here be 327 

understood in the context of optimal foraging (Emlen 1966; MacArthur and Pianka 1966; 328 

Charnov 1976a, 1976b). Predators can be generalists when virulence and facilitation effects 329 

have intermediate intensities and/or when they act simultaneously. Thus, we expect diet to shift 330 

progressively from specialism on one prey to the other prey when the two effects vary. 331 

Generalism requires balanced virulence and facilitation effects and concave trade-offs. It is 332 

replaced by a coalition of two specialists given convex trade-offs. Such a link between trade-333 

off shape and diversification is consistent with previous theoretical works on the evolution of 334 

specialization (Egas et al. 2004; Rueffler et al. 2006; van Velzen and Etienne 2013).  335 

The evolution of predator diet influences coexistence between the two prey species, because 336 

it depends on the balance between direct and apparent competition. It also influences the 337 

predator-parasite coexistence, by modulating the resource overlap between the two species. 338 

Concerning the coexistence of prey species, virulence effects reduce host competitivity and 339 

may ultimately lead to its exclusion (Prosnier et al. 2018). With evolution, however, a decrease 340 

in host density selects a lower consumption by the predator, which balances the decrease in host 341 

competitive ability thereby favoring its persistence. Similarly, if the alternative prey were to 342 

become rare, evolution would select diets that are more focused on the host prey, so that 343 

coexistence would again be favored. In a nutshell, adaptive foraging creates a negative 344 
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frequency-dependence that promotes the persistence of the rare prey, a mechanism already 345 

pointed out by several works (Kondoh 2003; Křivan and Eisner 2003; Loeuille 2010) but not 346 

to our knowledge in the context of parasitism. Conversely, given facilitation effects, evolution 347 

selects higher predation on the host, so that the negative effects of parasitism on prey 348 

coexistence are magnified (i.e. both parasitism and evolution increase predation on the host 349 

prey). 350 

We observe an increase in predator-parasite coexistence due to niche partitioning between 351 

parasite and predator when parasites induce virulence effects. This is consistent with 352 

approaches that unify parasite and predator under the same natural enemy concept (Raffel et al. 353 

2008). Here, the parasite and the predator can be viewed as intraguild predators since they 354 

compete for the same trophic resource (i.e. the host population) while the predator also kills the 355 

parasite through concomitant predation (i.e. when it consumes infected individuals) (Sieber and 356 

Hilker 2011). Niche partitioning between intraguild predators due to evolutionary dynamics has 357 

already been shown (Ingram et al. 2012). While the widespread co-occurrence of parasites and 358 

predators in food webs (Lafferty et al. 2006) can be puzzling given the competition that exists 359 

between the two groups, our results on the role of diet evolution may offer a possible 360 

explanation. Stewart et al. (2018) described what could be interpreted as niche partitioning 361 

between the parasites and predators of Ceriodaphnia in the lake Gatun (Panama). However, 362 

direct comparison with our theoretical work is difficult as the evolutionary processes remain 363 

unknown. An empirical validation of our results would involve experimental works based on 364 

short-lived organism to allow rapid evolution. For instance, that could be the system used by 365 

Banerji et al. (2015): Paramecium caudatum infected by Holospora undulata and consumed by 366 

a rotifer, Didinium nasutum, which allows ecological dynamics in less than two months. We 367 

could add a competitor to P. caudatum through another species of Paramecium or another 368 

ciliate like Stylonychia pustulata as done by Gause (1934).  369 
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In this work, we show how parasites may affect the evolution of predator diet and how in 370 

return adaptive foraging alters species coexistence. How such relationship between evolution 371 

of foraging and parasitism affects more complex food webs would be a natural extension of the 372 

present work. For instance, while coexistence of predators and parasites may not be easily 373 

explained from an ecological point of view (due to competition), our results suggest that 374 

evolution can provide the niche partitioning needed to allow the maintenance of their diversity 375 

and could explain why “a healthy system to be one that is rich in parasite species” (Hudson et 376 

al. 2006). However, at this point, it seems premature to extrapolate our results to complex food 377 

webs, as empirical information is lacking for several important aspects. We chose to discuss 378 

two points: the functional response and the predator infection.  379 

Because we aimed at studying a variety of evolutionary scenarios (flexible trade-offs, 380 

different effects of parasitism), we voluntarily simplified the ecological dynamics. We for 381 

instance use a type-I functional response. While type-II functional responses are sometimes 382 

preferred, it is unclear, in the case of facilitation effects of the parasite, which parameters of the 383 

functional response would be modified (i.e. handling times or attack rates). Also, we expect 384 

that our main results concerning the effect of adaptive foraging on species coexistence and 385 

predator-parasite niche separation to be robust. For instance, given a type II function, it is easy 386 

to show that when the infected prey is low due to parasitism effects, evolution will still favor 387 

consuming the alternative prey, thereby promoting prey coexistence and niche separation, as in 388 

the type I case. These results are consistent with literature that suggest that adaptive foraging 389 

creates a frequency-dependent process that is utterly stabilizing, regardless of the functional 390 

response used (Loeuille 2010; Valdovinos et al. 2010).  391 

Another interesting point, that it comes in mind when studying parasitism and predation 392 

concurrently, and in particular with facilitation effects, is the possibility for the predator to be 393 

infected by the parasite when it eats an infected prey – i.e. a trophic transmission (see for 394 
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instance the model of Fleischer et al. (2020), where predator evolve in response to trophically-395 

transmitted parasites). Considering our results, if parasites have also a virulent effect on the 396 

predator, we should expect that it magnifies the niche separation, because the parasite should 397 

be both a competitor and a parasite for the predator. However, in some well-known cases niche 398 

separation is not possible: when the predator is the final host (i.e. parasites with complex cycle). 399 

Because parasites then need to infect the predator to complete their cycle, we deduce from our 400 

results some constraints on the virulence and the facilitation effects due to the evolution of 401 

predator diet. The virulence should be lower both for the prey and the predator (see the model 402 

of Kuris, 2003, for a low virulence for the predator, but not for the prey, and the review of 403 

Fayard et al. (2020) for a low virulence on the intermediate host). However, if avirulence is not 404 

possible (due to evolutionary or biological constraints), the parasite should maximize the 405 

facilitation effect (i.e. the intermediate host should be prey by the final host before its death). 406 

Because predation on host is necessary for the parasite, the niche overlap should maintain 407 

coexistence between the predator and the parasite, contrary to our system where such situations 408 

would lead to parasite extinction. Moreover, it should be beneficial to the predator (Øverli and 409 

Johansen 2019). Consequently, we show from our work and the resulting discussion, that 410 

studying facilitation effects is also interesting for non trophically-transmitted parasites, and 411 

virulence effects for trophically-transmitted parasites. However, and despite their non-412 

independence, both lacking in past works.  413 

Finally, despite some simplifications of our model, the possible generalization of the results 414 

and the various scenarios studied allow us to consider possible effects of parasitism in food 415 

webs that seem currently understudied. Our study should be a base both for empirical works, 416 

as detailed by Fleischer et al. (2020) on the stickleback model that could prey on benthic and/or 417 

pelagic prey variously infected, and for theoretical works on the complex implications of 418 

parasitism on food webs. 419 
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Appendix 535 

 536 

A)  Diet evolution due to parasitism: facilitation effect 537 

When only facilitation effects occur (Fig. A1), a higher facilitation effect always leads 538 

evolution from specialisation on the alternative prey to specialisation on the infected prey, thus 539 

antagonist to virulence effects. Intermediate intensity either lead to generalist strategies 540 

Figure A1. Pairwise Invasibility Plots of evolution of predator diet (i.e. evolution of a1) for a concave (a-c) and a 

convex (d-f) trade-offs, when increasing intensity of facilitation effect. On PIP, black area corresponds to a positive 

relative fitness of mutants, white area corresponds to a negative relative fitness of mutants, grey area shows no-

coexistence of the system. The white solid arrows show the direction of evolution, the white dotted arrows show 

evolutionary branching. a-c) CSS, d) no singularity, e) one EBP and two repellors, f) no singularity. Parameter 

values: see Table 1, except a) n = 20, j = 45, s = 2 ; b) n = 20, j = 30, s = 2 ; c) n = 20, j = 15, s = 2 ; d) n = 15, j = 

5, s = 0.8 ; e) n = 15, j = 3.1, s = 0.8 ; f) n = 15, j = 1, s = 0.8. Note that Fig 3 shows the results with the virulence 

effect. 
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(concave trade-offs, A1b), or to diversification (convex trade-offs, A1e). To go further and 541 

assuming concave trade-offs, increasing the facilitation effects move the CSS toward higher 542 

values of a1, so that the predator increasingly specializes on the infected prey (Fig. 1Aa-c). 543 

Similarly, for convex trade-offs, higher virulence effects move the system from a complete 544 

specialization on the alternative prey (Fig. A1f), to a situation in which most dynamics would 545 

converge to diversification (i.e. the coexistence of two specialists, Fig. A1e), eventually leading 546 

to situations in which almost all initial diets will lead to specialization on the host (fig. A1d). 547 

However, note that, in some case, as on Fig. A1d if you start with 0.1 < 𝑎1 < 1 you may loss 548 

coexistence of the system through the loss of the parasite.   549 
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B) Consequences on coexistence: concave trade-off 550 

Similarly, as for convex trade-off, we compare the coexistence conditions with (grey area) 551 

and without (area delimited by the solid line) diet evolution. For the “without evolution” 552 

scenarios, we consider the cases where the predator is specialised on the infected prey (Fig. 553 

B1a), the alternative prey (Fig. B1c), or is a generalist (Fig. B1b).  554 

Our results show that coexistence with evolution is higher than coexistence without 555 

evolution. The coexistence area is increased by a factor 3.58 compared to a predator specialist 556 

on the host prey (Fig. B1a), of 3.46 compared to a generalist predator (Fig. B1b), and of 1.23 557 

compared to a predator specialist on the alternative prey (Fig. B1c). Evolution particularly acts 558 

at low and high intensities of virulence effects. At low intensities where the combination of 559 

predation and competition could result in the exclusion of the alternative prey (Fig. B1c), 560 

Figure B1. Coexistence of the three species, with concave trade-off, with evolution (grey area) and without 

evolution (inside the black delimitation). When the predator is a) specialist on the infected prey N1, b) generalist, 

c) specialist on the alternative prey N2. The species loss at the limits are written, in dark without evolution, in 

grey with evolution. Ratio is the ratio of coexistence surface with/without evolution. Parameters value: see Table 

1 except s=0.8. Note that Fig. 5 shows the results with a convexe trade-off. 
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evolution allows coexistence because it selects predator diets that are more specialized on the 561 

host prey. Thereby, evolution increases apparent competition on the prey that is, without 562 

evolution, competitively dominant. At high intensities, the predator might be excluded because 563 

the parasite decreases the amount of prey available, especially in case of specialization on the 564 

host prey (Fig. B1a). Here evolution promotes coexistence in that it favors the diets more 565 

oriented toward the alternative prey. 566 
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