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a b s t r a c t 

Broad evidence has shown that host diversity can impede disease invasion and reduce the eventual preva- 

lence, but little is known on how species interactions play in shaping this host diversity-disease rela- 

tionship. Previous work has illustrated that intraguild predation (IGP), combined with parasite-mediated 

indirect effects, can have strong influences on parasitic infection. Following this line of thinking, we here 

examine the role of predatory interactions in the disease transmission within a multihost community. 

Through varying fractions of IGP in a competitive community, we show that, dependent on the frac- 

tion of predatory interactions, species richness can switch from enhancing to inhibiting disease establish- 

ment/prevalence. Without IGP interactions, high host species richness can likely weaken the ‘dilution ef- 

fect’ and in some cases even enhance the disease establishment (and/or prevalence) due to the existence 

of alternative sources for infection, whereas IGP can generally heighten the negative diversity-disease 

relationship due to the reduction of encounter rate between prospective hosts and parasites. Although 

trait-mediated interactions (captured as the infection-induced changes in predation rate) only weakly af- 

fect disease prevalence, density-mediated interactions (captured as the additional infection-induced mor- 

tality) can pose a relatively strong influence on disease transmission. Our results thus underline the im- 

portance of considering species interactions when investigating the host diversity-disease relationship. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Species interactions can have profound influences on assem-

lage diversity and composition, thus dictating the disease dynam-

cs of parasitic infection in multihost communities ( Frainer et al.,

018 ; Hui and Richardson, 2017 ; Johnson et al., 2015 ; Lafferty et al.,

008 ; Wilson et al., 1996 ). Indeed, the risk of an infectious disease

an greatly depend on how the multiple host species vary in their

ompetence against the parasitic infection ( Civitello et al., 2015 ;

ohnson et al., 2013 ; Keesing et al., 2010 ). Recent research echoes

hat host diversity in an ecological community can generally im-

ede the invasion and transmission of parasites; this supports a

egative relationship between biodiversity and disease prevalence

ttributed to the dilution effect ( Johnson et al., 2013 ; Keesing et al.,

006 ; Young et al., 2017 ). 

The negative relationship between host diversity and dis-

ase risk can be achieved via several mechanisms, such as

educing the encounter rate, regulating susceptible hosts, and
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nterfering with parasite transmission ( Keesing et al., 2006 ;

hen et al., 2018 ; Chen and Zhou, 2015 ). In particular, host diver-

ity can inhibit the risk of parasitic infection and suppress par-

site prevalence by regulating the abundances of potential host

pecies ( Johnson et al., 2015 ; Keesing et al., 2006 ; Ostfeld and

eesing, 20 0 0 ; Young et al., 2017 ). For example, the diversity of

ick hosts can reduce the prevalence of Lyme disease through the

ilution effect ( LoGiudice et al., 2003 ; Ostfeld and Keesing, 20 0 0 ). 

However, a few studies have demonstrated a contrasting re-

ult that increased host diversity could aggravate disease risk if

hese added host species function as alternative sources of infec-

ion ( Dobson, 2004 ; Holt and Pickering, 1985 ; Schmidt and Ost-

eld, 2001 ). To this end, the role of host species diversity, whether

t dilutes or amplifies disease risk, in parasite-mediated multihost

cosystems remains elusive, especially for zoonotic diseases in hu-

ans ( Civitello et al., 2013 ; Keesing et al., 2010 ). 

The effect of biodiversity on disease risk, arguably, depends

n both the community/network structure and the traits of hosts

nd their parasites ( Keesing et al., 2006 ; Mitchell et al., 2002 ;

oche et al., 2013 ; Rohr et al., 2015 ). Generalist parasites can

merge only in some host communities, implying that host com-

unity structure may influence parasite emergence and persis-

https://doi.org/10.1016/j.jtbi.2020.110174
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jtb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2020.110174&domain=pdf
mailto:sum04@163.com
https://doi.org/10.1016/j.jtbi.2020.110174


2 M. Su, Y. Yang and C. Hui / Journal of Theoretical Biology 490 (2020) 110174 

Fig. 1. The general modules of intraguild predation (IGP). (A) IGP between a predator and its prey that also shares a common resource; (B) IGP here represents a predator 

consuming both the parasite and its host population (i.e. infected and susceptible population). 
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tence ( AI-Shorbaji et al., 2017 ). Evidence is accumulating to show

that food-web structures can strongly affect community stabil-

ity and disease transmission; of particular interest here is the

role of predatory interactions that could potentially alter commu-

nity structures and inhibit parasite transmission ( Dobson, 2004 ;

LoGiudice et al., 2003 ; McQuaid and Britton, 2015 ; Orlofske et al.,

2012 ; Packer et al., 2003 ; Rohr et al., 2015 ; Su et al., 2009 ). 

Adding cross-guild predatory interactions can drastically af-

fect disease invasion and the eventual prevalence ( Hudson et al.,

1992 ; Packer et al., 2003 ; Rohr et al., 2015 ; Su et al., 2015 ). In-

traguild predation (IGP) frequently occurs in natural communi-

ties ( Arim and Marquet, 2004 ; Brodeur and Rosenheim, 20 0 0 ;

Holt and Polis, 1997 ); in many cases, intraguild predators and prey

are closely related so that they may share the same parasites

( Hatcher et al., 2006 ; Rohr et al., 2015 ; Sieber and Hilker, 2011 ).

Using a two hosts-parasite model to explore the effect of IGP

on disease dilution, Rohr et al. (2015) have shown that IGP can

weaken the dilution effect, while hosts that do not engage IGP can

reduce parasitic infection. However, how IGP interactions in a mul-

tihost community (host species engaging both predation and com-

petition with other host species) affect disease prevalence and the

host diversity-disease relationship, is yet to be investigated. 

Parasite presence can indirectly modify the strength of

predator-prey interactions through changing the life-history and

behavioral strategies/traits of predators ( Dunn et al., 2012 ;

Hatcher et al., 2006 ; Raffel et al., 2010 ; Su and Boots, 2017 ).

Such indirect effects induced by parasitism are composed of both

density-mediated components (resulting from parasite-induced re-

duction in host reproduction and survival) and trait-mediated com-

ponents (resulting from parasite-induced changes in host life his-

tory strategies and traits) ( Dunn et al., 2012 ; Hatcher et al., 2014 ).

Growing studies indicate that parasites can substantially alter host

population dynamics and IGP community structures through these

indirect effects ( Hatcher et al., 2014 ). Consequently, exploring the

impact of IGP mediated by indirect effects on the disease dynamics

in a multiple host community can be insightful to understanding

the relationship between host diversity and disease risk. 

Taken together, we are still yet to elucidate: (i) the effect of

intraguild predation on the well-established relationship between

host diversity and disease prevalence; (ii) the parasite-induced in-

direct effects (i.e., density- and trait-mediated components) on the

potential ‘dilution’ of disease risk in a multihost community. To

this end, we here constructed a mathematical model for depict-

ing disease dynamics in a multihost IGP community ( Fig. 1 ). We

first introduced IGP into a multiple host community with competi-

tion interactions between hosts, and then investigated the effect of

IGP on the relationship between host diversity and disease preva-

lence. Following the common practice of network ecology that of-

ten investigates how the proportion of different types of biotic in-

teractions affects network function ( McQuaid and Britton, 2015 ;

Mougi and Kondoh, 2012 ), we explored the impact of interaction
omplexity on disease prevalence by varying the proportion of

GP interactions that can cause trait-versus density-mediated in-

irect effects. In particular, following McQuaid and Britton (2015) ,

e computed disease prevalence and community structures (cap-

ured by species abundances, community stability and diversity) at

he long-term equilibrium for simulated communities (Appendix

1). We further calculated the threshold of disease invasion, rep-

esented by the basic reproduction number ( R 0 ), using the next-

eneration matrix under different levels of host species diversity,

nd compared disease transmission in systems with versus with-

ut IGP (Appendix S2). As will be shown below, we have demon-

trated that the relationship between host diversity and disease in-

asion/prevalence depends profoundly on the presence of IGP in

ultihost communities. 

. Material and methods 

We first extended the two-host/one-parasite model of

atcher et al. (2014) into a model describing a multihost com-

unity facing parasitic infection, and then explored the effect of

dding IGP on disease transmission by varying the proportion of

GP interactions in the community. The model for this multihost

GP community reads: 

d S i 
dt 

= H i 

( 

r i − δi H i −
N ∑ 

j =1 , j � = i 
a i j H j 

) 

︸ ︷︷ ︸ 
d ensity −d epend ent recruitment 

−
N ∑ 

j=1 

βi j S i I j ︸ ︷︷ ︸ 
in fection rate 

−
N ∑ 

j =1 , j � = i 
γi j S i S j + 

N ∑ 

j =1 , j � = i 
e γ ji S i S j ︸ ︷︷ ︸ 

nat ural predat ion rate 

− k S i H i + ekH 

2 
i ︸ ︷︷ ︸ 

cannibalism 

−
N ∑ 

j =1 , j � = i 
ρ j γi j S i I j + 

N ∑ 

j =1 , j � = i 
e v j γ ji S i I j + 

N ∑ 

j =1 , j � = i 
e ρi γ ji I i H j ︸ ︷︷ ︸ 

in fection −induced predationrate 

(2.1)

d I i 
dt 

= 

N ∑ 

j=1 

βi j S i I j ︸ ︷︷ ︸ 
in fection rate 

−
N ∑ 

j =1 , j � = i 
v i γi j I i S j −

N ∑ 

j =1 , j � = i 
ρ j γi j I i I j ︸ ︷︷ ︸ 

in fection −induced predation rate 

− �i I i ︸︷︷︸ 
in fection −induced mortality 

− k I i H i ︸︷︷︸ 
cannibalism 

(2.2)

here S i , I i , H i ( i = 1 , · · · , N ) r epr esent the abundance of suscep-

ible, infected, and total host population, respectively, with H i =
 i + I i , and N the number of host species (i.e. host diversity). Pa-

ameter r i is the intrinsic reproduction rate of species i (randomly

hosen from [0,1]); δ density-dependent self-regulation (randomly
i 
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hosen from [0,1]); a ij the competition coefficient between host i

nd j; k the rate of cannibalism. Note, we only presented results

or k = 0 in the main text; additional results for systems with can-

ibalism ( k > 0) largely conformed to the results without cannibal-

sm and were thus only presented in the Supporting Information

Appendix S2, S3). 

Previous studies have shown that the Who Acquires Infec-

ion From Whom (WAIFW) matrix is useful to describe para-

ite transmission in multihost community ( Dobson, 1995 , 2004 ;

cCallum et al., 2001 ; McQuaid and Britton, 2015 ). Density-

ependent transmission has already been incorporated into the

AIFW matrix which fits well with empirical data in some nat-

ral systems, such as Pasteurella muris epidemics in laboratory

ice ( Anderson and May, 1979 ; de Jong et al., 1995 ) and the epi-

emics of brucellosis in the bison ( Dobson and Meagher, 1996 ).

ote, we here only assumed, in the WAIFW matrix, horizontal

ransmission of parasitic infection (i.e. all newborns are suscep-

ible) and also that the transmission follows a density-dependent

orm, with β ij representing the infection rate of transmitting par-

sites from host j to i . We further assumed a lower inter-specific

ransmission rate than the intra-specific transmission rate, i.e.,

ii > β ij , i � = j ( Holt et al., 2003 ; Keesing et al., 2006 ; Rudolf and

ntonovics, 2005 ). 

In this model, γ ij represents the rate of intraguild predation of

ost j on i . For mathematical tractability, we chose a linear func-

ional response, which is nevertheless a reasonable assumption for

reshwater amphipods ( Dick et al., 1993 ). Parameter e represents

he conversion rate, e ∈ [0, 1], and for simplicity we fixed the pa-

ameter e = 0 . 3 for all host species ( Dick et al., 1993 ; Hatcher et al.,

008 , 2014 ). Note, additional tests show that different conversion

ates only quantitatively affect disease prevalence, with a higher

ate of conversion resulting in slightly lower disease prevalence

nd higher diversity (Appendix S4). We further divided predation

nto two components: natural predation between susceptible hosts,

nd infection-mediated predation with at least one host species in-

olved in the predation interaction also infected (reflecting the re-

uced appetite of infected predators ρ i ∈ [0, 1] and the increased

ulnerability of infected prey v i ∈ [1, 2]; Hatcher et al., 2014 ). Thus,

i γ ij and v i γ ij represent the attack rate of an infected predator on

usceptible (and infected) prey and that of a susceptible predator

n infected prey, respectively. Note, the infection-mediated preda-

ion captures infection-induced changes in predation behavior and

ill be hereafter referred as the trait-mediated effect of infection.

arameter �i represents infection-induced mortality, and hereafter

ill be referred as the density-mediated effect of infection. 

We generated the network structure of this multihost commu-

ity from a cascade model. In particular, for each pair of host

pecies i, j = 1 , . . . , N with i < j , species i cannot consume species

 , whereas species j may consume species i with a probabil-

ty P = 2 CN/ (N − 1) , where C is the connectance of host network

 Chen and Cohen, 2001 ). Because interaction strengths of each re-

ource normally decrease with increasing diversity of resources

ue to foraging effort allocation ( McQuaid and Britton, 2015 ;

ougi and Kondoh, 2012 ), we also set the interaction coefficients

f species competition being inversely proportional to the number

f competing species, 

 i j ∝ A i j / 
∑ 

k ∈ C i ,k � = i 
A ik , 

here A ij is the potential competition ability of species j on i , cho-

en from U (0, 1), and C i is the set of all competitors for species

 . 

As IGP depicts the predation interaction between species also

ompeting for other resources ( Arim and Marquet, 2004 ; Holt and

olis, 1997 ; Hatcher et al., 2014 ; Sieber and Hilker, 2011 ), we here

sed p to denote the proportion of competition link between
IGP 
wo host species that also engage in IGP (an antagonistic link) be-

ween the same pair of species ( Fig. 1 A). By varying the proportion

 IGP we could demonstrate the potential effect of IGP on the dy-

amics of parasitic infection. We generated the predation rate γ ij 

etween two competitors using a similar approach, 

i j ∝ �i j / 
∑ 

k ∈ R j ,k � = j 
�k j , 

here �ij is the potential preferenceof species j on i , chosen from

 (0, 1), and R j is the set of all potential prey for predator species j .

Similarly, we assumed that the infection rate of a parasite

pecies on each host species is inversely proportional to the num-

er of host species it can infect, 

i j ∝ B i j / 
∑ 

k ∈ P j 
B k j , 

here B ij is the potential parasite transmission from host

pecies j to i , chosen from U (0, 1) with β ii the maximum of

i j ( j = 1 , · · · , N ) . P j is set of all potential hosts that host j can

ransmit parasites; we assumed that the parasite is a generalist

nd can exploit all available host species. 

The spectral radius of the next-generation matrix is a reliable

stimator of the basic reproduction number ( Hurford et al., 2010 ;

ue and Scoglio, 2013 ). For simplicity, only these model compart-

ents that correspond to the already and prospective infected

pecies were considered ( Xue and Scoglio, 2013 ). The original or-

inary differential Eq. (2.2) was decomposed into two column vec-

ors F = ( F i ) and V = ( V i ) , where F i is the i th row of F repre-

enting the rate at which new infections appear in species i , and

 i is the i th row of V representing the rate at which infected host

pecies i declines from predation and infection-induced mortality.

he Jacobian matrix of F denotes transmission, and the Jacobian

atrix of V denotes transition: 

 = 

[
∂ F i ( x 

0 ) / ∂ I j 
]

and V = 

[
∂ V i ( x 0 ) / ∂ I j 

]
, (2.3)

here x 0 = [ S 0 
1 
, S 0 

2 
, . . . , S 0 

N 
] T represents the disease free equilibrium,

nd I j is the abundance of infected individuals of species j , j =
 , 2 , ..., N. Therefore, we can obtain the basic reproduction num-

er for parasite transmission, R 0 = ρ( F V −1 ) , as the spectral radius

f matrix F V −1 (Appendix S2). 

Community diversity is measured here using Hill numbers

 Chao et al., 2014 ; Hill, 1973 ; Hui et al., 2018 ), defined as 

 D = 

( 

N ∑ 

i =1 

p q 
i 

) 1 / ( 1 −q ) 

, (2.4) 

here p i ( i = 1 , · · · , N ) is the proportion of individuals of the i th

ost species in the entire community and q is the sensitivity pa-

ameter. For q = 0 , the diversity index represents the number of

ersistent species in community after transient dynamics. q = 1

epresents the exponential of Shannon diversity index, and q = 2

an yield the Simpson diversity index. Using these Hill numbers,

e can explore how host diversity in the community is affected by

he initial proportion of IGP. 

With such complex interactions in an ecological community,

tability is not always ensured. However, with the complex com-

unity Jacobian, we have to resort to numerical simulations for

tability analyses to avoid mathematical intractability (Appendix

1). These numerical simulations have nevertheless revealed that

he probability of an assembled community being locally unstable

s surprisingly low ( Fig. 2 ), confirming the proposition of previous

tudies ( Gibbs et al., 2018 ; Serván et al., 2018 ). To this end, we de-

ided to only report results from 500 stable but randomly assem-

led communities; in particular, on how the community structures

t the asymptotically stable equilibrium, in terms of basic repro-

uction number, disease prevalence, and community diversity, re-

pond to changes in the level of intraguild predation. 
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Fig. 2. The frequency of unstable dynamics in 500 simulated communities with a given of IGP interactions. (A) no-infection effect, (B) trait-mediated effect (infection-induced 

changes in predation), (C) density-mediated effect (infection-induced mortality), (D) concurrence of density- and trait-mediated effects. The blue circles represent system 

without cannibalism, k = 0 and red are cannibalism, k = 0 . 01 . Parameters are N = 50 , C = 0 . 2 , e = 0 . 3 . Other parameters r i , δi , ρ i , �i are chosen from U (0, 1); v i from U (1, 

2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

The parameters of fit models for Fig. 3 and model examination without IGP. 

Categories a b c RMSE AIC Case 

y = a + b log x 1 0 – 0 −∞ 1 

1 0 – 0 −∞ 2 

0.5580 0.0026 – 0.0001 −75.70 3 

0.5636 −0.0032 – 0.0005 −79.14 4 

y = a x 2 + bx + c 0.00000 −0.0000 1.0000 0.0000 −712.24 1 

0.00000 −0.0000 1.0000 0.0000 −712.24 2 

−0.00002 0.0024 0.5245 0.0000 −91.02 3 

−0.00001 0.0012 0.5348 0.0000 −84.27 4 

Notes: a, b, c are model parameters. Cases 1 to 4 represent no-infection effect, trait- 

mediated, density-mediated and concurrence of density- and trait-mediated effects, 

respectively. 
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3. Results 

Results from the multihost IGP communities displayed a neg-

ative relationship between host diversity and disease preva-

lence, similar to the pattern found in reported empirical cases

( Civitello et al., 2015 ; Johnson et al., 2013 ). In the presence of

IGP, i.e., when p IGP > 0, host species diversity can dilute disease

risk among multiple host species, regardless of how infection has

changed the predation behavior and/or induced mortality, leading

to the obvious decline in total parasite prevalence with increas-

ing host species richness ( Fig. 3 ; Fig. S1). This could be explained

by that there can be an even greater increment in the total host

abundance than the increment in the total abundance of infected

hosts, when the community harbors more host species (Appendix

S5). 

However, in the absence of IGP, i.e., when p IGP = 0 , with in-

creasing host richness, the infection remained at full prevalence

in systems without cannibalism ( k = 0 ; Fig. 3 A, B), although it

dropped slightly in systems with cannibalism ( k > 0; Fig. S1A,

B). To describe the relationship between host richness and dis-

ease prevalence with p IGP = 0 clearly, we designed a standard sta-

tistical analysis using the Akaike information criterion (AIC) and

root mean square error (RMSE) to indicate the goodness of fit. Ac-

cording to the categories of simulated results ( Fig. 3 ), we chose

the monotonic and unimodal functions for fitting. Both fit mod-

els verified the disease prevalence with no density-mediated ef-

fect can keep invariant respect to species richness ( Table 1 ). In-

terestingly, the prevalence of infection can even increase with in-

creasing species richness (for low host richness communities) if

there is infection induced additional mortality ( Fig. 3 C, D; Fig. S1C,

D). Statistical analysis also showed that the unimodal polynomial

(low AIC/RMSE) can have higher goodness of fit than the logarith-

mic model (high AIC/RMSE), confirming that a positive relation-

ship between disease prevalence and host richness, albeit rare, can
 c  
merge in species-poor communities that face lethal diseases but

lso lack intraguild predation ( Table 1 ). A negative relationship can

e expected in all other cases. 

We further displayed the impact of IGP on the basic repro-

uction number, R 0 , calculated as the spectral radius of the next-

eneration matrix ( ρ( F V −1 ) ). As infection-induced mortality (i.e.,

i > 0) is necessary for calculating V −1 (Appendix S2), we here

nly calculated the basic reproduction number accordingly ( Fig. 4 ;

ig. S2, S10). With the presence of IGP ( p IGP > 0), R 0 declined with

ost species richness, suggesting that host diversity can impede

he invasion of parasites in the multihost IGP community ( Fig. 4 ;

ig. S2, S10). However, when IGP is absent ( p IGP = 0 ), host diversity

an stimulate parasite invasion as shown by the increase of R 0 with

pecies richness ( Fig. 4 ; Fig. S2, S10). As such, we can conclude

hat, if infection is density mediated (either through infection-

nduced mortality or the concurrence of infection-induced changes

n mortality and predation) IGP communities with rich host species

an impede disease invasion and suppress disease prevalence; in
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Fig. 3. Relationships between the mean disease prevalence and host species richness, evaluated at different proportions of IGP interactions for (A) no-infection effect, (B) 

trait-mediated effect, (C) density-mediated effect, (D) concurrence of density- and trait-mediated effects, respectively. Parameter k = 0 (without cannibalism) and other 

parameters are the same with Fig. 2 . 

Fig. 4. Basic reproduction number, R 0 , for with ( p IGP = 0 . 5 ) versus without IGP 

( p IGP = 0 ) in the model considering density-mediated effect (denoted by ‘density- 

only’) or the concurrence of density- and trait-mediated effects (denoted by ‘trait & 

density’), respectively. Error bars represent the standard deviation from 500 simu- 

lations. N = 50 and other parameters are the same as Fig. 3 . 
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ontrast, species-rich communities without IGP can facilitate dis-

ase invasion. 

We further illustrated how changing the proportion of IGP

nteractions can affect the disease prevalence in the multihost

ommunity. Generally, increasing the proportion of IGP interac-

ions will reduce the prevalence of parasitic infection, regardless

hether there are infection-induced indirect effects ( Fig. 5 ). This

onfirms that IGP in competitive communities can impede disease

revalence. Interestingly, comparing disease prevalence affected by

nfection-induced predation with the one without such indirect ef-

ect, we found such changes in infection-induced predation can ag-
ravate disease prevalence (comparing Fig. 5 A to B). Meanwhile,

dditional mortality for infected hosts can clearly reduce disease

revalence, for cases with or without infection-induced changes in

redation ( Fig. 5 ). Fig. 5 also indicated that the effect of IGP in

educing disease prevalence eventually levels off when the propor-

ion of IGP becomes too high, especially if there is also infection-

nduced additional mortality ( Fig. 5 C, D). Although considering

annibalism cannot alter the results qualitatively, it can impede the

isease prevalence quantitatively (compare results of k = 0 with k =
.01 in Fig. 5 ), which because the offspring from cannibalism by

nfected hosts contributes to the susceptible class. 

Importantly, the proportion of IGP can drastically affect the

ventual diversity of the multihost communities ( Fig. 6 ; Fig. S3).

lthough host diversity can become slightly higher when consider-

ng infection-induced changes in predation, the effect of increasing

GP proportion is clear–host diversity measured by Hill numbers of

hree different q values declined monotonically with the increase

f IGP proportion p IGP ( Fig. 6 A, B; Fig. S3A, B). However, when con-

idering infection-induced morality, increasing the IGP proportion

an have a more complicated effect on the resultant host diversity

 Fig. 6 C, D; Fig. S3C, D). Specifically, the diversity of communities

ith a small proportion of IGP interactions can increase with the

GP proportion but not for communities with a large proportion of

GP interactions. For evidence, we here chose q = 1 as an exam-

le to model examination ( Table 2 ). The statistical analysis showed

hat quadratic polynomial (low AIC) provided a better fit to the

iversity curve than the logarithmic model (high AIC) as consider-

ng infection-induced morality, but an inverse result was predicted

ith no infection-induced mortality ( Table 2 ), confirming the pre-

iction of scatter diagrams. The initial increase of host diversity

hen the IGP proportion was low could be due to that the low-

evel of predation and the infection-induced mortality have effec-

ively controlled the abundance of infected hosts and in a net term
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Fig. 5. Mean disease prevalence as a function of the initial proportion of IGP interactions for (A) no-infection effect, (B) trait-mediated effect, (C) density-mediated effect, 

(D) concurrence of density- and trait-mediated effects, respectively. Parameters are the same as Fig. 2 . 

Fig. 6. Community diversity, q D ( q = 0 , 1 , 2 ) , as a function of the initial proportion of IGP interactions for (A) no-infection effect, (B) trait-mediated effect, (C) density- 

mediated effect, (D) concurrence of density- and trait-mediated effects, respectively. In each simulation, the species is considered extinct when its population size is below 

10 −4 . N = 50 and other parameters are the same as Fig. 3 . 



M. Su, Y. Yang and C. Hui / Journal of Theoretical Biology 490 (2020) 110174 7 

Table 2 

The parameters of fit models for Fig. 6 and model examination with q = 1 . 

Categories a b c RMSE AIC Case 

y = a + b log x 9.9217 −2.7919 – 0.0000 −31.84 1 

9.9085 −3.0753 – 0.0000 −27.82 2 

10.0519 −0.9794 – 0.0000 −5.65 3 

10.2617 −0.8896 – 0.0000 −10.81 4 

y = a x 2 + bx + c 7.0172 −14.2026 17.2431 0.0000 −20.72 1 

8.9714 −16.8748 18.1717 0.0000 −13.63 2 

−3.9725 1.4771 11.5448 0.0000 −20.47 3 

−2.8699 0.6267 11.7266 0.0000 −26.58 4 

Notes: a, b, c are model parameters. Cases 1 to 4 represent no-infection effect, trait- 

mediated, density-mediated and concurrence of density- and trait-mediated effects, 

respectively. 
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ave boosted host abundances and diversity. At the high-level of

redation, the negative effect of predation on host abundances and

iversity has exceeded its role to suppress infection spreading. 

. Discussion 

Ecological communities with a rich host diversity can gener-

lly impede the invasion and transmission of parasites, leading to

 negative relationship between host species richness and parasite

isk due to the dilution effect ( Dunn et al., 2012 ; Lafferty et al.,

008 ; Wilson et al., 1996 ; Young et al., 2017 ; Woolhouse et al.,

001 ). Although many studies have explored the effect of host di-

ersity on disease risks, to our knowledge, very few has focused on

ole of interaction complexity in shaping the diversity-disease rela-

ionship. This is albeit strong evidence showing that the complex-

ty of species interactions can indeed pose profound influences on

ommunity composition and stability ( Duffy et al., 2007 ; Hui and

ichardson, 2019 ; Landi et al., 2018 ; McQuaid and Britton, 2015 ;

ougi and Kondoh, 2012 ). We here highlighted the joint effects

f host richness and the complexity of IGP interactions that can

ediate infection-induced indirect effects on the disease risk in a

ultihost community. The complexity of species interactions, mea-

ured by the various levels of IGP interactions, has been shown to

nfluence the relationship between host species richness and dis-

ase prevalence. 

The introduction of IGP predators to a host community with

hared parasitic diseases can increase the complexity of biotic in-

eractions and alter host community structures ( Duffy et al., 2007 ;

elián et al., 2009 ; Mitchell et al., 2002 ; Selakovic et al., 2014 ).

revious works on parasitic infection in multihost communities

ave shown that host community structures can profoundly affect

he establishment and prevalence of infectious diseases in humans

nd animals ( Hatcher et al., 2006 ; Holt et al., 2003 ; Mitchell et al.,

002 ; Roche et al., 2013 ). Here, we demonstrated that the preda-

ory interaction can alter the diversity-disease relationship, with

 hump shaped diversity-disease relationship emerged in systems

ithout IGP if infection can cause additional mortality ( Fig. 3 C, D).

or a specific parasite, the strength of inter-specific competition

eclines inversely with species richness, and consequently with

ore species the total host abundance and the source of infection

ncrease (Fig. S9). This explains the firstly positive relationship be-

ween host diversity and disease prevalence in such competitive

pecies-poor communities. In a host species-rich community, the

isk of disease invasion is diluted among the host species, leading

o a negative diversity-disease relationship ( Fig. 3 C, D). However, in

 community mixed with IGP interactions, hosts that are strongly

ffected by infection will also suffer strongly (as easy prey) from

redation, creating a sink for disease transmission ( Johnson and

hieltges, 2010 ). 

Whether host richness is an enhancer or inhibitor for disease

stablishment depends largely on the presence of predatory inter-
ctions ( Fig. 4 ). We noted that the invasion threshold of the dis-

ase as described by the basic reproduction number ( R 0 ) enhanced

ith increasing host richness but only for purely resource competi-

ion communities; in contrast, it declined with host richness when

osts were also engaging predatory interactions ( Fig. 4 ; Fig. S10).

he result also indicated that for communities only with compet-

tive interactions, the addition of host species creates alternative

ources for infection but reduces the fraction of susceptible hosts,

onsequently increasing the invasion risk of infectious diseases.

herefore, our results further emphasized that both the diversity-

isease relationship and the disease establishment strongly depend

n how the hosts interact with each other in the ecological com-

unity. 

Many studies have shown that increase of predator abundance

r attack rate in infection systems can be an effective mecha-

ism for controlling infectious disease dynamics, and the removal

f predatory interactions could increase the prevalence of para-

itic infection and as a result weaken ecosystem functioning ( AI-

horbaji et al., 2017 ; Hudson et al., 1992 ; Packer et al., 2003 ;

affel et al., 2010 ; Roy and Holt, 2008 ; Su and Hui, 2011 ). Here,

e demonstrated that the more complex biotic interactions in-

uced by the higher fraction of IGP interactions in a competi-

ive community could result in lowering the prevalence of para-

ites ( Fig. 5 ) and reducing host diversity when there are either no

nfection-mediated indirect effects or changes in predatory behav-

or ( Fig. 6 A, B). The result confirmed that predatory interactions

an effectively reduce the prevalence of parasites and the diver-

ity of host species, both of which can benefit the control of in-

ectious diseases ( Packer et al., 2003 ; Roy and Holt, 2008 ; Su and

ui, 2011 ). 

IGP interactions can mediate many infection-induced

ndirect effects in natural systems ( Brodeur and Rosen-

eim, 20 0 0 ; Dunn et al., 2012 ; Hatcher et al., 2014 ; Holt and

olis, 1997 ; Rohr et al., 2015 ; Su et al., 2009 ). For example,

ohr et al. (2015) have demonstrated that IGP predators can

ncrease infection risks, while non-IGP predators reduce the risk;

his suggests that IGP can weaken the dilution effect and amplify

arasitic loads ( Fig. 1 B). Our model has a different structure from

his one (comparing Fig. 1 A to B), and our results thus emphasize

he role of interaction complexity in effectively controlling the

isease prevalence. That is, the presence of IGP can strengthen

he dilution effect, while the absence of IGP can weaken the

ilution effect and even to a level that amplifies disease risk from

ncreasing host diversity. Community/network structure and its

omplexity are thus the essential ingredients to consider when

xploring the relationship between host richness and disease

revalence. 

Infection induced changes in predation behavior and mortal-

ty can affect the coexistence of IGP hosts ( Dunn et al., 2012 ;

atcher et al., 2006 ). Indirect effects of parasitic infection are

mportant, at a range of biological scales, to determining inva-

ion success and species persistence ( Dunn et al., 2012 ). Consis-

ent with previous studies, our results also emphasized that in-

irect effects of parasitism can strongly affect disease transmis-

ion, where infection-induced mortality plays a more important

ole than infection-induced changes in predation behavior ( Fig. 5 )

r host diversity ( Fig. 6 ). Although trait-mediated effects such as

nfection-induced changes in predation behavior can increase dis-

ase prevalence by weakening the predatory interactions, density-

ediated effects such as infection-induced mortality can reduce

isease prevalence through directly depleting infected hosts. 

Taken together, interaction complexity in a community can al-

er its response to disease invasion and transmission, which then

ffects the resulted diversity-disease relationship. Real ecosystems

re complex, and to render analytic tractability we have ignored

any biological processes that could potentially affect disease
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risks. For example, density-dependent transmission of parasites

can potentially generate a positive diversity-disease relationship;

in contrast, frequent-dependent transmission could possibly sus-

tain a high host diversity that suppresses the threshold of disease

invasion, with both cases potentially applicable in a WAIFW matrix

( Keesing et al., 2006 ; McCallum et al., 2001 ). Similarly, although

the assumption of the linear functional response in feeding be-

havior is typical for filter feeders, but the feeding rate of insects

and vertebrates often saturates (e.g., Type 2 or 3 Holling functional

response; Hall et al., 2005 ); how the saturation in feeding rates

affects the relationship between host richness and disease preva-

lence in multihost communities needs to be further investigated.

In addition, theoretical models mostly focus on equal disease re-

sistance among hosts, not considering host-specific susceptibility.

Nonetheless, most have supported a negative relationship between

host richness and parasite prevalence ( Young et al., 2017 ). Clearly,

whether host diversity can possibly dilute or amplify disease risks

warrants further investigation, especially given the complex reality

of multihost communities ( Fontaine et al., 2011 ). Considering these

complexities in future studies could be important to provide bet-

ter understandings of the relationship between host diversity and

disease prevalence in ecosystems. 
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andi, P. , Minoarivelo, H.O. , Brännström, Å. , Hui, C. , Dieckmann, U. , 2018. Complexity
and stability of ecological networks: a review of the theory. Popul. Ecol. 60,

319–345 . 
oGiudice, K. , Ostfeld, R.S. , Schmidt, K.A. , Keesing, F. , 2003. The ecology of infectious

disease: effects of host diversity and community composition on Lyme disease

risk. Proc. Natl. Acad. Sci. USA 100, 567–571 . 
McCallum, H. , Barlow, N. , Hone, J. , 2001. How should pathogen transmission be

modeled? Trends Ecol. Evol. 16, 295–300 . 
cQuaid, C.F. , Britton, N.F. , 2015. Parasite species richness and its effect on persis-

tence in food webs. J. Theor. Biol. 364, 377–382 . 
elián, C.J. , Bascompte, J. , Jordano, P. , Krivan, V. , 2009. Diversity in a complex eco-

logical network with two interaction types. Oikos 118, 122–130 . 

itchell, C.E. , Tilman, D. , Groth, J.V. , 2002. Effects of grassland plant species
diversity, abundance, and composition on foliar fungal disease. Ecology 83,

1713–1726 . 
ougi, A. , Kondoh, M. , 2012. Diversity of interaction types and ecological commu-

nity stability. Science 337, 349–351 . 

https://doi.org/10.13039/501100001809
https://doi.org/10.1016/j.jtbi.2020.110174
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0001
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0001
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0001
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0002
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0002
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0002
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0002
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0002
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0003
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0003
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0003
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0004
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0004
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0004
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0005
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0005
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0005
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0005
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0005
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0005
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0005
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0005
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0006
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0006
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0006
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0007
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0007
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0007
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0007
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0008
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0008
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0008
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0009
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0010
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0010
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0010
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0010
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0010
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0011
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0011
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0011
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0011
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0012
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0012
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0012
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0012
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0013
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0013
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0014
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0014
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0015
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0015
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0015
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0016
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0017
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0017
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0017
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0017
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0017
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0017
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0017
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0018
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0018
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0018
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0018
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0018
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0018
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0019
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0019
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0019
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0019
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0019
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0019
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0019
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0019
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0019
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0020
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0020
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0020
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0020
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0020
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0021
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0021
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0021
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0021
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0022
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0022
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0022
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0022
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0023
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0023
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0023
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0023
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0024
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0024
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0024
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0024
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0025
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0025
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0026
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0026
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0026
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0027
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0027
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0027
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0028
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0028
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0028
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0028
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0028
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0028
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0029
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0029
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0029
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0029
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0030
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0030
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0030
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0031
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0031
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0031
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0032
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0032
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0032
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0032
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0032
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0033
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0033
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0033
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0033
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0034
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0034
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0034
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0035
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0035
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0035
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0035
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0036
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0036
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0036
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0036
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0036
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0037
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0038
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0038
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0038
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0038
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0039
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0040
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0040
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0040
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0040
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0040
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0040
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0041
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0041
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0041
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0041
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0041
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0042
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0042
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0042
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0042
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0043
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0043
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0043
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0044
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0044
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0044
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0044
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0044
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0045
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0045
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0045
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0045
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0046
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0046
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0046


M. Su, Y. Yang and C. Hui / Journal of Theoretical Biology 490 (2020) 110174 9 

O  

 

O  

P  

 

R  

 

R  

R  

 

 

R  

R  

S  

S  

S  

S  

S  

S  

S  

S  

W  

W  

X  

Y  

 

rlofske, S.A. , Jadin, R.C. , Preston, D.L. , Johnson, P.T.J. , 2012. Parasite transmission in
complex communities: predators and alternative hosts alter pathogenic infec-

tions in amphibians. Ecology 93, 1247–1253 . 
stfeld, R.S. , Keesing, F. , 20 0 0. Biodiversity and disease risk: the case of Lyme dis-

ease. Conserv. Biol. 14, 722–728 . 
acker, C. , Holt, R.D. , Dobson, A.P. , Hudson, P. , 2003. Keeping the herds healthy and

alert: impacts of predation upon prey with specialist pathogens. Ecol. Lett. 6,
797–802 . 

affel, T.R. , Hoverman, J.T. , Halstead, N.T. , Michel, P.J. , Rohr, J.R. , 2010. Parasitism in

a community context: trait-mediated interactions with competition and preda-
tion. Ecology 91, 1900–1907 . 

oche, B. , Rohani, P. , Dobson, A.P. , Guégan, J.F. , 2013. The impact of community or-
ganization on vector-borne pathogens. Am. Nat. 181, 1–11 . 

ohr, J.R. , Civitello, D.J. , Crumrine, P.W. , Halstead, N.T. , Miller, A.D. , Schotthoe-
fer, A.M. , Stenoien, C. , Johnson, L.B. , Beasley, V.R. , 2015. Predator diversity, in-

traguild predation, and indirect effects drive parasite transmission. Proc. Natl

Acad. Sci. USA 112, 3008–3013 . 
oy, M. , Holt, R.D. , 2008. Effects of predation on host–pathogen dynamics in SIR

models. Theor. Popul. Biol. 73, 319–331 . 
udolf, V.H. , Antonovics, J. , 2005. Species coexistence and pathogens with frequency

dependent transmission. Am. Nat. 166, 112–118 . 
chmidt, K.A. , Ostfeld, R.S. , 2001. Biodiversity and the dilution effect in disease ecol-

ogy. Ecology 82, 609–619 . 
elakovic, S. , de Ruiter, P.C. , Heesterbeek, H. , 2014. Infectious disease agents mediate
interaction in food webs and ecosystems. Proc. R. Soc. B 281, 20132709 . 

erván, C.A. , Capitán, J.A. , Grilli, J. , Morrison, K.E. , Allesina, S. , 2018. Coexistence of
many species in random ecosystems. Nat. Ecol. Evol. 2, 1237–1242 . 

ieber, M. , Hilker, F.M. , 2011. Prey, predators, parasites: intraguild predation or sim-
pler community modules in disguise? J. Anim. Ecol. 80, 414–421 . 

u, M. , Hui, C. , Zhang, Y.Y. , Li, Z.Z. , 2009. How does the spatial structure of habitat
loss affect the eco-epidemic dynamics? Ecol. Model. 220, 51–59 . 

u, M. , Hui, C. , 2011. The effect of predation on the prevalence and aggregation of

pathogens in prey. BioSystems 105, 300–306 . 
u, M. , Hui, C. , Lin, Z.S. , 2015. The intraguild predation with parasites on fragmented

landscapes. BioSystems 129, 44–49 . 
u, M. , Boots, M. , 2017. The impact of resource quality on the evolution of virulence

in spatially heterogeneous environments. J. Theor. Biol. 416, 1–7 . 
ilson, H.B. , Hassell, M.P. , Godfray, H.C.J. , 1996. Host-parasitoid food webs: dynam-

ics, persistence, and invasion. Am. Nat. 148, 787–806 . 

oolhouse, M.E.J. , Taylor, L.H. , Haydon, D.T. , 2001. Population biology of multihost
pathogens. Science 292, 1109–1112 . 

ue, L. , Scoglio, C. , 2013. The network level reproduction number for infectious dis-
ease with both vertical and horizontal transmission. Math. Biosci. 243, 67–80 . 

oung, H.S. , Parker, I.M. , Gilbert, G.S. , Guerra, A.S. , Nunn, C.L. , 2017. Introduced
species, disease ecology, and biodiversity-disease relationships. Trends Ecol.

Evol. 32, 41–54 . 

http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0047
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0047
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0047
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0047
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0047
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0048
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0048
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0048
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0049
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0049
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0049
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0049
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0049
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0050
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0050
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0050
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0050
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0050
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0050
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0051
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0051
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0051
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0051
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0051
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0052
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0053
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0053
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0053
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0054
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0054
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0054
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0055
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0055
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0055
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0056
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0056
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0056
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0056
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0057
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0057
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0057
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0057
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0057
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0057
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0058
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0058
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0058
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0059
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0059
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0059
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0059
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0059
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0060
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0060
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0060
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0061
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0061
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0061
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0061
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0062
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0062
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0062
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0063
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0063
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0063
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0063
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0064
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0064
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0064
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0064
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0065
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0065
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0065
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0066
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0066
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0066
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0066
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0066
http://refhub.elsevier.com/S0022-5193(20)30030-8/sbref0066

	How intraguild predation affects the host diversity-disease relationship in a multihost community
	1 Introduction
	2 Material and methods
	3 Results
	4 Discussion
	CRediT authorship contribution statement
	Acknowledgements
	Supplementary materials
	References


