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Ecological communities are composed of different functional guilds that are engaging
in multiple types of biotic interactions. We explore how ecological networks fare when
confronting infectious diseases according to density-dependent (DD) and frequency-
dependent (FD) transmission modes. Our model shows that network compositions can
dictate both disease spreading and the relationship between disease and community
diversity (including species richness and Shannon’s diversity) as depicted in the dilution
effect. The disease becomes more prevalent within communities harboring more
mutualistic interactions, generating a positive relationship between disease prevalence
and community diversity (i.e., an amplification effect). By contrast, in communities
with a fixed proportion of mutualistic interactions, higher diversity from the balance
of competition and predation can impede disease prevalence (i.e., the dilution effect).
Within-species disease prevalence increases linearly with a species’ degree centrality.
These patterns of disease transmission and the diversity-disease relationship hold for
both transmission modes. Our analyses highlight the complex effects of interaction
compositions in ecological networks on infectious disease dynamics and further
advance the debate on the dilution effect of host diversity on disease prevalence.

Keywords: ecological network, functional guild, species interactions, disease transmission, dilution effect

INTRODUCTION

Biotic interactions between species (e.g., trophic and mutualistic), essential for maintaining
biodiversity, can steer how pathogens are transmitted and spread in ecological communities
(Thébault and Fontaine, 2010; Figueroa et al., 2020). Infectious diseases can often be transmitted
within- or cross-species in host communities and, consequently, the composition and the
interaction network structure of host communities can strongly influence the disease dynamics
(Bowers and Turner, 1997; Rudolf and Antonovics, 2005; Keesing et al., 2010; Salkeld et al., 2013;
Johnson et al., 2015; Frainer et al., 2018; Hoi et al., 2020). In the past two decades there have been
mounting interests and advances in understanding disease dynamics and the relationship between
host community diversity and disease prevalence (LoGiudice et al., 2003; Dobson, 2004; Salkeld
et al., 2013; Civitello et al., 2015; Johnson et al., 2015; Huang et al., 2016; Young et al., 2017; Frainer
et al., 2018). Meta-analyses have shown that the diversity-disease relationship can be contextual
and may depend on many factors, including the architectures of embedded ecological networks
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within host communities (Salkeld et al., 2013; Rohr et al.,
2020) and the transmission mode of the infectious pathogens
(Rudolf and Antonovics, 2005; Hatcher et al., 2012). In particular,
changes in community composition and interaction network
structures can alter the dilution effect, positing that species-
rich communities can impede pathogen transmission and dilute
disease prevalence (Randolph and Dobson, 2012; O’Regan et al.,
2015; Rohr et al., 2015).

Evidence is mounting to show that networks of biotic
interactions in communities, typically including competitive,
trophic and mutualistic interactions, can profoundly influence
community stability and the emerged network architecture
(Thébault and Fontaine, 2010; Mougi and Kondoh, 2012;
Lurgi et al., 2016; García-Callejas et al., 2018a,b; Qian and
Akçay, 2020). Depending on the diversity and composition of
different interaction types, infectious diseases could become
more prevalent, affecting disproportionately particular functional
guilds of a community and consequently creating complex
feedbacks on network structures (Keesing et al., 2010; Frainer
et al., 2018). For instance, multihost pathogenic diseases can
alter direct resource competition between two host species into
apparent competition, where a disease outbreak in one host
may facilitate pathogens to spill over to the other host species
and thus foster the disease spreading across the community
(Begon et al., 1999; O’Regan et al., 2015). Disease infections could
modify trophic interactions among host species, inhibiting or
boosting pathogen transmission under specific ecological context
(Packer et al., 2003; Hatcher et al., 2006; Rohr et al., 2015; Su
et al., 2020). Structural changes in mutualistic networks can
also shape pathogen transmission, with increased connectance
from mutualistic interactions diluting the likelihood of disease
outbreak (Figueroa et al., 2020). Furthermore, species are
often engaging in multiple types of interactions simultaneously
and form a complex network; such multiple functional roles
a species plays can diversify the possible routes of disease
transmission from one species to another. For instance, insect
herbivores (e.g., aphids) are often vectors of plant pathogens,
while themselves also partake multiple interaction types with
a wide range of species such as competitors (caterpillars),
predators (lady beetles) and mutualists (ants), which can have
predictable effects on the spread of plant pathogens (Salkeld et al.,
2013; Clark et al., 2019; Crowder et al., 2019). These studies,
thus, highlight the multifarious impacts from the complexity of
multiple functional guilds in a community to disease dynamics.
Evidently, the structure and composition of the embedded
network can affect disease transmission in a community, while
disease transmission also alters the structure and composition of
these ecological networks.

The way in which pathogens are spilled over to different
host species and functional guilds could drastically affect the
dynamics and prevalence of the disease in host communities.
Transmission mode depicts the function that relates the
transmission rate to the densities of susceptible and infected
hosts. It is a key factor of pathogen infection and can result in
diverse relationships between biodiversity and disease prevalence
(McCallum et al., 2001; Rudolf and Antonovics, 2005; Keesing
et al., 2006; Hopkins et al., 2020; Silk and Hodgson, 2020).

Multiple transmission modes have been proposed to represent
real host-pathogen interactions, such as density-dependent
(DD), frequency-dependent (FD) and other non-linear functions
(McCallum et al., 2001; Hopkins et al., 2020), while most studies
on the diversity-disease relationship focus on the DD and FD
transmission modes (Keesing et al., 2010). The dilution effect of
diversity on the disease prevalence under FD transmission differs
fundamentally from those under DD transmission (Hatcher et al.,
2012), which may arise from the disparity between inherent
transmission mechanisms of these two modes. DD transmission
usually implies a positive association between host density and
transmission rate, whereby the force of infection is directly
proportional to the density of infectious hosts (Anderson and
May, 1979; Keesing et al., 2006). In contrast, FD transmission
depends on the prevalence of infections, whereby the force of
infection is proportional to the fraction of infectious hosts (Begon
et al., 1999; Hopkins et al., 2020; Silk and Hodgson, 2020). Recent
studies have confirmed the importance of host diversity to the
transmission dynamics of generalist pathogens, which is likely to
depend on the transmission mode (Rudolf and Antonovics, 2005;
Hatcher et al., 2012; Roche et al., 2012). For DD transmission,
increasing host community diversity (e.g., species richness) could
lift the infection force and enhance pathogen transmission due
to the increase of host abundance (Dobson, 2004). However,
if the disease transmission is frequency dependent (FD), high
diversity can reduce pathogen transmission as the fraction
of infected hosts in the force of infection could decline due
to the increase of host abundance, even if the total number
of infected individuals increases (Rudolf and Antonovics,
2005). Consequently, we expect drastically different transmission
dynamics and diversity-disease relationships in communities
infected by diseases following FD vs. DD disease transmission.

It remains unclear how the composition and the interaction
structure of an ecological network, mediated by disease
transmission mode, jointly affect disease spread and prevalence.
We therefore see two knowledge gaps for understanding disease
transmission in ecological interaction networks. Firstly, multiple
types of biotic interactions are rarely considered simultaneously
in host communities with regards to disease transmission. Earlier
studies have largely focused on the role of a specific type of
biotic interactions in the transmission of diseases among host
species (Dobson, 2004; Keesing et al., 2010; Orlofske et al.,
2012; O’Regan et al., 2015); such roles are often overlaid to
compute the net effect size of disease transmission in ecological
networks, without considering the eco-evolutionary feedbacks
from different types of biotic interactions. Secondly, many studies
support the dilution effect hypothesis, while network structures
and transmission modes may change the relationship between
host diversity and disease prevalence. Furthermore, changes in
the composition of different interaction types can alter internal
structures of an ecological network, mediating species richness
at equilibrium and adjusting interactions between different
functional guilds (Lurgi et al., 2014; García-Callejas et al.,
2018b; Qian and Akçay, 2020). We have yet to elucidate how
such changes in network structures could, in return, affect
disease transmission and the diversity-disease relationship under
different transmission modes.
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Here, we explore pathogen infections in a multi-host
community characterized by an ecological interaction network,
to directly address the aforementioned knowledge gaps. We
develop a network model with the dynamics of the host
community regulated by diverse interaction types, including
competition, predation and mutualism. We extend our research
focus from previous theoretical studies on how different
interaction types affect community stability (Kokoris et al.,
1999; Mougi and Kondoh, 2012, 2014; Bachelot et al., 2015;
García-Callejas et al., 2018b; Qian and Akçay, 2020) to how the
structures of an ecological network, quantified by interaction
compositions, species’ degree centrality, population size and host
community diversity (including species richness and Shannon’s
diversity), affect disease transmission therein. To do so, we
first generate an initial interaction network and explore the
relationship between disease prevalence and emerged network
structures under two disease transmission modes (DD vs. FD). As
shown below, the relationship between the diversity and disease
prevalence can be greatly affected by the interaction composition
of ecological networks, expanding the dilution effect of host
diversity on disease prevalence to a comprehensive effect of
network structures of host communities on disease dynamics.

MATERIALS AND METHODS

Ecological Networks
Following the generalized Rosenzweig and MacArthur (1963)
model, we used a set of differential equations to track population
dynamics of host species that engage with each other in
interspecific interactions and are also susceptible to pathogenic
infections. Here, infections were formulated using the general SIS
epidemic model for ease of exposition (McQuaid and Britton,
2015; Figueroa et al., 2020), while the model can be easily
extended to more complex compartmental representations of
infection dynamics (e.g., SIR, SEIR). Interactions between host
species formed a complex ecological network; specifically, we
considered three types of biotic interactions: competition (−,−),
predation (+,−) and mutualism (+,+). For compatibility with
May (1972) work, we randomly assigned the presence, type,
and strength of an interaction between two species; this forms
a matrix of interspecific interactions, A = {ax,ij}n×n, with zeros
on the diagonal and also for a proportion of 1− C non-
diagonal entries (C defines network connectance). For the paired
non-zero entries (ax,ij, ax,ji 6= 0), we randomly assigned the
interaction type to be competition, mutualism and predation
according to a proportion vector {pc, pm, pp}, with pc + pm +
pp = 1 (Qian and Akçay, 2020). If the interactions between
two species are assigned to, say, competition ac,ij, ac,ji 6= 0, the
strength of other interactions between these species automatically
become zero (i.e., am,ij = am,ji = ap,ij = ap,ji = 0); i.e., only one
interaction type can be assigned between two species (different
from a multilayer network where two species can engage in
multiple types of interaction). Following the norm, predatory
and mutualistic interactions were also assumed to follow a type
II functional response, for simplicity shaped by the same half-
saturation constant h (Qian and Akçay, 2020).

The generalist pathogen may follow both horizontal
transmission (direct transmission through intra- and inter-
specific interaction) and vertical transmission (infection through
birth to an infected individual), and infected hosts can partake all
the biotic interactions in the community (McQuaid and Britton,
2015). Consequently, all biotic interactions can contribute to
the net reproductive rate of the disease. Moreover, we took
the predation (attack) rate of an uninfected predators on
infected prey to be the same as its predation rate on susceptible
(uninfected) prey; that is, a predator cannot discern whether a
prey individual is infected by the pathogens. The dynamics of
this ecological network with multiple interaction types can be
described as follows:

dSi
dt
= Si (ri − δiHi)︸ ︷︷ ︸

recruitment

+

n∑
j=1,j6=i

ac,ijSiHj︸ ︷︷ ︸
competition

+

n∑
j=1,j 6=i

am,ijSiHj

h+Hj︸ ︷︷ ︸
mutualism

+

n∑
j=1,j6=i

ap+,ijSiHj

h+Hj︸ ︷︷ ︸
predation

+

n∑
j=1,j 6=i

ap−,ijSiHj

h+Hi︸ ︷︷ ︸
prey

−

n∑
j=1,j6=i

BijSi︸ ︷︷ ︸
infection

+ ρiIi︸︷︷︸
recovery

(1a)

dIi
dt
= Ii (ri − δiHi)︸ ︷︷ ︸

recruitment

+

n∑
j=1,j 6=i

ac,ijIiHj︸ ︷︷ ︸
competition

+

n∑
j=1,j 6=i

am,ijIiHj

h+Hj︸ ︷︷ ︸
mutualism

+

n∑
j=1,j6=i

ap+,ijIiHj

h+Hj︸ ︷︷ ︸
predation

+

n∑
j=1,j6=i

ap−,ijIiHj

h+Hi︸ ︷︷ ︸
prey

+

n∑
j=1,j6=i

BijSi︸ ︷︷ ︸
infection

− ρiIi︸︷︷︸
recovery

− νiIi︸︷︷︸
virulence

(1b)

where Si, Ii, Hi (i = 1, · · · , n) represent, respectively, the
numbers of susceptible, infected and total individuals of host
species i, with Hi = Si + Ii and n the number of host species in
the ecological network (i.e., network size). Parameter ri is the
intrinsic growth rate, δi density-dependent self-regulation, ρi the
recovery rate of infected individuals, νi the infection-induced
mortality (i.e., pathogen virulence), and Bij the force of infection
between species j and i.

To evaluate how the composition of different interaction types
affects the structure of the ecological network, we followed the
special case of demographic-neutral interactions (Zhang et al.,
2011; Qian and Akçay, 2020); that is, the intrinsic growth
rate (ri = r) and density-dependent self-regulation (δi = δ) are
identical among species. We also set the recovery rate of infected
hosts (ρi = ρ) and infection-induced mortality (νi = ν) to be
equal among species. In this way, the dynamics and structures
of the ecological networks become mainly determined by biotic
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interactions and can be numerically simulated using Equation 1.
The paired competition coefficients (ac,ij, ac,ji, both are negative),
describing the per capita competition impact of species j on
i (sensu Dobson, 2004), were drawn independently from a
half-normal distribution with scale parameter σ/K. The paired
mutualism coefficients (am,ij, am,ji both are positive) were also
drawn independently from the same half-normal distribution
with scale parameter σ. The paired predation coefficients
(ap,ij, ap,ji) were drawn from a half-normal distribution with
scale parameter σ but of opposite signs, with one of the
two species randomly chosen to be the prey (denoted by
ap-,ji < 0) and the other predator (denoted by ap+,ij > 0),
assuming full conversion efficiency (ap+,ij = −ap−,ji). Model
under less conversion efficiency (ap+,ij = −ε · ap−,ji, with 0 <
ε < 1) produced qualitatively consistent results and was thus
only presented in Supplementary Appendix 1 (Supplementary
Figures 1–4).

Under the density-dependent (DD) transmission mode, the
infection rate from host species j to i depends solely on the density
of infected individuals of species j (McCallum et al., 2001):

Bij = βijIj (2)

where βij is the per capita infection rate (O’Regan et al., 2015).
In contrast, under the frequency-dependent (FD) transmission
mode, the infection rate depends on the proportion of infected
individuals in species j (Begon et al., 1999; McCallum et al., 2001):

Bij = βij
Ij
Hj

(3)

The generalist pathogen can transmit through both intraspecific
and interspecific interactions, where the per capita infection rate
depends on the ecological interaction coefficients between host
species (Kirk et al., 2019). Specifically, we assume βij = ωijax,ij for
i 6= j, and βii = ωiiδi, where the transmission coefficient ωij was
also drawn from a half-normal distribution with scale parameter
σ′ (note, values of parameter σ′ were chosen in the analyses to
ensure the total population sizes of all species be equal under
DD and FD transmission modes). The model was analyzed under
both DD and FD transmission modes, with the results from the
DD mode presented in the main text and those from the FD
mode compared and presented in Supplementary Appendix 2.
All model parameters are listed in Supplementary Table 1.

Network Analyses
We simulated the full spectrum of ecological networks by varying
the interaction composition {pc, pm, pp}, with the proportion of
each interaction type ranging from 0 to 1 with a step of 0.1
while retaining the sum (pc + pp + pm = 1). Because species in
real communities were expected to engage in some levels of
interspecific competition, we excluded cases with competition
completely absent in modeled networks (Kirk et al., 2019; Qian
and Akçay, 2020) and thus set the proportion of competitive
interactions to be strictly positive (i.e., pc ranges from 0.1 to 1);
this does not affect key conclusions. In total, we explored 55
specific combinations of interaction types. For each interaction
composition (specified by vector {pc, pm, pp}) under a specific

transmission mode (DD or FD), we ran the model till all
populations had reached equilibrium; species with an equilibrial
population size below a cut-off value (=0.1) was removed in
subsequent analyses (Holland and DeAngelis, 2010). To obtain
a robust view of the emerged network structures and disease
prevalence therein, we repeated the model 1,000 times for each
interaction composition.

To capture the consequence of this community-wide and
species-specific disease transmission in the modeled ecological
networks, we computed two metrics of disease prevalence: the
degree of prevalence at the community level (

∑
i
Ii/

∑
i
Hi) and the

degree of prevalence per species (Ii/Hi). We also quantified three
typical community-level structural metrics of the final interaction
network at equilibrium, including species richness (final network
size; Lau et al., 2017), Shannon’s diversity, and population sizes
(specifically, total number of all host individuals, number of
susceptible individuals and number of infectious individuals). To
understand how disease prevalence varies in response to network
structures and explicitly test the dilution effect, we computed
the correlations between disease prevalence and these network
structural metrics.

To explore how a species’ network topology affects its
disease prevalence, we computed the correlation between the
species’ disease prevalence and its degree centrality in the
ecological network at equilibrium (Supplementary Appendix 2:
Supplementary Figures 9, 10). Species i’s degree is simply the
number of non-zero entries in the ith row of interspecific
interaction matrix A, and the degree centrality is defined as
the ratio of a species’ degree to the theoretical maximum
degree possible (i.e., the number of sustained species at
equilibrium minus one) in the ecological network (Freeman,
1978). The architectures of modeled ecological networks
at equilibrium were further measured by nestedness based
on the overlap and decreasing fill (NODF; Almeida-Neto
et al., 2008) using the software package ANINHADO 3.0
(Guimarães and Guimarães, 2006) and modularity using
Newman (2004) algorithm (Supplementary Figure 11). As
the effects of transmission modes on network architectures
only differ minutely, we only reported these results in
Supplementary Appendix 2.

To test the robustness of our main findings, we used a
Latin hypercube sampling to explore a region of parameter
space for sensitivity analysis (Marino et al., 2008). From a
region of the full 7-dimensional parameter space (i.e., seven key
parameters δ, C, h, σ, σ′, ν and ρ) defined by ±40% of the
reference parameter values used in the main text, 10 samples
of parameter combinations were randomly drawn, with each
containing 55 interaction compositions and 500 replicates for
each interaction composition. We found that the main results
were qualitatively robust across all values of self-regulation rate
δ, connectivity C, half-saturation constant h, scale parameters
σ and σ′, recovery rate ρ and infection-induced mortality ν

(Supplementary Appendix 3: Supplementary Figures 12–16).
During the numerical simulations, some species became

extinct and were removed before the network equilibrium was
reached (Figure 1A), which could alter the initial interaction
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composition {pc, pm, pp} but only slightly so in our simulations
(Figure 1B). Specifically, we observed that the final networks
at equilibrium harbor more mutualistic interactions (increasing
pm at equilibrium), less competition (reducing pc) and less
predation (reducing pp). This is not surprising since predatory
and/or competitive interactions could lead to the extinctions of
some species, while mutualistic interactions rarely did so in the
modeled networks. As the changes to interaction compositions
were rather minute (<1% on average), we only refer to
initial interaction composition in the following. Specifically,
we quantified the direct effects of interaction composition
and transmission mode on disease prevalence, as well as the
dilution effect mediated by community features at equilibrium
(i.e., population size, species richness and Shannon’s diversity).
The procedure of the modeling and analyses was illustrated in
Figure 1C (the simulation code available on1).

RESULTS

Direct Effects of Interaction and
Transmission
The interaction composition can greatly affect disease prevalence
at the community level regardless of whether the disease follows
a DD or FD transmission mode (Figure 2 and Supplementary
Figure 5). As we expected, a higher proportion of mutualistic
interactions (pm), equivalent to reduced proportions of
competition (pc) or predation (pp), led to higher disease
prevalence (Figure 2B). Regardless of whether to hold
constant the proportion of competitive interactions (pc) or
the proportion of predatory interactions (pp), increasing
the proportion of mutualistic interactions (pm) can always
boost up the disease prevalence monotonically (Figure 2B),
suggesting a positive effect of mutualism on disease prevalence.
On the contrary, more competitive interactions (higher pc)
in communities, accompanied with reduced proportions
of mutualism (pm) or predation (pp), led to lower disease
prevalence (Figure 2B). Finally, when accompanied with a
low proportion of competitive interactions, more predatory
interactions can decrease disease prevalence; when accompanied
with a low proportion of mutualism, more predatory interactions
can increase disease prevalence (Figure 2B). Although the FD
transmission mode resulted in less disease prevalence than the
DD transmission mode, the responses of disease prevalence
to interaction composition were qualitatively similar under
these two modes (Supplementary Appendix 2: Supplementary
Figure 5A). Specifically, interaction compositions greatly
impacted on the population size, but the total population
size of all host species under the two transmission modes
were found to be largely comparable, whereas the number of
infectious individuals was lower under the FD transmission
mode than the number under the DD transmission mode
(Supplementary Figure 6); this explains the lower disease
prevalence under the FD transmission mode than the

1https://github.com/cahgnov/interactiontypesdilutioneffect.git

prevalence under the DD transmission mode (Figure 2 vs.
Supplementary Figure 5).

The variation of disease prevalence for each interaction
combination, measured by the standard deviation of disease
prevalence from 1,000 replicates, was also determined by
the interaction composition (Figure 2C and Supplementary
Figure 5B). Under the DD transmission mode, the variation of
disease prevalence was largely determined by the proportion of
mutualism, with more mutualistic interactions in communities
(higher pm balanced by either lower pp or lower pc) hampering
demographic stochasticity of the disease dynamics (Figure 2C).
In contrast, the proportion of mutualism (pm) or competition
(pc) did not make a marked impact to the variation of
disease prevalence under the FD transmission mode,
whereas a higher proportion of predatory interactions (pp)
can drastically increase the variation of disease prevalence
(Supplementary Figure 5B).

Dilution Effects
As the interaction composition can strongly affect disease
prevalence, we further examined how interaction compositions
affect the mean and variation of species richness and Shannon’s
diversity from the 1,000 replicates (Figure 3) and whether the
diversity of a community amplifies or dilutes disease prevalence
(Figure 4). At higher proportion of mutualistic interactions
(higher pm), equivalent to less proportions of competition (lower
pc) or predation (lower pp), mean of species richness was
higher (Figure 3A). This resulted in a predominantly positive
correlation between species richness and disease prevalence (i.e.,
an amplification effect; Figure 4A and Supplementary Table 2).
In contrast, when holding pm constant, more competitive
interactions (higher pc) within communities, accompanied
with less predation (lower pp), led to higher species richness
(Figure 3A) and lower disease prevalence (Figure 2B), exhibiting
a negative correlation between species richness and disease
prevalence (i.e., the dilution effect; Figure 4A). Importantly, less
competition (lower pc) led to the positive richness-prevalence
correlations for all the other combinations of mutualistic
and predatory interactions, which indicated that the positive
richness-prevalence correlation shifted to the negative with an
increasing of competition and then flipped the amplification
effect into the dilution effect (Figure 4A and Supplementary
Table 2). Finally, changes in the richness-prevalence correlation
are small as holding pc constant, and there is no clear pattern
varying the proportion of mutualism or the proportion of
predation (Figure 4A); indicating the competition effect within
communities more pronounced in the relationship between
species richness and disease prevalence.

In addition, both the mean of Shannon’s diversity (Figure 3C)
and the diversity-prevalence correlation (Figure 4B and
Supplementary Table 3) showed a similar complex response
to changes in interaction compositions. Similar results were
also retained under the FD transmission mode (Supplementary
Figures 7, 8). The role of interaction compositions in driving
the diversity-disease relationship appeared robust under other
model parameters (Supplementary Appendix 3: Supplementary
Figures 14–16).
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FIGURE 1 | A conceptual diagram of the modeling procedure. (A) Population dynamics of a randomly assembled host network. (B) Interaction compositions of the
initial (blue) and final (red) networks when population dynamics have reached equilibrium. (C) Summary diagrams of the effects of interaction composition and
transmission mode on community metrics, disease prevalence and the diversity-disease relationship.

FIGURE 2 | The response of disease prevalence at the community level to interaction composition under density-dependent (DD) disease transmission. (A) A
schematic guide to read the ternary plot. The three white dashed lines represent the interaction composition when the proportion of the specified interaction type
held constant. The center of each hexagon represents a single interaction composition examined (55 in total); (B,C) the mean and standard deviation of the
response for each interaction composition, calculated from 1,000 replicates. See Supplementary Figure 5 for the corresponding figure under frequency-dependent
(FD) transmission.

DISCUSSION

Predicting the prevalence of pathogenic diseases transmitting
across multiple interacting species has proven to be difficult
due to the direct and indirect biotic interactions within an
ecological network (Keesing et al., 2010; O’Regan et al., 2015;

Figueroa et al., 2020). Previous studies have revealed that the
composition of different types of biotic interaction plays an
important structural role in ecological communities (Mougi
and Kondoh, 2012; Bachelot et al., 2015; Coyte et al.,
2015; García-Callejas et al., 2018a,b), although how such
ecological networks fare when facing infectious diseases has
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FIGURE 3 | The responses of species richness and Shannon’s diversity, respectively, to interaction composition under density-dependent (DD) disease transmission.
(A,B) effects of interaction compositions on the mean and standard deviation of species richness; (C,D) effects of interaction compositions on the mean and
standard deviation of Shannon’s diversity. See Supplementary Figure 7 for the corresponding figure under frequency-dependent (FD) transmission.

rarely been explored. Our modeled ecological networks were
shaped by different compositions of interaction types, which
allowed us to explore the complex relationships between
disease transmission and biodiversity structures in ecological
communities. Results illustrated that biotic interactions can
govern disease transmission dynamics and the diversity-disease
relationship (Figures 2, 4 and Supplementary Figures 5, 8).
These key findings added a new explanation to the list
of mechanisms hypothesized to address the diversity-disease

relationship in natural communities (i.e., the dilution effect) and
clarified the differential effects of interaction types on disease
prevalence at both species- and community-level. Our results
are therefore relevant to understanding the disease-network
relationship in communities consisting of multiple types of
biotic interaction.

Although primary research supports the negative effect
of host community diversity on disease prevalence, known
as the dilution effect, many natural ecosystems have been
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FIGURE 4 | The response of richness-prevalence correlation and diversity-prevalence correlation to interaction composition under density-dependent (DD) disease
transmission. Richness-prevalence correlation (A) and diversity-prevalence correlation (B) of the response for each interaction composition, calculated from 1,000
replicates. See Supplementary Figure 8 for the corresponding figure under frequency-dependent (FD) transmission.

reported to experience an amplification effect of diversity
on disease prevalence (Schmidt and Ostfeld, 2001; Keesing
et al., 2010; Civitello et al., 2015; Rohr et al., 2020). Both
theoretical and experimental studies have shown that direct
interactions between species pairs can control or possibly
promote pathogen transmission in multi-host communities
through regulating the fluctuations of host species (Orlofske et al.,
2012; Salkeld et al., 2013; Coyte et al., 2015; O’Regan et al.,
2015). However, interaction networks are not only prescribed
by a handful of pairwise interactions, but also the composition
and balance among different functional guilds (García-Callejas
et al., 2018a; Qian and Akçay, 2020). Some functional guilds
can be disproportionally affected by pathogen infections and
thus function as hubs for disease transmission. Specifically,
different types of interactions can produce different types of
direct and indirect feedbacks (e.g., positive for mutualistic
interaction and negative for predatory interaction), rendering
the differential effects of interaction types on disease dynamics
(Crowder et al., 2019). Species engaging in a high number of
positive interactions (i.e., mutualistic interactions) tend to persist
and maintain their interactions, whereas species with a high
number of negative interactions (e.g., competitive and predatory
interactions) tend to go extinct more frequently and, thus,
lose their associated interactions, increasing the overall ratio of
mutualistic interactions (Figure 1B). Consequently, mutualistic
interactions provide net benefits and elevate disease prevalence
through stimulating cross-species transmission of pathogenic
diseases (Figure 2 and Supplementary Figure 5). Consistent
with previous studies, interspecific competition hampers species

abundances in the host community, which may lead to a
decreased rate of cross-species transmission and in return impede
disease transmission (O’Regan et al., 2015). Moreover, predators
in a community can typically reduce disease transmission
through consuming host individuals that are their prey (Packer
et al., 2003; Orlofske et al., 2012; Johnson et al., 2015), while
our results indicated that whether predatory interactions can
dilute disease spreading depends on the balance of mutualism or
competition (Figure 2 and Supplementary Figure 5). Although
the competitive interactions play a predominant role in the
diversity-prevalence correlation, each interaction type can pose
a contrasting role in the dilution or the amplification effect
depending on the balance of the other two interaction types in the
community (Figure 4 and Supplementary Figure 8); that is, the
composition of multiple interaction types, not just a single type
of biotic interaction, dictates the diversity-disease relationship.

An ecological network involves multiple types of interaction,
making it difficult for a single functional guild to exercise control
over community dynamics. Recent studies have shown that
interaction compositions can profoundly affect the stability of
ecological network, while positive interactions (e.g., mutualism)
can play a stabilizing or destabilizing role contingent on other
functional guilds in the ecological network (Mougi and Kondoh,
2012; Bachelot et al., 2015). It is the balance of multiple
interaction types (competition, mutualism and predation)
that determines the stability of an ecological community
(García-Callejas et al., 2018a,b; Qian and Akçay, 2020). Our
results complement these propositions, indicating that the
balance of multiple interactions also determines these other
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things, apart from stability. Comparing to the facilitative effect
of mutualism on disease prevalence, mutualistic interactions
can benefit or impede the diversity of an ecological network,
depending on the compositions of predation or competition
(Figure 3 and Supplementary Figure 7). More mutualistic
interactions have been shown to reduce the overall strength
of biotic interactions in an ecological network (Lurgi et al.,
2016). Indeed, we found that more mutualistic interactions
when holding either pc or pp constant can increase community
diversity, although this beneficial role of mutualism to diversity
breaks down when it provokes intense competition for high
pc which imposes a net negative impact on community
diversity. Our model makes evident the pivotal effects of
interaction compositions on biodiversity maintenance and
disease prevalence in ecological networks, which can switch the
typical dilution effect of diversity on disease prevalence to an
amplification effect.

Beyond the diversity-disease relationship that is mediated
by interaction compositions, our results further suggested
that the interplay of multiple interaction types can posit
profound influence on the species-level disease prevalence. All
other conditions being equal, the species-level prevalence is
expected to increase significantly with a species’ degree centrality
(Supplementary Figures 9, 10). As we adopted May (1972)
random network framework, the degree centrality of species
in the network distributes around the network connectance.
Generalist species with higher centrality degrees are hubs for
cross-species transmission of infectious diseases, suggesting a
positive correlation between degree centrality and within-species
disease prevalence regardless of the interaction compositions
and the transmission mode. Furthermore, the coefficients of
centrality-prevalence correlation were determined by interaction
compositions, with predatory interactions generating opposite
effects on predators (positive) vs. prey (negative) with the
increase of centrality degree, which also resulted the maximum
and the minimum of centrality-prevalence correlation in
communities lacking the moderation of predatory interactions
(Supplementary Tables 4, 5). Other topological structure of
ecological networks may also impact epidemiological dynamics
(Rozins et al., 2018; Figueroa et al., 2020) and community stability
(Thébault and Fontaine, 2010; Mougi and Kondoh, 2012; Landi
et al., 2018). For example, increased connectance can reduce
the likelihood of a disease outbreak in mutualistic community,
resulting a dilution effect (Figueroa et al., 2020). Our simulations
indicated that the reported diversity-disease relationships were
quantitatively robust against changes of network connectance
(Supplementary Appendix 3). Nevertheless, we reckon that
our model only yields the null expectation of a random
network that is also demographically neutral; consequently,
network architectures might not be capable of imposing
markable impacts to disease transmission (Supplementary
Figures 9–11). Comparing results from more realistic network
models with our results can therefore help identify the role
of additional processes and features that are not captured
by our null model.

Our simulations indicated that the effects of interaction
types on disease transmission were largely generic and robust

against transmission modes (Supplementary Appendix 2).
Previous studies considered only horizontal transmission
through intra- and inter-specific contact, and illustrated that
the dilution effect normally occurs in communities under FD
disease transmission whilst the amplification effect under DD
transmission, highlighting the importance of transmission
modes (Dobson, 2004; Rudolf and Antonovics, 2005). By
contrast, we found that whether the effect of diversity on disease
prevalence is diluting or amplifying depends primarily on
interaction compositions, and little on transmission modes
(Figure 4 and Supplementary Figure 8). The reasons are
multifaceted. Firstly, although pathogens and predators can
both serve as suppressors to a host/prey species, the former
does not normally lead to the kill of the host (Civitello et al.,
2015; Rohr et al., 2020); this non-lethal role of diseases, either
according to the linear form of DD transmission (βSI) or the
non-linear form of FD transmission (βSI/ (S+ I)), imposes
trivial impacts on species richness and thus community diversity.
Secondly, by keeping the horizontal and vertical transmissions
simultaneously in our model, pathogens can infect multiple
host species and their progenies (McQuaid and Britton, 2015).
Classical theory has also shown that disease prevalence under
both horizontal and vertical transmissions can be much
higher than the prevalence with either transmission form
alone (Lipsitch et al., 1995), masking any differences created
by the DD and FD transmission modes. Clearly, elucidating
whether the dilution effect differs between diverse transmission
mechanisms (e.g., between vertical and horizontal transmission,
and between direct transmission through interaction and
environmental transmission of free-living pathogens) warrants
ongoing research.

In conclusion, we extended the existing theory on the
diversity-disease relationship by setting the context in an
ecological network and consequently obtained a more
complex diversity-disease relationship tuned by the balance
and composition of multiple types of biotic interactions. Our
findings contribute to advance in the debate on the dilution
effect by highlighting that diverse interaction types are pivotal
to generating the variations in the relationship between disease
prevalence and community diversity in an ecological network.
Insights on the role of interaction composition in the diversity-
disease relationship could potentially lead to better disease
control (Rohr et al., 2020). Different interaction types were
made compatible in our model “on equal footing” (sensu
García-Callejas et al., 2018a), with all expressed by their impacts
on the population change rate (Mougi and Kondoh, 2012).
We do reckon that each interaction type can be modeled by
various functional forms while two species can also engage in
more than one type of interactions as in multilayer networks
(Pilosof et al., 2017; García-Callejas et al., 2018a); how disease
transmission performs in other complex networks demands
further investigation. In addition, introductions of alien invasive
species could alter the composition, structure and invasibility
of ecological interaction networks (Maynard et al., 2018;
Qian and Akçay, 2020; Hui and Richardson, 2022) which in
turn may regulate the disease transmission (Strauss et al.,
2012; Young et al., 2017). Our study thus moves only one
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step toward how complex interaction networks respond to
the stress from pathogenic infections, while understanding
how species introductions and invasions affect interaction
composition and disease transmission could be a fruitful revenue
for future research.
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