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a b s t r a c t

Relationships between host species richness and levels of disease in a focal host are likely to be context-

dependent, depending on the characteristics of which particular host species are present in a community.

I use a multi-host epidemiological model with environmental transmission to explore how the character-

istics of the host species (e.g., competence and competitive ability), host density, and the pathogen trans-

mission mechanism affect the proportion of infected individuals (i.e., infection prevalence) in a focal host.

My sensitivity-based approach identifies the indirect pathways through which specific ecological and

epidemiological processes affect focal host infection prevalence. This in turn yields predictions about

the context-dependent rules governing whether increased host species richness increases (amplifies)

or decreases (dilutes) infection prevalence in a focal host. For example, in many cases, amplification

and dilution are predicted to occur when added host species are sources or sinks of infectious propagules,

respectively. However, if the added host species have strong and asymmetric competitive effects on res-

ident host species, then amplification and dilution are predicted to occur when the added host species

have stronger competitive effects on resident host species that are sources or sinks of infectious propag-

ules, respectively. My results also predict that greater dilution and less amplification is more likely to

occur under frequency-dependent direct transmission than density-dependent direct transmission when

(i) the added hosts have lower competence than resident host species and (ii) interspecific competition

between the added host species and resident host species is lower; the opposite conditions promote

greater amplification and less dilution under frequency-dependent direct transmission. This work helps

identify and explain the mechanisms shaping the context-dependent relationships between host species

richness and disease in multi-host communities.

� 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Most host-pathogen communities are made up of multiple host

species that can be infected by the same pathogen (Cleaveland

et al., 2001; Pedersen et al., 2005; Rigaud et al., 2010). Conse-

quently, changes in host species biodiversity in a community can

affect levels of disease in a focal host species. For example, greater

host biodiversity can be correlated with higher (Levine et al., 2017;

Hydeman et al., 2017) or lower (Telfer et al., 2005, 2009, 2017,

2018) levels of disease. In addition, some wildlife management

strategies use the reduction or removal of alternative host species

to control levels of disease in a focal host (Laurenson et al., 2004;

Donnelly et al., 2006).

Relationships between host biodiversity and disease are often

studied in terms of the relationships between host species richness

(i.e., the number of host species in a community) and infection

prevalence in a focal host (i.e., the proportion of infected individu-

als in a focal host population) (Keesing et al., 2006; Rohr et al.,

2019). Dilution of disease occurs when there is reduced infection

prevalence in the focal host with increasing host species richness;

in this case, the presence of alternative host species decreases dis-

ease burden in the focal population. Amplification of disease occurs

when there is greater infection prevalence in the focal host with

increasing host species richness; in this case, the presence of alter-

native host species decreases disease burden in the focal host

population.

Previous studies argue that host richness-prevalence relation-

ships are likely to be context dependent and depend on the charac-

teristics of each host species in the community (LoGiudice et al.,

2008; Randolph and Dobson, 2012; Wood et al., 2016; Rohr

et al., 2019). This is supported by reviews and meta-analyzes of

empirical work showing that both dilution and amplification occur

across empirical systems (Salkeld et al., 2013; Wood et al., 2014;
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Venesky et al., 2014; Civitello et al., 2015). In addition, individual

studies show that responses to changes in host species richness

can depend on which particular species are added or present in a

community. For example, the prevalence of the fungal pathogen

Metschnikowia bicuspidata in the water flea Daphnia dentifera can

increase (Searle et al., 2016) or decrease (Strauss et al., 2015)

depending on which particular host species is added to the com-

munity. Similarly, the prevalence of trematodes (Echinostoma

spp.) in the snail Helisoma anceps depends on the number and iden-

tity of other snail species in the community.

The context-dependence of host richness-prevalence relation-

ships is also supported by epidemiological theory. Theoretical

studies (Rudolf and Antonovics, 2005; Roberts and Heesterbeek,

2018; Cortez and Duffy, 2021) predict that context-dependent out-

comes are driven by the interactions between the pathogen trans-

mission mechanism and characteristics of the host species,

including host competence (i.e., the ability of an infected individual

to transmit the pathogen to susceptible individuals) and inter-

specific host interactions such as resource competition and

between-species transmission. For example, amplification was

observed in models of density-dependent direct transmission

pathogens (transmission rates are proportional to the densities of

susceptible and infected individuals) without interspecific compe-

tition between hosts (Begon et al., 1992; Rudolf and Antonovics,

2005; Faust et al., 2017), but dilution can occur when interspecific

competition is sufficiently strong (Rudolf and Antonovics, 2005). In

comparison, dilution is often the expected outcome for frequency-

dependent direct transmission pathogens (transmission rates are

proportional to the frequency of susceptible individuals) (Rudolf

and Antonovics, 2005), but amplification can occur if added hosts

have very high competence (Faust et al., 2017).

The above empirical and theoretical work points to a need for

theory that provides the context-dependent rules shaping host

richness-prevalence relationships and identifies which character-

istics of host and pathogen species promote amplification versus

dilution (Buhnerkempe et al., 2015; Halsey, 2019; Rohr et al.,

2019). Current theory is limited in its ability to do this for two

reasons. First, most of the analytical theory for predicting host

richness-prevalence relationships is based on two-host models

(Rudolf and Antonovics, 2005; O’Regan et al., 2015; Searle et al.,

2016; Roberts and Heesterbeek, 2018). It is unclear if and how

predictions from those models extend to communities with more

host species. Second, other studies (Dobson, 2004; Roche et al.,

2012; Joseph et al., 2013; Mihaljevic et al., 2014; Faust et al.,

2017) have used numerical simulations to explore relationships

between host species richness and prevalence in systems with

more than two host species. However, the generality of those

results is unclear because those studies make simplifying

assumptions about species interactions that are known to

strongly affect the dynamics in two-host models. For example,

all of the above numerical studies assume interspecific host com-

petition is absent, yet studies on two-host models show inter-

specific competition can alter how the addition a second host

affects disease prevalence in a focal host (Cortez and Duffy,

2021; Rudolf and Antonovics, 2005).

Sensitivity analysis is one tool that may provide insight into

mechanisms shaping host richness-prevalence relationships. Local

sensitivity analysis and global sensitivity analysis, respectively,

assess how small and large changes in model inputs (e.g., param-

eter values) affect variation in model outputs (e.g., values of

specific variables); see Saltelli et al. (2004), Saltelli et al. (2008),

and Marino et al. (2008) for reviews and details. Roberts and

Heesterbeek (2018) and (Cortez and Duffy, 2021) recently used

local sensitivity analysis to analyze factors affecting infection

prevalence at endemic equilibria. The idea behind the approach

is that the sensitivities identify host and pathogen characteristics

that promote higher or lower prevalence in a focal host, which in

turn yield insight into how host prevalence changes with the gain

or loss of a host species. Importantly, Cortez and Duffy (2021)

showed that when computed analytically, the sensitivities could

be used to predict how specific ecological and epidemiological

processes affect disease prevalence at equilibrium. This prior

work suggests that sensitivity analysis could provide a way to

identify the context-dependent rules governing amplification

and dilution of disease. However, one limitation of the Roberts

and Heesterbeek (2018) and Cortez and Duffy (2021) studies is

that they primarily focused on two-host communities, which

makes it unclear if and how the predictions from those studies

extend to larger communities.

In this study, I apply the local sensitivity approach in Roberts

and Heesterbeek (2018) and Cortez and Duffy (2021) to an n-

host-one-pathogen model with environmental transmission (i.e.,

transmission via infectious propagules that are excreted by

infected individuals). I show that the sensitivities of equilibrium

densities to parameters can be interpreted in terms of a small

number of indirect effects between host species, which helps iden-

tify mechanisms promoting higher versus lower disease preva-

lence in a focal host. While local sensitivity results only

necessarily apply to small changes in parameters, my results still

provide general insight into the mechanisms shaping host

richness-disease relationships because the analytical formulas

apply to all points in parameter space. In addition, while I focus

on a model with environmental transmission, I show that the

results also apply to pathogens with density-dependent or

frequency-dependent direct transmission. Overall, my results pro-

vide insight about how host characteristics and the pathogen

transmission mode jointly affect infection prevalence in a focal

host, which in turn yields insight into the factors promoting ampli-

fication versus dilution of disease in multi-host communities.

2. Models

2.1. SIR-type environmental transmission model

I model a system where there are n host species and the patho-

gen is transmitted through an environmental pathway. Infection

occurs when susceptible individuals encounter infectious propag-

ules that were excreted by infected individuals into the environ-

ment. I assume all host species share the same environment and

are equally exposed to the pool of pathogens. Empirical examples

of such a system include the fungal pathogen M. bicuspidata of

Daphnia species (Strauss et al., 2015; Searle et al., 2016), whirling

disease in fish (Hedrick et al., 1998; Bartholomew, 2002), and the

fungal pathogen Batrachochytrium dendrobatidis of frogs (Daszak

et al., 2003; Skerratt et al., 2007).

In the SIR-version of the model, the variables are the densities of

susceptible (Si), infected (Ii), and recovered (Ri) individuals in each

host population (1 6 i 6 n) and the density of infectious propag-

ules (P); this is the n-host version of the two-host model in

Cortez and Duffy (2021). The SIR-version of the model is

dSi
dt

¼ F i �ð Þ
zffl}|ffl{reproduction

� miSi
zffl}|ffl{mortality

� biSiP
zffl}|ffl{infection

þ ciRi

z}|{loss of immunity

dIi
dt

¼ biSiP
zffl}|ffl{infection

� li þmi

� �
Ii

zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{mortality

� miIi
z}|{recovery

dRi
dt

¼ miIi
z}|{recovery

� ni þmið ÞRi

zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{mortality

� ciRi

z}|{loss of immunity

dP
dt

¼
X

i
viIi

zfflfflfflffl}|fflfflfflffl{excretion

�
X

i
uSiSi þ uIi Ii þ uRiRi

� �
P

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{uptake

� dP:
z}|{degradation

ð1Þ
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Default values for all parameters are given in Table 1. For host

species i; mi is the mortality rate due to non-pathogen factors, bi

is the product of the per spore encounter rate and the probability

of infection, li is the pathogen-induced mortality rate, mi is the

recovery rate, ni þmi is the total mortality rate of recovered indi-

viduals (which could be higher than the natural mortality rate if

there are long-term consequences of infection), ci is the rate at

which recovered individuals lose immunity, vi is the rate of excre-

tion of infectious propagules, and uSi ; uIi , and uRi are the rates at

which susceptible, infected, and recovered individuals, respec-

tively, take up infectious propagules. Encounters between hosts

and infectious propagules are assumed to be proportional to their

densities, which results in the uptake rate of infectious propagules

by individuals in class W i (W 2 S; I;Rf g) being modeled as uW i
W iP.

The second sum in the infectious propagule equation is the total

loss of infectious propagules due to uptake by all individuals in

all host classes. The transmission coefficient (bi) is the product of

the uptake rate (uSi ) and the per propagule probability of infection

(pi), yielding the constraint bi ¼ piuSi < uSi . In the following, bi is

varied independently of uSi by varying pi and uSi is varied indepen-

dently of bi by compensating for changes in uSi with changes in pi.

The reproduction rate for each host population is assumed to

have the form

F i �ð Þ ¼ Sif Si �ð Þ þ Iif Ii �ð Þ þ Rif Ri �ð Þ ð2Þ

where �ð Þ is shorthand for S1; . . . ; Sn; I1; . . . ; In;R1; . . . ;Rnð Þ and f Si ; f Ii ,

and f Ri are the per capita reproductive outputs of susceptible,

infected, and recovered individuals, respectively. The functions

f Si ; f Ii , and f Ri are assumed to be non-increasing functions of their

arguments due to intraspecific and interspecific host competition,

i.e.,
@FVi
@W j

� 0 for V ;W 2 S; I;Rf g and all i; j. For example, the numerical

simulations use functions of Lotka-Volterra form,

F i ¼ ri Si þ biIi þ ciRið Þ 1�
X

j

aij Sj þ eijIj þ �ijRj

� �
 !

ð3Þ

which allow for susceptible, infected, and recovered individuals

to have different reproduction rates and intraspecific and inter-

specific competitive effects. Specifically, ri; biri, and ciri are the

maximum reproduction rates for susceptible, infected, and recov-

ered individuals of host i, respectively. The terms

aij Sj þ eijIj þ �ijRj

� �
model how the reproduction rate of host i

decreases linearly with increased density of host j due to competi-

tion. Each aij is the per capita competitive effect of susceptible indi-

viduals of host j on host i and each eij and �ij determines if infected

and recovered individuals of host j, respectively, have weaker

(eij < 1; �ij < 1), equal (eij ¼ 1; �ij ¼ 1), or stronger (eij > 1; �ij > 1)

per capita competitive effects than susceptible individuals of host

j. In the special case where susceptible, infected, and recovered

individuals have equal maximum reproduction rates and compet-

itive effects, the functions simplify to the typical Lotka-Volterra

form F i ¼ riNi 1�
P

jaijNj

� �
, where Ni ¼ Si þ Ii þ Ri is the total pop-

ulation size of host i.

The basic reproductive number for the pathogen in the n-host

community or a subcommunity can be derived using the next-

generation matrix (Van den Driessche and Watmough, 2002;

Diekmann et al., 2010); see Appendix S1.1 for details. The basic

reproductive number for the pathogen in the n-host community

is

R0 ¼
X

i

biviSi

li þmi þ mi
� �

dþ
X

j

uSjSj

 ! ð4Þ

where Si is the density of host i at the disease-free equilibrium for

the n-host community. Each term in the sum is similar in form to

the basic reproductive number for the pathogen in a single-host

community, R0;i ¼ biviSi= ui þmi þ mið Þ dþ u
Si
Si

� �h i
where, with an

abuse of notation, Si is the density of host i at the disease-free equi-

librium for the single-host community.

2.2. Relationship to direct transmission models

The environmental transmission (ET) model (1) reduces to a

model with direct transmission when the excretion rates (vi)

and some combination of the uptake (uV i
) and degradation (d)

rates are sufficiently large such that there is a separation of time

scales between the dynamics of the infectious propagules and

the dynamics of the host classes. Cortez and Duffy (2021)

showed this for the two-host version of model (1); the calcula-

tions for the n-host version are nearly identical. Briefly, when

there is a separation of time scales, the infectious propagule den-

sity reaches a quasi-steady state equilibrium defined by

P ¼
P

jvjIj= dþ
P

j uSjSj þ uIj Ij þ uRjRj

� �h i
. Substitution into the

host equations yields

dSi
dt

¼ F i �ð Þ
zffl}|ffl{reproduction

� miSi
zffl}|ffl{natural mortality

�
biSi
P

jvjIj

dþ
P

j uSjSjþuIj IjþuRjRj

� �

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{infection

þ ciRi

z}|{loss of immunity

dIi
dt

¼
biSi
P

jvjIj

dþ
P

j uSjSjþuIj IjþuRjRj

� �

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{infection

� liþmi

� �
Ii

zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{mortality

þ miIi
z}|{recovery

dRi
dt

¼ miIi
z}|{recovery

� niþmið ÞRi

zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{mortality

� ciRi

z}|{loss of immunity

:

ð5Þ

Table 1

Definitions of parameters and default values used in numerical simulations.

Parameter Interpretation Default value

ri maximum reproduction rate for susceptible

individuals

1.1

bi reduction in reproduction rate for infected

individuals

0.2

ci reduction in reproduction rate for

recovered individuals

1

aii per capita intraspecific competitive effect of

host i

1

aij per capita interspecific competitive effect of

host j on host i

0

eij relative strength of competitive effects of

infected individuals

1

�ij relative strength of competitive effects of

recovered individuals

1

bi transmission coefficient 1

mi mortality rate due to non-disease effects 0.1

li disease-induced mortality rate for infected

individuals

0.25

mi recovery rate 0.1

ni disease-related mortality rate for recovered

individuals

0.1

ci loss-of-immunity rate 1

vi excretion rate of infectious propagules 20

uW i
infectious propagule uptake rate for class W

(W 2 S; I;Rf g)

20

d infectious propagule degradation rate 10
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In model (5), there is direct transmission of the pathogen and

the rate of transmission from host j to host i is

biSivjIj= dþ
P

k uSkSk þ uIk Ik þ uRkRk

� �� �
.

When loss due to uptake is negligibly small compared to degra-

dation (dþ
P

k uSkSk þ uIk Ik þ uRkRk

� �
� d), the transmission rates in

model (5) reduce to the bi-linear form �bijSiIj where �bij ¼ bivj=d. This

is a density-dependent direct transmission (DDDT) form (Anderson

and May, 1978; Anderson and May, 1979; May and Anderson,

1978; May and Anderson, 1979a) where host contact rates are pro-

portional to host densities. In this case, transmission rates are gov-

erned by mass action and proportional to the densities of

susceptible and infected individuals.

When there is no degradation of infectious propagules (d ¼ 0),

the transmission rates in model (5) reduce to the form

b
�

ijSiIj=
P

k uSkSk þ uIk Ik þ uRkRk

� �
where �bij ¼ bivj. This is a

frequency-dependent direct transmission (FDDT) form (May and

Anderson, 1979b; Begon et al., 1998; Begon et al., 1999) where host

contact rates are independent of host density. In this case, the

transmission rates are proportional to the weighted frequencies

of susceptible individuals in the community, where the uptake

rates (uSi ;uIi ;uRi ) are the weights for the host classes.

While the above assumes a separation of time scales between

the infectious propagule and host dynamics, the equilibria of the

ET model (1) are identical to those of DDDT models when uptake

is negligibly small compared to degradation and identical to those

of FDDT models when there is no degradation of infectious propag-

ules. Hence, all of the equilibrium-based results for the ET models

apply to the DDDT and FDDT models.

2.3. NYZ environmental transmission model

To facilitate predictions about amplification and dilution, which

are defined in terms of the proportion of infected individuals in a

focal host, I transform model (1) into a form that follows the

dynamics of the total density (Ni ¼ Si þ Ii þ Ri), proportion of

infected individuals (Y i ¼ Ii=Ni), and proportion of recovered indi-

viduals (Zi ¼ Ri=Ni) of each host population. From these variables,

the proportion of susceptible individuals is defined by

Xi ¼ 1� Y i � Zi. The NYZ-version of the model is

dNi

dt
¼ F i �ð Þ

zffl}|ffl{reproduction

� miNi

zffl}|ffl{naturalmortality

� liY iNiþniZiNi

� �zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{disease-relatedmortality

dY i

dt
¼ bi 1�Y i�Zið ÞP� liþmi

� �
Y i�miY i�

Y i

Ni

dNi

dt

dZi
dt

¼ miY i� niþmið ÞZi�ciZi�
Zi
Ni

dNi

dt

dP
dt

¼
X

i
viY iNi

zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{excretion

�
X

i
uSi 1�Y i�Zið ÞNiþuIiY iNiþuRiZiNi

� �
P

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{uptake;UP

� dP
z}|{degradation

:

ð6Þ

The terms in the dY i=dt equation describe how the proportion of

infected individuals increases due to new infections and decreases

due to mortality, recovery and production of new susceptible indi-

viduals. Similarly, the terms in the dZi=dt equation describe how

the proportion of recovered individuals increases due to recovery

of infected individuals and decreases due to mortality, loss of

immunity, and the production of new susceptible individuals. To

simplify notation, Ui ¼ uSi 1� Y i � Zið ÞNi þ uIiY iNi þ uRiZiNi denotes

the per capita rate of loss of infectious propagules due to uptake by

host i and U ¼
P

iUi denotes the sum of those rates.

2.4. Jacobian of NYZ model (6)

This study focuses on analyzing endemic equilibria where all

hosts coexist with the pathogen. I assume model (6) has an ende-

mic equilibrium, p� with equilibrium values N�
i ;Y

�
i ; Z

�
i , and P�. With

an abuse of notation, the corresponding stable equilibrium of

model (1) is denoted by p�, where the equilibrium densities are

S�i ; I
�
i ;R

�
i , and P�. The equilibrium-based results are computed using

the Jacobian, J. This section presents the Jacobian and interprets its

entries; additional details are provided in Appendix S1.2. Assump-

tions about the signs of the entries and derived quantities are dis-

cussed in the next two subsections.

When evaluated at p� the Jacobian of model (6) has the

structure,

Jjp� ¼

A B C ~0n

�DY=NA �DY=NB�DbP
� �Dl�Dm �Dm �DY=NC�DbP

�
bXN
		!

�DZ=NA �DZ=NBþDm �DZ=NC�Dn�Dm �Dc
~0n

~EN
~EY

~EZ �U��d

2

666664

3

777775
:

ð7Þ

In the far right column, bXN
		!

is an n� 1 vector with entries

b1X
�
1N

�
1; . . . ; bnX

�
nN

�
n, and

~0n is an n� 1 zero vector. These entries

define how increased infectious propagule density causes an

increase in infection prevalence and has no direct effect on the

total density or proportion of recovered individuals in each host

population. The bottom right entry �U� � d is the total per capita

rate of loss of infectious propagules due to uptake by all hosts

and degradation. In the bottom row, the 1� n vectors EN

!

; EY

!

, and
~EZ have entries @

@Ni

dP
dt
; @

@Y i

dP
dt
, and @

@Zi

dP
dt
, respectively; each entry

defines how the net production rate of infectious propagules by

host i changes with an increase in its total density, prevalence, or

frequency of recovered individuals, respectively.

For entries in the middle rows, the matrix DW denotes an n� n

diagonal matrix whose diagonal entries are W1; . . . ;Wn. For exam-

ple, DY=N has diagonal entries Y�
1=N

�
1; . . . ;Y

�
n=N

�
n and Db has diagonal

entries b1; . . . ; bn. The entries in the middle rows define how a

change in the total density or frequency of a host class of a host

species affects the dynamics of a host class of the same or another

host species.

The matrix A describes the effects of intraspecific competition

on each host species (diagonal entries) and the direct effects of

interspecific competition between host species (off-diagonal

entries). The off-diagonal entries are zero when the species do

not directly interspecifically compete and negative when there

are direct competitive interactions. The matrices B and C describe

how the competitive effects between species change if a small

number of susceptible individuals are transferred to the infected

or recovered class, respectively, while holding the total host densi-

ties constant. The diagonal entries of B and C are negative when

susceptible individuals are much weaker intraspecific competitors

than infected individuals or recovered individuals, respectively,

and positive otherwise. The off-diagonal entries Bij and Cij (i– j)

are zero if host j does not directly compete with host i and other-

wise negative, zero, and positive when susceptible individuals of

host j are weaker, equal, and stronger interspecific competitors

than infected or recovered individuals, respectively.

2.5. Assumptions

In order to simplify the analysis and to restrict it to biologically

likely scenarios, I assume the following: (i) recovered and suscep-

tible individuals have identical competitive abilities, reproductive

output, and uptake rates; (ii) infected individuals are stronger,

equal, or moderately weaker (but not much weaker) competitors

than susceptible individuals; (iii) the endemic equilibrium is

stable; (iv) all host species experience negative density depen-

dence at equilibrium; (v) the direct and total interspecific compet-

itive effects between each pair of host species are zero or negative;

(vi) intraspecific competition is greater than interspecific competi-
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tion; (vii) the competitive effects between all host species and the

competitive effects between all subcommunities of n� 1 host spe-

cies are consistent with stability; (viii) increased prevalence in a

host species at equilibrium has a negative total effect on its growth

rate, and (ix) increased prevalence in host j at equilibrium has a

negative and positive total effect on the growth rate of host i when

infected individuals of host i are stronger and weaker competitors,

respectively, then susceptible individuals. Conditions (v) through

(ix) are guaranteed to hold if interspecific competition is suffi-

ciently weak relatively to intraspecific competition, but they may

not hold if interspecific competition is sufficiently strong and

asymmetric. Mathematical details are summarized below and in

Table 2; additional details are given in Appendices S1.2 and S1.3.

Susceptible and recovered individuals are assumed to be identi-

cal except that recovered individuals are immune to infection and

possibly experience increased mortality (ni) due to past exposure

to the pathogen. Specifically, susceptible and recovered individuals

have equal reproductive outputs (f Si ¼ f Ri ), equal competitive abil-

ities (@fW i
=@Si ¼ @fW i

=@Ri for W 2 S; I;Rf g), and equal uptake rates

(uSi ¼ uRi ). The former two conditions imply Cii < 0 and Cij ¼ 0 for

i – j. Infected individuals are assumed to be stronger, equal or

moderately weaker competitors than susceptible individuals. I do

not consider cases where infected individuals are much weaker

competitors than susceptible individuals, e.g., eij � 1 in Eq. (3),

because this often results in the total host density of one species

increasing above its carrying capacity (e.g., N�
i > 1=aii a Lotka-

Volterra model). This seems unlikely to arise in natural systems.

The endemic equilibrium, p�, is assumed to be stable because

the sensitivity-based analysis is unlikely to be biologically infor-

mative otherwise. This implies sign jJjð Þ ¼ �1ð Þ3nþ1. Stability does

not occur in all regions of parameter space (e.g., regions where

interspecific host competition is sufficiently strong), but it is satis-

fied in all of the numerical simulations.

The conditions for negative density dependence and the direct

and total effects of intraspecific and interspecific competition at

equilibrium are defined by the entries of the matrix A. Negative

density dependence means Aii < 0 for all i. The direct interspecific

competitive effect of host j on host i (j– i) is assumed to be nega-

tive or zero, which means Aij < 0 and Aij ¼ 0, respectively. Both

conditions are direct consequences of the assumptions about the

host reproductive rates in Eq. (2); see Appendix S1.2 for details.

The assumption that intraspecific competition is stronger than

interspecific competition implies Aii > Aij for i– j. For the Lotka-

Volterra function (3), this corresponds to assuming aii > aij for all

i; j.

The total interspecific competitive effect of host j on host i is the

sum of the direct and indirect competitive effects. Let jA :i;:j½ 	j

denote the i; j-minor of A, i.e., the determinant of the submatrix

of Awhere row i and column j have been removed. The assumption

that the total effect is negative or zero means the sign of the minor

jA :i;:j½ 	j is �1ð Þnþiþj or 0, respectively; see Remark S1.1 in Appendix

S1.3 for details.

The competitive effects between all host species are assumed to

be consistent with stability. Mathematically, this means the sign of

jAj is �1ð Þn. I expect this assumption to be met in most systems for

the following reason; see Remark S1.2 in Appendix S1.3 for math-

ematical details. The matrix A determines the stability of the

Nkf gnk¼1-subsystem, i.e., the subsystem where the total host densi-

ties (Ni) are dynamic and all other variables are held fixed at their

equilibrium values. If the sign of jAj is inconsistent with stability,

then the Nif gni¼1-subsystem satisfies the subsystem instability con-

dition (sensu Cortez and Abrams, 2016). This means that (i) the

interspecific competitive interactions between the host species

are sufficiently strong to have a destabilizing effect on the equilib-

rium; (ii) stable coexistence is only possible because the pathogen

has a strong stabilizing effect on the system; and (iii) the infectious

propagules exhibit a hydra effect at equilibrium (e.g., increased

infectious propagule density with increased removal, @P�=@d > 0)

(Abrams, 2009; Cortez and Abrams, 2016). These seem unlikely

to be satisfied in most empirical systems.

The competitive effects between subsets of n� 1 host species

are assumed to be consistent with stability. Mathematically, this

corresponds to assuming sign jA :i;:i½ 	j
� �

¼ �1ð Þn�1 for all i. The sub-

matrix A :i;:i½ 	 determines the stability of the Nkf gnk–i-subsystem, i.e.,

the subsystem where the total densities of hosts k – i are dynamic

and all other variables are held fixed at their equilibrium values.

This assumption corresponds to no host exhibiting a hydra effect

when the epidemiological dynamics of the system

(dY i=dt; dZi=dt, and dP=dt equations) are frozen.

Finally, at equilibrium, an increase in infection prevalence (Y�
j )

is always accompanied by an increase in the frequency of recov-

ered individuals (Z�
j ) because Z�

j ¼ Y�
j mj= mj þ nj þ cj

� �
. The total

effect of simultaneous changes in Y�
j and Z�

j on the growth rate of

host i is determined by the determinant jAIj!Ni
j, where the matrix

AIj!Ni
is constructed by replacing column i of Awith column j of the

sum Bþ CDZ=Y ; see Remark S1.3 in Appendix S1.3 for details.

Increased prevalence in a host species is assumed to have a nega-

tive total effect on its growth rate at equilibrium. Mathematically,

this means the sign of jAIj!Nj
j is �1ð Þn. The opposite sign is possible

when infected individuals are very weak intraspecific competitors

or use very few resource. However, as noted above, this leads to the

biologically unlikely scenario where the disease causes the species’

Table 2

Signs and interpretations of quantities arising in sensitivity calculations.

Quantity Signy Biological interpretation

jJj �1ð Þ3nþ1 Endemic n-host equilibrium is stable

Aii �1 Each host species experiences negative density

dependence at equilibrium

Aij i– j �1 or 0 Presence or absence of a direct interspecific

competitive effect of host j on host i

jAj �1ð Þn Competitive effects between all host species

are consistent with stability;

infectious propagules do not exhibit a hydra

effect

jA :i;:i½ 	j �1ð Þn�1 Competitive effects between all host species

except species i are consistent with stability

jA :i;:j½ 	j i– j �1ð Þnþiþj Increased density of host j has a negative total

effect on the growth rate of host i

jAY j!Nj
j �1ð Þn Increased prevalence in host j (Y j) has a

negative total effect on its own growth rate

jAY j!Ni
j j– i Total effect of increased prevalence in host j

(Y j) on the growth rate of species i is

�1ð Þn�1 positive when infected individuals of host j are

weaker competitors than susceptible

individuals

�1ð Þn negative when infected individuals of host j are

stronger competitors than susceptible

individuals

ui Net production rate of infectious propagules

per infectious individual by host i at

equilibrium

�1 Host i is a sink, i.e., a net remover of infectious

propagules

1 Host i is a source, i.e., a net producer of

infectious propagules

See Section 2.5 and Appendices S1.2 and S1.3 for definitions of quantities and

additional details about assumed signs.y The signs of all quantities are assumed,

except the signs of the ui , which are determined by the model parameters and the

infectious propagule density at equilibrium.
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density to increases above its carrying capacity. Increased preva-

lence in host species j is assumed to have a negative or positive

total effect on the growth rate of host species i (i – j) when infected

individuals of host j are stronger or weaker competitors, respec-

tively, than susceptible individuals; mathematically, this means

sign(jAIj!Ni
jÞ ¼ �1ð Þn or sign(jAIj!Ni

jÞ ¼ �1ð Þn�1, respectively.

2.6. Definitions of competence, sink and source

The net production rate of infectious propagules by host i at

equilibrium is viI
�
i � uSiS

�
i þ uIi I

�
i þ uRiR

�
i

� �
P�. Dividing by the den-

sity of infected individuals and simplifying (see Remark S1.5 in

Appendix S1.3 for details) yields the net production rate per

infected individual,

ui ¼ vi �
li þmi þ mi
� �

uSi

bi

� uIiP
� �

miuRi

ni þmi þ ci
P�: ð8Þ

The first term in the equation defines the per capita production

rate of infectious propagules and the other terms define the loss

rates due to uptake by all host classes. A host is a sink or source

of infectious propagules if the net production rate per infected

individual is negative (ui < 0) or positive (ui > 0), respectively.

The quantity defining sink/source in this study (ui) is similar to,

but not identical to, the quantity (vi � uIiP
�) used in Cortez and

Duffy (2021). The key difference is that ui accounts for uptake by

all host classes whereas the quantity in Cortez and Duffy (2021)

only accounts for uptake by infected individuals. I use ui because

that quantity arises naturally in the sensitivity equations; the

results are qualitatively similar if the quantity in Cortez and

Duffy (2021) is used instead.

The competence of a host is the ability of an infected individual

to transmit the pathogen to a susceptible individual. In this study,

the competence of host i is defined by

R0;i 1ð Þ ¼ vibi=uSi li þmi þ mi
� �

, which is the pathogen’s basic

reproductive number for a single-host community (R0;i) in the

limit where the density of host i is infinite. Because changes in

the parameter values that makeR0;i 1ð Þ larger or smaller also make

R0;i larger or smaller, respectively, statements about higher or

lower competence based on R0;i 1ð Þ can be directly translated to

R0;i.

I note three things about the definitions of competence and

sink/source. First, the quantities defining competence and sink/-

source were chosen because (i) they arise naturally in the sensitiv-

ity calculations, (ii) they only depend on the epidemiological

parameters of a single host species, and (iii) they do not depend

on the densities or frequencies of the host classes. As a conse-

quence, all host species can be ordered from highest to lowest

competence and from largest source to largest sink based solely

on the epidemiological parameters for each host and the density

of infectious propagules. However, both definitions depend on

the hosts’ environment through the natural mortality rates (mi),

which means an ordering based on competence or sink/source

may differ across environments. In addition, because the defini-

tions of sink and source depend on infectious propagule density,

a given host can be a sink in one community (e.g., where infectious

propagule density is low) and a source in another community (e.g.,

where infectious propagule density is high). Overall this means

that while the hosts can always be ordered in terms of competence

and sink/source, context-dependence can be important for defining

the orderings, whether a host has high versus low competence, and

whether a host is a large or small sink or source.

Second, in general a host can be any combination of high or low

competence and a sink or source. This is because competence is a

measure of transmission over the total period of infection whereas

sink/source is a measure of instantaneous net production of infec-

tious propagules. A high competence, source host can have large

excretion (viÞ and transmission (bi) parameters and small uptake

parameters (uSi ;uIi ;uRi ). In contrast, a high competence, sink host

can have a high per propagule probability of infection (pi), large

uptake parameters (uSi ;uIi ;uRi ), and small excretion (vi), mortality

(li þmi) and recovery (mi) parameters. A low competence, sink

can have small excretion (viÞ and transmission (bi) parameters

and large uptake parameters (uSi ;uIi ;uRi ). In contrast, a low compe-

tence, source host can have a low per propagule probability of

infection (pi), small uptake parameters (uSi ; uIi ;uRi ), and large excre-

tion (vi), mortality (li þmi) and recovery (mi) parameters.

Third, the definitions of competence and sink/source extend to

DDDT and FDDT pathogens. The definition of competence applies

directly. For sink and source, all hosts are sources for DDDT patho-

gens because the uptake rates are negligibly small (ui ¼ vi > 0).

Hosts of FDDT pathogens can be sources or sinks. Host j is a larger

source (or smaller sink) for an FDDT pathogen when the inter-

species transmission rate from host j to the focal host (�b1j) is larger

and the weights (uW j
for W 2 S; I;Rf g) for host j are smaller; this

corresponds to a larger excretion rate (vi) and smaller uptake rates

(uW j
) in the ET model. Host j is a larger sink or smaller source under

the opposite conditions. For example, many studies (Rudolf and

Antonovics, 2005; O’Regan et al., 2015; Faust et al., 2017; Roberts

and Heesterbeek, 2018) use FDDT rates of the form �bijSiIj=
P

jNj

where all weights are equal to unity. In this case, host j is a source

of the FDDT pathogen for host 1 when the inter-species transmis-

sion rate from host j to host 1 is larger than the intra-species trans-

mission rate for host 1, i.e., �b1j > �b11.

3. Methods and results

In order to facilitate interpretation and without loss of general-

ity, the following assumes host 1 is the focal host and computes the

sensitivity of infection prevalence in the focal host (Y�
1) to the char-

acteristics and equilibrium density of host 2.

3.1. Responses in focal host infection prevalence to variation in

competence or competitive ability of another host species

I first compute the sensitivities of focal host infection preva-

lence to parameters defining the competence and competitive abil-

ity of host 2 (@Y�
1=@r where r is a given model parameter). The

sensitivities are analytically computed using the Jacobian-based

method in Bender and Case (1984) and Yodzis (1988). In particular,

consider the system of differential equations dxi=dt ¼ gi x1; . . . ; xnð Þ

where r is a parameter and J is the Jacobian evaluated at an equi-

librium point (x�1; . . . ; x
�
nÞ. The (local) sensitivity @x�i =@r is

@x�i
@r

¼
X

j

�
@

@r
dxj
dt


 �
�1ð ÞiþjjJ :j; :i½ 	j

jJj
ð9Þ

where J :j; :i½ 	 is the submatrix of the Jacobian with row j and column

i removed. For model (6), the sum has a small number of nonzero

terms because only a few equations depend on any given

parameter.

This analytical approach produces sensitivities in terms of the

Jacobian entries. This has three advantages. First, it facilitates the

biological interpretation of the sensitivities by identifying all of

the indirect pathways through the community that influence the

sign and magnitude of the response (summarized in Table 3). Sec-

ond, it identifies the effects specific biological processes have on

the signs of the sensitivities because each Jacobian entry corre-

sponds to a specific set of biological processes. Thus, the approach

identifies how specific characteristics of other species affect infec-
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tion prevalence in the focal host and if and why those characteris-

tics have context-dependent effects. Third, because the analytical

formulas apply to all points in parameter space, they provide

insight about what characteristics of other hosts promote higher

or lower infectious prevalence in the focal host. However, because

the approach is based on a local sensitivities, it may not accurately

capture the effects of large changes in parameters.

3.1.1. Effects of varying excretion (v2) and uptake (uW i
) rates

Increased excretion of infectious propagules by host 2 (larger

v2) increases focal host infectious prevalence. Increased uptake of

infectious propagules by host 2 (larger uW i
for W 2 S; I;Rf g)

decreases focal host infection prevalence. The intuition is that

increases in excretion and uptake, respectively, cause an increase

and decrease in infectious propagule density, which increases

and decreases contacts between infectious propagules and suscep-

tible individuals of the focal host.

The sensitivity of focal host infection prevalence to the excre-

tion rate of host 2 is

@Y�
1

@v2

¼
�jAj

jJj
Y�

2N
�
2

zfflffl}|fflffl{
v2!P�

b1X
�
1N

�
1

zfflfflfflffl}|fflfflfflffl{
P�!Y�

1

Qv2
: ð10Þ

where Qv2
is a positive quantity; see Appendix S2.1 for details. The

sensitivities for the uptake rates of host 2, @Y�
1=@uW2

for

W 2 S; I;Rf g, are the same except that Y�
2N

�
2 is replaced with

�W�
2P

�; see Appendix S2.1 for details.

Pieces of Eq. (10) can be interpreted in terms of indirect path-

ways. First, the product Y�
2N

�
2b1X

�
1N

�
1 represents the indirect path-

way v2 ! P� ! Y�
1. In this pathway, increased excretion by host 2

increases the density of infectious propagules (v2 ! P�) and

increased infectious propagule density increases contacts between

infectious propagules and susceptible individuals of the focal host,

which causes an increase in focal host infection prevalence

(P� ! Y�
1). Similarly, in the sensitivity for the uptake rate of class

W2, the product �W�
2P

�
b1X

�
1N

�
1 represents the indirect pathway

uW2
! P� ! Y�

1. In that pathway, increased uptake by host 2

decreases the density of infectious propagules (uW2
! P�) which

reduces contacts with susceptible individuals of the focal host

and causes a decrease in focal host infection prevalence

(P� ! Y�
1). Second, the determinant jAj represents the influence of

all direct and indirect pathways that only involve intraspecific

and interspecific competitive interactions between the host spe-

cies. This set of pathways is denoted � Nif gni¼1. I expect the compet-

itive interactions between all host species to be consistent with

stability in most empirical systems; this means sign jAjð Þ ¼ �1ð Þn.

When the competitive interactions between all host species

are consistent with stability, Eq. (10) is positive and the corre-

sponding equation for the uptake rates is negative. This means

that increased excretion by host 2 increases focal host infection

prevalence and increased uptake by any class in host 2 decreases

focal host infection prevalence. The mechanism is simply that

increased excretion and increased uptake indirectly affect focal

host infection prevalence by increasing or decreasing, respec-

tively, the density of infectious propagules.

In rare cases, the competitive interactions between host species

may be inconsistent with stability, i.e., sign jAjð Þ ¼ �1ð Þn�1. Under

this condition, the infectious propagules exhibit a hydra effect,

which means that any process that increases the growth rate of

infectious propagules (e.g., vi) causes a decrease in its equilibrium

density. Consequently, increased excretion by host 2 decreases

focal host infection prevalence and increased uptake by any class

in host 2 increases focal host infection prevalence. This shows that

the general predictions about excretion and uptake in the previous

paragraph can be reversed if the infectious propagules exhibit a

hydra effect. However, in the following sections I do consider such

systems because I expect them to be rare in nature.

3.1.2. Effects of varying the transmission coefficient (b2)

In most cases, increasing the transmission coefficient of host 2

(b2) increases infection prevalence in the focal host. The intuition

is that increased transmission leads to increased prevalence in host

2, which leads to greater infectious propagule density and

increased contact between infectious propagules and susceptible

individuals of the focal host. This prediction can be reversed if (i)

host 2 is a sink and infected individuals of host 2 have larger

uptake rates than susceptible individuals, (ii) host 2 is a source

and infected individuals of host 2 are stronger competitors than

susceptible individuals, or (iii) host 2 has stronger interspecific

competitive effects on sink hosts than source hosts.

The sensitivity of focal host infection prevalence to the trans-

mission coefficient of host 2 is

Table 3

Indirect pathways determining how the characteristics and density of host 2 affect focal host infection prevalence.

Sensitivity Indirect Pathway Sign of Indirect Effecty

Expected Sign u2 < 0 & uS2 � uI2 I2 stronger competitors

@Y�
1

@v2

v2 ! P� ! Y�
1 +

@Y�
1

@uW2

uW2
! P� ! Y�

1 W 2 S; I;Rf g �

@Y�
1

@b2
b2 ! Y�

2 ! P� ! Y�
1 + �

b2 ! Y�
2 ! N�

2 ! P� ! Y�
1 �u2

b2 ! Y�
2 ! N�

i ! P� ! Y�
1 i– 2 ui �u2

@Y�
1

@l2

l2 ! Y�
2 ! P� ! Y�

1 � +

l2 ! Y�
2 ! N�

2 ! P� ! Y�
1 u2

l2 ! Y�
2 ! N�

i ! P� ! Y�
1 i– 2 �ui ui

l2 ! N�
2 ! P� ! Y�

1 �u2

l2 ! N�
2 ! N�

i ! P� ! Y�
1 i– 2 ui

@Y�
1

@a2k

a2k ! N�
j ! P� ! Y�

1 �uj

a2k ! N�
j ! N�

i ! P� ! Y�
1 i– j ui

dY
�
1

dN
�
2

N�
2 ! P� ! Y�

1 u2

N�
2 ! N�

i ! P� ! Y�
1 i– 2 �ui

y Column ‘‘Expected Sign” shows the expected signs of the indirect effects for most systems with the sign structure given in Table 1. Column ‘‘u2 < 0 & uS2 � uI2 ” shows the

different signs that can occur when host 2 is a sink and the uptake rates of infected individuals of host 2 are much larger than the uptake rate of susceptible individuals.

Column ‘‘I2 stronger competitors” shows the different signs that can occur when infected individuals of host 2 are stronger interspecific competitors than susceptible

individuals. Host i is a sink and source if ui < 0 and ui > 0, respectively.
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@Y�
1

@b2
¼ X�

2N
�
2P

�
zfflfflfflffl}|fflfflfflffl{
b2!Y�

2

�jAj
jJj

N�
2

Y�
2

u2Y
�
2 þ uS2P

�
� �

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{
Y�
2!P�

þ
Xn

i¼1

jAY2!Ni
j

jJj
uiY

�
i

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{
Y�
2!N�

i
!P�

2

6664

3

7775b1X
�
1N

�
1

zfflfflfflffl}|fflfflfflffl{
P�!Y�

1

Qb2

ð11Þ

where Qb2
is a positive quantity; see Appendix S2.2 for details. Eq.

(10) shows that increasing the transmission coefficient of host 2

affects focal host infection prevalence through three kinds of indi-

rect pathways: (1) b2 ! Y�
2 ! P� ! Y�

1, (2)

b2 ! Y�
2 ! N�

2 ! P� ! Y�
1, and (3) b2 ! Y�

2 ! N�
i ! P� ! Y�

1 for

i – 2.

The first pathway is defined by the first term in brackets. In that

pathway, increased transmission increases infection prevalence in

host 2 (b2 ! Y�
2), increased prevalence in host 2 affects the produc-

tion rate of infectious propagules by host 2 (Y�
2 ! P�), and changes

in infectious propagule density affect focal host infection preva-

lence (P� ! Y�
1). Under the assumption sign jAjð Þ ¼ �1ð Þn, the sign

of the indirect effect for this pathway is u2Y
�
2 þ uS2P

�. As shown

in Remark S1.1 in Appendix S1.3, that quantity is positive unless

host 2 is a sufficiently large sink (u2 negative and large in magni-

tude) and infected individuals have greater uptake rates than sus-

ceptible individuals (uIi > uSi ). Consequently, this pathway has a

positive indirect effect unless host 2 is a sufficiently large sink

and infected individuals of host 2 have greater uptake rates than

susceptible individuals.

The second pathway is defined by the i ¼ 2 term in the sum in

brackets. In that pathway, increased transmission increases infec-

tion prevalence in host 2 (b2 ! Y�
2); increased prevalence

decreases the density of host 2 due to disease-induced mortality

and intraspecific competition between infected and susceptible

individuals (Y�
2 ! N�

2); decreased density of host 2 affects infec-

tious propagule density (N�
2 ! P�), which depends on whether host

2 is a source (u2 > 0) or sink (u2 < 0); and changes in infectious

propagule density affect focal host infection prevalence

(P� ! Y�
1). Under the assumed signs in Table 2, the sign of the indi-

rect effect for this pathway is �u2. Thus, this pathway has a posi-

tive indirect effect when host 2 is a sink and a negative indirect

effect when host 2 is a source. In addition, because this indirect

pathway involves intraspecific competition between susceptible

and infected individuals, the magnitude of the indirect effect is lar-

ger when infected individuals of host 2 are stronger intraspecific

competitors than susceptible individuals.

The third kind of pathway is defined by the i – 2 terms in the

sum in brackets. These pathways are similar to the previous path-

way, except that they account for how increased prevalence in host

2 alters the total interspecific competitive effect of host 2 on host i

(Y�
2 ! N�

i ) and how changes in the density of host i affect infectious

propagule density (N�
i ! P�), which depends on whether host i is a

source (ui > 0) or sink (ui < 0). Under the assumed signs in Table 2,

the sign of the indirect effect for these pathways are �ui when

infected individuals of host 2 are weaker competitors than suscep-

tible individuals and ui when infected individuals of host 2 are

stronger competitors than susceptible individuals. In addition,

because these indirect pathways involve interspecific competition,

the magnitude of each indirect effect is stronger when host 2 has

stronger direct and indirect interspecific competitive effects on

host i.

Responses in focal host infection prevalence to increases in the

transmission coefficient of host 2 are determined by the three

kinds of indirect pathways in the following way. Increases in b2

often cause higher focal host infection prevalence (increasing

curves in Fig. 1A-D) because the indirect effects of the first path-

way and some of the other pathways are often positive. There

are three cases under which the prediction can be reversed. First,

if host 2 is a sink and infected individuals of host 2 have larger

uptake rates than susceptible individuals, then increases in b2

can cause lower focal host infection prevalence because the indi-

rect effect of the first pathway is negative (decreasing blue exes

in Fig. 1B). Second, if host 2 is a source and infected individuals

are stronger competitors than susceptible individuals, then

increases in b2 can cause lower focal host infection prevalence

because the indirect effect of the second pathway is negative and

large in magnitude (decreasing parts of red plus signs and magenta

open circles in Fig. 1C). Third, if host 2 has strong interspecific com-

petitive effects on sink hosts, then increases in b2 can cause lower

focal host infection prevalence (decreasing parts of red plus signs

and magenta open circles in Fig. 1D) because the indirect effects

of the third kind of pathway are negative and large in magnitude.

In principle, increases in b2 can cause lower focal host infection

prevalence if host 2 has strong interspecific competitive effects

on source hosts and infected individuals of host 2 are stronger

competitors than susceptible individuals. However, I was unable

to find numerical examples of this, which suggests it may be unli-

kely to arise in nature.

3.1.3. Effects of varying disease-induced mortality (l2)

In most cases, increasing disease-induced mortality in host 2

(l2) decreases infection prevalence in the focal host. The intuition

is that increased disease-induced mortality leads to decreased

prevalence in host 2, which leads to lower infectious propagule

density and decreased contact between infectious propagules and

susceptible individuals of the focal host. This prediction can be

reversed if (i) host 2 is a sufficiently large sink or (ii) if host 2 is

a small sink and infected individuals of host 2 have sufficiently lar-

ger uptake rates than susceptible individuals.

The sensitivity of focal host infection prevalence to the disease-

induced mortality rate of host 2 is

@Y�
1
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¼ Y�
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where Ql2
and Q 0l2

are positive quantities; see Appendix S2.3 for

details. Eq. (12) shows that increasing the disease-induced mortal-

ity rate of host 2 affects focal host infection prevalence through five

kinds of indirect pathways: (1) l2 ! Y�
2 ! P� ! Y�

1, (2)

l2 ! Y�
2 ! N�

2 ! P� ! Y�
1, (3) l2 ! Y�

2 ! N�
i ! P� ! Y�

1 for i – 2,

(4) l2 ! N�
2 ! P� ! Y�

1, and (5) l2 ! N�
2 ! N�

i ! P� ! Y�
1. The first

three kinds of pathways are the same as the pathways for

@Y�
1=@b2, except that the signs of the indirect effects are reversed

because increased disease-induced mortality has a negative direct

effect on prevalence in host 2 (l2 ! Y�
2); see Table 3 for a summary

of the signs of the indirect effects associated with each indirect

pathway.

The fourth kind of pathway is defined by the i ¼ 2 term in the

second sum. In that pathway, increased mortality reduces the den-

sity of host 2 (b2 ! N�
2); reduced density of host 2 increases or

decreases infectious propagule density (N�
2 ! P�) depending on

whether host 2 is a sink (u2 > 0) or source (u2 < 0), respectively;

and changes in infectious propagule density affect focal host infec-

tion prevalence (P� ! Y�
1). Under the assumed signs in Table 2, the

sign of the indirect effect for this pathway is �u2. Thus, this path-
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way has a positive indirect effect when host 2 is a sink (because

there is a decrease in the density of sink hosts) and a negative indi-

rect effect when host 2 is a source (because there is a decrease in

the density of source hosts).

The fifth kind of pathway is defined by the i – 2 terms in the

second sum. These pathways are similar to the previous pathway,

except that they account for how decreased density of host 2 alters

the total interspecific competitive effect of host 2 on host i

(N�
2 ! N�

i ) and how changes in the density of host i affect infectious

propagule density (N�
i ! P�), which depends on whether host i is a

source (ui > 0) or sink (ui < 0). Under the assumed signs in Table 2,

the sign of the indirect effect for this pathway is ui. Each pathway

has a positive indirect effect when host i is a source, because there

is an increase in density of source hosts; each pathway has a neg-

ative indirect effect when host i is a sink, because there is an

increase in density of sink hosts. In addition, because these indirect

pathways involve interspecific competition, the magnitude of each

indirect effect is stronger when host 2 has stronger direct and indi-

rect interspecific competitive effects on host i.

Responses in focal host infection prevalence to increased

disease-induced mortality in host 2 are determined by the five

kinds of indirect pathways in the following way. Increases in l2

often cause lower focal host infection prevalence (decreasing red

plus signs and magenta open circles in Fig. 1E,F) because the indi-

rect effects of the first pathway and some of the other pathways

are often negative. There are two cases under which the prediction

can be reversed when host 2 is a sink. First, if host 2 is a sufficiently

large sink, then increases in l2 can increase focal host infection

prevalence because the indirect effect of the fourth pathway is pos-

itive (increasing cyan filled circles and blue exes in Fig. 1E). Second,

if host 2 is small sink and infected individuals of host 2 have suffi-

ciently larger uptake rates than susceptible individuals, then

increases in l2 can increase focal host infection prevalence because

the indirect effect of the first pathway is positive (increasing cyan

filled circles and blue exes in Fig. 1F).

In principle, when host 2 is a source, increases in l2 can

increase focal host infection prevalence if either (i) infected indi-

viduals of host 2 are weaker competitors than susceptible individ-

uals and host 2 has strong competitive effects on sink hosts or (ii)

infected individuals of host 2 are stronger competitors than sus-

ceptible individuals and host 2 has strong competitive effects on

source hosts; these responses are driven by the indirect effects of

the third and fifth pathways, respectively. I was unable to find

numerical examples of this, which suggests these scenarios may

be unlikely to arise in nature. In addition, condition (i) causes the

terms with matching indices in the two sums in Eq. (12) to have

opposite signs. The counteracting indirect effects from the different

pathways make it less likely that the indirect effects from one of

the pathways will be sufficiently strong to reverse the prediction.

Overall, this suggests that focal host infection prevalence will

decrease when a source host experiences increased mortality.

3.1.4. Effects of varying the level of competition experienced by a host

Increasing the competition experienced by host j often

decreases focal host infection prevalence when host j is source

and increases focal host infection prevalence when host j is sink.

However, if interspecific competition is sufficiently strong and

asymmetric, then increasing the competition experienced by host

j can decrease or increase focal host infection prevalence when
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Fig. 1. Responses in focal host infection prevalence (Y�
1) to increased competence of a non-focal host depend on the competence and competitive interactions of the non-focal

host. (A) Increases in the transmission parameter of host 2 often cause increased focal host infection prevalence when host 2 is a sink (blue exes, cyan filled circles) or source

(red plus signs, magenta open circles). (B) If infected individuals of host 2 have larger uptake rates then susceptible individuals, then increases in the transmission parameter

of host 2 cause focal host infection prevalence to increase when host 2 is a source (red plus signs, magenta open circles) or small sink (cyan filled circles) and decrease when

host 2 is a sufficiently large sink (blue exes). (C) If infected individuals of host 2 are stronger competitors than susceptible individuals, then increases in the transmission

parameter of host 2 cause focal host infection prevalence to increase when host 2 is a sink (blue exes, cyan closed circles) and decrease when host 2 is a source (red plus signs,

magenta open circles). (D) If host 2 has stronger interspecific competitive effects on sink hosts than source hosts, then increases in the transmission parameter of host 2 cause

focal host infection prevalence to increase when interspecific competition is sufficiently weak (blue exes, cyan closed circles) and decrease when interspecific competition is

strong (red plus signs, magenta open circles). (E) Increases in disease-induced mortality of host 2 cause focal host infection prevalence to decrease when host 2 is a source (red

plus signs, magenta open circles) or small sink (cyan closed circles) and increase when host 2 is a sufficiently large sink (blue exes). (F) If host 2 is a source, then increases in

disease-induced mortality of host 2 cause focal host infection prevalence to decrease unless infected individuals have sufficiently larger uptake rates than susceptible

individuals (cyan filled circles, blue exes). Simulations are from a four-host models with parameter values defined as in Table 1 except those denoted in the legends and (A)

d ¼ 0:1;v1 ¼ v3 ¼ v4 ¼ 15, (B) d ¼ 0:1;uI2 ¼ 60, (C) d ¼ 1; eij ¼ 2;uSi ¼ uIi ¼ uRi ¼ 10 (D) d ¼ 0:9;v2 ¼ 20;v1 ¼ v3 ¼ v4 ¼ 10, (E) d ¼ 1;uSi ¼ uIi ¼ uRi ¼ 10, (F)

uSi ¼ uIi ¼ uRi ¼ 10..
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host j has stronger competitive effects on source and sink hosts,

respectively.

Let ajk be a parameter that only has a negative effect on the

reproduction rate of host j, i.e., @F j=@ajk < 0 and @F i=@ajk ¼ 0 for

i – j. Increases in ajk are interpreted as an increase in the

intraspecific or interspecific competition experienced by host j.

For example, in a Lokta-Volterra competition model ajk would be

the competition coefficient describing the competitive effects of

host k on host j. The sensitivity of focal host infection prevalence

to competition coefficients affecting the focal host and competition

coefficients affecting host 2, respectively, are

@Y�
1

@a1k
¼ �
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where Qa1k
and Qa2k

are positive quantities; see Appendices S2.5

and S2.6 for details. Eqs. (13) and (14) show that increased compe-

tition experienced by host j affects focal host disease prevalence

through two kinds of pathways: (1) ajk ! N�
j ! P� ! Y�

1 and (2)

ajk ! N�
j ! N�

i ! P� ! Y�
1 for i– j.

In the first kind of pathway, increased competition reduces the

density of host j (ajk ! N�
j Þ; reduced density of host j increases or

decreases infectious propagule density (N�
j ! P�) depending on

whether host j is a sink (/j < 0) or source (/j > 0), respectively;

and changes in infectious propagule density affect focal host infec-

tion prevalence (P� ! Y�
1). Under the assumed signs in Table 2, the

sign of the indirect effect for this pathway is �uj. This pathway has

a positive indirect effect on focal host infection prevalence when

host j is a sink, because increased competition decreases the den-

sity of the sink host, which causes an increase in infectious propag-

ule density. The pathway has a negative indirect effect on focal

host infection prevalence when host j is a source, because

increased competition decreases the density of the source host,

which causes a decrease in infectious propagule density.

The second kind of pathway is similar, except that decreased

density of host j reduces the effects of competition on host i

(N�
j ! N�

i ), which causes its density to increase, and increased den-

sity of host i increases or decreases infectious propagule density

(N�
i ! P�) depending on whether host i is a source (/i > 0) or sink

(/i < 0), respectively. Under the assumed signs in Table 2, the signs

of the indirect effects for these pathways are ui. Consequently,

these pathways have positive and negative indirect effects on focal

host infection prevalence when host i is a source and sink, respec-

tively. Because these indirect pathways involve interspecific com-

petition, the magnitude of each indirect effect is stronger when

host j has stronger direct and indirect competitive effects on host

i. In addition, if host j has asymmetrically strong competitive

effects on other host species, then the pathways involving hosts

experiencing stronger competition will be larger in magnitude.

Responses in focal host infection prevalence to host j experienc-

ing increased competition are determined by the two kinds of

pathways in the following way. If interspecific competition is suf-

ficiently weak, then the indirect effects for the first kind of path-

way will be larger in magnitude than the indirect effects for the

second kind of pathway. Consequently, if interspecific competition

is sufficiently weak, then the effect of the host j experiencing

increased competition is an increase in focal host infection preva-

lence when host j is a sink (increasing blue exes and magenta open

circles in Fig. 3A,C) and a decrease in focal host infection preva-

lence when host j is a source (decreasing blue exes and magenta

open circles in Fig. 3B,D). If interspecific competition is sufficiently

strong (but still weaker than intraspecific competition), then the

indirect effects for the second kind of pathway will be large in

magnitude. In this case, if host j has stronger competitive effects

on sink hosts than source hosts, then focal host infection preva-

lence will decrease when host j experiences increased competition

(decreasing red plus signs in Fig. 3A,C). Alternatively, if host j has

stronger competitive effects on source hosts than sink hosts, then

focal host infection prevalence will increase when host j experi-

ences increased competition (increasing red plus signs in Fig. 3B,

D).

3.2. Responses in focal host infection prevalence to variation in the

density of other hosts

When host 2 is a weak interspecific competitor, responses in

focal host infection prevalence to increased density of host 2 are

driven by whether host 2 is a source or sink: focal host infection

prevalence increases when host 2 is a source and decreases when

host 2 is a sink. The intuition is that increased density of a source

host results in increased infectious propagule density whereas

increased density of a sink host results in decreased infectious

propagule density. In contrast, when host 2 has asymmetric and

strong interspecific competitive interactions on other host species,

responses in focal host infection prevalence to increased density of

host 2 can be driven by whether the other host species are sinks or

sources: focal host infection prevalence can increase when host 2

has stronger competitive effects on sink hosts and decrease when

host 2 has stronger competitive effects on source hosts. The intu-

ition is that increased density of host 2 suppresses the densities

of sink and source hosts (via interspecific competition), which

causes infectious propagule density to increase and decrease,

respectively.

The sensitivity of focal host infection prevalence to the equilib-

rium density of host 2 is computed using the ratio,

dY
�
1

dN
�
2

¼
@Y�

1

@a22

=
@N�

2

@a22

: ð15Þ

Throughout, I assume that increase in a22 cause a decrease in

the equilibrium density of host 2, i.e., @N�
2=@a22 < 0. The opposite

condition (@N�
2=@a22 > 0) is only satisfied when host 2 experiences

a (generalized) hydra effect (Abrams, 2009), wherein reduced

reproductive output of the host causes an increase in its density.

Generalized hydra effects are possible in model (6) when inter-

specific host competition is sufficiently strong, however I expect

most empirical systems will satisfy @N�
2=@a22 < 0 because hydra

effects at stable equilibria are less likely in parameter space than

not.

The analysis of Eq. (15) is similar to the analysis of Eq. (14).

Specifically, the effect of increased density of host j on focal host

infection prevalence is determined by two kinds of pathways: (1)

N�
j ! P� ! Y�

1 and (2) N�
j ! N�

i ! P� ! Y�
1 for i – j. In the first path-

way, increased density of host 2 directly increases or decreases

infectious propagule density (N�
j ! P�) depending on whether host

2 is a source (u2 > 0) or sink (u2 < 0), respectively. The indirect

effect of that pathway on focal host infection prevalence is positive

when host 2 is a source and negative when host 2 is a sink. In the

second kind of pathway, increased density of host 2 suppresses the

density of host i (N�
j ! N�

i ) and decreased density in host i causes a

decrease or increase in infectious propagule density (N�
i ! P�)

depending on whether host i is a source (u2 > 0) or sink
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(u2 < 0), respectively. For each pathway of the second kind, the

indirect effect on focal host infection prevalence is negative when

host i is a source and negative when host i is a sink.

Responses in focal host infection prevalence to increased den-

sity of 2 are determined by the two kinds of pathways in the fol-

lowing way. When interspecific competition is weak, the indirect

effect of the first kind of pathway is larger in magnitude than the

indirect effects of the second kind of pathway. In this case, the

responses to increased density of host 2 only depend on the char-

acteristics of host 2. Specifically, increased density of host 2

increases focal host infection prevalence when host 2 is a source

(increasing red plus signs and magenta open circles in Fig. 3A;

increasing blue exes and magenta open circles in Fig. 3B) and

decreases focal host infection prevalence when host 2 is a sink (de-

creasing cyan filled circles and blue exes in Fig. 3A; decreasing blue

exes and magenta open circles in Fig. 3C). As interspecific compe-

tition becomes stronger, the indirect effects of the second kind of

pathway become larger in magnitude. If host 2 has strong and

asymmetric competitive effects on other host species, then the

responses to increased density of host 2 may be driven by the char-

acteristics of the host species experiencing the stronger competi-

tive effects. Specifically, if host 2 has stronger competitive effects

on source hosts than sink hosts, then increased density of host 2

can cause focal host prevalence to decrease (decreasing red plus

signs in Fig. 3B). If host 2 has stronger competitive effects on sink

hosts than source hosts, then increased density of host 2 can cause

focal host prevalence to increase (increasing red plus signs in

Fig. 2C).

The above yields the following predictions about how the addi-

tion or removal of host 2 affects focal host infection prevalence. In

many cases, the addition of host 2 will increase or decrease focal

host infection prevalence when host 2 is a source or sink, respec-

tively. However, if host 2 has strong and asymmetric competitive

effects on other host species, then the addition of host 2 can

increase or decrease focal host infection prevalence when host 2

has stronger competitive effects on sink and source hosts, respec-

tively. These predictions are guaranteed to be accurate if the sign

of Eq. (15) is constant for all values of a22 and the removal of host

2 does not cause any other host species to go extinct (true for

Fig. 3). However, if the sign of Eq. (15) is not constant or removal

of host 2 causes the extinction of other host species, then the pre-

diction may be inaccurate.

3.3. Responses in focal host infection prevalence to pathogen

transmission mechanism

I now explore how the pathogen transmission mode influences

changes in focal host infection prevalence in response to the addi-

tion of one or more hosts to the community. After a host is added

to a community, focal host infection prevalence is lower under

frequency-dependent direct transmission (FDDT) than density-

dependent direct transmission when (i) the introduced hosts have

lower competence compared to resident hosts and (ii) introduced

hosts and resident hosts have weak interspecific competitive

effects. Under the opposite conditions, the addition of a host to a

community leads to higher focal host infection prevalence under

FDDT than DDDT.

The approach in this section involves three steps. First, I assume

there is a subcommunity where a subset of the host species stably

coexist with the pathogen and the other host species are initially

absent. To simplify the presentation, I focus on the case where host

2 is initially absent and the other n� 1 host species stably coexist;

cases where two or more host species are absent have similar

results and are addressed in Appendix S2.7. Let p̂ denote the stable

endemic equilibrium of the subcommunity where host 2 is absent

(hereafter, the ‘subcommunity equilibrium’) and let bU denote the

total per infectious propagule uptake rate evaluated at the sub-

community equilibrium.

Second, the infectious propagule equation is rewritten as

dP

dt
¼
X

i

viY iNi � f qð ÞUP � qdP ð16Þ

where the change of parameters function, f qð Þ, transforms the envi-

ronmental transmission (ET) model from a form that behaves like a

frequency-dependent direct transmission (FDDT) model (q ¼ 0) to a

form that behaves like a density-dependent direct transmission

(DDDT) model (f qð Þ ¼ 0). Here, f qð Þ is a decreasing linear function
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Fig. 2. Responses in focal host infection prevalence (Y�
1) to increased competition experienced by the focal host (a12) or a non-focal host (a21). (A,B) If interspecific competition

is sufficiently weak (blue exes, magenta open circles), then responses in focal host infection prevalence are driven by whether the host experiencing increased competition is

a sink or source: focal host infection prevalence (A,C) increases when the host experiencing increased competition is a sink and (B,D) decreases when the host experiencing

increased competition is a source. If interspecific competition is sufficiently strong (red plus signs), then responses in focal host infection prevalence are driven by whether

the host experiencing increased competition has stronger interspecific competitive effects on sink or source hosts: focal host infection prevalence (A,B) decreases when the

host experiencing increased competition has stronger competitive effects on source hosts and (B,D) increases when the host experiencing increased competition has stronger

competitive effects on sink hosts. Simulations are from a four-host models with parameter values defined as in Table 1 except (A) d ¼ 30, (b1;b2; b3; b4Þ ¼ 2;1;3;2ð Þ,

(v1;v2;v3;v4Þ ¼ 1;20;20;1ð Þ, (B) d ¼ 30, (b1; b2; b3;b4Þ ¼ 3;2;4;3ð Þ, (v1;v2;v3;v4Þ ¼ 20;1;1;20ð Þ, (C) (b1; b2;b3;b4Þ ¼ 1;2;3;2ð Þ, (v1;v2;v3;v4Þ ¼ 20;1;1;1ð Þ, (D) d ¼ 20,

(b1;b2; b3; b4Þ ¼ 1;2;3;2ð Þ, (v1;v2;v3;v4Þ ¼ 1;20;20;20ð Þ. The competition coefficients aij are given by the entries of the matrices (A,B)

1 a12 0:9a 0:5a
0:8a 1 0:7a 0:1a
0:1a 0:9a 1 0:9a
0:9a 0:5a 0:6a 1

2

664

3

775 and (C,D)

1 0:1a 0 0
a21 1 0:1a 0:1a
0 0:9a 1 0:1a
0 0:9a 0:1a 1

2

664

3

775 where a is 1 (red plus signs), 0.3 (magenta open circles), or 0 (blue exes)..
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that holds constant the total per capita loss rate of infectious

propagules at the subcommunity equilibrium (bU þ d). The coeffi-

cients of f qð Þ ¼ aqþ b are found by solving the equation

f qð ÞUP þ qdP ¼ bUP þ dP, which yields f qð Þ ¼ 1þ d 1� qð Þ=bU for

0 6 q 6 1þ bU=d. The advantage of using this particular change of

parameters function is that the subcommunity equilibrium (p̂) is

independent of the value of q. This simplifies the analysis because

transforming the model from a FDDT-form (q ¼ 0) to a DDDT-

form (q ¼ 1þ bU=d) only affects the host densities and prevalences

at the endemic equilibrium with all n species (p�). The biological

interpretation of this constraint is that focal host infection preva-

lence in the subcommunity is known, the pathogen transmission

mechanism is unknown, and focal host infection prevalence in the

full community is unknown. Small changes in q define how focal

host infection prevalence (after the addition of host 2) depends on

the relative contributions of degradation and uptake to the loss of

infectious propagules. Varying q between 0 and 1þ bU=d shows

how focal host infection prevalence depends on whether environ-

mental transmission behaves more like FDDT or DDDT, respectively.

In particular, an increase or decrease in focal host infection preva-

lence between q ¼ 0 and q ¼ 1þ bU=d means that FDDT promotes

lower or higher focal host infection prevalence, respectively, when

host 2 is added to the community. The disadvantage of using this

specific change of parameters function is that the competencies of

the host species (vibi=uSi li þmi þ mi
� �

) are not held constant as

the model is transformed between forms.

The third step is to compute the sensitivity,

@Y�
1

@q
¼ �jAj

jJj

P�
dbU

f qð Þ

b2v2

l2þm2þm2
X�

2N
�
2þ
X

i–2

bivi

li þmi þmi
X�
i N

�
i �
bX i
bN i

� �
 �zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{q!P�

b1X
�
1N

�
1

zfflfflfflffl}|fflfflfflffl{
P�!Y�

1

Qq

ð17Þ

where Qq is a positive quantity; see Appendix S2.7 for details. Eq.

(17) shows that varying the relative magnitudes of degradation

and uptake affects focal host infection prevalence through the indi-

rect pathway q ! P� ! Y�
1. Specifically, varying the magnitudes of

degradation and uptake alters infectious propagule density

(q ! P�), which in turn affects contacts between infectious propag-

ules and susceptible individuals of the focal host and focal host

infection prevalence (P� ! Y�
1).

The sign of Eq. (17) depends on the competences of all hosts and

the competitive effects of host 2 on the other host species. As pro-

ven in Appendix S2.7, Eq. (17) is positive in the absence of inter-

specific competition, unless host 2 has sufficiently high

competence (specifically, v2 is sufficiently large). This means that

if there is no interspecific competition, then focal host infection

prevalence is higher under DDDT than FDDT (three increasing

curves in Fig. 4A), unless host 2 has very high competence relative

to the other host species (decreasing red plus signs in Fig. 4A).

More generally, Eq. (17) is positive, unless

bivi S�i �
bSi

� �
= li þmi þ mi
� �

is negative and sufficiently large in

magnitude for some i– 2. Each term bivi S�i �
bSi

� �
= li þmi þ mi
� �

is negative when S�i is small, which is more likely when host 2

has higher competence than host i and host 2 has strong total com-

petitive effects on host i. For example, if the competence of host 2

is sufficiently greater than the competences of all other host spe-

cies, then focal host infection prevalence is higher under FDDT than

DDDT regardless of whether host 2 is a weak or strong interspecific

competitor (decreasing curves in Fig. 4B). In contrast, if the compe-

tence of host 2 is similar to or lower than the competences of the

other host species, then focal host infection prevalence is higher

under FDDT than DDDT only when host 2 has sufficiently strong

interspecific competitive effects on the other host species (decreas-

ing red plus signs in Fig. 4C,D).

The above results and those in Appendix S2.7 predict the fol-

lowing about how the pathogen transmission mode influences

changes in focal host infection prevalence in response to the addi-

tion of one or more host species to a community. The introduction

of additional host species causes lower focal host infection preva-

lence under FDDT than DDDT when (i) resident hosts have higher

competence and the introduced hosts have lower competence, (ii)

resident hosts have weak interspecific competitive effects on the

introduced hosts, and (iii) the introduced hosts are weak inter-

specific and intraspecific competitors. Under the opposite condi-

tion, the introduction of additional host species to the

subcommunity causes higher focal host infection prevalence under

FDDT than DDDT.
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Fig. 3. Responses in focal host infection prevalence (Y�
1) to increased density of a non-focal host (N�

2). (A) In the absence of interspecific competition, increased density of a

non-focal host causes focal host infection prevalence to increase when the non-focal host is a source (red plus signs, magenta open circles) and decrease when the non-focal

host is a sink (blue exes, cyan closed circles). (B,C) If interspecific competition is sufficiently weak (blue exes, magenta open circles), then responses in focal host infection

prevalence are driven by whether the non-focal host is a sink or source: focal host infection prevalence (B) increases when the non-focal host is a source and (C) decreases

when the non-focal host is a sink. If interspecific competition is sufficiently strong (red plus signs), then responses in focal host infection prevalence are driven by whether the

non-focal host has stronger interspecific competitive effects on sink or source hosts: focal host infection prevalence (B) decreases when the non-focal host has stronger

competitive effects on source hosts and (C) increases when the non-focal host has stronger competitive effects on sink hosts. Simulations are from a four-host model with

parameter values defined as in Table 1 except those denoted in the legends and (A) d ¼ 0:1;v1 ¼ v3 ¼ v4 ¼ 10, (B) d ¼ 30,

(b1;b2; b3; b4Þ ¼ 2;1;3;2ð Þ; v1;v2;v3;v4

� �
¼ 5;20;20;5ð Þ, (C) d ¼ 20, (b1;b2;b3; b4Þ ¼ 1;2;3;2ð Þ; v1;v2;v3;v4

� �
¼ 20;1;20;1ð Þ. In (B,C) the competition coefficients aij are

given by the entries of

1 0:9a 0:8a 0:1a
0:4a a22 0:7a 0:7a
0:1a 0:9a 1 0:5a
0:9a 0:9a 0:6a 1

2

664

3

775 where a22 varies from 1 to 25 and a is 1 (red plus signs), 0.3 (magenta open circles), and 0 (blue exes)..
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Translating these predictions to predictions about amplification

and dilution of disease yields the following. Introduced hosts are

more likely to amplify disease less and dilute disease more under

FDDT than DDDT when (i) the introduced hosts have lower compe-

tence compared to resident hosts and (ii) interspecific competitive

interactions between resident and introduced hosts are weak. In

comparison, introduced hosts are more likely to amplify disease

less and dilute disease more under DDDT when (i) the introduced

hosts have higher competence compared to resident hosts and (ii)

interspecific competitive interactions between resident and intro-

duced hosts are strong.

4. Discussion

Host biodiversity-disease relationships are likely to be context-

dependent (LoGiudice et al., 2008; Randolph and Dobson, 2012;

Wood et al., 2016; Rohr et al., 2019), motivating calls for theory

that identifies the specific characteristics of host and pathogen spe-

cies that promote amplification or dilution of disease in natural

communities (Buhnerkempe et al., 2015; Halsey, 2019; Rohr

et al., 2019). Building on prior work (Roberts and Heesterbeek,

2018; Cortez and Duffy, 2021), I used local sensitivity analysis to

explore the context-dependent ways host competence, host com-

petition, host density, and the pathogen transmission mechanism

influence infection prevalence in a focal host. My predictions about

how host characteristics influence infection prevalence in a focal

host are the following. Increased competence of a non-focal host

increases infection prevalence in a focal host (Fig. 1A,E) unless (i)

the non-focal host is a sufficiently large sink (Fig. 1D,E,F), (ii) the

non-focal host is a source and infected individuals of the non-

focal host are stronger competitors than susceptible individuals

(Fig. 1B), or (iii) the non-focal host has stronger interspecific com-

petitive effects on sink hosts than source hosts (Fig. 1C). In many

cases, increased competition experienced by a non-focal host

increases or decreases, respectively, focal host infection prevalence

when the non-focal host is sink or source (blue exes and magenta

open circles in Fig. 2). However, if a non-focal host has strong and

asymmetric competitive effects on other hosts, then increased

competition experienced by a non-focal host increases or decreases

focal host infection prevalence when the non-focal host has stron-

ger competitive effects on source and sink hosts, respectively (red

plus signs in Fig. 2). These results provide support (albeit indirect)

to prior claims that species characteristics are likely to have

context-dependent effects on host biodiversity-disease

relationships.

More direct support for context-dependent host biodiversity-

disease relationships is provided by the results about how host

density and the pathogen transmission mechanism affect infection

prevalence. The interpretation of those results in terms of factors

promoting amplification or dilution of disease are the following.

First, in many cases, a non-focal host amplifies or dilutes disease

in the focal host when the non-focal host is a source or sink,

respectively (Fig. 3A). However, if the non-focal host has strong

and asymmetric competitive effects on other host species, then

the non-focal host amplifies or dilutes disease when the non-

focal host has stronger competitive effects on sink and source

hosts, respectively (Fig. 3B,C). Second, when a non-focal host is

added to a community of resident host species, frequency-

dependent direct transmission (FDDT) promotes greater dilution

and less amplification than density dependent direct transmission

(DDDT) when (i) the non-focal host has lower competence than the

resident host species and (ii) interspecific competition between the

non-focal host and the resident host species is lower. The opposite

conditions promote less dilution and greater amplification under

FDDT than DDDT (Fig. 4). Overall, these context-dependent predic-

tions show that a given host or pathogen characteristic does not

promote amplification or dilution in all settings, but instead its

effects depend on feedbacks between epidemiological and ecolog-

ical processes.

While the responses in n-host communities are more complex,

the predictions in this study for n-host communities generally

agree with the predictions for two-host communities (Cortez and

Duffy, 2021). The one exception is how focal host infection preva-

lence responds to increased density or the addition of a sink host.

Specifically, increased density of a sink host in a community with

three or more host species can increase focal host infection preva-

lence if the sink host has strong interspecific competitive effects on

other sink hosts in the community (Fig. 3C). In contrast, increased

density of a sink host in a two-host community always decreases

focal host infection prevalence. This is because if the second host

is a sink, then the focal host must necessarily be a source, which

results in the two indirect pathways defining @Y�
1=@N

�
2 having neg-

ative indirect effects. Altogether, this means increased density of a

sink host has a context independent effect in two-host communi-

ties, but a context dependent effect in communities with three or

more host species. This highlights a limitation of extrapolating
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Fig. 4. Responses in focal host infection prevalence (Y�
1) to changes in the pathogen transmission mode. The environmental transmission model transitions from a frequency-

dependent direct transmission (FDDT) form to a density-dependent direct transmission (DDDT) form as q is varied from 0 to its maximum value; see text for details about the

change of parameters. (A) When interspecific competition is low, focal host infection prevalence is higher under DDDT than FDDT (magenta open circles, cyan closed circles,

blue exes), unless host 2 has much higher competence than the other hosts (red plus signs). (B-D) Increased interspecific competitive ability of the second host decreases the

slope of the relationship when the second host has (B) higher competence, (C) equal competence, and (D) lower competence compared to other hosts. Simulations are from a

four-host model where the pathogen dynamics are defined by Eq. (16) with (A) bU ¼ 44:59, (B) bU ¼ 29:11, (C) bU ¼ 29:11, and (D) bU ¼ 29:11. The other parameter values are
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empirical and theoretical results from two-host communities to

larger communities.

The results of this study also highlight an important caveat of

using short-term exposure experiments to predict patterns of

amplification and dilution. Many empirical studies have used

short-term exposure experiments to identify if the presence of

other host species decreases, increases, or does not change infec-

tion prevalence in a focal host (Evans and Entwistle, 1987;

Johnson et al., 2008; Searle et al., 2011; Orlofske et al., 2012;

Becker et al., 2014; Venesky et al., 2014; Hopkins et al., 2020). In

those studies, lower and higher focal host infection prevalence is

interpreted to mean the non-focal hosts dilute and amplify disease,

respectively. In some cases the results from these short-term

experiments will accurately predict how infection prevalence in a

focal host depends on the presence/absence of a non-focal host.

For example, in a study on Batrachochytrium dendrobatidis (Bd)

infections in frogs, infection prevalence in the community was pos-

itively correlated with the presence of species from the genus Bufo

density and negatively correlated with the presence of species

from the genus Gastrophryne. This matched results from short-

term experiments where a third species (Hyla cinerea) was exposed

to zoospores in the presence and absence of Bufo terrestris and Gas-

trophryne carolinensis (Venesky et al., 2014). However, the results

in this study show that short-term experiments may not accurately

predict long-term responses in focal host infection prevalence

because the short-term experiments do not account for feedbacks

involving excretion of infectious propagules (which influences

whether a host is a sink or source) and competitive effects between

species (which affects host species densities). For example, a sink

host can amplify disease in a focal host if the sink host has strong

interspecific competitive effects on other sink hosts in the commu-

nity (Fig. 3C). This could affect the efficacy of population manage-

ment strategies that control disease levels in a focal host through

the reduction or removal of alternative host species (Laurenson

et al., 2004; Donnelly et al., 2006).

While the sensitivity-based approach used in this study helps

uncover context-dependent rules governing amplification and

dilution of disease, it is important acknowledge two limitations

of the approach. First, the results of this study only necessarily

apply to small changes in parameter values or species’ densities,

which means they may not accurately predict responses to large

changes in parameter values (e.g., converting the model from a

FDDT to DDDT form) or large changes in a species’ density (e.g.,

the addition or removal of a species). Nonetheless, because the

analytical formulas for each sensitivity apply everywhere in

parameter space, they can help explain patterns of amplification

or dilution. In particular, the predictions are guaranteed to be accu-

rate if a sensitivity has a constant sign. For example, Faust et al.

(2017) found that focal host infection prevalence always increased

with the addition of each non-focal host for DDDT pathogens (Fig. 1

right column and Fig. 2A in that study). The DDDT model assumed

no interspecific competition, which means all hosts are sources

(ui > 0 for all i) and Eq. (15) is positive for all host densities in

any community. Thus, the observed increase of focal host infection

prevalence under DDDT in Faust et al. (2017) was caused by the

assumption that interspecific competition was absent. The current

study also predicts that sufficiently strong interspecific competi-

tion can result in dilution under density-dependent direct

transmission.

The second limitation is that these results cannot fully explain

all patterns observed in multi-host DDDT, FDDT, and ET models.

The reason is that models (1) and (6) assume all host species have

completely overlapping habitats. This causes the DDDT-form and

FDDT-form of the ET model to have within-host and between-

host transmission coefficients (�bii and �bii) that are not independent.

Said another way, there is no onto mapping of parameterizations of

the ET model (1) to parameterizations of an FDDT or DDDT model.

To illustrate the consequences of this, Faust et al. (2017) found that

focal host infection prevalence decreased with the addition of each

non-focal host for FDDT pathogens (Fig. 1 middle column and

Fig. 2c in that study), unless late arriving non-focal hosts had very

high competence (Fig. 2b of that study). The FDDT model in Faust

et al. (2017) assumed no interspecific competition and transmis-

sion rates of the form �bijSiIj=
Pn

k¼1Nk

� �
, where the interspecific

transmission coefficients were defined by �bij ¼ /

ffiffiffiffiffiffiffiffiffiffi
�bii
�bjj

q
for

0 < / < 1. When translated to the ET model, these conditions cor-

respond to all hosts having equal uptake rates (uW i
¼ 1 for i 6 n

and W 2 S; I;Rf g) and the excretion rate of the focal host being

greater than that of a non-focal host (v1 > vi for iP 2), unless

the added non-focal host has sufficiently higher competence than

the focal host (bjj sufficiently larger than b11). This study predicts

that focal host infection prevalence will decrease (increase) when

an added non-focal host has lower (higher) competence than the

focal host because the non-focal host is a sink (source). This predic-

tion holds when the non-focal host is added to the community

with just the focal host (yielding a two-host community). However,

the predictions do not always hold when the non-focal host is

added to a community with more than one host species (yielding

a community with three or more host species) because a non-

focal host can be a source for the focal host but a sink for a different

non-focal host.

Despite the limitations of the current study, the sensitivity-

based approach used in this study could be useful for advancing

our understanding of biodiversity-disease relationships in two

ways. First, a sensitivity-based approach could help explain when

and why predictions for different metrics agree or disagree. Previ-

ous studies have shown that predictions based on infection preva-

lence, the density of infected individuals, and the pathogen basic

reproductive number (R0) do not always agree (Roche et al.,

2012; Wood et al., 2014; Wood et al., 2016; Roberts and

Heesterbeek, 2018; Cortez and Duffy, 2021). These metrics provide

different, but related, information about epidemics: the density

and proportion of infected individuals measure disease burden in

a population, with the latter being scaled relative to the total pop-

ulation size, and R0 is a measure of a community’s risk of a out-

break. Applying the sensitivity-based approach could identify

when and why the metrics agree or disagree. This in turn would

yield understanding about when and why host biodiversity has

similar versus different effects on different aspects of disease

dynamics.

Second, the approach could help understand how diversity at

other trophic levels affects disease. Predators of host species and

species that consume infectious propagules can alter levels of dis-

ease (Thieltges et al., 2008; Borer et al., 2009; Cáceres et al., 2009;

Orrock and Allan, 2011; Orlofske et al., 2012; Rohr et al., 2015).

Chesson and Kuang (2008) showed that Lokta-Voterra multi-

predator-multi-prey models can be reduced to models with a sin-

gle trophic level, where the intraspecific and interspecific competi-

tion coefficients of the prey account for the competitive

interactions between prey and the indirect interactions mediated

by the predator species. Combining the approaches in Chesson

and Kuang (2008) and this study could help identify how feedbacks

involving competitive and predatory interactions between species

shape disease dynamics and contribute to the context-dependent

shapes of host biodiversity-disease relationships. Overall, the

sensitivity-based approach used in this study could help identify

the general rules governing how the characteristics of host and

non-host species shape biodiversity-disease relationships in natu-

ral communities.
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