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Pathogens transmitted by arthropod vectors are common in human populations, agricultural
systems and natural communities. Transmission of these vector-borne pathogens depends on
the population dynamics of the vector species as well as its interactions with other species
within the community. In particular, predation may be sufficient to control pathogen
prevalence indirectly via the vector. To examine the indirect effect of predators on
vectored-pathogen dynamics, we developed a theoretical model that integrates predator–prey
and host–pathogen theory. We used this model to determine whether predation can prevent
pathogen persistence or alter the stability of host–pathogen dynamics. We found that, in the
absence of predation, pathogen prevalence in the host increases with vector fecundity, whereas
predation on the vector causes pathogen prevalence to decline, or even become extinct, with
increasing vector fecundity. We also found that predation on a vector may drastically slow
the initial spread of a pathogen. The predator can increase host abundance indirectly by redu-
cing or eliminating infection in the host population. These results highlight the importance of
studying interactions that, within the greater community, may alter our predictions when
studying disease dynamics. From an applied perspective, these results also suggest situations
where an introduced predator or the natural enemies of a vector may slow the rate of spread
of an emerging vector-borne pathogen.
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1. INTRODUCTION

Pathogens are a critical component of many ecological
communities, often regulating host populations and
influencing community structure. In recent years there
has been an increasing appreciation of the importance
of studying diseases within the context of the larger eco-
logical community (Grenfell et al. 1995; Hudson et al.
2002; Ostfeld & Holt 2004; Collinge & Ray 2006;
Keesing et al. 2006). In particular, diseases that are
transmitted by a vector are dependent on the population
dynamics of the vector species as well as the interactions
of the vector and host populations with other species
within the community (Ostfeld & Keesing 2000; Zava-
leta & Rossignol 2004; Keesing et al. 2006). Diseases
transmitted by arthropod vectors are common in wildlife
and in agricultural and human communities (Anderson
& May 1991). Zoonotic diseases such as Lyme disease
and West Nile virus are transmitted to humans and
animals by arthropod vectors, and many emerging or
resurgent infectious diseases are vector transmitted
(Gubler 1998; Gratz 1999; Daszak et al. 2000; Dobson
& Foufopoulos 2000; Taylor et al. 2001).
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Although there has been an increased emphasis on
studying host–pathogen dynamics within a community
context, research has largely focused on a limited set of
interactions. Community epidemiology studies have
tended to focus on interactions between hosts sharing
a common pathogen (Holt & Pickering 1985; Begon
et al. 1992; Woolhouse et al. 2001; Holt et al. 2003),
or between pathogens that infect the same hosts
(Holmes & Price 1986; Esch et al. 1990; Kuris &
Lafferty 1994). Previous theoretical studies have
explored the effect of predation on host–pathogen
dynamics when a predator and pathogen compete for
the host as a resource (Hochberg et al. 1990; Packer
et al. 2003; Ostfeld & Holt 2004; Hall et al. 2005; Holt
& Roy 2007). Predation intensity on host populations
can alter host–pathogen dynamics (Hudson et al.
1992; Packer et al. 2003; Dwyer et al. 2004) and even
affect pathogen persistence in the host population
(Grenfell et al. 1995; Duffy et al. 2005; Hall et al.
2005). In general, predation often has major impacts
on community structure via direct suppression of prey
populations and indirect effects such as trophic cas-
cades (Hairston et al. 1960; Paine 1966; Price et al.
1980; Sih et al. 1985; Schmitz et al. 2000). Because
vector-borne pathogens are dependent on a vector
species for transmission, pathogen persistence may be
This journal is q 2009 The Royal Society
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affected by predator–vector dynamics in addition to
predator–host interactions. For example, a variety of
predators consume the larvae of different disease-
transmitting mosquito species (Kumar & Hwang 2006;
Floore 2007 for recent reviews), and these predators are
capable of regulating mosquito populations (Chase &
Knight 2003; Stav et al. 2005; Juliano 2007, 2009; Seng
et al. 2008). To date, however, there has not been a
theoretical exploration of the impact of predator–
vector interactions on the transmission or persistence of
vector-borne pathogens.

The potential for predation to prevent pathogen inva-
sion or reduce disease prevalence in a host population also
has implications for the biological control of vector popu-
lations. Predators have been introduced, or proposed, as
biological control agents of vectors for various diseases
such as malaria, dengue fever and Lyme disease (Jenkins
1964; Legner 1995; Stauffer et al. 1997; Samish & Rehacek
1999; Scholte et al. 2005; Kumar & Hwang 2006; Ostfeld
et al. 2006; Walker & Lynch 2007). Several recent studies
suggest that predator introductions led to a decline in
local cases of dengue fever in Vietnam and Thailand
(Kay & Nam 2005; Kittayapong et al. 2008), and malaria
in India (Ghosh et al. 2005; Ghosh & Dash 2007). How-
ever, many control efforts have been unsuccessful or
have had unintended consequences, such as the displace-
ment of native fish species by mosquito fish (Gambusia
affinis) introduced to control malaria (WHO 1982; Pyke
2008). The goal of biological control is not necessarily to
eliminate the vector (Murdoch et al. 1985), but to
reduce pathogen prevalence and the risk of disease
outbreaks in the host population. Natural enemies and
introduced predators could accomplish this goal by
directly reducing the density of the vector population,
or by lowering the infectious proportion of the vector popu-
lation. The identification of a target vector population
threshold density, below which the pathogen cannot per-
sist, is an important step in determining whether predation
could sufficiently lower the vector population density.
Biological control efforts are often used in concert with
other vector control efforts (WHO 2004), such as insecti-
cide spraying; therefore, it is also important to investigate
how predator–vector dynamics may influence or be
influenced by additional vector mortality factors.

Although recent theoretical work has incorporated
vector interactions with pathogen and host species,
current models of disease dynamics have not yet con-
sidered the potential role of predators in regulating
vector and pathogen populations. Here we developed a
mathematical model that integrates predator–prey
and host–pathogen theories to examine the indirect
effect of predators, via a vector, on pathogen dynamics.
Using the model, we examined how predation on a
vector population may affect disease prevalence as
measured by the proportion of infected individuals in
a host population. In particular, we investigated the
relationship between predation strength and pathogen
prevalence. We also determined whether predation
can prevent pathogen persistence and examined differ-
ent scenarios to determine under what conditions
predation is most likely to effectively eradicate a patho-
gen. Lastly, we determined whether the form of disease
transmission affects the model results.
J. R. Soc. Interface (2010)
2. THE MODEL

We designed our model to examine the effects of a vector’s
predator on disease dynamics, by incorporating both
vector population dynamics and a predator. The main
version of our model assumes that the host population is
at a constant equilibrium and that pathogen transmission
is density dependent (e.g. Anderson & May 1991;
Hethcote 2000). We also examined model formulations
incorporating host population demographics (§4), fre-
quency-dependent transmission (§2.2), host immunity,
vector latency, a saturating predator functional response
and selective predation (appendix C). Incorporating
host population demographics can be particularly impor-
tant because disease-induced mortality and reductions in
host fecundity often have a large effect on host–pathogen
dynamics. We begin without host dynamics to set a base-
line for us to examine the potentially interactive effects of
predation and the vector population’s growth rate.
Predator–vector dynamics are represented by a set of
Lotka–Volterra predator–prey equations (Gurney &
Nisbet 1998). For simplicity, the predator is modelled as
an obligate dietary specialist, dependent on the vector
population for survival. However, this model also
adequately represents a generalist predator capable of
regulating the vector population.

We initially assumed a constant host population size
based on the Ross–MacDonald susceptible–infected
(SI) model for malaria (Ross 1910; MacDonald 1957;
Anderson & May 1991). We modified the Ross–
MacDonald model by adding a predator (P) to the
system and making the vector population dynamic:

dI
dt
¼ bVH ðH � I ÞV � gI ;

dU
dt
¼ bN ðU þV Þ � bHV IU

�ðmN þ dN ðU þV ÞÞU � aUP;
dV
dt
¼ bHV IU � ðmN þ dN ðU þV ÞÞV � aVP;

dP
dt
¼ 1aðU þV ÞP �mPP:

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

ð2:1Þ

In these equations, I represents infected hosts. Because
the total host population size is constant, we only need
to keep track of infecteds, and represent susceptible
hosts as S ¼ H 2 I. bVH is the transmission coefficient
for hosts acquiring infection from vectors, and g rep-
resents the removal rate of individuals from the infected
class as a result of death or recovery to the susceptible
class. Disease transmission from the vector to the host
is dependent on the densities of susceptible hosts
(H 2 I) and infectious vectors (V ).

Unlike hosts, vectors have a dynamic population size.
U and V represent uninfected and infectious vectors,
respectively. All vectors are born uninfected into
class U with a per-capita birth rate of bN. Infectiousness
does not affect vector birth rate or mortality. Vectors
only acquire infection from hosts, with the transmission
coefficient bHV. Host-to-vector disease transmission is
also density dependent, determined by the densities of
infected hosts (I) and uninfected vectors (U). Vectors
in both classes experience density-independent (mN)



Table 1. Equilibrium equations for the vector–predator SI model with a constant host population. (Equilibria for the constant
host population model described by equation (2.1). Because host density remains constant, the host population is present in each
of these equilibria as long as the parameter H . 0. Equilibrium (i) is host (H ) population only; (ii) only uninfected hosts and
vectors (U) are present; (iii) the vector and predator equilibria in the absence of the pathogen (U* and P*) match those for a
Lotka–Volterra predator–prey model with prey self-regulation; (iv) the pathogen is present in the host and vector populations
but the predator is absent; and (v) all populations including the pathogen coexist at non-zero densities. Note: for equilibria (iii)
and (v), we denote the population size of the vectors without the predators as KV (equivalent to U* in (ii).)

equilibrium I* U* V* P*

(i) 0 0 0 0

(ii) 0
bN �mN

dN
0 0

(iii) 0
mP

1a
0 a

(iv)
bVHbHV H ðbN �mN Þ � bNdNg

bHV ðbVH ðbN �mN Þ þ gdN Þ
bN ðbVH ðbN �mN Þ � dNgÞ

bVHdN ðbHV H þ bN Þ
bVHbHV HðbN �mN Þ � bN dNg

bVHdN ðbHV H þ bN Þ
0

(v)
bVHbHV HmP � a1bNg

bHV ðbVHmP þ 1agÞ
bN ðbVH mP � 1agÞ
1abVH ðbHV H þ bN Þ

bVHbHV HmP � a1bNg

1abVH ðbHV H þ bN Þ
a

a ðbN �mN Þ
a

1� mP

1aKV

� �
; where KV ¼

bN �mN

dN
:
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and density-dependent (dN) mortality in addition to
death from predation. Vector predators (P) have a
conversion efficiency of 1, an attack rate of a and a
density-independent mortality rate of mP. Thus, the
vectors experience logistic growth, while their predators
have a linear, type I functional response.
2.1. Equilibrium and invasion analysis

The main model with a constant host population has five
biologically relevant equilibria (negative equilibrium
values are excluded): (i) populations other than the
host (H ) are absent; (ii) the host and vector (N) are
present, but the pathogen and predator are absent;
(iii) vectors (N) and predators (P) are present in the
absence of the pathogen; (iv) the pathogen is present
in the host and vector populations, but the predator is
absent; and (v) all populations including the pathogen
coexist at non-zero densities (table 1). Because host
density remains constant, the host is present in each of
these equilibria as long as the parameter H . 0.

Equilibrium (i) is stable and the host population (H )
is disease-free if bN � mN. If bN . mN, then equilibrium
(i) is unstable and, at a minimum, the vector population
can invade the system. Equilibrium (ii) represents the
disease-free, predator-free system where the host popu-
lation, H, is disease-free (i.e. I � ¼ 0) and the vector popu-
lation, N, is at equilibrium N � ¼ ðbN �mN Þ=dN ; KV ,
which is the vector’s carrying capacity. When predation
is strong enough to regulate vector dynamics—as deter-
mined by the inequality mP/1a , KV—the predator can
invade and shift the system to equilibrium (iii). When
the pathogen is absent, dynamics between the vector
and predator are described by the traditional Lotka–
Volterra predator–prey model with a self-limiting prey
population (Gurney & Nisbet 1998).

For analysing the effect of predation on the invasion
or persistence of a pathogen, it is useful to consider the
pathogen’s basic reproduction number, R0—the number
of individuals infected by the initial infectious case in an
J. R. Soc. Interface (2010)
entirely susceptible population (Diekmann et al. 1990).
If R0 . 1, each infectious host will infect more than one
susceptible individual, and the pathogen can invade
and persist upon introduction into a susceptible popu-
lation. If R0 , 1, infected individuals do not fully
replace themselves in the population, which leads to
the elimination of the pathogen from the host
population. Therefore, R0 ¼ 1 serves as a threshold
parameter for the invasion of the pathogen into a
susceptible population. With the next-generation
method (Diekmann et al. 1990; van den Driessche &
Watmough 2002), and the total vector population
defined as N ¼ U þ V for convenience, the pathogen’s
basic reproduction number from equation (2.1) is

R0 ¼
ffiffiffiffiffiffiffiffi
NH
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bVHbHV

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðmN þ dNN þ aPÞ

p : ð2:2Þ

This equation for R0 is sensitive to our initial assump-
tions; R0 will be altered when host demographics
are included or disease transmission is frequency-
dependent. When the predator is absent, as in equili-
brium (ii), R0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN �HbVHbHV=gmN Þ

p
. From this

equation, we can see that there is a host density
threshold HT ¼ gbN=N �bVHbHV , such that H . HT is
required for pathogen invasion and persistence. If the
predator is present, the host density threshold for a suc-
cessful pathogen invasion is HT ¼ 1agbN / mPbVHbHV.

In addition to a host density threshold, there is also a
minimumvector density required for pathogenpersistence:

NT ¼
gðmN þ aP�Þ

ðHbVHbHV � dNgÞ
: ð2:3Þ

The vector density threshold depends on the equilibrium
predator density (P*). In the absence of a predator,
the minimum vector density for pathogen persistence
simplifies to NT ¼ gbN / HbVHbHV.
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2.2. Frequency-dependent transmission model

The initial model assumed density-dependent trans-
mission, in which the number of contacts between the
vector andhost is proportional to host density. In contrast,
when disease transmission is frequency-dependent, the
number of contacts depends on the proportion of infected
host individuals rather than host density. It has been
argued that the transmission of many vector-borne patho-
gens is better described by the frequency, rather than the
density, of infected individuals in the host population
(Getz & Pickering 1983; Thrall et al. 1993; Antonovics
et al. 1995; Rudolf & Antonovics 2005).

Disease transmission is likely to be frequency-
dependent when the vector only feeds on one or a few
hosts during its lifetime, a feeding strategy employed
by many mosquitoes, ticks and other arthropods that
transmit disease (Antonovics et al. 1995). Many
models with frequency-dependent transmission predict
host–pathogen dynamics that differ from the results of
density-dependent transmission models (Getz & Picker-
ing 1983; Thrall et al. 1993; Wonham et al. 2006). There-
fore, we modify our model by making disease
transmission frequency-dependent; formulation details
for the frequency-dependent transmission model are
described in appendix B.
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Figure 1. Regions of stability in parameter space for each of
the system equilibria as a function of vector birth rate (bN)
and predator attack rate (a). (a) When there is no predator
in the system, the pathogen reproduction number, R0, and
pathogen persistence are a function of vector birth rate. (b)
When a predator is added, the pathogen reproduction
number and pathogen persistence depend on bN and a. The
solid line represents the R0 ¼ 1 isocline and the dashed line
represents the P* ¼ 0 isocline. The other model parameter
values are H ¼ 1, bVH¼ 0.15, bHV¼ 0.15, g ¼ 0.05, mN ¼ 0.1,
dN ¼ 0.05, 1 ¼ 0.25 and mP ¼ 0.1.
3. RESULTS: CONSTANT HOST
POPULATION

Adding a predator reduces the region of pathogen per-
sistence at equilibrium (figure 1). Because an increase
in the predator’s attack rate, a, or conversion efficiency,
1, leads to a decrease in R0, an increase in predation
strength leads to a decrease in the equilibrium
proportion of infected hosts (figure 2). In addition to
reducing equilibrium infection levels, predation can
also delay the onset of an epidemic (figure 3). By
decreasing the vector’s lifespan, predation decreases
the average number of new hosts infected during
the lifespan of each infectious vector, thereby slowing
the spread of disease. Even the relatively moderate pre-
dation rates used in figure 3 decrease the equilibrium
pathogen prevalence by 30 per cent and increase the
time to equilibrium from 50 to 150 days.

In the absence of predation, an increase in the vector
birth rate leads to an increase in the proportion of infected
hosts (figure 4a). However, when the predator is intro-
duced into the system, an increase in the vector birth
rate leads to a decline in the prevalence of disease in the
host population (figure 4a) because an increase in the
vector birth rate leads to an increase in the pre-
dator population. Predation increases turnover in the
vector population, and the average individual vector is
infectious for a shorter period because it is alive for a
shorter period. In addition, higher vector fecundity leads
to more non-infectious vectors, thereby diluting the infec-
tious potential of the vector population. Non-intuitively,
in a tri-trophic system, increased vector fecundity leads
to reduced host infection. When the predator is present,
the proportion of infected hosts at equilibrium is sensitive
to the vector birth rate, bN, but not to the vector mortality
rate, mN, or density-dependent mortality term, dN
J. R. Soc. Interface (2010)
(figure 4b). Increases in the vector mortality rate lead to
a gradual reduction in pathogen prevalence in the absence
of the predator. However, when a predator is present,
moderate increases in the non-predation vector mortality
rate do not affect pathogen prevalence because the preda-
tor regulates the vector population. At equilibrium, vector
density is determined solely by the predator population’s
parameter values (table 1). Therefore, increasing mN

reduces predator density, but does not change vector den-
sity or pathogen prevalence until the additional vector
mortality is high enough that the predator cannot persist
by feeding on the vector.

Introducing a predator to the system will lower the
proportion of infected hosts, except in a narrow par-
ameter range where the vector’s birth rate is barely
higher than its mortality rate. Equation (2.3) for the
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Figure 2. Pathogen prevalence in the host and vector populations
as a function of the predator attack rate (a). Pathogen prevalence
is measured as the proportion of infected hosts (I*/H ) and vectors
(V*/N*) in their respective populations at equilibrium. The other
model parameter values are H¼ 1, bVH¼ 0.15, bHV¼ 0.15, g ¼
0.05, bN¼ 0.35, mN¼ 0.1, dN¼ 0.05, 1¼ 0.25, mP¼ 0.1. (Filled
squares, host population; filled triangles, vector population.)
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Figure 3. Model of an epidemic outbreak in the presence or
absence of a predator. At t ¼ 0, the host population is entirely
susceptible and 1 per cent of the vector population is infec-
tious. Parameter values are H ¼ 1, bVH ¼ 0.15, bHV ¼ 0.15,
g ¼ 0.05, bN ¼ 0.35, dN ¼ 0.05, mN ¼ 0.1, a ¼ 0.2, 1 ¼ 0.25
and mP ¼ 0.1. R0¼ 2.54 when predator is absent and R0¼ 1.60
when predator is present at its equilibrium density. (Solid
line, predator present; dashed line, predator absent.)
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Figure 4. (a) Pathogen prevalence, represented as the pro-
portion of the host and vector population that is infected, as a
function of the vector birth rate (bN) either in the absence of
predation (open symbols) or with the predator present at its equi-
librium density (filled symbols). When bN , mN (mN¼ 0.1), the
vector population is absent at equilibrium, and by necessity the
pathogen cannot persist. (b) Pathogen prevalence in the host
and vector populations as a function of the non-predation
vector mortality rate (mN). In the absence of the predator,
an increase in the vector mortality rate leads to a decrease in
pathogen prevalence, while pathogen prevalence does not respond
to an increase in vector mortality when a predator is present. The
othermodel parameter values areH¼ 1, bV¼ 0.5 (b only),bVH¼

0.15, bHV¼ 0.15, g¼ 0.05, dN¼ 0.05, a¼ 0.2, 1¼ 0.25 and
mP¼ 0.1. (Open squares, predator absent—host population;
open inverse triangles, predator absent—vector population;
filled squares, predator present—host population; filled inverse
triangles, predator present—vector population.)
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minimum vector population threshold, NT, suggests
that an increase in bN increases the minimum vector
density required for pathogen persistence. There is
also an inverse relationship between vector productivity
(as measured by bN) and the strength of predation, a.
At low vector productivity levels, pathogen persistence
is possible except at very high levels of predation.
As vector productivity increases, the predation strength
needed to exclude the pathogen from the system
J. R. Soc. Interface (2010)
decreases (figure 1b). Increasing the predator’s conversion
efficiency, 1, also reduces disease prevalence.

The presence of the predator also increases the mini-
mum host density, HT, required for disease persistence
when disease transmission is density-dependent. As
the strength of predation increases, HT also increases.
The other parameters that affect pathogen persistence
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and prevalence are identifiable by examination of equation
(2.2) for R0. An increase in transmission rates bVH or bHV

leads to increased pathogen prevalence. A decrease in the
density of the host population causes a decrease in the
proportion of infected hosts, and below a critical threshold
density, HT, the pathogen cannot persist in the host
population. There is also a negative relationship between
the rate of host recovery or turnover, g, and pathogen
persistence. At high recovery rates, the pathogen cannot
invade, and persist in, the host population.
3.1. Frequency-dependent model results

When disease transmission is frequency-dependent,
increasing host density leads to a decrease in disease
prevalence. R0 is no longer positively related to host den-
sity but instead scales with the inverse of host density
(see appendix B). Likewise, the predation strength
required to exclude the pathogen is also lower at higher
host densities. Except at low host densities, the region
of parameter space permitting pathogen persistence will
be greater under density-dependent transmission than
under frequency-dependent transmission. However, the
mode of transmission does not affect the relationship
between vector productivity, predation strength and dis-
ease prevalence. An increase in predation strength or the
vector birth rate, with predators present, still leads to a
decrease in the proportion of infected hosts.
4. DYNAMIC HOST POPULATION MODEL

The assumption of a constant host population is useful
for simplifying the dynamics of a relatively complex
system and may be justified in the case of a disease
with a short infectious period and limited effects
on host mortality or fecundity. However, when a patho-
gen has an effect on host fecundity or mortality, or a
long infectious period, the presence of a pathogen can
have a large impact on host population dynamics.
Including host population dynamics is also appropriate
if host and vector population dynamics occur on a
similar time scale. Here, the initial model of density-
dependent transmission in a constant host population
(equation (2.1)) is altered to include host demographics.
The host has a per-capita mortality rate, mH, and a per-
capita birth rate, bH, with a density-dependent control,
f. The modified model also explores the effect of the
pathogen on host fecundity, r, and an additional
disease-induced mortality rate, d:

dS
dt
¼ bH ð1�fHÞðS þ rI Þ � bVHSV �mHS ;

dI
dt
¼ bVHSV �mHI � dI ;

dU
dt
¼ bN ðU þV Þ � bHV IU

�ðmN þ dN ðU þV ÞÞU � aUP;
dV
dt
¼ bHV IU � ðmN þ dN ðU þV ÞÞV � aVP;

dP
dt
¼ 1aðU þV ÞP �mPP:

9>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>;

ð4:1Þ
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After including host demographics, the pathogen
reproduction number is

R0 ¼
ffiffiffiffiffiffiffiffi
NH
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bVHbHV

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdþmH ÞðmN þ dNN þ aPÞ

p : ð4:2Þ

The only difference between this equation and equation
(2.2) is that, instead of 1/g, the average infectious
period of an infected host is now 1/(d þ mH).

The equilibrium equations for the total host density
(H*) when the pathogen is present are too complex to
display succinctly. However, the equilibrium values for
the other model equations can be solved as a function
of H* (see appendix A). The equilibrium solutions to
the dynamic host population model as a function of
H* are very similar to those for the constant host popu-
lation model, where host density was represented as a
parameter, H. In fact, when there is no disease-induced
mortality (d ¼ 0) and no reduction in the fecundity of
infected individuals (r ¼ 1), the equilibrium solutions
of the two models are identical when H* ¼ H.

4.1. Results: dynamic host model

Disease-induced changes in host mortality and fecund-
ity decrease the proportion of infected hosts at
equilibrium, but they do not modify the qualitative
relationship between predation intensity and disease
prevalence in the host population compared with the
initial model. If infected hosts are subject to additional
mortality, the proportion of infected hosts at equili-
brium decreases (figure 5a). In addition, an increase
in the disease-induced mortality rate leads to a decrease
in the predation intensity required to prevent pathogen
persistence. Reducing the fecundity of infected hosts
also leads to a reduction in pathogen prevalence, but
it does not affect pathogen persistence (figure 5b).
Even if infected hosts are sterile (r ¼ 0), the threshold
for pathogen persistence does not change.

When host demographics are included in the model,
the pathogen can also affect the equilibrium host den-
sity. When the pathogen does not affect host mortality
or fecundity, the equilibrium host density is at its carry-
ing capacity, KH ¼ (bH 2 mH)/(bHf), whether or not
the pathogen is present. If infection increases the host
mortality rate (d . 0) or reduces fecundity (r , 1),
the host population density will remain below the
carrying capacity when the pathogen is present at equi-
librium. Increasing the negative effect of infection on
host fecundity reduces the host population density,
but the relationship between the disease-induced mor-
tality rate and host density is nonlinear. Initial
increases in the disease-induced mortality rate reduce
the equilibrium host population density; further
increases minimally increase host population density,
although equilibrium host density remains below the
carrying capacity unless the pathogen is extirpated.
Equilibrium host population density is higher in the
presence of the predator for a given set of parameter
values. In addition, increasing the predator attack rate
or predator conversion efficiency increases the equili-
brium host density (a standard trophic cascade) and
decreases pathogen prevalence in the host population
as we saw when host population size was constant.
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Figure 5. Disease prevalence as a function of vector pro-
ductivity with varying rates of (a) disease-induced mortality
(solid line, d ¼ 0; dashed line, d ¼ 0.01; dotted line,
d ¼ 0.05; dot and dashed line, d ¼ 0.10) and (b) reductions
in host fecundity (solid line, r ¼ 1.0; dashed line, r ¼ 0.5;
dotted line, r ¼ 0.25; dot and dashed line, r ¼ 0). The
other model parameter values are bH ¼ 0.20, mH ¼ 0.05,
f ¼ 0.2, d ¼ 0, bVH¼ 0.15, bHV¼ 0.15, mN ¼ 0.1, dN ¼ 0.05,
a ¼ 0.2, 1 ¼ 0.25, mP ¼ 0.1, r ¼ 1 (a only) and d ¼ 0 (b only).
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5. DISCUSSION

Numerous ecological studies have shown that, in
addition to directly affecting their prey, predators
often indirectly affect other species in a community
(Holt 1977; Sih et al. 1985; Wootton 1994; Shurin
et al. 2002; Caceres et al. in press). Our analysis indi-
cates that predators may have important indirect
effects on the prevalence or persistence of a vector-
borne pathogen in a host population by controlling
the vector population. If predation intensity is strong
enough, the predator can prevent the establishment of
a pathogen in a susceptible population. In addition,
introducting a predator into a system where an endemic
pathogen is at equilibrium with the host and vector
populations can eliminate the pathogen (as long as
R0 , 1 in the presence of the predator). These predic-
tions are robust to assumptions about host population
dynamics and disease transmission as well as the
J. R. Soc. Interface (2010)
addition of acquired immunity in the host population,
a vector latency period, a saturating response of
predation to vector density and selective predation on
infectious or non-infectious vectors (appendix C).

A non-intuitive prediction of this model is that pre-
dation on the vector population reverses the relation-
ship between vector productivity and pathogen
prevalence. Pathogen prevalence increases with vector
productivity (defined here as the vector’s birth rate,
bN) in the absence of predation, whereas in the presence
of the predator, pathogen prevalence declines with
increasing vector productivity. The effect of predation
on pathogen prevalence or persistence is not dependent
on whether disease transmission is modelled as density-
or frequency-dependent, and provides an indication of
situations where natural predation or biological control
may successfully control vector-borne diseases. Interest-
ingly, the results of several studies are consistent with
this prediction. In particular, vector control methods
are essential for managing dengue fever and dengue
hemorrhagic fever—a common mosquito-transmitted
viral disease in humans—because of limited treatment
options and no approved vaccine (Kroeger & Nathan
2007). Predaceous copepods in the genera Mesocyclops
and Macrocyclops have been used successfully as bio-
logical control agents to control Aedes spp. mosquitoes
that transmit dengue (Marten et al. 1994; Kay et al.
2002; Kay & Nam 2005; Nam et al. 2005; Kittayapong
et al. 2008). In Vietnam, biological control efforts tar-
geted larval breeding sites where the productivity of
Aedes aegypti was especially high (Kay et al. 2002).
These control efforts helped eradicate the vector from
32 of the 37 communities; no new dengue cases were
reported in any of the treated communities over a
period of several years (Kay & Nam 2005; Nam et al.
2005). The introduction of Mesocyclops in combination
with other control measures also led to a significant
reduction in dengue cases in Chachoengsao Province,
Thailand (Kittayapong et al. 2008), and larvivorous
fishes significantly reduced the long-term (.12
months) density of A. aegypti in rural Cambodia
(Seng et al. 2008).

Targeting sites of high vector productivity is likely to
have the largest effect on vector abundance. Our model
suggests that introducing a predator to these sites could
also lead to large reductions in pathogen prevalence due
to a predator-induced reversal in the relationship
between vector productivity and pathogen prevalence.
In addition to targeting highly productive larval sites
for dengue control, several researchers have suggested
that malarial control efforts should target the most pro-
ductive larval habitats (Gu & Novak 2005; Gu et al.
2008). Although these efforts are aimed at targeting
productive habitats for environmental management
and source reduction, our model predicts that these
productive habitats could be targets for successful bio-
logical control efforts, particularly when elimination of
the habitat is not feasible. Although controlling malaria
by introducing predators has a controversial history
(Pyke 2008), several recent reviews suggest that
native or introduced predators can reduce the abun-
dance of Anopheles larvae in certain habitats (Walker &
Lynch 2007; Chandra et al. 2008). For example,
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Wu et al. (1991) found that introducing carp to rice
paddies in Guangxi, China, significantly reduced
larval mosquito density and may have reduced malarial
transmission at the village and county levels. Kumar et
al. (1998) found that replacing DDT and pyrethum
treatments with the introduction of Bacillus thuringien-
sis and a native larvivorous fish Aplocheilus blocki to
the major breeding habitats of Anopheles stephensi in
Goa, India, led to a significant reduction in larval A. -
stephensi abundance. In addition, malarial incidence
declined when compared with nearby towns that did
not receive the new treatments. These studies, along
with others reviewed by Walker & Lynch (2007) and
Chandra et al. (2008), suggest that predator control of
Anopheles mosquitoes can reduce malarial incidence
in certain situations. Although quantitative evaluation
of vector productivity is often difficult (Killeen et al.
2005), recent efforts to quantify the productivity of
Anopheles (Mutuku et al. 2006) and Aedes (Kay et al.
2002; Chadee 2007) mosquitoes show promise and
suggest that using measures of habitat-based vector
productivity to guide biological control efforts may
prove useful. Our model suggests that targeting these
highly productive sites would lead to the largest
reduction in pathogen prevalence.

Classical biological control strategies have empha-
sized the use of specialist predators to maintain pest
populations at low, stable equilibrium levels (Murdoch
et al. 1985; Stiling & Cornelissen 2005). Our model
also suggests that it is not essential for the predator
to extirpate the vector population in order to eradicate
the pathogen. The minimum vector population
threshold predicted by our model (NT, equation (2.3))
provides a target for vector control. Biological control
agents are often successful at reducing vector abun-
dance, at least in the short term (Legner 1995; Kumar
& Hwang 2006; Ostfeld et al. 2006; Walker & Lynch
2007; Chandra et al. 2008) although they will not eradi-
cate the pathogen if the equilibrium vector density
remains above NT. For example, in three communities
examined by Nam et al. (2005) in which predaceous
copepods were used to control Aedes mosquitoes,
dengue cases dropped to zero in both 2002 and 2003
even though mosquitoes were still present at low den-
sities. These results are consistent with our prediction
that biological control can maintain vector density
below NT.

Even if predation intensity is not high enough to
remove the pathogen from the host population, preda-
tion can still decrease disease prevalence in the host
population to low levels, potentially delaying the
onset of an epidemic. For human diseases, an increase
in the time between the introduction of a pathogen
and an outbreak would provide additional time for dis-
ease control efforts (such as vaccination or quarantine)
to be implemented (Anderson & May 1991). In agricul-
tural systems, farmers are often concerned about an
economic threshold at which crop losses become great
enough to trigger economic losses (Kogan 1998). In
this case, the reduction in the rate of disease spread
due to predation may be sufficient to allow crop harvest
before an epidemic outbreak. For example, vector-
transmitted plant pathogens such as the barley and
J. R. Soc. Interface (2010)
cereal yellow dwarf viruses (BYDV/CYDV) can have
detrimental effects on crop yields by causing stunted
growth, reduced seed-set or early senescence (Irwin &
Thresh 1990; D’Arcy & Burnett 1995); therefore, redu-
cing disease prevalence within the host population
could limit crop losses to acceptable levels. Natural
predators and biological control agents have been
used in agricultural settings to reduce the abundance
and slow the population growth of several different
aphid species that transmit BYDV/CYDV (Chiverton
1986; Brewer & Elliott 2004), but the corresponding
effects on BYDV/CYDV have not yet been investi-
gated. Laboratory studies of aphid predators have
found either no impact on BYDV infection rates
or a transient reduction in the spread of the virus
(Christiansen-Weniger et al. 1998; Smyrnioudis et al.
2001). However, these studies were short term and did
not continue long enough for the predator to regulate
the aphid population, which is required to observe
large reductions in pathogen prevalence in our model.

In the absence of predation, an increase in the vector
mortality rate leads to a decline in disease prevalence.
However, when a predator with a type I linear
functional response is present, an increase in the
vector mortality rate from factors other than predation
does not change disease prevalence. Because the pre-
dator regulates the vector population, an increase in
non-predation mortality reduces predator, but not
vector, abundance. The overall vector mortality rate
stays the same because the increase in the background
mortality rate is compensated by a decrease in mor-
tality due to predation. If the predator has a type II
saturating functional response, pathogen prevalence
may decline with an increase in non-predation mortality
if the predator’s consumption rate is already saturated
(see appendix C for details). However, even with a
type II response, once the vector density decreases to
a level at which the predator consumption rate is no
longer saturated, pathogen prevalence will level off
despite further increases in non-predation mortality.

As a result, predator regulation of the vector popu-
lation may have implications for the use of other
vector control methods (such as pesticides) in conjunc-
tion with biological control. Biological control is often
part of an integrated pest management strategy that
includes other vector control methods, such as spraying
insecticides, environmental manipulation or the appli-
cation of larvicides to vector breeding sites (WHO
2004). Ideally, these integrated approaches will have
synergistic effects, but our model suggests that predator
regulation of the vector population could reduce or pre-
vent the effectiveness of other control methods aimed at
increasing vector mortality. Instead, these additional
mortality factors may reduce predator abundance, lim-
iting the regulatory effects of predation on the vector
population as Chansang et al. (2004) and Snyder &
Ives (2001) have observed in mosquitoes and aphids,
respectively. Chansang et al. (2004) found that the
application of B. thuringiensis alone or in combination
with Mesocyclops thermocyclopoides initially reduced
A. aegypti densities more than a Mesocyclops-only
treatment, but after 16 weeks the Mesocyclops-only
treatment had higher Mesocyclops densities and lower
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A. aegypti densities than the combined treatment. This
suggests that B. thuringiensis prevented Mesocyclops
from strongly regulating the A. aegypti population.
Other sources of density-independent vector mortality
besides vector control efforts, such as the presence of
other predators, can interfere with pathogen regulation
by a specialist predator. Snyder & Ives (2001) found
that specialist parasitoids introduced to control the
pea aphid (Acyrthosiphon pisum), which transmits sev-
eral crop viruses, were disrupted by generalist predators
that fed on both the aphid and its parasitoid.

Previous work has explored how predation on a host
population affects host–pathogen dynamics (Packer
et al. 2003; Ostfeld & Holt 2004; Duffy et al. 2005;
Hall et al. 2005; Holt & Roy 2007; Duffy & Hall 2008;
Caceres et al. in press). Packer et al. (2003) detailed
how predation often reduces the incidence of parasitic
infections and increases the overall size of the prey popu-
lation. Our model reveals that predation on a vector can
similarly reduce pathogen prevalence in both the host
and vector. In addition, when the pathogen regulates
the host by increasing mortality or reducing fecundity,
predation can weaken the pathogen’s negative impact
on the host, thereby increasing host abundance. When
predation on immune individuals occurs, predation can
increase pathogen prevalence in a prey population
(Holt & Roy 2007). We found that including acquired
immunity in the host does not alter the qualitative
effects of predation on pathogen prevalence (see appen-
dix C for details). Because our model does not include
recovery or acquired immunity of infectious vectors, pre-
dation on the vector population cannot lead to an
increase in pathogen prevalence in the host or vector;
however, relaxing this assumption by incorporating pre-
dation on vectors resistant to infection could increase
pathogen prevalence. This could affect disease control
efforts; predation on mosquitoes that have been geneti-
cally modified to be incapable of transmitting malaria
or other pathogens (Alphey et al. 2002; Scott et al.
2002) could limit the effectiveness of their introduction.

In addition to predator effects on the pathogen,
predation may indirectly increase host abundance by
reducing the negative impacts of infection. Indirect
effects of predators on lower trophic levels, i.e. trophic
cascades, are common in nature (Pace et al. 1999;
Shurin et al. 2002) and are predicted to be stronger in
highly productive systems (Oksanen et al. 1981; Polis
1999; but see Borer et al. 2005). In a system with
direct predation on the host population, Hall et al.
(2005) found that high ecosystem productivity (as
measured by the carrying capacity of the host popu-
lation) could facilitate the invasion of a parasite.
However, increasing the strength of predation in a
highly productive environment destabilized parasite–
host dynamics leading to extinction of both the parasite
and its host. In our model, the predator, vector and host
populations form a tri-trophic system with both direct
trophic interactions and indirect interactions mediated
by the pathogen. The indirect effects of predation on
pathogen prevalence and host abundance are predicted
to be strongest when the vector population experiences
high growth rates, as may be expected to occur in
highly productive environments. For vectors such as
J. R. Soc. Interface (2010)
mosquitoes that complete different life stages in differ-
ent environments, population growth rates are often
influenced primarily by productivity in the larval
environment rather than by host density (Southwood
et al. 1972; Juliano 2007), and therefore we would
expect the strength of the indirect effects of predation
to be related to larval vector productivity. However,
the productivity of other vectors that remain in the
same environment throughout their life cycle, such as
many fleas, ticks or aphids, may be positively influenced
by host density (Dixon 1998).

Our model results suggest that predation on a vector
can strongly influence pathogen prevalence and host
abundance in both intuitive and non-intuitive ways.
The introduction of biological control agents to control
vector populations can reduce prevalence or eradicate
the pathogen, particularly in productive environments
where the vector population experiences a high turnover
rate. In the absence of predation, these productive
environments would be expected to have the highest
infection rates. This predator-induced reversal in
disease prevalence indicates that reductions in the
abundance of natural predators due to invasive species,
habitat modifications or climate change may be
partially responsible for the increased frequency of
disease outbreaks caused by vector-borne pathogens
(Gubler 1998; Gratz 1999; Daszak et al. 2000). The
presence of a predator could also decrease the risk of
zoonotic diseases such as Lyme disease and West Nile
virus spilling over from reservoir hosts to humans
(Bernard et al. 2001; Schmidt & Ostfeld 2001;
Logiudice et al. 2003). With the emergence and re-
emergence of many vector-borne diseases, determining
the potential interactions of the host(s) and pathogen
with other species in the community is essential for
predicting potential disease risks and guiding control
efforts. Our model results suggest that empirical research
into the role of native and introduced predators across a
range of vector productivity and mortality will be essen-
tial to determining the influence of predators on vectored
disease transmission.
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APPENDIX A. DYNAMIC HOST
POPULATION MODEL EQUILIBRIA

The model incorporating host population demographics
represented by equation (4.1) has eight biologically rele-
vant equilibria. Equilibria (i)–(vi) are all disease-free
equilibria with different combinations of the host,
vector and predator populations present at equilibrium.
Because the vector population does not depend on the
host as a resource, the vector and predator populations
can persist in the absence of the host. Equilibrium (vii)
represents an endemic disease equilibrium in the host
and vector populations in the absence of the predator;
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while the host, vector, predator and pathogen popu-
lations are all present in equilibrium (viii). The
equilibrium equations for the total host density (H*)
when the pathogen is present are too complex to display
succinctly. However, the equilibrium values for the
other populations can be solved as a function of H*.
Note that KH ¼ ðbH �mH Þ=bHf represents the
carrying capacity of the host population in the absence
of infection.

Equilibrium (i):

I � ¼ 0; H � ¼ 0; U � ¼ 0; V � ¼ 0; P� ¼ 0:

Equilibrium (ii):

I � ¼ 0; H � ¼ KH ; U � ¼ 0; V � ¼ 0; P� ¼ 0:

Equilibrium (iii):

I � ¼ 0; H � ¼ 0; U � ¼ ðbN �mN Þ=dN ; V � ¼ 0;

P� ¼ 0:

Equilibrium (iv):

I � ¼ 0; H � ¼ KH ; U � ¼ ðbN �mN Þ=dN ;

V � ¼ 0; P� ¼ 0:

Equilibrium (v):

I � ¼ 0; H � ¼ 0; U � ¼ mP=1a; V � ¼ 0;

P� ¼ ðbN �mN Þ
a

1� mP

1aKV

� �
:

Equilibrium (vi):

I � ¼ 0; H � ¼ KH ; U � ¼ mP=1a; V � ¼ 0;

P� ¼ ðbN �mN Þ
a

1� mP

1aKV

� �
:

Equilibrium (vii):

I � ¼ bVHbHV H �ðbN �mN Þ � bNdNg

bHV ðbVH ðbN �mN Þ þ gdN Þ
;

H � ¼ H �;

U � ¼ bN ðbVH ðbN �mN Þ � dNgÞ
bVHdN ðbHV H � þ bN Þ

;

V � ¼ bVHbHV H �ðbN �mN Þ � bNdNg

bVHdN ðbHV H � þ bN Þ
;

P� ¼ 0:
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Equilibrium (viii):

I � ¼ bVHbHV H �mP � a1bNg

bHV ðbVHmP þ 1agÞ ;

H � ¼ H �;

U � ¼ bN ðbVHmP � 1agÞ
1abVH ðbHV H � þ bN Þ

;

V � ¼ bVHbHV H �mP � a1bNg

1abVH ðbHV H � þ bN Þ
;

P� ¼ ðbN �mN Þ
a

1� mP

1aKV

� �
:

APPENDIX B. FREQUENCY-DEPENDENT
MODEL FORMULATION

The constant host population model with frequency-
dependent transmission is

dI
dt
¼bVHV ðH�I Þ=H�gI ;

dU
dt
¼bN ðUþV Þ�bHV UI=H

�ðmNþdN ðUþV ÞÞU�aUP;

dV
dt
¼bHV UI=H�ðmNþdN ðUþV ÞÞV�aVP;

dP
dt
¼1aðUþV ÞP�mPP:

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;

ðB 1Þ

The vector and predator population dynamics are iden-
tical to the density-dependent model described in
equation (2.1). The only alteration to the system
equations is the alteration of the disease transmission
terms from bVHSV and bHVIU, to bVHSV/H and
bHVIU/H. Because disease transmission depends on
the frequency of infection in the host population as
opposed to the density of the host population,
the pathogen reproduction rate, R0, differs between
the two models. The equation for R0 with frequency-
dependent disease transmission is

R0¼
ffiffiffiffiffiffiffiffiffiffiffi
N=H

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bVHbHV

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðmNþdNNþaPÞ

p : ðB 2Þ

The equilibrium values for the total vector population
(N) and the predator population (P) are the same
whether disease transmission is density- or frequency-
dependent. The equilibrium densities of infected hosts
(I) and infectious vectors (V ) differ from the equilibrium
densities in the density-dependent model as follows.

Equilibrium (i):

I � ¼ 0; U � ¼ 0; V � ¼ 0; P� ¼ 0:

Equilibrium (ii):

I � ¼ 0; U � ¼ ðbN �mN Þ=dN ; V � ¼ 0; P� ¼ 0:

Equilibrium (iii):

I � ¼ 0; U � ¼ mP=1a; V � ¼ 0;

P� ¼ ðbN �mN Þ
a

1� mP

1aKV

� �
:
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Equilibrium (iv):

I � ¼ HðbVHbHV HðbN �mN Þ � bNdNgHÞ
bHV ðbVH ðbN �mN Þ þ gdNHÞ ;

U � ¼ bN ðbVH ðbN �mN Þ � dNgH Þ
bVHdN ðbHV þ bN Þ

;

V � ¼ bVHbHV ðbN �mN Þ � bNdNgH
bVHdN ðbHV þ bN Þ

;

P� ¼ 0:

Equilibrium (v):

I � ¼ HðbVHbHV mP � a1bNgHÞ
bHV ðbVHmP þ 1agH Þ ;

U � ¼ bN ðbVHmP � 1agHÞ
1abVH ðbHV þ bN Þ

;

V � ¼ bVHbHV mP � a1bNgH
1abVH ðbHV þ bN Þ

;

P� ¼ ðbN �mN Þ
a

1� mP

1aKV

� �
:

APPENDIX C. ADDITIONAL MODEL
EXTENSIONS

C.1. Acquired host immunity

The addition of a recovered class (R) with acquired
immunity in the host population does not change the
qualitative effects of predation on pathogen pre-
valence or persistence. The constant host population
model with host immunity is

dS
dt
¼mH ðS þ I þRÞ�bVHSV �mHS ;

dI
dt
¼ bVHSV �gI �mHI ;

dR
dt
¼ gI �mHR;

dU
dt
¼ bN ðU þV Þ�bHV IU

�ðmN þ dN ðU þV ÞÞU �aUP;
dV
dt
¼ bHV IU �ðmN þ dN ðU þV ÞÞV �aVP;

dP
dt
¼ 1aðU þV ÞP�mPP:

9>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>;

ðC1Þ

The equations representing the predator (P) and vector
(U and V ) populations are indentical to the basic model
(equation (2.1)). Infected host individuals recover at a
rate g, and then remain immune to reinfection for life.
The modified pathogen reproduction number with
host immunity is

R0 ¼
ffiffiffiffiffiffiffiffi
NH
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bVHbHV

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðgþmH ÞðmN þ dNN þaPÞ

p : ðC2Þ

The rate at which infected hosts recover and become
immune (g) appears in the denominator of R0, indicat-
ing that acquired host immunity lowers the pathogen
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reproduction number, and lowers the threshold at
which predation can eliminate the pathogen from the
system (figure 6). Figure 6 shows that pre-
dation decreases pathogen prevalence in the host
population whether or not hosts are immune to infec-
tion, and an increase in the recovery rate decreases
pathogen prevalence.
C.2. Vector latency period

For many diseases, vectors experience a latent period
between their initial exposure to a pathogen and when
they become infectious (Anderson & May 1991). For
some diseases, such as malaria, the length of this
latent period relative to the lifespan of the vector is
an important factor in determining pathogen persist-
ence (MacDonald 1957). In the malarial model
originally developed by Ross (1910), extending the
latent period decreases the basic pathogen reproduction
number, R0, and reduces equilibrium prevalence.
Similarly, our basic model can be extended by adding
an exposed vector class, E, to equation (2.1):

dE
dt
¼bHV IU�hE�ðmNþdN ðUþV ÞÞE�aEP: ðC 3Þ

When the pathogen is transmitted to an uninfected
vector, the vector enters the exposed class and then
becomes infectious at a rate h. Because vectors in
the exposed class may be killed by the predator before
they become infectious, adding a vector latency period
raises the minimum vector threshold density, NT, for
pathogen persistence, and further lowers path-
ogen prevalence at equilibrium. The adjusted pathogen
reproduction number with vector latency is

R0 ¼
ffiffiffiffiffiffiffiffi
NH
p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bVHbHVh

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmH ÞðhþmN þ dNN þaPÞðmN þ dNN þaPÞ

p :

ðC4Þ

Increasing the length of this latent period (reducing h)
decreases R0 and increases NT, increasing the chance that
predation will be sufficient to eradicate the pathogen by
driving R0 , 1.
C.3. Predator functional response

We initially assumed that the predator has a Holling
type I linear functional response to vector
abundance—as vector density increases, per-capita
predation scales linearly at the rate aN. However, this
assumption becomes biologically unrealistic at high
vector densities as the individual predator attack rate
becomes limited by the time required to handle and
digest each prey item. This saturating predator func-
tional response can be represented by a Holling type
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Figure 7. Model of an epidemic outbreak for different values of
a0 for a predator with a type II functional response. At t¼ 0, the
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Figure 8. (a) Pathogen prevalence, represented as the pro-
portion of the host population that is infected, as a function
of the vector birth rate (bN) when the predator has a type II
functional response. (b) Pathogen prevalence in the host
population as a function of the non-predation vector mortality
rate (mN). Solid lines represent mean prevalence and dashed
lines represent the minimum and maximum prevalence
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II functional response (Holling 1959):

dI
dt
¼bVH ðH�I ÞV�gI ;

dU
dt
¼bNN�bHV IU�ðmNþdNNÞU� a0U

f þN
P;

dV
dt
¼bHV IU�ðmNþdNN ÞV� a0V

fþN
P;

dP
dt
¼1 a0N

f þN
P�mPP:

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

ðC 5Þ
J. R. Soc. Interface (2010)
The adjusted pathogen reproduction number is

R0¼
ffiffiffiffiffiffiffiffi
NH
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bVHbHV

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðmNþdNNþ a0

fþNPÞ
q : ðC 6Þ

Introducing a type II functional response does not
change the qualitative effect of predation on pathogen
prevalence and persistence. The presence of a predator
still lowers pathogen prevalence, and increasing the
strength of predation leads to a decline in pathogen
prevalence. With a type I functional response, the
proportion of infected hosts always reaches a stable
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equilibrium. In contrast, increasing predation strength
with a type II functional response leads to cycles in
pathogen prevalence in the host (figure 7). These
cycles occur because predator and vector densities oscil-
late, leading to oscillation in the force of infection
experienced by the host population. Despite these oscil-
lations, predation can still eliminate the pathogen from
the system while vector densities are greater than 0.

When the predator has a type I functional response,
increasing the vector birth rate leads to a decline in
pathogen prevalence. With a type II functional
response, increasing the vector birth rate initially
leads to a decline in prevalence. However, at higher
vector birth rates, the predator’s per-capita consump-
tion rate becomes saturated and further increases in
the birth rate do not reduce the mean pathogen preva-
lence (figure 8a). The relationship between the vector’s
non-predation mortality rate (mN) and pathogen preva-
lence also depends on the predator’s functional
response. With a type I response, increasing mN does
not affect pathogen prevalence in the host population
as long as the predator is present (figure 4b). If the
predator has a type II response, increasing mN leads
to a decrease in pathogen prevalence when mN is low
enough that the predator’s per-capita consumption
rate is saturated (figure 8b). Once mN is high enough
that the predator’s per-capita consumption rate is no
longer saturated, further increases in mN do not affect
pathogen prevalence.

C.4. Predator selectivity

The capacity of predators to selectively prey on
infectious or non-infectious vectors could also alter
the quantitative effect of predation on pathogen preva-
lence. For example, East African jumping spiders
(Evarcha culicivora) preferentially prey on female
Anopheles mosquitoes carrying blood meals, and there-
fore are more likely to be carrying the malarial parasite
(Nelson & Jackson 2006). Our model predicts that if
the predator preferentially preys on susceptible vectors,
the negative effect of predation on pathogen prevalence
is weakened, but predation never increases prevalence.
Preferential predation on exposed or infectious vectors
enhances the negative effects of predation on prevalence
and lowers the threshold for disease eradication. Preda-
tion consistently reduces pathogen prevalence in the
host and vector populations under different assump-
tions about host demographics or immunity, latency
and predator selectivity.
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