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a b s t r a c t
Despite the recent accumulation of theoretical and empirical studies on avian inﬂuenza viruses (AIVs), the
interactions among the diverse pool of strains remain poorly understood. One potential reason is multiple
transmission routes. In this paper, we explore the behavior of a two-strain mathematical model of AIV
dynamics with lifelong immunity to understand how the combination of direct and environmental
transmission (via a persistent viral reservoir) determines strains coexistence and dominance. We ﬁnd that
coexistence requires the magnitude of basic reproductive ratios of the strains to be identical for each
env
transmission route (Rdir
0 and R0 ) when cross-immunity is assumed to be perfect. Coexistence may be also
possible when one strain is only directly transmitted and the contribution by environmental transmission is
high. When we relax this assumption, the level of cross-protection does not modify coexistence criteria
when strains are mainly environmentally transmitted, in contrast to the case where direct transmission
dominates. Finally, when competitive exclusion is observed, the strain with the largest contribution from
direct transmission outcompetes the other through competition for viral particle acquisition. Overall, we
conclude that environmental transmission can affect the patterns of coexistence predicted by direct
transmission models in complex ways.
© 2010 Elsevier B.V. All rights reserved.

Introduction
Over the past three decades, the application of ecological perspectives to the study of infectious diseases has provided critical insights in
our understanding of pathogens that are of major public health concern
(Grenfell and Dobson, 1995; Guernier et al., 2004; Collinge and Ray,
2006; Anderson and May, 1979), especially emerging and re-emerging
infectious diseases (Daszak et al., 2001; Morens et al., 2004). This
success is, in part, due to the introduction of ecological methods and
concepts to the study of infectious diseases dynamics (Grenfell et al.,
2001; Rohani et al., 2003), as well as numerous empirical documentations of spillover of zoonotic infectious diseases to a diversity of host
species (Taylor et al., 2001; Woolhouse and Gowtage-Sequeria, 2005).
Inﬂuenza A viruses are among the best-studied infectious diseases,
especially with regards to their transmission dynamics among
humans, with a signiﬁcant body of interesting theoretical (Ferguson
et al., 2003; Viboud et al., 2006; Koelle et al., 2006) and empirical
(Holmes et al., 2005; Flahault et al., 2006) research. In contrast, the
ecology and evolution of these viruses in their wild avian reservoirs
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remain relatively poorly understood (Webster et al., 1992; Olsen et al.,
2006). This may be partly because of the impressive genetic and
antigenic diversity of avian inﬂuenza viruses (AIVs) in their reservoir
species. Inﬂuenza A viruses are classically divided into subtypes
depending on two surface glycoproteins (Spackman, 2008; Cox and
Subbarao, 2000), hemagglutinin (H) and neuraminidase (N). Thus far,
16 distinct H and 9 distinct N types have been isolated from avian
species in the wild (Swayne, 2008). AIVs came to prominence after the
identiﬁcation of the highly pathogenic (HPAIV) H5N1 in Southeast
Asia during the late 1990s (Subbarao et al., 1998). This virus is unusual
among AIVs due to its abnormally high virulence in bird species. The
subsequent high-proﬁle transmission of HPAIV H5N1 to humans and
its geographical spread has resulted in 262 deaths to date, with an
alarming estimated case fatality probability of 60% (Li et al., 2008).
Consequently, understanding the dynamics, persistence, and evolution of these viruses has assumed an increased urgency.
One of the open questions in the biology of AIVs remains the
ecological and immunological interactions among strains that give rise to
and maintain this impressive diversity of viral subtypes. In particular,
strain coexistence and sequential strain dominance patterns observed in
the ﬁeld are not consistent with simple density-dependent transmission,
which predicts limited strain diversity for inﬂuenza viruses (Gog and
Grenfell, 2002; Boni et al., 2006; Gökaydin et al., 2007). Here, we examine
how coexistence is affected by different components of transmission. The
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process of AIV transmission is thought to be predominantly fecal–oral,
which has been interpreted as essentially direct because of (i) the
necessary proximity between susceptible and infected birds for infection
and (ii) the fact that transmission scales with the duration of the
infectious period. There is also recent evidence that, in some bird species,
direct transmission may also be occurring as via the respiratory route
(Kleijn et al., 2010). In addition, however, there is an accumulation of
evidence suggesting that transmission via long-lived viruses in environmental reservoirs may be an important, although overlooked component
(Hinshaw et al., 1979; Markwell and Shortridge, 1982; Laudert et al.,
1993; Roche et al., 2009). This evidence is based in part on the routine
isolation of AIVs from mud samples, soil swabs (Hinshaw et al., 1979),
and unconcentrated lake water (Vong et al., 2008) and the observation of
long persistence times of AIVs in water (Webster et al., 1978; Stallknecht
et al., 1990; Webster et al., 1992). The environmental transmission
mechanism is indirect and acts on a distinctly longer time scale than
direct transmission. Recently, studies by Rohani et al. (2009) and Breban
et al. (2009) have examined the epidemiology of such mixed
transmission systems and the impact of environmental transmission.
These authors report that environmental transmission increases the
invasion likelihood of AIVs and facilitates the long-term inter-annual
persistence of these viruses. In this paper, we propose a mathematical
model for the dynamics of two AIV subtypes with both direct and
environmental transmission, subject to partial cross-protection. We
study this model to examine the consequences of multiple transmission
modes for the patterns of coexistence and subtype dominance of AIVs.

of protection against infection with a strain as a result of current or
previous infection with a different strain. Individuals infectious with
strain i may become coinfected with strain j (i ≠ j), leading to class NII.
Partial cross-immunity further determines whether those who have
recovered from a previous infection become infected with the other
strain (thus entering classes NRI or NIR). Finally, after infection with
both strains, we assume individuals are immune to both strains (NRR).
In addition, to keep track of infection status within the host
population, we also need to determine the kinetics of virus in the
environment for each strain. Infectious hosts are assumed to shed
virus into the environment at rate ωi, with viral decay at a constant
rate, given by ξi.
The complete set of equations describing our system is given by:

Mathematical model
To explore the behavior of competition between two AIV strains
with mixed transmission, we develop a deterministic model based on
the familiar SIR framework (Anderson and May, 1991; Keeling and
Rohani, 2008). Our two-strain model (Fig. 1 and Eqs. (1)–(13))
assumes that individuals are born susceptible to both strains (NSS) and
are subject to strain-speciﬁc force of infection (λi; i = 1, 2), which
integrates both direct (βiIi) and environmental δρ Vi V+i κ transmission (model parameters are described in detail below). Upon
infection, individuals move to the NSI class or the NIS class, depending
on the infecting strain. We incorporate partial cross immunity, as
determined by our parameter, (0 ≤  ≤ 1), which measures the level

Fig. 1. Diagram of mathematical model. See equations in main text for further details.

dNSS
= μN−λ1 NSS −λ2 NSS −μNSS
dt

ð1Þ

dNIS
= λ1 NSS −ð1−Þλ2 NIS −γNIS −μNIS
dt

ð2Þ

dNRS
= γNIS −ð1−Þλ2 NRS −μNRS
dt

ð3Þ

dNSI
= λ2 NSS −ð1−Þλ1 NSI −γNSI −μNSI
dt

ð4Þ

dNSR
= γNSI −ð1−Þλ1 NSR −μNSR
dt

ð5Þ

dNII
= ð1−Þλ1 NSI + ð1−Þλ2 NIS −2γNII −μNII
dt

ð6Þ

dNRI
= ð1−Þλ2 NRS + γNII −γNRI −μNRI
dt

ð7Þ

dNIR
= ð1−Þλ1 NSR + γNII −γNIR −μNIR
dt

ð8Þ

dNRR
= γNIR + γNRI −μNRR
dt

ð9Þ

dV1
= ð1−ϕ1 Þω1 I1 −ξ1 V1
dt

ð10Þ

dV2
= ð1−ϕ2 Þω2 I2 −ξ2 V2
dt

ð11Þ

dλ2
V1
= ϕ1 β1 I1 + δρ
−ðμ + γÞλ1
dt
κ1 + V1

ð12Þ

dλ2
V2
= ϕ2 β2 I2 + ð1−δÞρ
−ðμ + γÞλ2
dt
κ2 + V2

ð13Þ

Here, μ is the host per capita birth and death rate, 1/γ determines the
mean duration of the infectious period, ρ is the uptake rate of
environmental virions, κi denotes the strain-speciﬁc dose that yields a
50% probability of infection (ID50), and I1 = NIS + NIR + NII and I2 = NSI +
NRI + NII. The host population size is denoted by N and is assumed to be
constant. Note that in models where coinfection is assumed possible,
care needs to be taken to ensure the infectious period for each strain is,
on average, the same as in the single infection models. A discrepancy
may arise if, for example, an individual who has spent several days in the
Ii class becomes coinfected with strain j (i ≠ j), with time spent in the
dually infected class leading to an overall infectious period for strain i
that exceeds 1/γi. Following the lead of Vasco et al. (2007), we
overcome this systematic bias by tracking, in addition to the infectious
population size, the “force of infection” λi (i = 1, 2), as shown by
Eqs. (12) and (13) (see also Rohani et al., 2008).
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Vi
(i = 1, 2) in
Vi + κi
Eqs. (12) and (13), describe the strain-speciﬁc probability of infection,
given uptake of Vi virus. In the presence of two competing strains,
however, we need to determine the infecting strain given the volume
of ingested virus. This is achieved using the parameter δ, which
establishes the probability that infection is due to strain 1. δ is
proportional to the number of infectious doses of strain 1 that
susceptible individuals encounter. Note that the parameter δ also
guarantees the “ecological neutrality” (sensu Lipsitch et al., 2009) of
our two-strain model. This means that if the two strains are deemed
functionally equivalent, the environmental transmission rate for the
sum of the strains, f(V1 + V2), is identical to f(V1) + f(V2). The term δ is
deﬁned by:
The environmental transmission terms

δ=

V1 = κ 1
ðV1 = κ1 Þ + ðV2 = κ2 Þ

ð14Þ

In previous studies (Rohani et al., 2009), it has been demonstrated
that when only one strain is involved, the basic reproductive ratio, R0,
is simply the sum of the direct and environmental transmission
env
components (i.e., R0 = Rdir
0 + R 0 ). To explore the coexistence
mechanisms of competing AIV strains and the role played by
environmental transmission, we introduce a new strain-speciﬁc
parameter ϕi, which simply quantiﬁes the relative contribution of
direct transmission to the basic reproductive ratio for strain i (i.e.,
+ (1 − ϕi) R[i]env
where 0 ≤ ϕi ≤ 1). We modulate the
Ri0 = ϕi R[i]dir
0
0
contribution of density-dependent transmission by scaling the
transmission rate βi by ϕi. For environmental transmission, modulation may be implemented by either reducing the shedding rate (ωi) by
(1 − ϕi) or the uptake rate ρ. We present our ﬁndings assuming that
reduced environmental transmission is achieved via a reduction in the
shedding rate, although we have veriﬁed that our conclusions remain
qualitatively unaffected by the speciﬁc implementation of this effect.
It is important to point out that changing ϕ may result in a different
dir
overall R0 when Renv
0 ≠ R0 , but it allows us to explore the strategy for
and Rdir
each strain in a given situation characterized by Renv
0
0 . Hence,
the formula describing R0 for a single strain is:
½i

½idir

R0 = ϕi R0

½ienv

+ ð1−ϕi ÞR0

=

ϕi βi N
ρð1−ϕi Þωi = κi N
+
μ + γi
κi ξi ðγi + μÞ

ð15Þ

The usual approach to understanding the coexistence dynamics in
multistrain pathogen interactions has been to derive the criterion by
which the invasion of a second strain into a single-strain system is
guaranteed. This analytical technique has been used in simpler
systems, namely those with partial cross-immunity and only direct
transmission (Castillo-Chavez et al., 1989; Bremermann and Thieme,
1989; Gupta et al., 1994; Vasco et al., 2007) or systems with both
direct and environmental transmission modes and perfect crossimmunity (Breban et al., 2010). In our system, consisting of two
transmission modes and partial protection between strains, the
analytical derivation of an invasion or coexistence criterion has not
been feasible. Hence, we adopt a numerical approach to understand
core epidemiological outcomes of this complex but realistic system.
We integrate the system to understand equilibrium dynamics.
Results
Exclusion and coexistence patterns with full cross-immunity
To explore patterns of strains exclusion and coexistence systematically, we start with the assumption of perfect cross-immunity
( = 1). If perfect cross-immunity and only direct transmission are
considered, theory suggests that coexistence is possible only when
both strains are identical. Otherwise, the strain with the biggest R0

should competitively exclude the other strain (Castillo-Chavez et al.,
1989). We analyze how these outcomes are scrambled with environ= R2[dir]
and R1[env]
= R2[env]
.
mental transmission by assuming R1[dir]
0
0
0
0
In Fig. 2, we present the outcome of competition experiments as the
relative contributions of direct (ϕi) and environmental (1 − ϕi)
transmission are altered for each strain. These patterns are systematenv
ically studied assuming a range of values of Rdir
0 and R0 .
Within the large regions of parameter space in which competitive
exclusion is observed (dark and light gray areas in Fig. 2), it is the strain
with the greater contribution from direct transmission (bigger ϕi) that is
competitively dominant, except when Rdir
0 b 1. This preference for direct
instead of environmental transmission is due to competition between
viral particles in the environmental reservoir, captured via our δ
parameter (Eq. (14)). As shown by Rohani et al. (2009), environmental
transmission leads to a slower epidemic growth than direct transmission for a given R0; therefore, the strain with a larger direct transmission
component will numerically dominate, both in terms of the number of
infectious individuals and the environmental virus reservoir. In
mathematical terms, if ϕ1 tends to 1 and ϕ2 b ϕ1, δ will tend to 1
(Fig. 3), resulting in extinction of strain 2.
Different coexistence patterns (white areas in Fig. 2) are observed
env
env
are varied. When Rdir
as Rdir
0 and R0
0 N R0 , coexistence requires that
the two strains have the same R0 (N1), as might be expected from
theory (Anderson and May, 1982). What is unexpected, however, is
our ﬁnding that strain coexistence is possible only when competing
subtypes have identical ratios of direct and environmental transmission (ϕ1 = ϕ2). This is despite the fact that when restrictive
coexistence is due to the competition process for viral particles
acquisition in the environment, as explained above.
dir
This pattern is slightly modiﬁed when Renv
0 ≥ R0 . In this case, a
strain i that is only directly transmitted can coexist with a partly
environmentally transmitted strain j (i ≠ j). Since strain i does not
shed any viral particle ((1 − ϕi) = 0), this strain cannot outcompete
strain j through environmentally mediated competition. Strain j will
be competitively excluded through a lack of susceptible individuals,
but it can persist via environmental transmission chains (since uptake
rate ρ is not affected by ϕj) and its direct transmission component
(which allows rapid growth). When strain j does not beneﬁt of
is too low,
density-dependent transmission (ϕj → 0) or if Renv
0
coexistence becomes impossible once again.
env
Finally, when Rdir
0 b 1 or R0 b 1, both strains go extinct if their R0
values below 1 (i.e., ϕi close to 0 when Renv
0 b 1 or ϕi close to 1 when
Rdir
0 b 1).
Inﬂuence of partial cross-immunity
We now relax the assumption of perfect cross-immunity and explore
its consequences on patterns of strain coexistence. Fig. 4 shows that viral
coexistence is enhanced by partial cross-immunity, but only when both
strains are predominantly directly transmitted. This is because when
transmission is direct, strains compete for susceptible individuals.
Partial cross-immunity reduces the strength of this competitive effect by
introducing the possibility for (i) coinfection and (ii) subsequent
infection. In contrast, the strength of competition mediated via
environmental transmission remains unaffected by reduced crossimmunity, with coexistence still determined by δ (Fig. 3). In the limit of
no cross-immunity ( → 0), we observe a threshold in the coexistence
condition as strains become increasingly environmentally transmitted
(Fig. 4). This is again a manifestation of the process discussed above. As
ϕi values approach zero, competition among strains is environmentally
mediated and strong and, as a result, the coexistence likelihood is
unaffected by factors that affect host immunity, but by the competition
alters only the speciﬁc case
term δ (Fig. 3). Finally, the increase of Renv
0
where an exclusively directly transmitted strain i and a strain j which is
partly environmentally transmitted can coexist, as it was shown with
the assumption of full cross-immunity.
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Fig. 2. Competition patterns between two strains with full cross-immunity. The epidemiological traits of the two strains are assumed identical, except the ϕi parameter. The light grey area
shows area where strain 2 dominates and dark grey indicates area where strain 1 dominates. The white area shows coexistence area and black area indicates global extinction. ϕi is
the preference for direct transmission for strain i (0: only environmental transmission, 1: only direct transmission). Parameters: μ = 0.5, N = 10000, ρ = 0.000004, κi = 10, 1/γi = 7 days
env
and 1/ξi = 74 days. βi and ωi are modiﬁed to have different values of Rdir
0 and R0 , respectively. Simulations started with 1 infectious individual and 100 viral particles for each strain. The
equilibrium dynamics are presented after discarding 150 years of transient dynamics. A strain is considered persistent if the number of infectious individuals with the strain exceeds 10− 10
and its force of infection is greater than 10− 12. In the Supplementary Information, we explore the sensitivity of our ﬁndings to assumptions regarding the initial conditions.

Strain dominance
We now turn our attention to the question of avian inﬂuenza virus
subtype diversity. In particular, we wish to explore the epidemiological
trade-offs that determine strain dominance and persistence. We examine
dir
the case of permanent full cross-immunity ( =1) where Renv
0 =R0
for the sake of simplicity. We ensure the components of the basic
=R[2]env
reproductive ratio for competing strains are identical, i.e., R[1]env
0
0
and R[1]dir
=R[2]dir
. Now, in turn, we modify the main epidemiological
0
0
parameters for each transmission mode (βi and γ for direct transmission
and ωi and ξi for environmental transmission) and explore its
consequences for strains domination. This is achieved via transmission
mode-speciﬁc parameters ηdi and ηei . For instance, if we ﬁx the
components of environmental transmission for both strains and modify
the components of direct transmission by setting ηd1 =2 and ηd2 =0.5, we
study the outcome of competition among two strains with identical R0
values but very contrasting life history strategies. Strain 1 represents a
‘live fast, die young’ strategy, with a high transmission rate (β1) and rapid
host clearance (γ1). Strain 2, on the other hand, while having the same

overall reproductive ﬁtness (measured in terms of R0), adopts a ‘slow but
steady’ strategy with a moderate transmission rate but a longer infectious
period (see Supplementary materials for ηdi and ηei calculations).
In Fig. 5A, we study the aspects of direct transmission. We ﬁnd that
competition clearly favors the strain with the higher transmission
rate, despite the shorter infectious period of such strains. This ﬁnding
is intuitive since higher transmission rate leads to more transmission
in the early stages, and this numerical advantage drives the eventual
outcome of competition.
In contrast, when we ﬁx the components of direct transmission
and study the environmental transmission strategies, the outcome is
more complex (Fig. 5B). We ﬁnd four different scenarios with strain
dominance determined by the interplay between viral shedding rate
of infectious individuals and direct transmission.
When ηei is small, the shedding rate (ωi) is low and environmental
persistence (1/ξi) is high. In this case, direct transmission plays the
most important role in determining strain dominance: the dominant
strain at equilibrium is also the dominant strain at the peak of the
epidemic. When ηei is large, viral shedding rate increases, reversing

Fig. 3. Illustration of competition for viral particles in environment. Left Y-axis (solid line) is the load of viral particles into environment. δ parameter (right Y-axis, dashed line)
represents proportion of viral particles from strain 1 into environment. (A) ϕ1 = 0.1, (B) ϕ1 = 0.5, and (C) ϕ1 = 0.9. Parameters: ϕ2 = 0.5, μ = 0.5, N = 10000, ρ = 0.000004, κi = 10, 1/
γi = 7 days, ωi = 2.105, βi = 0.18, 1/ξi = 74 days, ε = 1.
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Fig. 4. Inﬂuence of partial cross-immunity. Colors codiﬁcation are the same than in previous ﬁgure. Parameters: μ = 0.5, N = 10000, ρ = 0.000004, κi = 10, 1/γi = 7 days, 1/ξi =
74 days. R0dir is equal to 2 and ωi is modiﬁed to have different values of R0env. Initial conditions are the same as in previous ﬁgure.

the pattern (the most abundant strain at the epidemic peak is not the
most prevalent strain at equilibrium). This result suggests the
existence of a threshold when shedding rate becomes sufﬁciently
large to guarantee a higher level of persistence at equilibrium than
direct transmission.
Discussion and Conclusion
The importance of avian inﬂuenza viruses from both a public
health perspective and the economics of poultry systems points to the
need for a deep understanding of their ecology and evolution. One of
the signiﬁcant open questions concerning AIVs remains the mechanisms that determine the coexistence of a very large diversity of viral
subtypes (Webster et al., 1992; Swayne, 2008). To address this, we
have formulated a novel two-strain model with mixed transmission
dynamics, incorporating both direct and environmentally mediated
transmission mechanisms. Our ultimate aim has been to explore and
understand the factors that shape coexistence of competing AIV
strains. The ﬁnding that—with perfect cross-immunity—competing
viruses need to have the same R0 for coexistence is not surprising.
However, our conclusion that strain coexistence is possible only when
env
is interesting and perhaps
both strains have identical Rdir
0 and R0
dir
unexpected. This pattern is slightly modiﬁed when Renv
0 ≥ R0 . Indeed,
coexistence is possible when at least one strain is only directly
transmitted (i.e., it does not shed any viral particles within
environment), and the other is partly environmentally transmitted.
In this case, competitive exclusion is mediated through susceptible
individuals.
When transmission strategies include differential direct and
environmental components, we ﬁnd that the directly transmitted strain
enjoys a substantial competitive advantage, unless Rdir
0 is below one.
When infection confers imperfect immunity to competing AIV strains,
coexistence is most likely when strains are predominantly directly
transmitted, modulated via reduced susceptible depletion. In contrast,
partial cross-immunity does not affect coexistence of environmentally
transmitted strains since they still compete in the environmental
reservoir. This difference in competition processes leads to a threshold
for the coexistence region where cross-immunity becomes small. In this

case, competition for susceptible individuals is removed and competition for virions dominates. Finally, we have explored the epidemiological characteristics of coexisting AIVs, with a view to understanding the
determinants of strain dominance. A complex pattern is documented
when the components of environmental transmission are varied while
= R[2]env
. We ﬁnd that strain dominance is not accurately
keeping R[1]env
0
0
predicted by conditions at the epidemic peak. Ultimately, while the
strain with the higher viral shedding rate enjoys a numerical advantage
at the peak of the outbreak, dominance, in the long run, is favored by
long-term environmental persistence.
One of the strongest qualitative results from this work is that
coexistence is more likely under predominantly direct transmission
rather than environmental transmission. As we show in the
Supplementary Information (speciﬁcally Figs. S4 and S5), this result
[2]
holds even when R[1]
0 ≠ R0 . This may be somewhat surprising since
elsewhere it has been argued that environmental transmission may
play a key role in the interannual persistence of AIVs (Breban et al.,
2009; Rohani et al., 2009). By extension, one might expect the
environmental reservoir to serve as a mixing vessel, permitting the
coexistence of diverse virus strains.
Ultimately, the resolution of these issues may depend on aspects of
our modeling framework. First, the issue of immunity, both
homologous and heterologous, is central. We have assumed immunity
to be lifelong, although this is the subject of contention in the
literature. Several studies have shown that the period of immunity
could be shorter than host life span (Kida et al., 1980; Hinshaw et al.,
1981), while others have questioned this conclusion (Olsen et al.,
2006). The inclusion of temporary immunity would probably lead to
greater coexistence, despite it is questionable whether our qualitative
conclusions would be affected. Second, there are alternative ways in
which environmental transmission can be modelled (Dennis, 1989;
Breban et al., 2009). In this paper, we have used a rectangular
hyperbolic function, while others have proposed the negative
exponential function (Breban et al., 2009). Our choice of this function
has been biologically motivated and has been previously successfully
applied to empirical AIV prevalence data (Roche et al., 2009). Third,
and perhaps most importantly, we believe our conclusions would be
signiﬁcantly affected by the inclusion of seasonality, intended to
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Fig. 5. Dominating strain in case of coexistence (when R[1]dir
= R[2]dir
and R[1]env
= R[2]env
).
0
0
0
0
Colors of contours represent ratio between infectious population size of dominating strain
and infectious population size of dominated strain. Brightest areas represent a high ratio of
dominating over dominated strain and darkest area shows a low ratio. White lines
represents shift for dominating strain at equilibrium. The four insets plot the time course of
dynamics with grey and black lines representing prevalence of strains 1 and 2, respectively.
Parameters: ϕi = 0.5, μ = 0.5, N = 10000, ρ = 0.000004, κi = 10 (A) 1/ξ = 74 days,
β0 = 0.18, (B) βi = 0.18, 1/γi = 7 days.

capture the breeding biology of hosts, their patterns of seasonal
migration and differential environmental persistence driven by
changes in temperature (Breban et al., 2009). Disentangling the
effects of these forces on AIV strain proliferation and patterns of
sequential dominance is a research priority.
Acknowledgments
This work is supported by the Centers for Disease Control and
Prevention (5U19Cl000401), the James S. McDonnell Foundation, and the
National Science Foundation (DEB-0917853). P.R. was also supported by
the RAPIDD program of the Science & Technology Directorate, Department of Homeland Security, and the Fogarty International Center,
National Institutes of Health.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.epidem.2010.03.002.

Anderson, R.M., May, R.M., 1979. Population biology of infectious diseases: Part I.
Nature 280, 361–367.
Anderson, R.M., May, R.M., 1982. Coevolution of hosts and parasites. Parasitology 85,
411–426.
Anderson, R.M., May, R.M., 1991. Infectious Diseases of Humans: Dynamics and Control.
Oxford Science Publications.
Boni, M.F., Gog, J.R., Andreasen, V., Feldman, M.W., 2006. Epidemic dynamics
and antigenic evolution in a single season of inﬂuenza A. Proc. R. Soc. B 273,
1307–1316.
Breban, R., Drake, J.M., Stallknecht, D.E., Rohani, P., 2009. The role of environmental tranmission in reccurent avian inﬂuenza dynamics. PLoS Comput. Biol. 5,
e1000346.
Breban, R., Drake, J.M. & Rohani, P. (2010). A general multi-strain model with
environmental transmission: invasion conditions for the disease-free and endemic
states. JTB. 264, 729–736.
Bremermann, H.J., Thieme, H.R., 1989. A competitive exclusion principle for pathogen
virulence. J. Math. Biol. 27, 179–190.
Castillo-Chavez, C., Hethcote, H.W., Andreasen, V., Levin, S.A., Liu, W.M., 1989.
Epidemiological models with age structure, proportionate mixing, and crossimmunity. J. Math. Biol. 27, 233–258.
Collinge, S.H., Ray, C. (Eds.), 2006. Disease Ecology: Community Structure and Pathogen
Dynamics. Oxford University Press.
Cox, N.J., Subbarao, K., 2000. Global epidemiology of inﬂuenza: past and present. Annu.
Rev. Med. 51, 407–421.
Daszak, P., Cunningham, A.A., Hyatt, A.D., 2001. Anthropogenic environmental change
and the emergence of infectious diseases in wildlife. Acta Trop. 78, 103–116.
Dennis, B., 1989. Allee effects: population growth, critical density and the chance of
extinction. Nat. Ressour. Model. 3, 481–538.
Ferguson, N., Galvani, A., Bush, R., 2003. Ecological and immunological determinants of
inﬂuenza evolution. Nature 422, 428–433.
Flahault, A., Blanchon, T., Dorleans, Y., Toubiana, L., Vibert, J.F., Valleron, A.J., 2006.
Virtual surveillance of communicable diseases: a 20-year experience in France. Stat.
Methods Med. Res. 15, 413–421.
Gog, J.R., Grenfell, B.T., 2002. Dynamics and selection of many-strain pathogens. Proc.
Natl. Acad. Sci. U. S. A. 99, 17209–17214.
Gökaydin, D., Oliveira-Martins, J.B., Gordo, I., Gomes, M.G.M., 2007. The reinfection
threshold regulates pathogen diversity: the case of inﬂuenza. J. R. Soc. Interface 4,
137–142.
Grenfell, B.T., Dobson, A.P. (Eds.), 1995. Ecology of Infectious Diseases in Natural
Populations. Cambrdige University Press.
Grenfell, B.T., Bjornstad, O.N., Kappey, J., 2001. Travelling waves and spatial hierarchies
in measles epidemics. Nature 414, 716–723.
Guernier, V., Hochberg, M.E., Guegan, J.F., 2004. Ecology drives the worldwide
distribution of human diseases. PLoS Biol. 2, e141.
Gupta, S., Swinton, J., Anderson, R.M., 1994. Theoretical studies of the effects of
heterogeneity in the parasite population on the transmission dynamics of malaria.
Proc. Biol. Sci. 256, 231–238.
Hinshaw, S.V., Webster, R., Turner, B., 1979. Water-borne transmission of inﬂuenza A
viruses. Intervirology 11, 66–68.
Hinshaw, V.S., Webster, R.G., Easterday, B.C., Bean, W.J., 1981. Replication of avian
inﬂuenza A viruses in mammals. Infect. Immun. 34, 354–361.
Holmes, E.C., Ghedin, E., Miller, N., Taylor, J., Bao, Y., George, K.S., Grenfell, B.T., Salzberg,
S.L., Fraser, C.M., Lipman, D.J., Taubenberger, J.K., 2005. Whole-genome analysis of
human inﬂuenza A virus reveals multiple persistent lineages and reassortment
among recent H3N2 viruses. PLoS Biol. 3, e300.
Keeling, M.J., Rohani, P., 2008. Modeling Infectious Diseases in Humans and Animals.
Princeton University Press.
Kida, H., Yanagawa, R., Matsuoka, Y., 1980. Duck inﬂuenza lacking evidence of disease
signs and immune response. Infect. Immun. 30, 547–553.
Kleijn, D., Munster, V.J., Ebbinge, B.S., Jonkers, D.A., Müskens, G.J.D.M., Randen, Y.V.,
Fouchier, R.A.M., 2010. Dynamics and ecological consequences of avian inﬂuenza virus
infection in greater white-fronted geese in their winter staging areas. Proc. R. Soc. B.
277, 2041–2048.
Koelle, K., Cobey, S., Grenfell, B.T., Pascual, M., 2006. Epochal evolution shapes
the phylodynamics of interpandemic inﬂuenza A (H3N2) in humans. Science 314,
1898–1903.
Laudert, E., Sivanandan, V., Halvorson, D., Shaw, D., Webster, R.G., 1993. Biological and
molecular characterization of H13N2 inﬂuenza type A viruses isolated from turkeys
and surface water. Avian Dis. 37, 793–799.
Li, F.C.K., Choi, B.C.K., Sly, T., Pak, A.W.P., 2008. Finding the real case-fatality rate of H5N1
avian inﬂuenza. J. Epidemiol. Commun. H. 62 (6), 555–559.
Lipsitch, M., Colijn, C., Cohen, T., Hanage, W.P., Fraser, C., 2009. No coexistence for free:
Neutral null models for multistrain pathogens. Epidemics 1, 2–13.
Markwell, D.D., Shortridge, K.F., 1982. Possible waterborne transmission and maintenance of inﬂuenza viruses in domestic ducks. Appl. Environ. Microbiol. 43,
110–115.
Morens, D.M., Folkers, G.K., Fauci, A.S., 2004. The challenge of emerging and reemerging infectious diseases. Nature 430, 242–249.
Olsen, B., Munster, V.J., Wallensten, A., Waldenström, J., Osterhaus, A.D.M.E., Fouchier,
R.A.M., 2006. Global patterns of inﬂuenza A virus in wild birds. Science 312,
384–388.
Roche, B., Lebarbenchon, C., Gauthier-Clerc, M., Chang, C.M., Thomas, F., Renaud, F., van
der Werf, S., Guegan, J.F., 2009. Water-borne transmission drives avian inﬂuenza

Author's personal copy
98

B. Roche, P. Rohani / Epidemics 2 (2010) 92–98

dynamics in wild birds: the case of the 2005–2006 epidemics in the Camargue area.
Infect. Genet. Evol. 9, 800–805.
Rohani, P., Green, C.J., Mantilla-Beniers, N.B., Grenfell, B.T., 2003. Ecological interference
between fatal diseases. Nature 422, 885–888.
Rohani, P., Wearing, H., Vasco, D.A., Huang, Y., 2008. Infectious Disease Ecology.
Understanding Host-Multi-Pathogen Systens: The Interaction Between Ecology
and Immunology. Princeton University Press. chap.
Rohani, P., Breban, R., Stallknecht, D.E., Drake, J.M., 2009. Environmental transmission of
avian inﬂuenza viruses and its implications for disease control. Proc. Natl. Acad. Sci.
U. S. A. 106 (25), 10365–10369.
Spackman, E. (Ed.), 2008. Avian Inﬂuenza Virus (Methods in Molecular Biology).
Humana Press.
Stallknecht, D.E., Shane, S.M., Kearney, M.T., Zwank, P.J., 1990. Persistence of avian
inﬂuenza viruses in water. Avian Dis. 34, 406–411.
Subbarao, K., Klimov, A., Katz, J., Regnery, H., Lim, W., Hall, H., Perdue, M., Swayne, D.,
Bender, C., Huang, J., Hemphill, M., Rowe, T., Shaw, M., Xu, X., Fukuda, K., Cox, N.,
1998. Characterization of an avian inﬂuenza A (H5N1) virus isolated from a child
with a fatal respiratory illness. Science 279, 393–396.

Swayne, D.E., 2008. Inﬂuenza A Virus. Blackwell Publishing, pp. 3–22. chap. 1.
Taylor, L.H., Latham, S.M., Woolhouse, M.E., 2001. Risk factors for human disease
emergence. Philos. Trans. R. Soc. B: Biol. Sci. 356, 983–989.
Vasco, D.A., Wearing, H.J., Rohani, P., 2007. Tracking the dynamics of pathogen
interactions: modeling ecological and immune-mediated processes in a twopathogen single-host system. J. Theor. Biol. 245 (1), 9–25.
Viboud, C., Bjørnstad, O.N., Smith, D.L., Simonsen, L., Miller, M.A., Grenfell, B.T., 2006.
Synchrony, waves, and spatial hierarchies in the spread of inﬂuenza. Science 312,
447–451.
Vong, S., Ly, S., Mardy, S., Holl, D., Buchy, P., 2008. Environmental contamination during
inﬂuenza A virus (H5N1) outbreaks, Cambodia, 2006. Emerg. Infect. Dis. 14, 1303–1305.
Webster, R.G., Yakhno, M., Hinshaw, V.S., Bean, W.J., Murti, K.G., 1978. Intestinal
inﬂuenza: replication and characterization of inﬂuenza viruses in ducks. Virology
84, 268–278.
Webster, R.G., Bean, W.J., Gorman, O.T., Chambers, T.M., Kawaoka, Y., 1992. Evolution
and ecology of inﬂuenza A viruses. Microbiol. Rev. 56, 152–179.
Woolhouse, M.E.J., Gowtage-Sequeria, S., 2005. Host range and emerging and
reemerging pathogens. Emerg. Infect. Dis. 11, 1842–1847.

