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The spread of highly pathogenic avian influenza (HPAI) H5N1 remains a threat for both wild and domestic
bird populations, while low pathogenic avian influenza (LPAI) strains have been reported to induce partial
immunity to HPAI in poultry and some wild birds inoculated with both HPAI and LPAI strains. Here, based
on the reported data and experiments, we develop a two-strain avian influenza model to examine the
extent to which this partial immunity observed at the individual level can affect the outcome of the
outbreaks among migratory birds in the wild at the population level during different seasons. We find a
distinct mitigating effect of LPAI on the death toll induced by HPAI strain, and this effect is particularly
important for populations previously exposed to and recovered from LPAI. We further investigate the
effect of the dominant mode of transmission of an HPAI strain on the outcome of the epidemic. Four
combinations of contact based direct transmission and indirect fecal-to-oral (or environmental) routes
are examined. For a given infection peak of HPAI, indirect fecal-to-oral transmission of HPAI can lead to a
higher death toll than that associated with direct transmission. The mitigating effect of LPAI can, in turn,

be dependent on the route of infection of HPAI.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction and background

Avian influenza is caused by a virus frequently affecting wild
birds and poultry with high variation from one species to another.
The range of symptoms caused by the virus in chicken populations
is often used to classify the virulence of avian influenza viruses. The
mild form, referred to as low pathogenic avian influenza (LPAI), can
cause mild to no symptoms and is often detected in the wild. Highly
pathogenic avian influenza strains are highly contagious and can
cause systemic infection and high mortality in poultry (up to 100%
poultry mortality within days). The HPAI strains are caused by H5
and H7 subtypes of type A influenza virus (e.g. Alexander, 2007;
Lucchetti et al., 2009; Swayne and Suarez, 2000). Milder versions of
H5NT1 cases have been reported and have induced low mortality
among animals since the 1990s; however, in 2005, a new highly
pathogenic strain of H5N1 virus began to have unprecedented
deadly effects on various bird species, including industrial poultry
and domesticated and migratory wild birds. In 2005, such out-
breaks in Asia led to the culling of up to 150 million domestic birds
resulting in billions of dollars in losses (Gilbert et al., 2008). Despite
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the increasing number of human cases (489 cases reported to WHO
from 2003 to 2010 (WHO, 2010)), the human-to-human transmis-
sion of the current HPAI strain remains rare (e.g. WHO, 2008).

1.1. Effect of low pathogenic strains on high pathogenic epidemics:
observations

Strains of low pathogenic avian influenza (LPAI) can induce
partial immunity to HPAI in poultry and wild bird populations.
However, the extent to which this partial immunity observed at the
individual level in experimental studies can affect the outcome of
an outbreak among birds at the population level remains to be
clarified and is one of the subjects of this study.

In Hong Kong’s 1997 H5N1 virus outbreak, most chickens did
not show clinical signs despite a 20% prevalence. Documentation of
the outbreak indicates that chickens in most markets shed virus via
cloacal route. At the time, the second most prevalent virus in the
market was the LPAI HON2, which was isolated to about 5% of the
chickens examined. Distinguishable lineages of HON2 and H5N1
were present, and these led to a number of studies striving to learn
how infection with LPAI strain can affect a subsequent infection
by H5N1.

Seo and Webster (2001) argued that the HON2 infection caused
a cross-immunization in chicken, leading to a reduction of clinical
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signs and death rates. To test their theory, they considered a group
of chickens infected by the LPAI HIN2 influenza virus. They found
that the group infected by the H5N1 within 30 days of inoculation
by LPAI had a 100% survival rate, with low to undetectable viral
shedding and suppressed clinic signs. As time between the two
infections grew above 30 days, this effect started to fade and HPAI
lethality was reported. By 70 days post LPAI infection, 4 out of 10
birds died when infected by H5N1. The results of this study suggest
that the acquired immunity due to a previous LPAI is only
temporary.

Pasick et al. (2007) immunized Canada Geese with H5N2 virus
prior to infecting them with H5N1. Their results were similar to
those of Seo and Webster (2001). A previous infection by H5N2
induced a reduction in H5N1-induced lethality and reduced or
suppressed H5N1 clinical signs of infection. Adult birds responded
to H5N2-immunization and subsequent H5N1 infection better than
juveniles, and the survival rate for both adult and juvenile birds was
100%. The study by Kalthoff et al. (2008), focusing on Mute Swans,
established that the birds with specific avian influenza anti-bodies
did not show symptoms upon re-infection by H5N1. Although the
sample size of the experiment of this study was small (two birds),
the results are in line with the conclusions of Seo and Webster
(2001) and Pasick et al. (2007). These studies support the hypoth-
esis that pre-exposure of birds to a LPAI virus strain minimizes the
mortality and symptoms of a subsequent H5N1 infection occurring
soon after, although the pre-exposed birds can still get infected
with H5N1 and are able to shed the virus asymptomatically.

The first goal of this study is to investigate how pre-exposure to
LPAI impacts the epidemic outcome in flocks of migratory birds at
various times of the year related to the seasonal change of the LPAI
prevalence. In order to do so, we develop a mathematical model of
disease dynamics focusing on capturing the clinical results
reported in the literature. Two strains are considered, one LPAI
strain and another HPAI strain.

1.2. Routes of transmission: direct or indirect?

Waterfowls are known to be reservoirs for avian influenza
viruses (e.g. CDC, 2006; Munster et al., 2007). Ducks, shorebirds and
gulls were particularly well documented for their capacity to shed
LPAI virus for a long period of time, with ducks being able to shed
the virus via intestinal tract for up to 4 weeks (Webster et al., 1992).
LPAI peak prevalence varies from a few percent in the winter
months to up to 30% during the weeks preceding the fall migration
(e.g. Stallknecht, 1997).

Contrary to this mechanism, HPAI virus shedding is predomi-
nantly via respiratory tract (e.g. Brown et al., 2008; Keawcharoen
et al., 2008; Globig et al., 2009; Jeong et al., 2009). These recent
findings suggest that a transmission of H5N1 among wild birds
should involve in large part a direct close-contact route as opposed
to an indirect fecal-to-oral route. Globig et al. (2009) discussed the
impact of such a finding as a possible explanation for the relatively
localized and surprisingly species-limited H5N1 outbreaks
observed in Germany during 2006 and 2007. Focusing on the effect
of the environmental contamination by LPAI, Breban et al. (2009)
suggested that the presence of the virus in the environment could
account for the LPAI virus persistence in small size communities
which should otherwise be cleared of the virus. The authors noted
that if the size of the population is small, the environmental
transmission rate becomes a key factor in the epidemic. Similarly,
Rohania et al. (2009) proposed that the LPAI environmental virus
transmission gives rise to dominant indirect transmission mechan-
isms. Using stochastic modeling, the authors showed that over-
looking environmental transmission leads to missing some
characteristics of the epidemics observed, such as explosiveness

and duration. In light of these recent results, our second goal is to
examine the impact of a higher oropharyngeal shedding for the
HPAI strain on the outcome of the epidemic. In particular, we
examine the impact of a changing dominant mode of transmission
from indirect environmental to direct contact transmissions for
HPAI H5N1 on the death-toll of the HPAI epidemic. Furthermore,
we examine if the LPAI mitigating impact is also affected by the
change of dominant mode of HPAI transmission.

1.3. Outline

The remainder of the paper addresses the two goals of the study
as follows. The underlying modeling assumptions and description
are given in Section 2 and analyzed in Section 3. The rational for the
choice and evaluation of the parameters of the model are detailed
in Section 4. The results of mitigating impact of LPAI on HPAI
epidemic outcomes are discussed in Section 5. Finally, we discuss
the roles of environmental HPAI and LPAI transmission modes in
Section 6.

2. Assumptions and model formulation

The model describes the dynamics of two strains of avian
influenza in a bird population. We consider the influence of a
coexisting and preceding LPAI epidemic on the transmission
dynamics and mortality caused by a HPAI strain suddenly intro-
duced on a wild migratory bird population during migration. We
are not concerned by the source of the HPAI, which could be a spill-
over from LPAI (see discussion in Lucchetti et al., 2009) or could
have been introduced by other means, such as illegal poultry trade,
with various impacts (see discussion in Iwami et al., 2009, for
example). Our focus is on a highly susceptible species of ducks such
as the wood duck, which reacts violently to the HPAI compared to,
for example, Mallards (Schaefer et al., 2009; Brown et al., 2006). The
spatial location of the migrating birds and seasonality are linked.
Schematically, birds spend the winter months in warmer locations,
where they feed and prepare for the start of a typically “northward”
spring migration to reach their “breeding ground”, where they
spend the summer months. It is only during the summer months
that breeding occurs for a short period of time. Late in the summer
or early fall, molting can occur and birds typically gather and
prepare for the fall migration southward. At this time of the year the
birds are gathered in large numbers and the proportion of juveniles
is the highest of the year. Along the fall and spring migratory routes,
the birds stop regularly to feed or rest. We refer to these stop
locations as stopovers. The goal is to capture the dynamics of the
epidemics occurring on stopovers along a yearly migratory route,
with particular interest in the effect of previous LPAI infection on
the evolution of HPAL As discussed in Section 1.1, if significant at
the population level, this effect would only be temporary, wearing
off within a month or two. It is known from the literature that
migratory birds (of various species) can reside on a stopover from a
few days to ~3—4 months. The longest residence time is that
associated with wintering and breeding (possibly molting) patches
(see, for example, the satellite tracking data for bar-headed geese,
Bourouiba et al., 2010, and literature about wood ducks such as
Schaefer et al., 2009). Finally, the life expectancy of migratory birds
can be surprisingly high, with 15-20 years for bar-headed geese or
up to 15 years for wood ducks. In North America, in the wild, one
can assume a life expectancy of 3-4 years for wood ducks (Schaefer
etal., 2009). From the comparison of timescales involved above, we
conclude that we can neglect “natural” demographics on the
timescale of the LPAI-HPAI disease dynamics. Therefore, natural
death and birth are neglected.
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Fig. 1 summarizes the disease transmission dynamics of the two
strains and Table 1 describes the stratification of the bird popula-
tion into compartments characterized by the disease and strain-
specific status of birds. A susceptible bird can be infected by either
the LPAI or the HPAI virus. If infected with the HPAI strain, the bird
goes through an asymptomatic phase Ay, when it can die or survive.
If it survives, the bird then goes through a symptomatic phase Iy
when it can either die with a different probability than that
associated with the asymptomatic phase, or recovers, and upon
recovery it ends up in the HPAI recovered class Ry. Wood ducks are
a species known to be highly susceptible to HPAI as opposed to
more famous duck species such as Mallards (e.g. Brown et al.,
2006). The one or two birds that recovered after showing mild
symptoms in captivity might not survive in the wild. Hence, as a
first simplification of the dynamics, we do not include the direct
recovery of asymptomatic wood ducks infected by HPAI only. This
assumption can be refined in subsequent modeling approaches.
Pasick et al. (2007) and Kalthoff et al. (2008) reported that birds
shed the virus in both asymptomatic and symptomatic phases, but
with the shedding rate lower in the first phase than the second.
Hence, we assume that both I; and Ay classes are infectious, with a
reduced infectiousness in the Ay phase. A susceptible bird can also
be infected by the LPAI strain, in which case, the bird goes through
an asymptomatic phase A; and eventually recovers and enters into
the phase/compartment R;. The LPAl infection induced death rate is
negligible and hence is not incorporated into our model (Pasick
et al., 2007). The A; (LPAI) infected birds shed the LPAI virus (V) in
the environment at a rate ¢;. The cross-immunity effect observed
at the individual bird level experimentally is taken into account as
described below. A bird recovered from the LPAI strain in the
compartment R; can be infected by the HPAI strain R; by contact
with infectious birds in any of the Ay, Iy, or A;y phases (A, is to be
defined next). If infected, the bird shows symptoms milder than
those of fully naive birds (S) infected by HPAI. The A;; compartment
consists of asymptomatic birds infected by the HPAI strain due to a
preceding LPAI infection that conferred them with temporary
partial immunity to HPAL Birds in the A;; compartment have zero
HPAI-induced mortality as was observed in Pasick et al. (2007) and
Seo and Webster (2001). Note that in their experiment, Pasick et al.
(2007) used juvenile birds which are most susceptible to HPAI.
Finally, the A;y infected birds can recover and transit into the fully
removed compartment R which accounts for birds recovered from
both strains or dead. We assume that once a bird has contracted and
recovered from HPAI, it remains fully immune to HPAI on the short
timescale considered on a migratory stopover.

Recall that Kalthoff et al. (2008) clearly showed that the virus
shedding rates changes as HPAI progresses, with the most intense
shedding observed in the symptomatic phase. Birds infected with
LPAl strains shed the virus in smaller rates compared to asymptomatic
naive birds infected by HPAL As a result, we consider the infection rate
to be dependent on the virus shedding intensity, leading to a lower
force of infection upon contact with birds in phases A;y, Ay compared
to those in Iy In this model, we use a contact rate which is

Table 1
Definition of the variables and parameters of the two-strain model. Note that,
throughout the tables, u.c.w. stands for upon contact with.

S Birds susceptible to both strains

A, Birds infected by LPAI shedding the virus asymptomatically

Ay Birds infected by HPAI shedding the virus asymptomatically

Iy Birds infected by HPAI shedding the virus with clinical disease symptoms
(very short period in this stage for Mute Swans Kalthoff et al., 2008; Brown
et al., 2008)

R, Birds recovered from LPAI infection, who have temporarily partial
immunity against HPAL These birds can be infected by HPAIL. We assume
that the acquired immunity for LPAI is permanent (for the short duration
considered here)

Ry Birds recovered from HPAI

Arn Birds previously infected by LPAI and are subsequently infected by the
HPAI strain. They shed the virus only asymptomatically (due to partial
immunity from their LPAI first infection)

R Removed birds which are either dead or recovered with full immunity to
both HPAI and LPAI strains

V. LPAI infectious doses in the environment. It is shed by both symptomatic
and asymptomatic infected birds

fa Infection parameter u.c.w. HPAI asymptomatic carrier

p;  Infection parameter u.c.w. HPAI symptomatic carrier

Py Infection parameter u.c.w. HPAI asymptomatic carrier, who had survived
an LPAI infection

Wy, Mortality rate of naive asymptomatic birds being infected with HPAI

Wy, Mortality rate of naive symptomatic birds being infected with HPAI

yu  Rate of transfer from asymptomatic to symptomatic state upon infection
by HPAI

o; Recovery rate from LPAI infection

oy Recovery rate from HPAI infection

oy Recovery rate from HPAI infection of those birds who have been previously
infected by the LPAI strain and recovered from this strain with partial
immunity against the HPAI strain

w; One bird infectious dose (b.i.d.)

¢4, Rate with which asymptomatic carriers of LPAI produces bird infectious
doses

vi  Rate of b.i.d. virus decay in the environment (including natural death rate
and consumption)

¢ Infection parameter u.c.w. one b.i.d. of LPAI virus
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Fig. 1. Flow chart of the two-strain disease dynamics represented by Eq. (1).
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independent of the number of birds in the population (standard
incidence). In fact, birds are considered to be in direct daily contact
only with small numbers of members in their flock during migration
and stopovers. Indirect contact with a larger number of birds through
the contamination of the environment by LAPI and (in later sections)
by HPAI virus is also considered. From the above assumptions and
model formulation, the following system of differential equations are
used to model the dynamics of the LPAI-HPAI strains. The variables
and parameters are detailed in Table 1:

S = —&.ViS—(BaAn + Bilu + BuAu)S/N,
AL = SLVLS—O(LAL,
Ap = (BpAu+Pilu+ BiuA)S/N—Lha, Au—"7uAn,

In= YuAr—ty, In—omly,

—(BaAu+ By + BuAn)RL /N,

2nd infection by HPAI strain

RL = O()_AL
——

recovery from LPAI

Ry= oyly ,
N——
recovery from HPAI
Awyi = (BaAn + Bilh + BruAu)RL /N—0unAr,
R= An+up Iy + oA ,
Ha, A+ Wy, o [HALH

disease induced death recovery from 2nd HPAI

V= baAL—VLVL. 1M

3. Reproduction numbers

The model (1) is a system of nine equations with four non-disease
compartments (S, Ry, Ry, R), five disease compartments and one virus
compartment (A;, Ay, I, Arg,Vy). The novelty of the model (1) is to
incorporate the viral dynamics of the LPAI strain and the lack of
symmetry between the governing equations of the HPAI and LPAI
strains, reflecting the clinical observations reported in the literature.
In epidemiology, the reproduction number R, is defined as the
average number of secondary cases of infection upon introduction
of one infected individual into a completely susceptible population. It
is a threshold parameter. In the absence of backward bifurcation, Ro
less than one implies that an epidemic will die out, while R, greater
than one implies the spread of the disease. This parameter is useful for
characterizing the growth of disease in the early stage of an epidemic,
but its significance changes when the disease is no longer restricted to
few infected individuals in a large susceptible pool (Brauer et al., 2008;
Heffernan et al., 2005). In typical two-strain models, the reproduction
number Ry is usually the largest of the two reproduction numbers
associated with the strains examined (Andreasen et al., 1997; Brauer
et al.,, 2008). The reproduction numbers of this system are calculated
in Appendix A. Two equilibria are of significance on the time scale
considered. One is a disease-free equilibrium in a fully susceptible
population E;=(5%0,0,0,0,0,0,0,0), with S* = N the total number of
birds. The other corresponds to a population that has been previously
exposed to LPAI, but remains susceptible to HPAI. This equilibrium
considered is then E;=(5%0,0,0,R{,0,0,0,0), with S*+R} = N.

Around the equilibrium Ey, the following quantities are found
using the next generation matrix approach (see Appendix A):

S*/NﬁlyH ﬁAs* /N EOL‘] — SLS* ¢AL (2)
(Vg +ta,) (W, +01) Y+, Vooveon

where Roy; can be interpreted as the pseudo-reproduction number
characterizing the spread of the HPAI strain in a population of birds

ROH] =

that is fully naive to both HPAI and LPAI infections. The first term
accounts for the new HPAI infection generated by an infected bird
inits symptomatic infectious stage, while the second term accounts
for the new HPAI infection generated by a bird in its asymptomatic
infectious stage. Similarly, Rq;; characterizes the reproduction
number for the LPAI strain.

Around the equilibrium E;, the following quantities are found
using the next generation matrix approach (see Appendix A):

5. S*/NBivu BaS*/N Ri /NBiy

Romz = , 3)
OVt Ha) Wy, +om) — (Vu+Ha,) oLH

5 8LS*¢AL

Ror2 = oL 4)

where Roy; is interpreted as the analog to the basic reproduction
number characterizing the spread of HPAI in a population of birds
naive to HPAI only. The introduced infected bird can generate new
infections among susceptible S birds as described in the first two
terms, or new infections among R; birds as described in the third
term. Similarly, Rq;, can be interpreted as a pseudo-basic repro-
duction number in a population of birds naive to HPAI only.

4. Data and epidemiological parameters

The parameters for the disease dynamics of the LPAI and HPAI
strains have been gathered from various experimental inoculation
studies and previous research papers on the ecology or epidemiol-
ogy of the LPAI strain in duck populations in the wild. They are
summarized in Table 3. The details on the estimation or calcula-
tions of these parameters are summarized in the present section.

4.1. LPAI strain, seasonality and migration

The first parameter concerns the amount of LPAI virus needed to
cause an infection in a duck. The bird infection dose (b.i.d.) is denoted
wj. Its value was found to be standard among various studies
including the cross-immunization experiment of Pasick et al.
(2007) with w; = 10°® EIDso. In order to estimate the amount ¢4, Of
b.i.d. shed by one LPAI infected duck per day, we consider the amount
of virus per gram of feces excreted multiplied by the amount of gram
of feces excreted per day by one infected duck divided by the amount
of virus per b.i.d. ;. Ducks excrete 7.5-10 kg of feces per year (WHO-
EPAR, 2009) and 1 g of their feces contains on average 1057 EIDsq
virions (Webster et al, 1992). Hence, ¢, ~ 1087 x 8.75 x 10°/
(365 x 10°) =2.397 x 10>7 day~!. Note that the average value of
8.75 kg of feces per year was taken for this estimation. Webster et al.
(1992) found that ducks shed the Al virus asymptomatically for as
long as 2-4 weeks. We take 3 weeks (21 days) to be the average
shedding period for LPAI and assume an exponential distribution,
leading to o, = 1/21 day ™.

The system of equations for the LPAI subsystem is

S =—¢ VS,
AL = SLVLS—O(LAL,
RL = OCLA]_, (5)

Vi=¢aA—ViVL, (6)

with the total constant population N=R+A; +S. Hence, the equation
on R; is redundant. We note that the dynamics governing the
amount of virus in the environment V; is faster than that of the
population dynamics. Hence, we can assume that the quantity of
virus instantaneously takes the equilibrium value corresponding to
the number of A; in the population at a particular time. If this is
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assumed, the above system can be reduced using a fast adjustment
of the Vi, i.e. V. ~ qﬁALAL/vL. In order to test this assumption, we
display the comparison between the approximation and full
solution of Eq. (6) in Fig. 2 for four sets of parameters used in
the subsequent study, and we found an excellent match. Conse-
quently, (5) can be reduced to the following sub-system:

S=—&1(dpaAL/VL)S,

AL =e1(p,AL/VDS—AL

R}_ = OCLA]_. (7)
From (7) we obtain
dAL _ vy
s = T g s ®)
leading to
vy S

AL(t)=-S{t)+N+ ln(—). 9

WO ==SO+N+ o In( g ©)

Hence, the controlling parameters of the timing of the peak can
be determined analytically and matched to the data collected from
the literature. From (7), the peak of the epidemic is reached when

A _oviog
AL =0=Spnux = —8L¢AL , (10
with the value of A at the peak of infection given by
Lo VLo VLo
Al = — +N+ In . 11
L 8L¢>AL €L¢>AL (8L¢ALN> an

Note that the final size equation can also be determined using (9) at
t—o0:

vy (S(00)
S(00)—N = B10n In (T)

The key scaling parameter in both (9) and (12) is the same
fractionf = vyo/(e¢,, ). Hence, one can either control the peak of the
epidemic or the final size population escaping the epidemic. The
peak of LPAI prevalence varies from a few percent in the winter
season to up to 30% during the weeks preceding the fall migration,
particularly when the proportion of juveniles is high and the birds
are near water points (e.g. Stallknecht, 1997; Stallknecht and
Brown, 2007).

(12)

x 108

In order to account for the seasonality of LPAI prevalence, here we
proceed with setting the key control parameter ratio f = v;ot/(¢,,)
for the LPAI epidemic corresponding to four peaks of A; 30%, 20%, 10%
and 5%. The set R4 corresponds to the highest peak of pre-fall
migration season (peak of 30%). The set R1 corresponds to the
smallest winter prevalence of 5%. R2 and R3 correspond to preva-
lences in intermediate seasons, with peaks of 10% and 20%, respec-
tively. Fig. 3 shows the timeseries of the isolated LPAI dynamics for
these four sets of parameters (shown in Table 2).

In setting the ratio f, we consider that the water points in which
the virus persists are of mid fall temperature around 10 °C. For this
temperature, Brown et al. (2009) found that the LPAI virus can
survive for an average of 50 days. However, the virus emitted in one
location is not expected to stay still at the location of the shedder
bird and its flock. If emitted in a water body (which we are
considering to be common for wood ducks), diffusion and advec-
tion will ensure the dispersal of the virus throughout the fluid body.
Assuming otherwise would result in an over-accumulation of virus
load in the surrounding of the bird population. This would be
equivalent to assuming that the flock is in direct contact with all the
virus emitted by the population at all times. This would represent a
configuration in which all the birds in the flock considered are
constantly swimming in a small closed pond where all the virus is
shed and preserved. As a crude abstraction from reality for the
purpose of modeling, we account for this dynamic of virus
dispersion by assuming that the virus load emitted remain in
the surrounding of the shedder location for about 1.14 days, leading
tov, = 0.875 day™'. Given these parameters, the values of the ratio f
lead to a rate of successful LPAI infection upon contact of
=742 x107°,8.85x107°1.19 x 10~%,and 1.56 x 102 day !,
corresponding to various seasons of the year.

4.2. HPAI strain and cross-infection parameters

Brown et al. (2006) reported that 2/3 of wood ducks infected
with HPAI H5N1 died within 7-8 days. Taking a mean survival of
7.5 days from the first day of sickness leads to yuy; = 1/7.5 day~! (for
an exponentially distributed survival). In the same study, the
average asymptomatic shedding period was found to be of 5 days.
Similarly, we take y=1/5day~'. Wood ducks showed clinical
symptoms for 7 days before recovery (for those that recovered).
Thus, we take the average duration of HPAI shedding to be the

LPAI infectious doses in the environment

0 50 100 150

200 250 300 350 400
Time

Fig. 2. Comparison between the direct solution of the V; component of Eq. (6) and its approximate solutions V; = ¢, A /v, assuming a very short time-scale dynamics for the
virus in the environment. The four sets of parameters used are those corresponding to the set of parameters R1-R4 detailed in Table 2.
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Fig. 3. LAPI disease dynamics with maximum prevalence of A***=5%, 10%, 20%, 30% (see parameters R1, R2, R3, and R4 detailed in Table 2 for the full parameter list).

Table 2
Set of parameters for groups of simulations R1-R4, with four values of ¢,

Ror= /616 N/(vio), 01 =7.14x107% day~', v, =8.75x107" day™', ¢, =

2.397 x 10*7 day~!, and the total population N = 1000.

ér Smax S(o0) A (%) Eou
R1 ey =742 % 10°° 700.92 468 5 1.19
R2 e1 = 8.85 x 10°° 587.54 308 10 1.30
R3 e3 =119 10-° 434.46 141 20 1.51
R4 e1a =156 x 10~ 333.72 60 30 1.73

inverse of oy =1/7 day™". According to Kalthoff et al. (2008), the
birds infected by LPAI prior to the HPAI infection shed the virus
principally oropharyngeally for 3 days (asymptomatically), then
recover. We thus take the average duration of shedding of pre-LPAI
infected birds to be the inverse of oy =1/3 day_].

In (1), the infection parameter f;, is the product of the number
of contacts ¢ between an infectious and susceptible bird per unit
time and p the probability of successful infection upon such
contact. That is, f8,, =c x p. The average number of daily close
contacts for a bird within a flock is taken to be 10. We take a range of
values for the transmission probability p of 0.03975-0.80. We
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Table 3
List of parameter values and sources used.

o 106 EIDsq
$p 2397 x 10%7 day !

Pasick et al. (2007) with H5N2
Webster et al. (1992) and WHO-EPAR (2009)

& from 7.42 x 10~° to
1.56 x 10~ 8 day !
VL 8.75x 10~ ' day~! Brown et al. (2008)

o 4.76 x 10~ 2 day !

B, 1.5-3.0day !

Ba, By, /1.75day"!

Y 20x10 'day~’
oy 143 x 10" 'day~!
Uy 1.33x10 ' day~!

Bin B /2.0 day !
oy 3.33x 10" 'day~!

Webster et al. (1992)

Brown et al. (2006) and Kalthoff et al. (2008)
Brown et al. (2006) and Kalthoff et al. (2008)
Brown et al. (2006)
Brown et al. (2006)
Brown et al. (2006)

Kalthoff et al. (2008)
Kalthoff et al. (2008)

selected four values displayed in Fig. 4: p;=0.03975, p3=0.0443,
ps=0.05, and ps=0.1. These lead to HPAI isolated dynamics with
peak infectious populations of about 7.44%, 10.8%, 15%, and 53%
with Afj**= 43.63, 63.64, 89.4, 350 and If** = 30.74, 44.35, 60.83,
185, respectively. Finally, according to Kalthoff et al. (2008)
(Fig. 1D), the shedding rate during the symptomatic phase is
1.75 times as intense as the shedding rate during the asymptomatic
phase of the disease. In addition, the shedding rate during the HPAI
symptomatic phase is found to be twice as intense as the shedding
during the asymptomatic phase of the partially immunized birds
previously infected by LPAL Hence, we choose f3,, = f;,/1.75 and

Bin =By, /2

5. Simulation and results
5.1. Effect of LPAI on the onset and dynamics of HPAI

Here we focus on 16 sets of parameters. Four LPAI specific sets of
parameters (R1-R4) correspond to a change of seasonality faced by
the birds during their migration (see Section 4.1). The four HPAI
specific sets of parameters correspond to case scenarios of HPAI in
the range of data reported in the literature. The four cases
correspond to probabilities of infection upon contact with trans-
mission probabilities p;, ps, ps, and pe corresponding to HPAI
pseudo-reproduction numbers of Roy; ~1.55,1.7,1.8, and 3.9,
respectively. Throughout this section, the initial population is
assumed not to be previously exposed to either LPAI or HPAI
strains.

Figs. 5 and 6 show the timeseries of the number of birds in all
disease stages for the full dynamics with both HPAI and LPAI strains
co-circulating and modeled by (1). Clearly, the relative values of
LPAI and HPAI control parameters lead to roughly three types of
configurations. The first regime is that in which the HPAI strain
dominates and the increase of prevalence of LPAI from one season
to the next does not significantly influence the HPAI death toll. The
death toll remains higher than 40% (Fig. 5), reaching up to 70% in the
extreme case scenario of HPAI probability of transmission pg=0.1
(two bottom rows of Figs. 5 and 6). In this first regime, the LPAI
strain remain too slow to compete and spread. Its pseudo-repro-
duction number associated with LPAI Rjo; is smaller than that
associated with HPAI Ro1, with Rogi —Rorr = 0(1071) (all panels in
Fig.5).In the second regime in which Ry, and Ry are almost equal
(0(107") = |[Roy1—Row ), the influence of LPAI is significant in
reducing the number of birds infected by HPAIL As a result, the
overall death toll of HPAI is reduced. From the comparison of the
results in Fig. 6 we note that the main difference between cases
with Roi1 RRow1 and Rori SRomn is the final number of LPAI
recovered birds and as a result, the final number of birds escaping
both LPAI and HPALI. This can be seen, for example, for the two cases

inwhich (ELOI =1.51 ,EH()] = 155) and (ELOI = 1.73,?}.}01 =1 7) (rOW
1 left and row 2 right).

The last regime illustrated by Fig. 6 (row 1 right) is that in which
the pseudo-reproduction number of the LPAI strain is larger than
that of HPAI with Rgi; —Rom1 > 0(1071). In this regime, the LPAI
dynamics is sufficiently rapid to hinder the initiation of the
epidemic of HPAI A considerable reduction in the number of HPAI
dead and recovered birds can be observed. These are as low as
~ 195 and 100, respectively.

In sum, the co-circulating LPAI and HPAI strains in a naive
population can lead to a reduction of HPAI induced death at the
population level. In particular, the increase of the prevalence of
LPAI (as ¢; increases) with seasonality affects more significantly the
final number of dead birds compared to its effect in reducing the
final number of HPAI recovered groups. In turn, we can see that the
outcome of the HPAI epidemic is highly dependent on the season in
which the HPAI strain is introduced into the population. Moreover,
it could be under-detected in the wild in post-LPAI peak season,
which is usually in the Fall.

5.2. Mitigation of HPAI epidemic in non-LPAI-naive population

Recall that during the 1997 Hong Kong outbreak among poultry,
an LPAI strain was suspected to be circulating and to have been
present prior to the onset of HPAI. A preceding circulation of LPAI
would also be the most likely scenario in populations of wild birds
such as wood ducks or geese in which LPAI is very common. We
ignore the mechanisms leading to the introduction of HPAI on such
a population, and consider the case where HPAI is introduced in a
wood duck population with a range of LPAI recovered birds arising
from a precedent LPAI epidemic. We consider a range of initial
conditions in which the proportion of susceptible S(0) and LPAI
recovered R;(0) varies, and S(0) + R;(0)=N = constant. Depending
on the time of year and delay between the LPAI and HPAI epidemics,
a range of LPAI recovered birds present at the onset of HPAI (R;(0))
is examined.

Figs. 7 and 8 show the final values of S, D, R, Ry and R as a
function of the initial number of LPAI recovered birds from
preceding LPAI epidemic R;(0). The results obtained for a fully
naive population (discussed in Figs. 5 and 6) correspond to the
points R;(0)=0. Most graphs show a decrease of final death D(oco)
and HPAI recovered birds Ry(oo) with the increase of initial LPAI
recovered birds R;(0). The rate of decay of the final HPAI induced
death D(o0) is always found to be larger than that of the final HPAI
recovered birds Ry (co). For a fixed Roy1, the increase of Ro;1 (rows
from left to right) leads to smaller values of D(co) and Ry(co).
However, in the extreme case where Roy1 > Roq (bottom panels),
the increase of the transmission parameters of a LPAI no longer
affects the epidemic of HPAI This was already observed in the case
of fully naive population discussed in the previous section. How-
ever, the change in the initial number of LPAI recovered birds R;(0)
due to a preceding LPAI epidemic remains significant in inducing a
rapid decrease of the final HPAI dead and recovered birds, even in
the extreme case of dominant HPAI strain (e.g. Royy = 3.9). The
effect of prior LPAI epidemic on HPAI observed can only be partially
rationalized by the reduction of the initial pools of susceptible S(0)
as R;(0) increases. In fact, if the curve of R (o0) is below the diagonal,
the HPAI strain is efficient enough to infect both pools of suscep-
tible and LPAI recovered, and hinders the spread of co-circulating
LPAIL Then, the number of fully recovered R(co) and susceptible
S(00) birds have a non-monotonic dependence on R;(0) and change
considerably from one set of parameters to the next. In all cases
considered, except for the HPAI dominant Rgy; =3.9 (bottom
rows), we observe an initial phase of increase of the final number
of susceptible S(co) escaping the epidemic as R;(0) increases.
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respectively.

Beyond a threshold value of R;(0), a second phase of decrease of
S(o0) is initiated. The same general trend can be observed for the
HPAI-LPAI recovered population R(co). The pseudo-reproduction
numbers of the two strains in isolation Rgy; and Rg;; are not
adequate to provide explanation of the trends of the final size
quantities observed in Figs. 7 and 8.

To complete this discussion, we now describe the change of Rgp
(3) and Rqy3 (4). _

Fig. 9 (top left) shows the HPAI quantity Roy> with p = p; and
that of four groups of Ry corresponding to the change of
prevalence of LPAI from &; in Fig. 7 (top left) to &4 in Fig. 8 (top

right). Both Royy» and Ro;, decrease with the increase of initial LPAI
recovered R;(0). Beyond threshold values of Roy; =1 and Rgpp = 1
we observed a transition to a regime in which the final and initial
numbers of LPAI recovered birds become equal R;(c0) = R;(0) (or
equivalently S(co) = N—R;(0)). In this regime, the spread of both
strains is hindered. Moreover, when comparing Fig. 9 (top left) and
Fig. 8 (top right) the changes of trend preceding the local maximum
of S(oo) and local minimum of R;(co) are due to a transition of
regime from Rop» > 1to Royz < 1 (occurring at R;(0) ~ 575). Beyond
this transition, S(co) decreases; however, this is no longer due to the
disease dynamics, but is instead due to the decrease of S(0)
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Fig. 5. Full simulation timeseries with R;(0)=0 and starting from one HPAI and one LPAI infected bird with HPAI parameter values of (top row) p; = 0.03975, (second row)
p3=0.0443, (third row) ps=0.05, and (fourth row) ps= 0.1, and LPAI parameter sets (left panel) R1 and (right panel) R2.
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Fig. 7. Full simulation of equilibria (time t=400) as a function of the initial amount of LPAI recovered for HPAI (top row) p; = 0.03975, (second row) p3=0.0443, (third row)
ps=0.05, and (fourth row) ps= 0.1, and for LPAI (left panel) ¢, = ¢; and (right panel) ¢, =¢,.
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associated with the increase of R;(0). Other transitions character-
ized by change of regime at Rqy; = 1 can also be observed in other
panels, e.g. at R;(0)=700 for p = p5 (Fig. 9 top right) or R;(0)=800
for p = ps (Fig. 9 bottom left). In the last panel (bottom right),
Ronz > 1 for all values of R,(0) and it is associated with a distinct
dynamic in which R(co0) increases for all values of R;(0) (lower
panels of Figs. 7 and 8). In sum, a threshold value of one can be
crossed by Ronz, Rorz as Ri(0) increases. However, as long as one of
the two remains larger than one, no significant changes in the final
state are observed in the two-strain system. What emerges is that
the effect of a pre-epidemic of LPAI for the mitigation of the deadly
impact of HPAI is stronger than that of a co-circulating LPAI strain.
We further examine this statement in what follows.

Consider the ratio r = (S+Ry)(c0)/(S+Ry)(0) as a function of R;(0).
r=1 if no bird goes through the HPAI epidemic and r < 1 otherwise.
Hence, r allows for a more direct quantification of the mitigating effect
of both preceding and simultaneous LPAI epidemics on the invasion or
spread of HPAL In Fig. 10, each graph corresponds to a different HPAI
parameter (p;,p3,ps and pg). On each graph, a co-circulating and
preceding LPAI is examined for the four (R1-R4) LPAI sets of
parameters. We can see that the increase in ¢; leads to higher values
of r. For a fall prevalence of LPAI (¢4) and p = p; (top left), the total
population escaping HPAl increases from 67% to 90% as R;(0) increases
from O to 50%. For a smaller LPAI prevalence (e.g. ¢3), the change is

from about 48% to 85% for the same increment of R;(0) (same figure).
The impact of LPAI transmission parameters is particularly noticeable
for small values of R;(0) (e.g. below ~ 40%) above which all curves
tend to collapse. In addition, the effect of LPAI transmission para-
meters decreases as p; increases, e.g. at R;(0) = 50% the difference
between the number of birds escaping HPAI for the co-circulating LPAI
with &4 and another LPAI epidemic with €3 varies from ~ 10% to 2% to
0% as p increases from p; (top left) to ps (top right) to ps (bottom left).
In conclusion, the impact of the change of season decreases from one
figure to the next as the collapse of the four R1-R4 curves shows;
however, despite the increase of Roy;, which becomes larger than Rg;»
(Fig. 9), the effect of the preceding epidemic (R;(0)) remains the most
important factor in the increase of the number of birds escaping HPAI
all together. This conclusion is not altered when we modify the
constant population assumption and consider the case where dead
birds are separated from fully recovered birds. For example, in the
case of constant population considered herein, r increases from 28% to
50% as R;(0) increases from zero to 50% even in the case where Roy; is
larger than one and larger than all values of Rg;, (bottom left figure).
In the case of non-constant population N, where dead birds are
distinct from fully recovered birds, our simulations (not shown here)
show that the effect of the preceding epidemic is even more important
with, for example, a rise of r from 8.8% to 44% for the same parameters
and increments of R;(0).
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number of birds escaping the HPAI strain epidemic.

6. Discussions and conclusions

The spread of HPAI H5N1 remains a threat for both wild and
domestic bird populations. Low pathogenic strains of avian influenza
were reported to induce partial immunity to HPAI in poultry and some
wild birds inoculated with both strains. Based on the reported data
and experiments, we examined the extent to which this partial
immunity observed at the individual bird level would affect the
outcome of outbreaks among migratory bird populations in the wild.
Various periods of the year were examined taking into account the
change in seasonal prevalence of LPAI in wild bird populations. In light
of the systematic observations of a higher oropharyngeal shedding for
the HPAI strain in the literature, we have focused on the dominant role
of environmental indirect transmission of LPAI and the direct
transmission of HPAI. We found a distinct mitigating effect of LPAI
on the death toll induced by the HPAI strain. This effect is particularly
important for non-LPAI-naive population of birds which were pre-
viously infected by LPAL It is important to highlight that this effect
would take place if the gap between an LPAI and HPAI outbreak would
be in the range of up to a few months only. In particular, for a given
particular HPAI virus the seasonal change in the prevalence of LPAI
could reduce the population infected by HPAI from 60% to 30%
(Fig. 10). This effect increases as the gap between the end of the LPAI
and the onset of the HPAI epidemic decreases. This mitigating effect
decreases with the virulence of HPAL

The importance of environmental indirect transmission of LPAI
due to a dominant cloacal virus shedding is commonly accepted in
the literature; however, the role of this route of transmission of
HPAI remains unclear. In fact, although oropharyngeal shedding is
dominant, cloacal shedding of HPAI strain remains non-zero.
Hence, in this final section we discuss the effect of an additional
environmental indirect HPAI transmission. The modified flow chart
summarizing the dynamics is presented in Fig. 11, which describes
the model displayed in Appendix B.

Starting from an initial state for which a residual infection dose of
HPAI virus is present in the environment, with no trace of LPAI virus in
the environment and no infectious birds, we examine the dynamics of
an HPAI epidemic where the only mode of transmission is the indirect
fecal-to-oral route (or environmental route). Fig. 12 shows the
dynamics obtained for various forces of infection and associated
prevalences. Recall that avian influenza prevalence depends on the
geographical location of the birds during migration, which is asso-
ciated to particular times of the year. The values for the environmental
HPAI transmission parameter ¢y in equations of Appendix B.1 are
taken to be ey =2.3,2.95,3.5,4.1,6.45 x 107'° day~. These corre-
spond to peaks of asymptomatic HPAI shedders of 1%,4%,7%,10%,20%,
respectively. The detailed estimation of the parameters for this model
is given in Appendix B.

Consider first the HPAI epidemic dynamics when the effect of
the environment indirect transmission mechanism is introduced.
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Fig. 11. Flow chart of the two-strain disease dynamics with environmental transmission for both strains.

In order to do so, we compare four cases of HPAI transmission with
the following characteristics. All four cases are set to achieve a peak
of Iy+Ap of 9% in four different modes of transmission (Table 4). In
Case 1, the HPAI epidemic is only due to contact based direct
transmission and no environmental shedding. In Case 2, the HPAI
transmission is based on both contact and environmental indirect
transmission; however, the contact is the predominant transmis-
sion mechanism. In Case 3, the HPAI epidemicis only due to indirect
environmental transmission with no direct contact. Finally, in Case
4 both direct and indirect transmission mechanisms are present;
however, the indirect environmental mechanism is predominant.
All four cases were initiated with one infected bird in a fully
susceptible population and a virus-free environment. Fig. 13 shows
the timeseries of S, Ry, D, Ay + Iy, and Vy for Cases 1, 2, 3, and 4
where only the HPAI strain is present.

This hypothetical comparison, using the available data in the
literature to parametrize the model, shows that for the same peak
in the population of infectious HPAI birds, the dynamics dominated
by contact transmission (cases 1 and 2) lead to a lower mortality
than the cases dominated by environmental indirect transmission
of HPAI The difference is not huge, but it is nevertheless to be noted
given that we chose the peak of infections to be identical in the four
cases. Hence, this disparity calls for a further examination of the
epidemic data in the wild as one would possibly expect a larger
death toll in epidemics dominated by environmental transmission
(for example around small and slow water points). Note that when
considering the effect of indirect environmental transmission of
HPALI, the epidemic was initiated by one infected bird rather than an
infectious dose. We observed that the initiation of the epidemic by
an infectious dose produces a similar dynamic and final size values
for each compartment; however, the onset of the epidemic is
slower. This underlines the fact that onset of epidemics due to
residual environmental contamination could take some time and
would be plausible only in areas where the birds would reside for
long times (e.g. wintering grounds, the summer grounds, and long
stopovers along migratory routes).

Finally, adding the co-circulating LPAI virus in the environment
to the above four cases leads to the dynamics described in Fig. 14. As
expected, the introduction and the increase in its indirect environ-
mental transmission parameter (¢;) leads to a mitigating effect
reducing the overall death toll of HPAL In addition, we observe that

seasonality (change in ¢;) more significantly affects the outcome of
the HPAI epidemics that are dominated by indirect environmental
contamination.

To summarize, we find that HPAI outbreaks would lead to higher
death tolls when dominated by indirect environmental transmis-
sion rather than contact direct transmission for the available data
and information reported. When indirect transmission is domi-
nant, the transmission mechanisms can be seen as being a two step
mechanism with one bird-to-environment segment; and a second
environment-to-bird segment. Intuitively, this can be expected to
lead to a delay and extension of the “effective” infectious period
compared to the mean infective period of direct bird-to-bird
transmission. In our simulations, we observe that the combination
of these two phases lead to a small delay in the onset of the
epidemic, but we also observe a slight extension of the epidemic
(e.g. Fig. 13 bottom panels where direct transmission is compared
to indirect transmission). This can be explained by the persistence
of the virus in the environment leading to new infections generated
for a bit longer than what is observed in a contact dominated
setting. Moreover, as the season of introduction of HPAI changes,
the LPAI mitigating effect on the death toll of HPAI is observed to be
more significant for HPAI epidemics dominated by environmental
indirect transmission. As seen in Fig. 13 and discussed previously,
an HPAI epidemic dominated by indirect transmission leads to a
delay in the onset of HPAL It appears that this delay or slow-down
of the HPAI epidemic take off gives a greater advantage to the LPAI
strain leading to a higher mitigating effect of the death toll. The
delay of onset of HPAI allows for a greater proportion of susceptible
birds to be infected by LPAI first. These birds escape a fate of death if
subsequently infected by the HPAI strain. The pool of susceptibles
to be directly infected by HPAI is thus reduced.

Finally, the mitigating impact of a previous LPAl infection on the
mortality and prevalence of a HPAI outbreak should be interpreted
with caution. In fact, the partial immunity leads to the extension of
the H5N1 asymptomatic infection stage during which shedding of
the virus continues to occur. As a result, infected asymptomatic
wild birds could be allowed to shed the virus over longer distances
due to a pre-infection with a LPAI strain.

The infected birds would not show detectable symptoms early
on, which could delay the detection of the environmental con-
tamination by the virus. This time lag in detection could result in a
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Fig. 12. The environmental transmission parameter for the HPAI is set to be &y = 2.3,2.95,3.5,4.1,6.45 x 10~'° day ! corresponding to peaks of asymptomatic transmissions
of 1%, 4%, 7% and 10%.

Table 4

Four transmission configurations of HPAI varying from direct contact transmission to indirect environmental transmission with two intermediate transmission routes, where
one or the other mode of transmission is dominant. In all four cases, the parameters are set in order to have a cumulative infective peak of I;+Ay=9%. For example, the direct
contact transmission leads to p=p, =0.041875.

Case 1 Case 2

Only contact Dominant contact

p=p2,en=0 p=0.03975 (peak of 7.4% in isolation) and
&y =156 x 10" (no epidemic in isolation)

Case 3 Case 4

Only environmental HPAI Dominant environmental

p=0¢e;=319x10"1° p=0.003 (no epidemic in isolation)

ey =2.95 x 1071° (peak of 7% in isolation)
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delay in the onset of local safety mechanisms and result in a worse
epizootic when the effect of partial immunity wears off or when
high doses of the shed virus reach fully naive flocks (naive to both
LPAI and HPAI).
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Appendix A. Reproduction numbers using the next generation
matrix method

In this subsection we first use the next generation matrix method
to estimate Ry (Diekmann and Heesterbeek, 2000; van den Driessche
and Watmough, 2002; Diekmann et al., 2009). Note that the decom-
position between the rate of secondary infections and the rate of
disease progression is not unique in this approach. There are two ways
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in which individuals move into an infected compartment: (1) healthy
individuals being infected; and (2) already infected individuals
moving from one infected compartment to another. There is also
an outgoing flow for each infected compartment. For a naive
population completely susceptible to both strains, the disease-free
equilibrium (DFE) of Eq. (1) corresponds to Ey=(S*0,0,0,0,0,0,0,0),
with $*=N the total number of birds (assumed to be constant). We
will also consider another DFE with the proportion of the initial
population that already went through an LPAI epidemic. In this latter
configuration, assuming that the virus from the previous epidemic
had time to be cleared from the environment, we will consider the
DFE E;=(5*0,0,0,R},0,0,0,0), with S*+Rf=N constant.

A.1. At disease-free equilibrium Eg

The five components of the vector F representing the rate of
secondary infections are

Fp, = Vi S+rieRyVy,

Fa, = (BaAu+ Pilu+ BruAn)S/N,

F, =0,

H

Fay = (BaAu+ Bilu + BryAww)Rr /N,

FVL = (/)ALAL-

and the components of the vector V of rate of disease progression
(difference between outgoing flow rate of infected individuals and
all other incoming flow rates) are

Vi, = AL,
Va, = (g, +71)An,
Vi, = (W, + oDl —ypAn,

Va = %HALH,

VV = VLVL.

The next generation matrix K=FV~!, with matrices Fand V such
that F;; = oF;/6x;|g, and V;j = 0V;/éxj|g,, are evaluated at the dis-
ease-free equilibrium Eq. Following Diekmann and Heesterbeek
(2000), we proceed to calculate the eigenvalues of K in search for
the spectral radius:

0 0 0 0 & S*
0 SN BSUN SN 0
F=| 0 o 0 o o |,
0 0 0 0 0
ba, 0 0 0 0
oL 0 0 0o o0
0 yy+my, O 0 o0
ve|lo  mrouw 0 0,
0 0 0 oy O
0 0 0 0 v
0 0 0 0 &
0 BaS*IN BiS*/Nyy BiS*/N  BiyS*/N 0
Vit tay  Ontfa ey, +oH) My +0H OLH
Fv'=| o 0 0 0 o0
0 0 0 0 0
o 0 0 0 0

FV—1! eigenvalues:

Rop1 = S*/NBiyu BaS*/N
(Y + Mo, ), 1) Y+,

_ _ _ &.S*
Ro1 =0, Roz=0, Ros =—\/LT‘1’AL.

A.2. Jacobian matrix

— SLS*¢AL
Rop1 =/——
VLY

We derive threshold criteria from the linearized system about
the disease-free equilibrium Eo. Consider J;; =[a(Y);/0x;]g, and the
decoupling of the equation of R from the other variables leading to
the Jacobian of the system of differential equations for the variables
(S, AL, Ap, I, Iy, Ry, Ry, Arn, Vi) at the disease-free equilibrium Eg:

0 o —B,S*IN “BS/N 0 0 —BuS/N —eSt
0 —o 0 0 00 0 S
0 0 BS/N-(ua+7) BS/N 0 0 fuS/N 0
0 o - (g, + o) O 0 0 0
J=10 o 0 0 00 0 0
0 o 0 o 00 0 0
0 o 0 0 00 —ouy 0
0 ¢ 0 0 00 0 —w

The eigenvalues of the Jacobian at the disease-free equilibrium are

M=lp=73=0, Ag=—ouym,
25 = =3 Vu+3 PaS IN=5 oti—3 ta, 314y,

+%\/(ﬁA5*/N+°fH +ﬂ1H*VH*,UAH)2 +4yuBiS*/N,

Ae = =5 Vu+3 BaS"IN=] 0m—3 Ha, —514,
30/ (BaS* N+ + 1y, ~ = AR + 47BN,

hg=—=3 L +a)+3/(—o)+4eS P,

g = —% (v +O€L)—%\/(VL—OCL)2 +48LS*¢AL.

A.3. The stability by the eigenvalues of the next generation matrix

We found above that the non-negative eigenvalues from the
next generation matrix calculated around one of the disease-free
equilibria Ey=(5%0,0,0,0,0,0,0,0), with $* = N are

o * N e o o S
ROH] = 5 /Nﬁ”)H nﬂAS /N and ROLl = m
(Vg +ta, )Wy, 1) Y+ Ha, Vo oveon

In addition, the two largest non-zero eigenvalues of the Jacobian
matrix are

As =5V +3 BaS"IN=J 0m—3 Ha, 514,
+%\/(BAS*/N+ o + fy, =Y~ Hay, )2 +4yuBiS* /N

and

dr=—%( +O€L)+%\/(VL—0€L)2 +4615* Py, -

In the following, we assume C=7yy—f4S*/N+on+u,, + 4y, =0.
This condition is always satisfied by the parameter values we used
in this study. We have the following:

Theorem.

(i) Rom1 = 1< 45 >0;
(ll) Eou >1<4;>0.
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In particular, if one of the Roy1 and Royq is larger than one, then the
disease-free equilibrium Eg is unstable.

Proof. /s > 0 implies that

\/(ﬂAS* +on+Hy, —"/H—.UA,.,)Z +4yuBiS*/N
2 Py—BaS"/N+om+ fia, + 1y, -

Hence,

(BaS*/N+om + 1y, —VH—.“AH)2 +4yBS*/N
= (Py—BaS™ N+ 0+ fh, + 143,

and

ApyBiS* /N = ()y—PBaS* /N4 + iy, +.U1H)2

—(BaS* N+ +py, —VH—MAH)Z

leading to
4YuPiST /N = (294 =2 4S" /N+2ptn, (200 +214y,).

Dividing both sides of the inequality by 4(yy+ s, )0t + )
gives

yubiS*/N BaS*/N

>1- hence
(Vu + ta, O+ 14y,) Y+ HUa,
YubiS*/N BaS*/N =1
Gu+ta) O+ V+ta, —

which is equivalent to Roy; > 1, showing that /5 > 0 = Roy > 1.
Now we consider the reverse implication with Ry > 1
leading to

yuBiS*/N

BaS*/N -1
(Vu+ a0+ 1y,

YHtHMa,

Multiplying both sides by (yy + fty,,)(oty + L;,,) Tesults in
YuBiS* /N4 BaS* /N(oy + ) = (Y + U, )01 + 14y,
Hence,
YuBiS* /N = (P + pa, )0 + 1y, )—BaS™ /N(on + 1y,
and
Ay BiS* /N = Ay + ta, —BaS* /N) oy + 1y,
Thus,
4y BiS /N = (yy—PaS" N+ + g, +.“1H)2
—(BaS* /N o+, —VH—.“AH)2

and
4y BiS* IN+(BaS™ /N + 0 + Ly, —V—Ha,)?
= (Pu=PBaS" N+ 0+ g, + 14,
Under the condition C=yy—fB4S*/N+oy+p,, + 1y, =0, we take

the square root of both sides of the above inequality to obtain

\/47Hﬁ15*/N+(ﬁAS*/N+ o+ 1y, —VH—,UAH)2
= Yy—PaS*/N+oy+ U, + U,

or
—(Yy—=PaS +on + g, + 14,
+ \/4VHﬁ15* +(BaS* o+ 1y, =V —Ha,)* = 0.

The left side is equal to ZAs. Thus, Roy; =1 = A5 >0 and this
concludes the proof of Roy1 > 1< 45 > 0.

Similarly, we now show that Rg; >1</7>1. First, 17 >0
implies that

-1 (vL+ocL)+%\/(vL—rxL)2 +4¢, 65 > 0.

Thus,

(v —0)? +4py &S = (VL +0p)%,

leading to

Ay, e1S* > (VL + o) —(vp—oy) =4y, 615" > 4o vy

Dividing both sides by 4¢;v and taking the square root lead to

[aeLS >1,
v

where the left side of the inequality is simply Ro;;. Thus, we showed
that A7 > 0 = Roy; > 1. Showing the reverse implication is straight-
forward and does not lead to any condition on the choice of
parameters. This completes the proof of Ro;; > 1< 47, >0. O

A4. At the disease-free equilibrium E;

For a population that has a fraction of birds which went through
an LPAI epidemic and are immunized to LPAI the disease-free
equilibrium has the form E; =(5%0,0,0,R},0,0,0,0), with S*+R} = N
the total constant population. The components of the vector [F of the
rate of secondary infections are

FAL = VLSLS,

S
Fa, = (BaAu+ Bl + BruAin) N’

F, =0,

H
Ry
Fay = (BaAu+ Bilu + BruAin) N’

Fy =4 AL

and the components of the vector V of rate of disease progression
(difference between outgoing flow rate of infected individuals and
all other incoming flow rates) are

Va, = 1AL,

Va, = (Ua, +V)AH,

Vi, = (1, + o)l —ypAn,
Vay = nALH,

Vy=v/V].

The next generation matrix K=FV~!, with matrices F and V such
that Fjj = 6F;/ox;|g, and V;; =0V;/6x;|g,, are evaluated at the dis-
ease-free equilibrium E;. We have

0 0 0 0 e S*

0 .BA% .BISN* ﬂLH% 0
F=| O 0 0 0 o |,
0 Ban Bixr Bun O
O, 0 0 0 0
o 0 0 0 o0
0 yut+ua, 0 0 O
v=| 0 —Vy Ww,+or 0 0|,
0 0 0 OlLH 0
0 0 0 0 v
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0 0 0 0 &
0 BaS* + BiS*vu BiS* BuS™
NOu+#ay) T NOH+Ma ptay, +on) - NGy, +ow)  Nouy
Fvl=]0 0 0 0 o0
BaR; BiR v BiR; BuiRi
NOu+Hay) T NOH A+ fag gy +0m) - Ny, +om) - Nouy
on 0 0 0o o0

oL
The eigenvalues of FV~! are as follows:

_ S*Bivu i BaS*
Ny +ua )y, +om) - N+ pa,)

— SLS*¢AL

Rop = VW'

= = = (65"
Ro1=0, Rp2=0, Rpz=- VTL[M'

The epidemiological interpretation of Rqy, and Ry, are given in the
main text.

Rf By
Noyy

Romz

Appendix B. Environmental transmission of HPAI
B.1. Model
S = —&1ViS—enViS—(Ba(Are +Anc) + Bi(Iie +Irc) + Bryy(Arse +Arnc))S/N,
A= ViS—oyAL,
Apte = SenVi—ta, Ate—V1AHe,
Atic = Ba(Atie +Anc) + Bile +Ihc) + Bri(Are +Atnc)S/N— g, A —7) yAtc,
Tne= Y uAre — Uy, Ine —0trilHe,
Tne = YuAnc— g, Te— ot The,

R = AL
recovery from LPAI

—(Ba(Ane +Anc) + BiIue +Inc) + Pru(Arke +Artc))RL /N—euR Vi,

2nd infection by HPAI strain

Ry = oylye+onlyc ,
——— —
recovery from HPAI
Arte = eqRLVH—0lHALHe,

Ate = (Ba(Ane +Ane) + Bie +Inc) + Bry(Avre +Arnc)Re /N—0tnALpe,

R = 15, (Ae +Anc) + 1y, (ke +Ihc) + 0t (Arte +ALhic),

recovery from HPAI

disease induced death
Vi=daA—ViVL,

Vi = da, (Are +Anc) + by, Urie +Ino) + Pa,,, (Artie +Artc)— Vi Vi

Here the variables are similar to those displayed in Table 1, with
the additional subscripts e and c, representing environmental and
contact, respectively. The additional variable of the system is Vp,
which tracks the amount of infectious doses of HPAI virus in the
environment. The separation of populations into those infected via
contact and those infected via environmental sources is only done
for the HPAI strain as we continue to assume a dominant environ-
mental transmission of the LPAI strain. The values of the para-
meters are discussed in the following section.

B.2. Data and parameter estimation

First, note that the HPAI bird infection dose (b.i.d) is lower than that
of LPAI with wy = 10%% EIDso/ml (Brown et al., 2007). The number of
infectious doses produced by a symptomatic HPAI infected bird was
not found directly in the literature. Here we show how we estimated
this parameter ¢, based on the available data. Obtaining the estimate
of the HPAI virus load in the feces of HPAI infected birds was difficult
due to the disparity in units and methods of measurements of HPAI
virus shedding in the biological literature. Hence, we assume that for a
given virus strain, the density of virions in the feces is proportional to
the concentration of virions found after dilution of cloacal swabs i.e.
Xipai/Xupar = CSppai/CShpai, Where CS; is the cloacal virus concentration
for straini per 1 ml and X;is the amount of virions per gram of feces. The
average amount of LPAI virions per gram of feces is X paj= 1057 EID50/g
(Webster et al., 1992) and we extract the concentration of LPAI virus in
cloacal swab from the results of Spackman et al. (2007). Note, however,
that pekin ducks are used for this estimation. These birds are reported
to be slightly more vulnerable to LPAI than wood ducks. As a result, we
expect our result to be a slight overestimation of the HPAI virus
concentration in the feces of wood ducks. Spackman et al. (2007) found
cloacal swabs of LPAI H5N1 in pekin ducks, and estimated the average
of CS;pa=10*"> EIDso/ml. In addition, Brown et al. (2006) found a
cloacal shedding of HPAI strain (peak titers) Cypa=10>% EIDso/ml
(Mongolia/05) for wood ducks. We assume that the peak titer is
associated with the shedding in the infectious stage of our model (Iy).
Consider the data of the Mongolia/05 strain we obtain 10*7°EIDso/ml/
10*3EIDso/ml=10%7EIDso/g/Xupar.  Thus, Xupai=107"’EIDso/g and
hence, ¢, = 10875 x 10% x Xppa/(0y x 365) = 10818 day™!, where
the average value of 1087° x 10%/365 grams of feces per day was used
(WHO-EPAR, 2009).

We end up with ¢4, = ¢, /1.75and ¢, = ¢, /2.0 (see Kalthoff
et al., 2008). Finally, the virus survival parameter is based on the
survival of HPAI for an average of 28 days and LPAI for an on average
of 39.375 days (Brown et al., 2007). Hence, we consider vy /v, =

39375 ; _ v, 39375 _ -1
50> leading to vy = v 35202 =1.23 day™ .
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