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Abstract. We investigate the role of migratory birds in the spread of H5N1 avian influenza,
focusing on the interaction of a migratory bird species with nonmigratory poultry. The model is of
patch type and is derived with the aid of reaction-advection equations for the migratory birds in the
air along the flyways. Poultry may reside at some or all of the four patches of the model, which
consist of the breeding patch for the migratory birds, their winter feeding patch, and two stopover
patches where birds rest and refuel on their migration. Outward and return migratory routes can
be different. The equations for the migratory birds contain time delays which represent the flight
times for migratory birds along particular sectors. Delays also appear in the model coefficients
via quantities which represent flight survival probabilities for the various sectors. We establish
results on positivity, boundedness, global asymptotic stability of the disease-free equilibrium, and
the persistence of infection. We also discuss extensions of the model to include the seasonality of the
migration phenomenon. Numerical simulations support the analytical findings; here we used data
on H5N1 infected ducks in the Poyang Lake region of China.
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1. Introduction. Of the various H5N1 introductions into different regions of the
world, at least some were most likely due to migratory birds (Kilpatrick et al. [21]).
Apart from migratory birds, other main causes of H5N1 introduction include the
trade in poultry and poultry products and the trade in wild birds. In previous works
(Gourley, Liu, and Wu [14], Bourouiba et al. [6]), we developed mathematical models
of the bird migration phenomenon with the ultimate aim of understanding the role of
migratory birds in spreading the highly pathogenic avian influenza (H5N1), leading to
a massive outbreak in wild birds at Lake Qinghai in central China (2005). Bourouiba
et al. [6] particularly focused on bar-headed (Anser indicus) geese migration in the
Central Asian Flyway from Mongolia to India. Migratory birds encounter a variety
of climatic and other conditions at their breeding and wintering locations and along
their flyways and resting places (stopover sites), which led us initially to consider
the possibility of a partial differential equation model. It also became apparent to
us in the early stages of our work that even in the absence of disease dynamics a
realistic model of bird migration would necessarily be a complicated one. Eventually,
we settled on models of patch type, where the patches are the breeding and wintering
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locations and the various stopover sites along the migration flyway where birds stop
to rest and eat (refuel). In between patches the migration flyway is a one-dimensional
continuum along which bird density is modelled using reaction-advection equations. In
our previous works we have allowed for the fact that migration is essentially a periodic
phenomenon. In the model derivation in [14] and [6] the reaction-advection equations
are eliminated and the system reduced to a system of delay differential equations
for the numbers of birds on the patches, where the delays represent the flight times
between patches. One of the patches is the breeding patch, and in our models births
are assumed to occur only on this patch. Another specific patch is considered to be
the winter feeding patch, which is at the other end of the migration flyway. In [14] the
spring and fall migration routes linking the breeding and wintering feeding grounds
share their stopovers, while they are essentially distinct in [6]. A significant advantage
of our approaches to modelling the migration phenomenon is that it recognizes that
birds will encounter very different conditions at different stages of their migration.
For example, our models easily allow mean flight velocities and in-flight mortalities
to vary from sector to sector, and conditions in each patch (such as vulnerability to
predation during a stopover) can be different. The aim of the present paper is to
develop our previous ideas to understand the role of the interplay between migratory
birds and nonmigratory birds, particularly poultry, in the persistence and recurrence
of H5N1 in endemic regions.

In this paper we focus on the role of migratory birds in H5N1 spread, and we
concentrate on the interaction of one migratory species with poultry. The poultry do
not move, and no explicit consideration is given here to the trade in poultry and its
vaccination. Unlike our previous works, in which we allowed any number of stopover
patches, here we consider four patches which are the breeding and wintering patches
together with two other patches which are stopover patches, one for the outward and
one for the return migration. Migratory birds in the air are accounted for indirectly.
We allow for the possible presence of poultry at all four patches, although in reality
there may be none at one or more of them.

In section 2, we present a careful model derivation along with some baseline
assumptions about the initial conditions and birth rate function at the breeding patch.
We then discuss the boundedness and positiveness of solutions and the dissipativeness
of the model system (section 3); the global threshold dynamics: global asymptotical
stability of the disease-free nontrivial equilibrium (section 4); and the persistence of
infection (section 5). In section 6, we discuss how our results and model can be
extended to more biologically realistic situations involving periodic coefficients, and
we present numerical simulations using available literature data on the poultry around
the region of Poyang Lake in China, where live H5N1 infected ducks were found and
H5N1 is thought to be endemic [10]. In this region, poultry farming includes backyard
chickens and domestic ducks and geese [10, 33].

2. Model derivation. Our model is basically of patch type but is derived with
the aid of reaction-advection equations which describe the migration of the birds along
the flyways. There are four patches on which poultry reside and migratory birds pass
through. The four patches are labelled b, 0, w,r for the breeding patch, the outgoing
stopover patch, the wintering patch, and the returning stopover patch, respectively.
The breeding patch is that on which migratory birds breed, while the wintering patch
is where they spend the winter season. Patches o and r are stopover patches along
the fall and spring migratory routes, respectively. In reality migratory birds usually
have multiple stopovers on both their fall and spring routes; these have been lumped
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MODEL OF MIGRATORY BIRDS AND AVIAN INFLUENZA 489

together so that there is just one stopover in each direction.

We let St, and I8, denote the numbers of susceptible and infected migratory birds
in the breeding patch b; S, and I2, the numbers in the outgoing stopover patch o;
and so on. Similarly, Ig, 17,17, 1) denote the numbers of infected poultry in the four
patches. We shall assume that the total number of poultry (susceptible plus infected)
in a patch is a constant N, with superscript to denote the patch. No such assumption
is made for migratory birds.

For the model derivation, proper account needs to be taken of the birds that are
in flight between two patches on their migratory route. We shall allow mean flight
velocities and in-flight mortalities to depend on susceptible/infected status and on the
sector. Let S%(t) denote the number of susceptible migratory birds in flight between
patch b and patch o, and let x denote the physical space. The flyway is to be thought
of as a one-dimensional closed curve starting and ending at the location of patch b,
denoted . Therefore, x can be formally defined as arc length along the flyway for
a particular sector. We illustrate the model derivation by considering susceptible
migratory birds along one particular sector, and we shall focus on the sector from
the breeding patch b to the outward stopover patch o. The other sectors can be
treated similarly. With x denoting the arc length measured from patch b located
at xp, the quantity of susceptible birds in the air along points of this flyway will be
modelled by a density (with respect to the arc length) s%2(¢,z), which satisfies the
linear reaction-advection equation

asgg(t?x) _ _Uboasf’g(tﬂx) _ ,,bo Sbo

(21) - ]
where U? is the mean flight velocity of susceptible migratory birds between patches
b and o, and %, is the per capita in-flight mortality for these birds as they transit
between those patches. The flux of birds out of patch b is U°s?(t, z;), and we want

to use (2.1) to calculate the flux into patch o, which is U%°s%(¢, z,). Define

fe(z) = sp7(6 + 2/UL, ).

A calculation using (2.1) shows that

@ i
) )

Integrating from z; to z, and then choosing ¢ =t — x,/U% gives

(2:2) S (t20) = Ay 0o (t = Tiy, 1),
where
bo
s Lo — Lp s ms
(2.3) Tho = {700 and  of, = exp (— /;]bo (xo — xb))

with , — 23, denoting the distance along the flyway from z; to z,. The quantity 7;,
is this distance divided by the mean flight velocity and is therefore the journey time
for susceptible migratory birds along this sector. The quantity oj, is the probability
that a susceptible bird will survive the sector of the migration that we are discussing.

Now, if we also write the flux out of the breeding patch at xy as dj, St () (so dj,
is the per capita departure rate), then the flux into the outward stopover patch at z,
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is calculated as follows:
UPsio(t, w0) = af UL s0 (t — 74, )
= (flux out of patch b at time t — 73,) o,
b
= ago lﬁo Sm(t - Tlfo)'

What we have achieved here is to rigorously derive the first term in the right-hand
side of the third equation of system (2.4) below. All other flux terms into the various
patches involve other time delays 7 and journey survival probabilities a with appro-
priate sub- and superscripts, which we trust are self-explanatory. These terms can be
derived similarly. The remaining terms in system (2.4) involve per capita mortalities
within patches (for example, 12 . for susceptible migratory birds in patch b) and mass
action terms for the rates at which susceptible birds become infected. A susceptible
migratory bird on a patch may catch the virus either from an infected migratory bird,
or from infected poultry on the patch. For patch b the respective contact rates are
denoted 3%, and Bf,m. We assume that no migratory bird can catch the disease while
in flight between patches.

As far as birth of migratory birds is concerned, we assume that this happens only
on the breeding patch b and that only susceptible birds can produce offspring. The
birth rate is therefore taken to be of the form B,,(S?), where the function B,,(-)
satisfies certain assumptions to be stated later. Based on all these assumptions,
we propose the following system of delay differential equations as a model for the
migratory bird dynamics:

2.4

| 5?'5% = Bin(S) + gy Sy (t = 73%) = By Splyn = Bpm Sl — dio S = tignsSins
Iy, = agydyy I3, (t = 773) + B S L + B S Ly — dig Iy, — i,
S = Qoo S (t = T0) = BrSp Lo, — Bpm S I — d3uSpy — Hon oS,

Iy, = oy I, (t = T0) + B S, + By Sendy) — diu I — 1l

S = owlowSm(t = 75w) = BrnSimdym — BpmSmly — i Sin — fims S,

ow%ow ow
I#}L = O[(i)wd(i)wjzl(t - Téw) =+ 611;)1S17;}LI;UL + ;}mS#}LI;)U - dzurj:;i - u;fr}u]#}u

S:n = O‘i;rdi;rsﬁjz(t - va;r) - 617;151:11:71 - ;mS:nI;TJ - df‘bs:n - :UﬁTnsS:nv

I = ady diy, I8 (t —78,) + Br,Sn I+ B0, Sh I7 — diy Ih — il I

wr-wrTm m-m m=p

The mean time spent in a particular patch is relevant to the flowout rate of the bird
species from the patch and can be written, for example, in the case of the outward
stopover patch, as 1/d3,, for susceptible birds. We aim to keep all parameters free
where possible, but it would be reasonable to state that the mean time spent in a
particular patch is probably related to other system parameters. For example, in the
case of the outward stopover patch it will very probably be related to the duration of
the flight to that patch, since this will determine how much refueling is needed, and
possibly also to the anticipated fuel requirement for the next segment of the journey
if birds are behaving optimally, since flight costs increase considerably with increasing
body mass. At stopover sites there is also a tradeoff between gaining fuel and avoiding
predation. These considerations are discussed in Weber, Ens, and Houston [34]. Birds
may also spend more time at sites where energy expenditure would be low, and this
in turn depends on the temperature at the site. Bauer et al. [2] cite evidence that a
temperature decline of 10°C increases energy expenditure by around 40%.
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The equations of system (2.4) are coupled with the following four equations gov-
erning the poultry population dynamics (2.5). The poultry do not migrate, and we
defer the consideration of commercial trading of poultry to a future study. We as-
sume that on each patch the total poultry population is constant, so, for example,
Ig + Sg = Ng on patch b, where Sg is the number of susceptible poultry on that patch.
On a particular patch, poultry can catch the virus either from infected poultry on
that patch or from infected migratory birds that happen to be on that patch. The
respective contact rates are 3, and [, with superscripts to denote the patch. Per
capita mortality for poultry (including the culling of the poultry as a disease control
and prevention measure) is denoted by p, with superscript. These considerations lead
to the equations

I'b :Bb(Nb_Ib)Ib+ﬁb (Nb_Ib)Ib _ bIb
. = BY(Ng — IIG + By (N — I)I5, — gy,
ﬁ“’( I“’)Ierﬁmp( — L) =y I

— BN — I + B (N3 — D)0, — i

All model parameters are assumed to be positive. The appropriate initial conditions
for system (2.4)—(2.5) are

Sf-)n(o) = ano(o) 2 Ov AS [ TbSO,O]; Irbn(o) = 11210(0) Z 07 [ TgO,O],
S?n(o) = S’:;LO(G) >0, ¢ [—T(fw, 0]; I’I(;L(o) = 11(;10(0) >0, [ Tng 0]7
(2 6) S}-ruz(o) = S#}LO(G) >0, ¢ [—Tir,O]; I#}L(o) = 111;}10(0) >0, [ Twrv ]7
T S0(0) = Sp0(0) 20, 0€ 75,05 L,(0) = L,0(0) >0, 0€[-7},0],
L(0) = Iyo € [0, V], Ip(0) = I € [0, V],
LY(0) = I, € [0,N)],  1,(0) = I, €[0,N,]
for prescribed initial functionb Sbo € C([—75,,01; R), 1Y, € C([—7i,,0;R),..., and
prescribed initial values I%,, I9), 1%, IT.

For the state space X, we choose

8
(2.7) X = <H (1, R)) x R*
i=1

which, as the product of the Banach spaces of continuous functions in certain initial
intervals (for migratory birds) and the Euclidean spaces (for poultry), is a Banach
space. In (2.7) the factor of R* relates to the variables in the poultry equations (2.5),
which never appear with delays. For ¢ = 1,2,...,8, the factor C(I;,R) relates to
the variable in the left-hand side of the i¢th equation of system (2.4), and so the do-
mains for the functions S? (-), 12 (), 82 (), 1,(-), S (), I2(-), S, (-), I" (-) are given,
respectively, by

L = [—TbSO,O], I, = [—TgO,O], I3 = [ > O]a Iy = [_7-1 0]7

ow’ ow’

Iy =[-75,,0], Is=[-7,0], I;=][-75%,0], Is=[-75%,0].

wr? wr?

(2.8)

The biologically realistic set of initial data is Y, consisting of the elements of X which
satisfy condition (2.6). We have Y = Y? U 9Y", where Y is basically the subset
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of Y corresponding to the presence of infected poultry or infected migratory birds
somewhere, so that

(2.9)
YO = {(ng()vjrl;z()a Sr(;z()a I:n()a S:;}L()v]rqu()v S;z()vjz;z() I;gnga I;)Ua I;) €eyY:
at least one of S (-), S (-), S“(-), or S (-) is > 0 and # 0 on its domain;

. b .
at least one of I}, I7, I/, I} > 0; and/or

at least one of I% (-), I%,(-), I(-), or I (-) is > 0 and # 0 on its domain},

where the domains for the various functions are given by (2.8). Then, Y is a subset
of Y relating to those solutions of (2.4)—(2.5) for which all the I,,, and I, variables
remain zero for all time, i.e., the disease-free solutions.

We now discuss the assumptions on the birth function B,,(S%,). First note that,
since the o quantities are bounded by 1,

s 8 s s s s s s
aboaowawrarbdbodowdwrdrb <1

(di, + 1) (A, + 1 ) (A, + 119,5) (A5, + i)

We shall often assume that the birth function satisfies the following hypotheses.

Hypothesis (H1). B,,(S2,) is a continuous function of S%, and satisfies B,,(0) = 0;
B, (S%) > 0 when S°, > 0; and BS'P < oo, where BS'P = sup {B,,(S%,), S, > 0},
and there exists S%, > 0 with

(2.10)

(2.11)

Bme s S s s ds d5 d5 d° R
- ( n;) > ( - — . Olbook:owaw:ﬂarb bso ow 1(1)17’ rbs - >S1l3n when an < an
dbo =+ ,ums (dbo + :ums)(dwr + :ums)(dow + :ums)(drb =+ :ums)
and
(2.12)

Bm(an) ( _ aioagwafuraibdzodgwdfurdib >Sb when Sb > va )
iy + 15 (dio + pins) (s + 1) (i, + 1) (d3y + pis) ) "o

Hypothesis (H1) is a natural assumption to ensure the existence of a positive
equilibrium of the isolated bird species population in the absence of diseases. This
assumption also implies, in the case where B,, is continuously differentiable, that

B7/’n(0) _ aioagwafuraibdgodgwdfurdib > B;n(an)
dzfo + :u?ns o (dio + :ufns)(dfur + N%s)(dfm + :u;)ns)(d:b + :u:ns) N dio + :u?ns

For the linearized stability of equilibria, and also for persistence, we need to strengthen
this to strict inequality in the following hypothesis.

Hypothesis (H2). B,,(S%,) is a continuously differentiable function of S%,, and
(2.13)

B;n (0) o aioazwafuraibdgodzwdiwdib Bfln(Sgn)

>1 > .
dio + :ufns (dlsjo + :ul;ns)(dfur + :u;fr}zs)(dgw + :u%zs)(dib + :urms) dlsjo + :ugns

3. Positivity and boundedness. We first establish a result on nonnegativity
and eventual strict positivity. The birth function here does not need to satisfy all of
the assumptions in (H1).

THEOREM 3.1. Suppose that B,,(+) is continuous and satisfies B,,(St,) > 0 when
SP > 0. Then each component of the solution of system (2.4)—(2.5), subject to initial
data (2.6), remains nonnegative. If, additionally, at least one of
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(i) on some patch the number of infected migratory birds is not identically zero

on the relevant initial interval (for exzample, I, # 0 on [—7{,,0]) or

(ii) on some patch the initial number of infected poultry is positive, and on some

(not necessarily the same) patch the number of infected or susceptible migra-
tory birds is not identically zero on the relevant initial interval
holds, then there exists T* > 0, which is independent of the initial data, such that
I,(t) > 0 and I,(t) > 0 for all t > T* and on every compartment.

Proof. The first statement of the theorem follows immediately from Smith [30,
Theorem 5.2.1, p. 81].

To prove case (i) of the second part of the theorem, we focus on the case I%, # 0
on [—7;,0]. Then, the fourth equation of system (2.4) implies that I2,(f) # 0 on
t € [0,7,]. Indeed, if this were false, then nonnegativity of solution components
would yield that the first and third terms in the right-hand side of the fourth equation
(the first term in particular) are identically zero for ¢ € 0,7/ ], and this contradicts
I o # 0. So there exists some time t* € [0, 7{ ] such that 12, (t*) > 0. Also,

I;')n(t) 2 (51(;15%@) - dﬁ;w - ani)I;)n (t)

A simple comparison argument therefore assures us that 12, (t) > 0 for all ¢t > t*.

Having established that the variable I? (¢) becomes positive and remains so, we
deduce the same for the variable I (t) using the sixth equation of (2.4). This equation
shows that I} (¢) cannot remain zero; otherwise the same would be true for I?,(t).
Once I (t) becomes positive it remains so. Similarly, we conclude the same for I (t)
and I (t).

Theorem 5.2.1 of [30, p. 81] also implies that the number of infected poultry on a
patch cannot exceed IV, for that patch. To see that the numbers of infected poultry
become and remain positive on each patch is straightforward; for example, if Ig (t)
remained zero, then the first equation of (2.5) shows that the same is true for 1%, (t),
a contradiction. Once I5(t) has become positive, then, since I8(t) > —pbI8(t), I0(t)
must remain positive.

Finally, we prove case (ii) of the second part of the theorem. Suppose it is on patch
b that the initial number of infected poultry is positive, and suppose there is another
patch on which the number of susceptible migratory birds is not identically zero on the
relevant initial interval (if this is the case for infected migratory birds, then case (i)
would apply). Arguments similar to those described for case (i) show that I5(t) > 0
for all t > 0 and also that, whichever patch has its susceptible migratory birds not
identically zero initially, eventually all patches must have a strictly positive number of
susceptible migratory birds. In particular, St () > 0 for ¢ sufficiently large, so that the
product S?, (¢)I5(t) > 0. Knowing this, the second equation of system (2.4) shows that
I (t) cannot remain zero for all time. Then, since 12, (t) > (85,55, (t)—di, —pub,,) 12 (1),
we see that once I? () becomes positive it remains so for all time and in particular
on an interval of length 7/ . But this puts us back into case (i), since we can translate
forward in time. So from this point the argument proceeds as before.

We now consider the boundedness of the solutions of system (2.4)—(2.5).

THEOREM 3.2. Assume that B, (-) is continuous, By, (S%) > 0 when S8 > 0,
and BSYP < oo, where BSWP := sup{B,,(S%,), S%, > 0}. Then every solution of (2.4)—
(2.5) with initial data in'Y is bounded, and the solution semiflow defined by solutions
of (2.4)-(2.5) in space Y is dissipative and has a global attractor.

Proof. The total number of migratory birds N'°*(¢) in the system at a given time
is the sum of the total number of susceptible and infected migratory birds in the four
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stopovers b, o, w, and r and the total number of susceptible and infected migratory
birds in each of the four flyways linking the stopovers, denoted bo, ow, wr, and ro,
Le., Niot = Sfot 4 100 with I}90 = Ib + Io, + It + I, + 150 + 190 + [%" + I? and
St = Sh + S, + St 4 Sh, 4 ShY + So 4+ ST+ Sy

In a given flyway, the number of birds in the air is given by the integral of the
bird density. Recall that the density of susceptible birds in each of the four flyways is
denoted s%2, s9W, 5" 5" respectively. Similarly, the density of infected birds in each

m T m?

of the four flyways is denoted %2, %% 7" i". Hence, the total number of birds in the

flyway linking patches o and w is

Sov 4 pow — / [ (¢, ) + i (¢, )] da,

o

and there are similar expressions for the other flyways.
Assuming that the migration flyways are fixed over time, and that the average
bird velocity in the flyways is constant, leads to Nf°* = Stot 4 JEot with

Stot — gb 4 g0 4 §w 4 8T

o + /w w 8;? da + ; agf da + :,, aff da + ; 8;?? da
and

It =Jb 1o 4 [v 4 qn
(3.2) + /:o 8;%‘; dr + /g:w 82? dr + /:: 8;};;] dr + /:b 8;’;? dzx.

Using (2.4) and advection equations analogous to (2.1) in all the flyways leads to

(3.3) Ny
= Bm(Sfl;)
+ aibdf’bsrn (t - qub) + aio lsmsfn(t - Tlfo)
+ O[(S)wd(s)wsgz(t - T(fw) + O‘i;rdfur‘s#}z(t - Ttsur)
To 8 bo t
e )] a

b

Tw a ow t,
[0 e )| e

T wr (4
" /w [U;«ur&SmT;ax) + M%@S%T(t,x)} da
Ty o b t

+ aibdiblgz (t - Tfl;b) + aio ?)olgz (t - Tlfo)

+ ai dl I3 (t - Tgw) + aiurdiurlﬁruz(t - Ttiur)

ow " owTm
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- V 0D o)

+ / {U w i (1, 7) +ufn“§ifnw(t,x)} do

ox

dx

+/m o D) i 1,0)] o

ol
+ {Urb ‘m —I— ,u;fii:,f(t,x)} dx

- (dbo + ll’ms)an - (dow + ufns)s;)n - (dfur + M%S)S::ruz - ( 7S“b + u:ns)srn
- ( io + /J‘lr)nl)lf')n - (diw + anz)‘[;}n - (d:ﬂr + M%z)lﬁruz - ( f‘b + M?Tnz)‘[:n

Taking the example of infected birds in the flyway bo, each integral term in (3.3) can
be expressed in the following form:

i’ Oipn(t,z)
bo bo ;bo
/Ib {U 5y T Hmitm(t, )| du

= Uiboigg(tafo) - Uzbo bo(t {Eb)
— —_—

incoming flux of infected birds into o outgoing flux of infected birds from b
To
bo :bo
+ [ it de
Tp

Recall that the outgoing flux of infected birds leaving patch b is also equal to di_I? (t)

bo*m
and that the incoming flux of birds entering patch o was shown to be equal to

ab di I (t —7i) in the previous section. So all terms in (3.3) that represent fluxes

cancel out in pairs. Hence, (3.3) can be further simplified to

(3.5)
Nfr?t = Bm(an)

- [/ st + el e+ [ s 1) + i ) da

Ty o

Ty

+ / [0 S (1, ) + P (8, )] e + / 22,872 (8, 2) + T2t )] d

w Ty

— S = Hins S = HinsSt = Hins St = HoniLiy = tini Ly — i L = i I
This gives
(3.6) NiH(t) < BpP — CNiWH(1),
where

C mln{:umzhumza,um.m,um.m,umzv,umza,um.m,um.w
/”Lm57 :umsa ILL’ITLS7 /”Lm57 /”Lm55 ILL’ITLS7 /”Lm57 /”LmS :

From (3.6), it follows that

(3.7) limsup N'°*(t) < B /C,

t—o00
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which implies the boundedness of the total number of migratory birds in the system.
As the total number of poultry in the system is assumed to be constant on each patch,
we obtain the boundedness of all solutions of (2.4)-(2.5) subject to condition (2.6),
and the dissipativeness of the associated semiflow on the space. This dissipativeness
then implies the existence of the global attractor (see, for example, [15]).

4. Local and global stability of the disease-free equilibrium. If (HI)
holds, then system (2.4)—(2.5) has a trivial equilibrium in which all components of
the system are zero, and a disease-free equilibrium in which there are no infected
poultry or migratory birds, but there is a population of susceptible migratory birds
on each patch. In this equilibrium, the components (S%,,.52,, S%, S ) are determined
by the following equations:

Bm(Sf')n) + af’bdf’b‘g:n = (dls)o + :ufns)ana
s 35 qb __ s o o
(41) abodboSm - (dow + ,ums)va
gy S = (dryr + ) Sis
oy Sy = (A7 + ) S

Combining these equations shows that the equilibrium values of S, are determined
from the following equation:

(4.2) Bin(Sp,) _ (1 o ¥ow Vapr Vrp Ao Tow oy Ay > b
' dio + :u?ns (dio + :ufns)(dfur + ‘u%s)(d(s)w + :u;)ns)(dib + :u:ns) "

Obviously, S?, = 0 satisfies this equation. Hypothesis (H1) assures us of the existence
of one more root S?, = 5% > 0 of (4.2). The corresponding equilibrium values of the
susceptible migratory birds on the other patches are denoted S’fn, S’;fl, and S’fn; these
values are found from the last three equations of (4.1).

Our main result of this section is Theorem 4.2, which provides a set of conditions
which ensure that the disease-free equilibrium is globally asymptotically stable to per-
turbations involving the introduction of both infected poultry and infected migratory
birds. Before proceeding, we present short subsections which deal with subsystems of
either migratory birds or poultry in the absence of disease.

4.1. Subsystem of migratory birds. It is necessary for what follows to un-
derstand completely the dynamics of the subsystem of four equations consisting of
just the equations for the susceptible migratory birds, when the numbers of infected
migratory birds and infected poultry remain zero for all time on every patch. This
subsystem is

St = B (Sh) + gy dsy Sy, (t = 75) — diSh, — i, Sy
an = agodiosgz(t - 7-bso) - df)wsgz - :U’fnssgw

(4.3) .
S;Jrvl = agwdf)wsfn(t - Tgw) - di;rs;;uz - M%ss;fw
S:n = afurdi;rs;;vl(t - va;r) - df‘bS:n - M?TnsS:n?

and if (H1) holds, then it has exactly two equilibria, (0,0,0,0) and (S, $2,, 8% S ),
the latter being found by solving (4.1). The initial data for system (4.3) is just
the Sy, components of (2.6), and each of the four initial functions is assumed to be
nonnegative.
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THEOREM 4.1. Suppose that (H1) and (H2) hold. Then each solution of (4.3)
for which at least one of the initial components is not identically zero on its initial
interval (for ezample, Sb,o # 0 on [—75,0]) satisfies (S5,(t),SS,(t), SL(t), S (1)) —

(80 8o 8w ST ast — .

Proof. Similarly to the proof of Theorem 3.1, we see that all variables in system
(4.3) remain nonnegative for ¢ > 0 and that in fact they all eventually become strictly
positive and remain so. The structure of system (4.3) allows us to apply Theorem
5.4.1 of Smith [30] on convergence to equilibrium, to conclude that all solutions of
(4.3) must converge to one of the equilibria. To decide which one is the attractor,
we can use linear stability theory. The linearization of (4.3) about the equilibrium
(St §ox Swx §r*) with S¢* = 0 or S¢* = S¢, for each ¢ = b, 0, w,r has a structure
involving positive coefficients for all delayed variables, so that it suffices to consider
only the real roots of the characteristic equation. Solutions of the linearized system

with temporal dependence exp(At) lead to the characteristic equation

A— B;n(Sfrf) + dlsjo + M?ﬂs
(44) _ aganwafuraf’bdls;odgwdfurdf’b €Xp (_)\(qub + 7-bso + T(fw + Ti)r))

(/\ + df’b + M?Tns)()‘ + dfur + M%s)()‘ + dgw + ans)

The left-hand side of (4.4) is increasing in A, while the right-hand side is decreasing in
A when A > 0. Therefore, if the left-hand side exceeds (is smaller than, respectively)
the right-hand side when A = 0, we are assured that all real roots including the
dominant root are negative (or positive, respectively). Therefore, (H2) ensures that
the equilibrium (0, 0,0, 0) is linearly unstable and the equilibrium (S’ﬁ” S,On, S’;”I, an)
is linearly asymptotically stable.

To conclude that (S, 52, 8% 8" ) is the global attractor, we need to show that
no solution satisfying the requirements on the initial conditions may approach the
unstable equilibrium (0,0,0,0) as ¢ — oo. This unstable equilibrium still has an
infinite-dimensional stable manifold due to the presence of delay. We briefly explain
why there cannot be a solution (S2,(t), S (t),S%(t),S" (t)) — (0,0,0,0). Another
similar calculation is explained much more thoroughly later, in the proof of our Theo-
rem 5.2. Since each component of the solution becomes and remains strictly positive,
without loss of generality we can assume each component has this property initially.
A contradiction can be reached by using a comparison argument to show that the
solution which supposedly approaches the zero solution is also bounded below by the
exponentially growing function & exp(Mt)d, where § > 0 is a suitably chosen small con-
stant, A > 0 is the dominant eigenvalue of the linearization at (0,0, 0, 0), and exp(At)d
is the solution of the linearized system corresponding to the dominant eigenvalue. The
vector d is known to have positive components [30, Theorem 5.5.1].

4.2. Stability with migratory birds absent. We next consider the stability
of the disease-free equilibrium in the situation when migratory birds are completely
absent. Then we need only consider (2.5) when the I,,, variables are all zero. But
in this case system (2.5) decouples completely, and each equation determines the
number of infected poultry on a particular patch. It follows immediately that the
conditions for the infected poultry to die out on every patch when no migratory birds
are introduced are

(4.5) =BANS+ub >0,  —BONg+uo >0,  —BYNY+uy >0,  —ByNj+ur, > 0.
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4.3. Stability (of the positive disease-free equilibrium) with poultry
absent. If there are no poultry (susceptible or infected), then we can calculate nec-
essary and sufficient conditions for the disease-free equilibrium to be linearly stable
to perturbations involving the introduction of migratory birds. The subsystem that
needs to be studied is the linear system

I = alydiy I (t —7iy) + B2, 80 10 — di 18, — b 0

(4 6) 11(;1 = Oé;.)o IZ)oIf’)n(t - Tgo) + 6;;151(;1[131 - d(i)wlfn - :U’?nilfnv
' IY =l db I0(t—7i,) + BESUTY —di T2 — i T2,

It = aly,diy I8t —70,) + 80,80 10, — diy It — I

The structure of this system enables us to apply the theory due to Smith [29]. Corol-
lary 3.2 of that paper assures us that the zero solution of system (4.6) is asymptoti-
cally stable if and only if the zero solution of the corresponding undelayed system is
asymptotically stable. It needs to be carefully noted, however, that the corresponding
undelayed system is system (4.6) with the delays set to zero where they appear in the
arguments of the state variables. Delays also feature indirectly in system (4.6) via the
a coefficients such as a?,. Those delays are not set to zero. Corollary 3.2 of [29] also
provides a useful set of necessary and sufficient conditions, involving determinants, for
the stability modulus (the eigenvalue of largest real part, which is known to be real
here) to be strictly negative. Applying these conditions, noting carefully what consti-
tutes the undelayed system here, leads to the following conditions for the asymptotic
stability of the nontrivial disease-free equilibrium when there are no poultry:

?70 + M?’nz - fn‘é’fn > 07 dﬁ;w + anz - ;)ngfn > 07
oy + i = BiiSin > 0, diy + it — 81,57, > 0,
(o + i = BrS) (s + i = BinSiy) (i + i — By Sie)

0 0
wr“rb-

(4.7)
X (dib + :u:nz - ;Lg;z) > aioa(i)waiuraibdli)od(i)wd

Corollary 3.2 of [29] actually provides just four inequalities and, when applied to
(4.6), furnishes three of the first four inequalities shown above, together with the
fifth. However, it can be shown that these inequalities hold if and only if all five
inequalities of (4.7) hold.

4.4. Stability with infection in both poultry and migratory birds. The
next theorem presents conditions for global asymptotic stability of the disease-free
equilibrium for solutions involving both infected poultry and infected migratory birds.
Not surprisingly, one needs to impose an additional inequality involving the cross-
infection parameters f;,,, with ¢ = b,0,w,r, as follows:

((dho + i = B S) (~BUNG + 1h) = BB SNy )
X (b + Hs = B SN (~BoNG + 115) = BB S5 N
)% (ot = BRSD) BN + 1) = BBy SNy )
% ((diy + s = B S3) (=B Ny + 1) = BBy SNy )
> 0000 0yl Lyl BING + 1) (BN + 1)
X (=B N+ ) (= By Ny + 1.
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In condition (4.8), we implicitly assume that each factor on the left-hand side is
positive. This is equivalent to the requirement

b Bl SENE < (dy + s — B3 ) (~ BN+ ),

B SoNE < (o + s = B0 (~BING + 1),

o PrmpSm Ny < (o + Hoi = B Si) (=8 Ny’ + ),

B S Ng < (i + 15 = BruS) (= BN + 117)

THEOREM 4.2. Suppose that the birth function By, () satisfies Hypotheses (H1)
and (H2) and that inequalities (4.5) and (4.7) hold. Suppose further that the cross-
infection coefficients By, with ¢ = b,o0,w,r are sufficiently small so that (4.8) and
(4.9) hold. Then the equilibrium (an,(),S,‘;L,O,g;”l,(),gfn,(),(),(),(),()) of system (2.4)—
(2.5) is globally asymptotically stable for all initial data (2.6) in which at least one
S variable is not identically zero on its initial interval (for evample, Sty # 0 on
[_Tl;so’ 0])

Proof. First note that if the cross-infection coefficients g, with ¢ =b,0,w,r are
all zero, then (4.8) follows automatically from (4.5) and (4.7).

Since the I,,, and I, variables remain nonnegative, the four .S, variables satisfy
a system of differential inequalities. This system is precisely (4.3) with every = sign
replaced by <. A comparison argument using Theorem 5.1.1 of Smith [30] implies
that each S, component is bounded above by the corresponding .S,,, component of
the solution of (4.3), where the two components share the same initial data. In view
of Theorem 4.1, it follows that, for each ¢ = b, 0, w,r,

(4.9)

lim sup S¢, (t) < S¢,.
t—o0
Therefore, for any € > 0, it is true that, for sufficiently large ¢, S¢,(t) < S¢, + ¢ for
each ¢ = b, 0, w,r. Therefore, for sufficiently large ¢, the I,,, and I, variables obey the
inequalities

(4.10)
Ifl')n < a:“bd;’b];z(t - szib) + ﬁfn(‘gfn + 6)I7bn - (:ufnz + d%}o)Ion + 6;2111(3’31 + 6)155
j;')n < aio golfn(t - Tgo) + ﬁfn(‘gfn + 6)1131 - (:LL’IOTL’L + df)w)lfn + ﬁgm(g;)n + 6)1;7);
I::ruz < af)wdf)wjfn(t - TZ’U}) + B:'ruz(g::ruz + G)I:?L - (M%z + d:ﬂr)'[::ruz + ;;Um(g:fl + G)I;)u’
I3, < gy L (8 = 70, + B, (S5, 4+ L, = (i + di) Iy + B (S5 + €)1,
b b ATb b b Ab7b b b
Ip = ﬁprIp + ﬁmprIm o uplp’
Iy < ByNy Ly + By N Ly — i T,
Iy < BENPIY + B, N LS — eI
Iy < BNy I, + BNy Ly — 1y
Again by Theorem 5.1.1 of Smith [30], each I,,, and I, variable is bounded above by
a system of differential equations associated with (4.10), namely, system (4.10) with
every < replaced by =. We need to show that every I,,,(t) and I,(t) tends to 0 as
t — oo, and it suffices to show that this is the case for the corresponding system of
differential equations, which is of course linear.
Purely for economy of notation, we shall in fact finish the proof for the case when
€ = 0. The proof has to work for a small positive €, but the usual continuity arguments
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assure us of this. We shall briefly comment on this point again later. The fact that
inequality (4.8) is a strict inequality is crucial.

If we seek trial solutions of the differential equation system associated with (4.10)
of the form

(Igwan?I#}NI;N 157]1?7 I;U? I;) = e)\t(fb7607£w;€'r; 7]57770) nwa 7]7’)7

we obtain a characteristic equation of the form G(A) = det (A — A(\)) = 0, where
A()\) is a matrix whose off-diagonal entries are nonnegative and nonincreasing in .
We may apply Theorem 5.5.1 of [30, p. 92] to conclude that the linear stability of the
equilibrium is completely determined by the real roots of the characteristic equation.
The algebrais very complicated, and it is necessary to make full use of the relationships

between the components &, np, ... to simplify the determinant as much as possible.
Eventually, we can show that G(\) is given by
(4.11)
G()\) - ((/\ + d%}o + :ufni - 55%55%)0\ - 521\75 + /Lg) _g &b )
- b Nb pm*2m
mp*'p
" <()\ + dow + bini = BSi) (A = BpNg +p3) ., o >
mp Ny !
y ((/\ + oy + fmi — BSm) A = By Ny + ), S‘w)
mpNp’ :
(At b — B SN = BNy + ), &

- a?}oaf)wafﬂraibdgo f)w i;r ;b()‘ - Bf;N;l; + M;lz)y)()‘ - B;N; + M;)()\ - B;;UN;U + M;U)
(A = BpNy + 1) exp (= ATy + Tho + Tow + Tarr))
T b o w N NbNoNw :

mpFmp~mpFmp-Yp-Yptipp

We shall prove that all real roots of the equation G(\) = 0 are strictly negative.
This will be achieved by using a monotonicity argument, but, before proceeding, we
note that we are in the situation in which Corollary 5.5.2 of [30, p. 93] applies, which
assures us that the disease-free equilibrium is linearly asymptotically stable if and only
if it is linearly asymptotically stable in the corresponding system without delays in
the arguments of the variables (the model coefficients still involve delays through the
a coefficients). Removal of the delays only in the arguments of the variables, leaving
their presence via the « coefficients undisturbed, corresponds to formally setting the
exponential term in (4.11) to 1 and making no other changes. We write the modified
characteristic equation as Go(A) = 0. This equation is no longer transcendental but
an eighth order polynomial. After some algebra, the equation Go(A) = 0 can be
rewritten as

F1(A) = F2 (),

where

po) = (1 oSN N (BB, S5
(A + A (A + B?) (A+ A°) (X + Be)

(1 iy SV ) (- SNy )

(A+ Aw)(X + Bv) A+A")YAN+B"))’

(4.12)
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and
ol ol of ol diodlodE dl
413 Fy(\) = bo“"ow “wr="rb“"bo " ow “wr“rb
(4.13) 2(V) (A + AD) (A + A%)(A + AW)(A + A7)
with
Ab: %70+M?nz_ﬁfns’fna Bb: _ﬁgN;:"‘llzg,
A = diy 10— B S0, B = —BING + ul,
(4.14) v T 3 . e Ty
AY = diy, 4~ BSY, B = —BYNY + b,
AT =diy + p = B, S0, BT = =ByNy +

By inequalities (4.5) and (4.7), all quantities in (4.14) are positive. Therefore Fy(\)
is decreasing for A > 0. Also, by (4.9), each factor in the expression for Fj(\) is
monotonically increasing and positive when A > 0. Therefore, F(\) is monotonically
increasing for A > 0. Moreover, by inequality (4.8), F1(0) > F5(0). By continuity,
this strict inequality will still hold if we repeat the analysis for a sufficiently small
positive € in (4.10). For such an e it is therefore clear that all real roots including the
dominant root of F1(\) = F5(\), and therefore of Go(\) = 0, are strictly negative.

We have shown via a comparison argument involving an associated linear system
that the I,,, and I, variables all approach zero as t — co. The asymptotic behavior
of the S, variables is then determined by subsystem (4.3), the dynamics of which is
described in Theorem 4.1. The proof is complete.

5. Disease persistence. In this section we prove that, under certain conditions,
all the variables I,,(t), I,(t) representing the infected compartments are persistent
in the strong, uniform sense, i.e., that there exists some constant 1 > 0 which is
independent of the initial conditions such that, for each ¢ = b, 0, w, r,

CALETC (£) > e T >
(5.1) htrgloglf Io (t) > n, htrgloglf I5(t) = .

This is achieved using the persistence theory due to Hale and Waltman [15] and, in
particular, Theorem 4.1 of their paper. There are other approaches to persistence;
see, for example, Samanta [26] for a nonautonomous epidemic model. Let a metric

space Y be the closure of an open set Y, so that Y = Y2 U Y °, where Y is the
boundary of Y. Let T'(t) be a C%-semigroup on Y satisfying

(5.2) T): Y =YY T(t):0Y° — aY".

Assume that the restricted semiflow has the global attractor Ay, and assume that

rEAp

where w(z) is the w-limit set of . Then we have the following result from Hale and
Waltman [15].
THEOREM 5.1 (Hale and Waltman). Suppose that T'(t) satisfies (5.2) and that
(i) there is a to > 0 such that T(t) is compact for t > to;
(ii) T'(t) is point dissipative in Y;

(iii) Ap is isolated and has an acyclic covering M.
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Then T(t) is uniformly persistent (i.e., there exists 1 > 0 such that, for any y € Y°,
liminf; .o d(T(t)y,dY?) > n) if and only if, for each M; € M,

(5.3) Ws(M;)NY°? = &.

Hale and Waltman permit the M; to be chosen as isolated invariant sets and not
necessarily as equilibria, but for our purposes here each M; is a boundary equilibrium
of our model. Assuming (H1) holds, these are the two equilibria, denoted M; and
My, in which the variables I,,, and I, are zero on every patch. The set M is the union
M = M; U Ms. In our setting, acyclicity of the covering M; U My means that neither
of the equilibria My, M5 is connected to itself via a homoclinic connection within
Y and that there is no cycle with M; — My — M; within Y. Finally, W*(M;)
is the stable manifold of M;. Note that the superscript s on any letter other than W
has a different meaning (susceptible), but there is no risk of confusion.

In this paper Y and Y are defined in the paragraph containing (2.9). Next we
define the C-semigroup T'(t). Recall the initial data has the form (2.6). For any
initial datum

(anO()aIan()v an(')vIgIO(')aS;UIO(')a :?LO(')vS:nO(')a :nO(')aI;l:OvI;gOaI;jE)vj;;O) €y,

we let S5, (1), 1%, (¢), S5,(8), I5,(t), SE(), T2(), Sk (1), I(t), I8(8), I3(0), 12 (), I3 (t)
be the solution of system (2.4)—(2.5) and define T'(¢) by

(5.4)
T(t) (SﬁnO()aIgzO()v 7?/10(')7 1(;10(')3 17;}10(')7 17;}10(')75;10(')5 7:10(')7]507];0)[;)”07];0)
= (szn(t =+ )alfn(t + )7S7on(t + )711(;1(t + )7871;11@ + )71#}1@_'_ ')a
S:n(t + )a I:n(t + )7I£(t)7jg(t)a I;)U(t)vj;;(t))a
where again the domains for the functions are inferred from (2.8); for example,
S (t + -) is the function § € [—75,0] — S8 (t + 6) € R. We prove the following
theorem on disease persistence.

THEOREM 5.2. Let Hypotheses (H1) and (H2) hold, and suppose that (4.5) holds
together with

io + /’I’fnl - B?l?nsfn)(_ ;‘;N;l; + M;l;) - gm fnpSgIN;S)

(

i ({1 = BB 1) = o 507
((d

(

(0%

X

X (i + i = B ) (=B Ny + 1) = B By SN )
< boaj‘)wafuraibd;‘)o f)wdiur ib(_ 2N5+Mg)(_ ;N£+M;)
X (=B N+ ) (=GN + i),

(

”

(8 + 1itns = o S0) (BN + ) — Bl By SN )
(

Assume further that the initial data (2.6) satisfies (i) or (i) of Theorem 3.1, in either
case with the additional requirement that at least one of the Sy, components not be
identically zero on its initial interval.

Then there exists n > 0, which is independent of the initial conditions, such that
the solution of (2.4)—(2.5), subject to (2.6), satisfies (5.1) for each ¢ =b,0,w,r.
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Proof. We will apply Theorem 5.1, and we first seek to prove that T'(t) satisfies
(5.2). Let us prove that T'(t) : Y° — Y° Choose some initial datum in Y°. We
know from Theorem 3.1 that all solution components must remain nonnegative, but
suppose that during the evolution there exists a time ¢* > 0 when the solution leaves
Y? and arrives at Y. At the time t* we will have

( )E 0 € Io; Io(t +9) 0, 0 e ly;
I¥(t+0)=0, 0Oecls; I (t"+0)=0, 0c¢cls;
I;;( =0y I(tY)=0; IY(t*)=0; I(t*)=0.

Since t* can serve as the initial time, it follows from uniqueness of solutions that, for
all ¢ > t*,

IP(t+0)=0, 6Ocly I20(t+60)=0, 60cly
I;“l(t—f—ﬁ)z s 0 € Ig; I (t-f—e)EO, 0 e Ig;
b . 0 _n. w T _
D)y=0; It)=0; I°(t)= Ir(t) = 0.

But this is impossible because if the initial datum lies in Y°, then, by Theorem 3.1,
every I, and every I, variable eventually becomes strictly positive and remains so.
SoT(t): Y° — YO It is trivial to see that T'(¢) : 9Y° — 9Y". Indeed, if all the I,
variables are initially zero and all the I,,, variables are initially identically zero on their
respective initial intervals, then uniqueness of solutions implies that these variables
remain zero for all future time. We have shown that 7'(t) satisfies (5.2).

Hypothesis (i) of Theorem 5.1 holds as a simple application of the Arzela—Ascoli
theorem, with
s 1 s 1 s 1 )

T, T,

. s 7
tO - maX(Tbov Tbor T, ow> Twrs Twrs Trbs Trb)-

ow?

Hypothesis (ii), the point dissipativity, holds and follows from Theorem 3.2.

With regard to (iii) of Theorem 5.1, we are assuming that Hypothesis (H1) of this
paper holds, so we choose M = M; U M5, where M; and M, are the two equilibria in
which the I,,, and I, variables are zero on every patch. Specifically,

M; = (0,0,0,0,0,0,0,0,0,0,0,0),

(56) &b Go Gw ar
=(5;,,0,52,,0,5.0,5,,,0,0,0,0,0),
where S, §° . S§® S are (uniquely, by Hypothesis (H1)) found from equations
(4.1). The covering M = M; U M> is acyclic because My is a global attractor for the
subsystem (4.3) consisting of the S,, equations only. This was shown in Theorem 4.1.
We now prove that W*(M;) N Y? = & and W*(M2) N Y? = &. We include
the full details of only the latter calculation. Suppose, for a contradiction, that
W3 (M) NY? # ®. Then a solution exists which is initially in Y9 and in W*(My).
The former implies that this solution initially has one of its I, variables positive
or one of its I, variables not identically zero, and Theorem 3.1 then yields that,
eventually, I,,,(t) > 0 and I,,(¢) > 0 for this solution, for every superscript b, o, w, .
We may translate forward in time and assume this to be so initially. Also, since this
solution starts in W*(Ma), I, (t) — 0 and I,(t) — 0 as ¢ — oo, for each superscript
b,0,w,r. The asymptotic behavior of the S,, variables is then determined by the
subsystem (4.3), and we showed in Theorem 4.1 that (S2,(),59,(t), S™ (1), St (1)) —
(St S0 . 8w 87 given by (4.1), as t — co.

m? m?
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Let € > 0 be sufficiently small such that

( o s = Bha(Sh, = ) (—BLNE = )+ 1) = BBy (Sh — O(NE =€)
X (b + 1505 = B2a(S5 = ) (= BENE = €) + 115) = BB (S = /(NG = ©))
((d,, +u%i—ﬁi(5’f£—6))(—6;”(N,§”—6)+u;”)— B (S = AN =€)
(i + ps - (St = DBV = )5 1) = By Py (S = Ny —€)
< 00y Ol O ol B i (~ (NG = €) + i) (— B3 (N} = €) + )
X (=B (N3 = &)+ ) (= By (N} = ) + 1),

which is possible because of the strict inequality in (5.5). Then, for all ¢ sufficiently
large, Ib(t) <, IS(t) <€ IX(t) <€ I7(t) < € and

Sht)= 8 —e, Sa)=85—e SEB=Sm—e S
Therefore, for ¢ sufficiently large,
(5.8)
Ib, > ol diyIn (t— 7h) + 8L, (S, — ) IE, + Bﬁm(Sf; )I;l)) v Ll — pb i Ib
It > abodh 15, (t = 7i,) + B, (S0, — )10 + B8, (S5, — €)Ig — dby, I5, — 115,10,

o
p ow'm

I > ol db I6, (t—Th,) + B (SY — )I% + B, (S — )Y — diy I — p I,
I, > o, di, I (t — W)+B’” (Sp, — oI, +ﬁ£m(8; )y — dy I, — piilhs
I > BO(N) — ) Ib + (Nb — eI, —ubIl,

[9> Bo(NS — €)1 + B H(N? )I" — uoIs,

LY > BY(NY — eI + B, (NY — eI — i 1Y,

7> BI(NG — )1, + By (NG — )1, — b7,

This is a linear differential inequality system. All delay terms have positive coefficients.
By further shrinking e if necessary, we can arrange it so that all off-diagonal terms also
have positive coefficients. We may then assert, by Theorem 5.1.1 of Smith [30], that
each component of a solution of (5.8) is greater than or equal to the corresponding
component of a solution of the system of differential equations associated with (5.8)
when > is replaced by =, provided that the two solutions are initially ordered in this
way.

Calculations similar to those used in the proof of Theorem 4.2 can be used to
study the characteristic equation of the system of differential equations associated
with (5.8). The characteristic equation can be put in the form Ff(\) = F$(\), where
Ff(X) and F5(\) have the same structure as (4.12) and (4.13), respectively, but involve
the small number e. Inequality (5.7) implies that Ff(0) < F5(0). Since F5(co) =0
and Ff(oco) = 1, it follows that the characteristic equation has a real positive root A*,
with a corresponding solution to the system of differential equations of the form
d exp(A*t) ¢ for any real 6 (but we take 6 > 0), in which (crucially) every component
of the constant vector c is strictly positive. Note that Ff(A) and F5(\) do not need
to have the monotonicity properties of Fy(\) and Fa(\).
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We have a solution that supposedly lies in W*(Msz) and should approach M as
t — 00. Yet, by the above-mentioned comparison argument, its ,, and I, components
satisfy, for a suitably chosen § > 0,

(5.9)  (In(), I5,(0), I (8), I, (8), Iy (8), I (1), L (1), I (1)) > d exp(X*t) c.

This is clearly a contradiction, and so W*(My) N X° = ®. The positive number &
is chosen so that (5.9) holds initially, which for some variables means at all times in
their initial intervals. For example, one requirement is that & should satisfy I%,,(6) >
Sexp(A*0)cy for all § € [—714,,0], where ¢; > 0 is the first component of c. Since
It () € C[—7i,,0], and since we noted earlier that we may translate forward in time
and assume that I%(0) > 0 for all § € [—7{ 0], this and all other requirements are
clearly met if 6 > 0 is sufficiently small.

We briefly discuss the proof that W*(M;)NY? = &, which is similar. If a solution
exists starting in Y° and in W* (M), then the former implies that this solution has
one of its .S, components starting off not identically zero. Arguments similar to those
of the proof of Theorem 3.1 show that, for the full system (2.4)—(2.5), each S,,, variable
eventually becomes and remains strictly positive. Without loss of generality, it may
be assumed that each \S,, variable is strictly positive at all points of its initial interval,
and this makes it possible to choose the positive number § mentioned below. Since
this solution starts in W*(My), all Sy, I, and I, components tend to zero as t — oo.
For any € > 0 it follows that, for ¢ sufficiently large,

Sh, > (1= €)B),(0)Sh, + apydsy, Si, (t — 75) — (e85, + €85, + di, + 1) SE,

with similar inequalities for S, S®, and S”,. By another comparison argument, each

Sy, variable is bounded below by the corresponding component of the solution of the

associated differential equation system. However, for a sufficiently small € > 0, the

latter has a real positive dominant eigenvalue A**—this follows from the inequality
B;’n (0) agoa(s)wai;rasbdlsmdts)w fur ib

. T

> 1 )
dls)o + p’?ns (dlsm + M?’ns)(di;r + M%s)(df)w + ans)(dib + M?Tns)

a consequence of (H2)—and corresponding solution & exp(\**t) €, where ¢ is a four-
dimensional vector with strictly positive components and 6 > 0 is chosen advanta-
geously. The rest of the argument proceeds as for the verification that W*(M,)NX0 =
.

Theorem 5.1 now yields persistence of the disease, but we still need to establish
(5.1), i.e., that it persists in both the poultry and migratory bird populations. We
briefly sketch a proof that this is so. If the disease were to die out in the migratory
birds, then, by (4.5), it would die out in the poultry also. On the other hand, if it
were to die out in the poultry, then, by (2.5), it would die out in the migratory birds.
Both possibilities contradict the persistence just proved. O

6. Discussions: Numerical simulations and extensions to including sea-
sonality.

6.1. Threshold and generic conditions. We have established the threshold
dynamics of the model system under a generic set of threshold conditions (4.5), (4.7),
and (5.5). This set of generic conditions is sharp in the sense that either the disease
extinction or the disease persistence occurs generically, and here “generic” means strict
inequalities. As an illustration, we carried out numerical simulations using parameter
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TABLE 1
The parameter definitions and values estimated from sources including Bourouiba et al. [6],
Gourley, Liu, and Wu [14], Javed et al. [18], and Prins and van Wieren [24].

Para  Meaning Value
T birth rate of migration birds in patch b 0.009
K carrying capacity of migration birds in patch b 60000
kl = b, bo, ow, wr
i =b,0,w,r
Til journey time for susceptible migration birds from patch k to patch [ 2 days
T;él journey time for infected migration birds from patch k to patch [ 2 days
ukl in-flight mortality for susceptible birds as they transit from patch k to I 0.05 day !
uﬁfi in-flight mortality for infected birds as they transit from patch k to [ 0.05 day !
dz, departure rate of susceptible birds from patch k to [ 0.01
dil departure rate of infected birds from patch k to [ 0.01
/ﬂns death rate of susceptible birds in patch j 0.00132 day !
u{ni death rate of infected birds in patch j 0.0176 day !
i’,l contact rates among migration birds in patch j variable
B;J;m contact rates between susceptible birds and infected poultry in patch j variable
i’,w contact rates between susceptible poultry and infected birds in patch j variable
{; contact rates among poultry in patch j variable
Ng total number of poultry in patch b 1000000
Ny total number of poultry in patch o 500000
Ny total number of poultry in patch w 1000000
Ny total number of poultry in patch r 300000
,u{; mortality rate of infected poultry in patch j 1 day—1

values available in the literature [6, 14, 18, 24]. The parameters are defined in Table 1.
The birth function was chosen as b(S2) = rS? (1 — S°, /K) (solutions always remain
below K; otherwise we assume B(S™) = 0 if S, > K).

Figure 1 shows that if only migratory birds are considered in all patches and no
diseased migratory bird is introduced, then every nontrivial solution of system (4.3)
evolves to the positive equilibrium under Hypothesis (H1). If in addition inequality
(4.7) holds, then, as Figure 2 shows, the disease-free nontrivial equilibrium of the
system (again, with poultry absent) is stable and the disease dies out.

When the poultry is considered, Figure 3 illustrates a situation where (4.7) is
not satisfied (the last of the five inequalities does not hold), and in this case the
disease-free nontrivial equilibrium loses its stability and there is a disease outbreak.
See also Figures 4 and 5 to see how Hypotheses (H1), (H2) and inequalities (4.5),
(4.7), and (4.8) combined decide the outcome of H5N1 infection: either the disease-
free nontrivial equilibrium of system (2.4)-(2.5) is globally asymptotically stable or
the disease persists.

6.2. Seasonality and recurring outbreaks. The Poyang Lake region in Jiang-
xi Province, China, is one of the largest areas of fresh water in China, making it one
of the largest wintering sites for waterbirds in Asia, attracting tens of thousands of
migratory birds of more than 300 species [19]. The Poyang Lake National Nature
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Fi1G. 1. The solution of system (4.3) goes to the positive equilibrium if Hypothesis (H1) holds.

x10" Patch b Patch o Patch w Patch r
35 14000 10000 8000
12000 7000
3 8000 6000
10000
5000
25 8000 6000
o € £ =€ wE 4000
6000
2 4000 2000
4000 2000
15 2000
2000 1000
1 0 0 0
0 500 1000 0 500 1000 0 500 1000 0 500 1000
time (day) time (day) time (day) time (day)
Patch b Patch o Patch w Patch r
1 0.2 0.06 0.06
08 0.05 0.05
0.15
0.04 0.04
0.6
o€ 2 E 01 2 E 0.03 ~E 0.03
0.4
0.02 0.02
5 0.05
o 0.01 0.01
0 0 0 0
0 500 1000 0 500 1000 0 500 1000 0 500 1000
time (day) time (day) time (day) time (day)

Fic. 2. Stability with poultry absent.

This figure demonstrates that if Hypothesis (H1) and
inequality (4.7) are satisfied, the disease-free nontrivial equilibrium of the system with poultry absent
is stable. Here B}, =5 x 107 for each j = b,0,w, .
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Fia. 3. Stability with poultry absent. This figure demonstrates that if inequality (4.7) is not
satisfied, there will be a disease outbreak. Here Bfn =25x10"7 and B}, =5 x 1077 for j = o,w,r.
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Fi1G. 4. This figure shows that if Hypotheses (H1), (H2) and inequalities (4.5), (4.7), and (4.8)
hold, then the disease-free nontrivial equilibrium of system (2.4)—(2.5) is globally asymptotically

stable. Here, B3, =5 x 107, B;.’ =8x1077, Bg,w = Bpm =5x 1072 for j =b,0,w,7.

Reserve was created in 1983 for migratory birds wintering in this region [19]. Tt
is also one of the densest areas of poultry farming in China, surrounded by about
10,000 square kilometers of farmland and more than 10 million people [28]. Poultry
farming typically includes backyard chickens and domestic ducks and geese [10, 33].
Densities of poultry around Poyang Lake can be as high as or higher than 100-250
heads of poultry per square kilometer (2007 data on avian influenza from [9]). It is in
the Poyang Lake region that Chen et al. [10] identified H5N1 infected ducks, which
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Fia. 5. This figure shows that if inequalities (4.5), (4.7), and (4.8) do not hold, then the
disease-free equilibrium of system (2.4)—(2.5) loses its stability and the disease persists. Here, the
parameter values are the same as in Figure 4 except that B,bn =25x10"7, Bfnp = Bgm =5x10"8.

were labeled as “migratory.” This finding raised the question of the role of migratory
birds as silent spreaders of H5N1. The lack of proper identification of subspecies and
location of capture of the ducks were pointed out on several occasions as limitations
to the conclusion that the birds were indeed wild or migratory [12]. For example, the
migratory birds sampled around the lake were said to involve falcated teal, spotbill,
and mallard ducks; however, only the first is surely migratory, the second is a common
breeder around the lake, and mallards and their descendants are the most common
domesticated species released in the vicinity of the lake by local farmers [12].

The role of migratory wild birds in spreading and maintaining the endemicity of
HB5NT1 is still to some extent an open question, particularly due to conflicting evidence
of pathogenicity of H5N1 in domesticated and wild ducks [13]. In order to account
for this complex interplay between poultry and migratory birds in an area as dense as
Poyang Lake, we now apply the simplified model of four patches to migratory birds
wintering in the Poyang Lake region, where H5N1 is assumed to be endemic among
poultry. We proceed by first accounting for the seasonality of the migration, which
can be modelled by modifying the basic model (2.4) to allow temporal periodicity as
follows:

(6.1)
Sb, = Bin(Sh, 1) + a5y (1) sy (= 75) Sy (¢ = 75%) — Bo, S, Ih, — 85,85, 1

— d3o (£)Sp, = HynsSpa
I, = aly () diy (t — 70 I, (= Th) + Boy St I0, + Bhn So I} — di, ()1}, umffn
S0, = o (D)3, (t — 75,) S0, (t — 75,) — BoSe,To, — pmS:;I;— w50 = 15,550,
I8, = ab, (t)dy (t — i) I0 (= 7o) + BouSou o + Bom SIS — dbyy (15, — 115,15,
S = 0y (D)5, (t = 75,) S0, (t = 75,) — BuSLIY — ;,”mS;iI;,“—d;T(t)Sw T
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I;IUL = aZw (t)dlow (t - Téw)jr(;z(t - Téw) + ﬁg}z‘g}’ruz]ﬁ + ;UmS#}LI;)U dzur(t) ,usz;rUL
Srrn = afur(t)dfur( - TZT’)S:’IH’L(Z‘: - va;r) - ﬁrTnSrTnI:n - ST IT —d; (t)ST :U“msSrTn
I:n = aiyr(t)diur(t - T’li)T)I’;IUL(t - TZUT‘) + B:nS:nI:n + ﬁ;msr IT —d! (t)I Mmz‘[:n

Here, the time variable ¢ is explicitly incorporated into the birth rate B,,(S%,,t)
at the breeding patch, the in-flight survival probabilities a(t), a'(t) (which are no
longer given by expressions of the form (2.3)), and the migration rates d(¢) and d.(t)
between patches (¢ = rb, bo, ow, wr, respectively). For annual migration, we assume
these functions are all T-periodic in ¢. For now, we assume the migration functions are
all positive and continuous, as this will substantially simplify the discussions below.
Under the assumption that B,,(S,t) is a nonnegative continuous and uniformly
bounded function for all t+ € R and S%, > 0 (with B,,(0,¢) = 0 for all t € R), we
can use arguments similar to those in section 3 to establish the nonnegativity and
boundedness of solutions of system (6.1) coupled with (2.5) and subject to the initial
conditions from Y satisfying (2.6).

As for the existence and global attractivity of a positive T-periodic solution of

the subsystem of migratory birds in the absence of disease infection, namely,

Spo = Bin(Sp,t) + a5y (¢ ) b(t = T3)Sm,(t = 73%) = dio (1) Sy, = HipsSpas
an = abo( )dbo(t - So) ( 7-bo) ds (t)an - :U’msana
wa = as (t) ( (fw)SO (t - T ) i;r(t)squruz - MmsS;JrUN

ST = a (t) (t T r) ( wr) :b(t)sr MmsS:n

we need to assume that the birth rate function B,,(S?%,,t) is continuously differentiable
with respect to S%,, and we need to consider the spectral radius 7(Ths) of the time-T'

m?

operator Ty, of the linearized system at the trivial equilibrium. If the birth rate
function B,,(S2,,t) is sublinear in the sense that B,,(AS%,,t) > AB,,(S%,,t) for all
A€ (0,1), St >0, t € R, we can conclude that when 7(Th) < 1 all solutions of
system (6.2) converge to zero, and when (7)) > 1 system (6.2) has a unique positive
T-periodic solution (S (¢), 52, (t), 5% (t), S (t)) and every solution as specified above
converges to this periodic solution. This threshold dynamics for subsystem (6.2) can
be obtained using an argument similar to that of Theorem 3.2 in [14] based on a
general threshold dynamics theorem for order-preserving maps (Theorem 2.3.4 of [35,

p. 48]).
The argument for Theorem 4.2 can be adapted to establish the global attractivity

of the disease-free periodic solution (S?,(t),0,59,(t),0, 5% (¢),0, 57 (¢),0,0,0,0,0) by
considering the linear periodic delay system
(6.3) Iy, = gy ()i (¢ = 7 ) I3 (= 703) + Br, Sy ()1,
— (i + Ao (D) I, + B S (D1,
I = o (8) i (t = Tho) I (t = T40) + B S (017,
= (Mg + diy (D)5, + B S (DI,
L =l (), (t = T ) I (8 = To0,) + B Sio ()13
= (ki + oy (1) I3 + By, Sw( 1y
Ly, = ey (8)diy, (¢ = 7oy ) I (E = 73,,) +
= (K + dyy (8) 1, + Bzmsﬂl( )My,

(6.2)

B S'In(b‘)fﬂl
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ib _ pbarbrb b arbyb b b
Iy = BpNply + BapNp Ly — pip Iy,

Iy = ByNGI + B Ny I = .
Iy = GNP + B, Ny L — T

Iy = ByNI Iy + B, No T, — b I,

The stability of the above system is determined by the spectral radius r(77) of the
time-T" solution operator of the above linear periodic system of delay differential
equations. The comparison argument in Theorem 4.2 can be modified to show that
(5% (1),0,52 (t),0,52(t),0,5" (t),0,0,0,0,0) is asymptotically stable if r(T7) < 1.
This is the periodic analogue of conditions (4.8) and (4.9). Unfortunately, we do not
have an explicit formula for the spectral radius 7(77) in terms of the model parameters.

When r(Th) > 1 and 7(T7) > 1, we have a nontrivial disease-free equilibrium
(St (),0,52 (1),0,5%(t),0,87 (t),0,0,0,0,0), which is unstable. A similar Hale-
Waltman persistence theorem for maps, rather than for semiflows, can be found in
Theorem 3 of [31] or Theorem 4.3 of [16] (see also Theorem 1.3.2 of [35]) and can be
used to establish the disease persistence.

Note that a particular migratory rate can be zero outside a certain season: this will
not affect the aforementioned conclusions but will require that initial data be restricted
so that the corresponding solutions eventually become positive. This delicate issue
was addressed in [14], and the idea of taking a quotient space away from the phase
space to ensure that all solutions become positive eventually works just as well for
the current model when disease compartments are included.

In the simulations that follow, we demonstrate the above discussions assuming
that the wintering patch is the Poyang Lake area, where frequent contact between
migratory birds and farmed poultry is common [12]. The estimate of the migratory
birds in this area is based on the surveys by Barter et al. [1] and Ji et al. [19] in the
Poyang Lake area. The authors of [1] reported 138,643 waterbirds of multiple species
in the province of Jiangxi in 2005. The authors of [19] reported an estimate in the
range of 131,586 (2002) to 423,711 (2005) birds of dominant and common species. We
focus on the common teal, Anas crecca, which has a wide range of spread worldwide
with a global population of 5,900,000-6,900,000 birds [3]. More specifically, [1] counted
8,791 (2004) common teals wintering in Jiangxi, while [19] reported 11,007 (2005) and
13,800 (2006) common teals wintering in the Poyang Lake Nature Reserve. Common
teals were recently confirmed to migrate north after wintering in the Poyang Lake
area and can be observed to travel as far as 2,700 km from their wintering ground,
with roughly the following seasonal cycles: 120 days (November 16 to March 15) in
the wintering patch surrounding Poyang Lake; 61 days of spring migration (March 16
to May 15); 123 days on the breeding patch (May 16 to September 15), and 61 days
of fall migration (September 16 to November 15) [32]. They were observed to fly
comfortably at air speeds of 12-13.5 ms™! in wind tunnels [23]. An average flight
speed of 12.75 ms~! combined with a total distance of migration of 2,700 km leads to
an estimated total flight time, between breeding and wintering patches or vice versa,
of 2.45 days. Of the 61 day total duration of either migration, 58.55 days is therefore
spent on the stopover patch for the migration.

The clutch size of the common teal is estimated to be 10 eggs, leading to r =
0.0146 (for breeding over 123 days). Adult bird size is roughly 343 g with a short
maturation time of 180 days for both female and male [11]. Survival of healthy birds
in the region examined is difficult to estimate, but with use of the survival to body
mass curve of Schekkerman and Slaterus [27] we estimate a 0.45 annual survival rate
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of healthy birds (pms = 2.2 x 1073 day—!). Concerning the H5N1 infected teals, we
refer to various sources of inoculation studies of wild birds (e.g., [8, 20]) combined,
for example, in Bourouiba, Teslya, and Wu [5] for a duck species of small size. In
Bourouiba, Teslya, and Wu [5] a susceptible-asymptotic-infected-recovered (SAIR)
epidemic model modelling the highly pathogenic avian influenza (HPAI) infection
of wood ducks was considered with two infectious stages of increasing associated
force of infection. These were associated with a mean duration of infectious period
of 9.86 days, transmission parameter in the range f3,, = 1.5-3 x 1073 day !, and
death rate of infected migratory birds of 0.133 day~' [5, 8], leading to a removal
rate of infectious migratory birds of pp,; = 0.23 day™!, which will be used in the
present simulations. On the other hand, the study of Roche et al. [25] focusing on the
persistence of avian influenza in wildlife used transmission parameters in the range
Bm = 5x1075-0.1 year—'. We used values of 3, in the range that is discussed in the
previous literature.

The densities of poultry in the area where common teals were surveyed is con-
sidered to be 100 to 250 poultry per square kilometer. When considering the bird
protection area of Poyang Lake, which measures 224 km?, these densities correspond
to 22,400 to 56,000 poultry on the wintering ground. The density of poultry along
the migratory route (passing by the region of Shenyang and North Korea) remains
comparable to that surrounding Poyang Lake; hence we consider similar numbers of
poultry on the migratory route. However, on the northernmost breeding areas (teals
and wigeons) in Russia and Siberia there was clearly a drop of density of poultry
[9, 32]; hence, no poultry is considered on the breeding ground. Concerning the dis-
ease dynamics of HPAI, Bouma et al. [4] estimated various transmission parameters
for poultry. These were determined from inoculation experiments using HPAT H5N1.
Pairs of chickens, one directly inoculated with HPAI H5N1, and the other infected
by H5N1 through contact, were examined. The estimated transmission parameter
of HPAI in poultry is 4.78 x 107%-0.4 day~! [4, 17]. The mean infectious period of
contact-infected birds of y, = 1/2.5 day ' [4]. Note that the cross-species transmis-
sion parameters f,,, and f3,,, are assumed to be smaller than those characterizing
transmission within a species. We assume that S,,, = Bpm = B /10.

Figures 6 and 7 show the dynamics of the migratory bird population in the ab-
sence of poultry. In the absence of avian influenza, the solutions of the subsystem of
migratory birds converge to a positive solution. In the presence of avian influenza
introduced by migratory birds, the system either evolves to a stable disease-free
periodic solution (Figure 6) or the migratory bird population becomes extinct, which
happens, for example, when 3, = 1.5 x 1073 day ! (not shown). In contrast to the
situation in [14], nonperiodic disease persistent solutions are also observed for trans-
mission coefficients moderately large; however, this particular regime is particularly
sensitive to changes in parameter values (Figure 7).

Figure 8 shows the convergence of the migratory bird subsystem to a periodic
solution with disease persistence induced by the endemicity of the disease in poultry
in the wintering patch. We find that the periodicity of the number of infected poultry
as migratory birds return during the year is possible. In turn, it is the endemicity
of poultry on the wintering patches that is sustaining the epidemic in the migratory
bird population.

6.3. Environmental contamination and other factors. In this paper we
use only direct transmission models. Breban et al. [7] examine the additional role of
environmental transmission, i.e., virions in the environment that have been shed by
infectious birds. Although environmental transmission rates are hundreds of times
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to be equal to those on land.

lower than direct transmission rates, it is known that the virions can persist in the
environment for a long time. Indeed, environmental transmission apparently pro-
vides a possible persistence mechanism in situations where an epidemic would not be
sustained by direct transmission alone [7, 22]. The model setting in our study here
does not incorporate the environmental contamination and thus may underestimate
the likelihood of an outbreak for a given set of parameter values. How to extend
our model and analysis to address the role of environmental transmission in avian
influenza spread would be an interesting challenge for future study.

6.4. Poultry trading. Iwami et al. [17] considered the effect of the illegal trade
of poultry on the efficiency of the control of avian influenza outbreaks. In their
model, only poultry was considered and the trade was accounted for with movement
of poultry between two patches characterized by two different control configurations
showing that only the complete eradication in the vaccinated area can lead to the
complete eradication in the connected other area.
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and infected migratory birds showing the persistence of the disease and convergence to periodic
solutions (bottom). Here, 1t (0) = 0, S}, (0) = 8800, I;’(0) = 224, Np = 22,400 on all patches except
the breeding patch, which is assumed to be poultry free, Bm = 2.14 x 1075 day~', r = 15,000, v =
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Incorporating the poultry trade network into our model system (2.4)—(2.5) is
possible by modelling the movement of infected poultry birds among the patches
under consideration. Detailed analysis and simulations would, however, require real
data about the poultry trade network and would be an interesting area for further
investigation.
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