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ABSTRACT. Zoonosis is the kind of infectious disease transmitting among dif-
ferent species by zoonotic pathogens. Different species play different roles in
zoonoses. In this paper, we established a basic model to describe the zoonotic
pathogen transmission from wildlife, to domestic animals, to humans. Then
we put three strategies into the basic model to control the emerging zoonoses.
Three strategies are corresponding to control measures of isolation, slaughter or
similar in wildlife, domestic animals and humans respectively. We analyzed the
effects of these three strategies on control reproductive numbers and equilibri-
ums and we took avian influenza epidemic in China as an example to show the
impacts of the strategies on emerging zoonoses in different areas at beginning.

1. Introduction. In human history, over 70% of the emerging infectious diseases
are zoonoses, which mainly originate from animal reservoirs. Zoonotic pathogens
can transmit from animals to humans. And about 75% of these zoonotic pathogens
originate from wildlife [28, 3, 24]. Wildlife, domestic animals and humans construct
the network of pathogen transmission crossing the species barrier. Wildlife and
domestic animals play important roles in the transmission of zoonotic pathogens,
in spite of the fact that we always neglected them before a zoonosis emerging or
reemerging [12, 4].

No matter how well the science and technology developed in human society, hu-
man is just one kind of animals, even though other animals are not equal to humans
in living status. The existence of the humans has changed the relationship between
humans and animals due to some anthropogenic factors. Humans domesticated
wolf, which was the ancestor of dog, for hunting about tens of thousands of years
ago. Later, the intimacy between humans and dogs was increased more and more
by natural selection or human selection, to be precise. In the meantime rabies virus
existed permanently in human life by dog-human interface maintaining, as dogs
were the mainly natural reservoirs of them, especially in Asia[24, 32].

Animals are divided into wildlife and domestic animals by human selection [24].
Humans can manage domestic animals in their entire life, but they cannot control
wildlife at liberty. At the same time, humans can contact with domestic animals
sufficiently, but they have few opportunities to get in touch with wildlife except for
some special professions, such as forest conservationists and poachers. As wildlife
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and domestic animals play different roles in human life, the zoonotic pathogen trans-
missions in wildlife infection, domestic animal infection and human infection would
be in different styles [17, 27]. Various mathematical models have been established
in the study of zoonoses [26, 1, 16, 31, 11, 29]. For example, Doctor Saenz and
his partners discussed the impact of domestic animal-human interface in pathogen
transmission [26] and Doctor Allen constructed several types of mathematical mod-
els to reflect the pathogen transmission in wildlife [1].

For pathogen transmission in multiple species, the multi-SIR model can be es-
tablished as the form [1, 17]:

Si=A; — > Byl Si — wiSi,
j=1

ji = Z 6]'1‘[]'52‘ — MzIz - ’szz - aiIiy (1)
j=1

Ry =~ili — pi R;.

S; , I; and R; represent the number of susceptibles, infectives, and recovered
individuals for species i, i=1,2,-- - ,n. A; is the birth or immigration rate for species
i. p; is the natural mortality rate. «; is the disease-induced mortality rate. ~; is
the recovery rate. And §;; is the per capita incidence rate from species j to species
i, which denotes the probability of I; infecting S;.

The basic reproduction number Ry for model (1) is the spectral radius of
[Rogja).,.,.» where Rogjsy = % [10]. For B;; # 0, ¥ j,i, it is difficult
to get Ry clearly. So we can take some biological characteristics of wildlife, domes-
tic animals and humans into account to limit the value of §;; in order to simplify
[RO(JZ)]an

For wildlife, they are always the origin of animal-borne zoonoses [24, 12]. The
pathogen transmission from wildlife to humans is often neglected due to geographic
distance between them, but the globalization and urbanization has shortened this
distance. The linkage between wildlife and humans is established with anthro-
pogenic land expanding[24]. And pathogens parasitized in different species could
be transmitted to others crossing species barrier by this linkage. But for emerg-
ing zoonoses, wildlife play as the only role of natural reservoirs. The pathogen
transmission from domestic animals to wildlife or from humans to wildlife could not
cause emerging zoonoses. Because the pathogens parasitized in humans or domestic
animals have already existed for a period of time, which could be not defined as an
emerging event even if the pathogens might transmit back to humans. For example,
Severe Acute Respiratory Syndromes (SARS) is defined as an emerging zoonosis,
which originate from Rhinolophus, then transmit via palm civets as intermediate
host to humans [8]. But for mycobacterium tuberculosis, taking humans as their
reservoirs, it could not give rise to an emerging zoonosis even if it had opportunities
to infect other animals [20].

That is to say, for wildlife, the zoonotic pathogens could transmit in them, Sy yw #
0, but Bgw = 0 and Spw = 0. Here we classify the hosts into three groups: wildlife,
domestic animals and humans. And notation W presents wildlife, D presents do-
mestic animals and H presents humans. In order to simplify the model further,
we assume that the zoonotic pathogen transmission could not occur from humans
to domestic animals in emerging event. The need of infected people is to have a
rest, but not to take care of other animals [24, 26]. We assume that if an emerging
zoonosis was prevalent in human life, people could be infected from other people
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without the need of passing by domestic animals, then to humans. So Syp = 0,
but ﬂDD 7& 0 and BWD 7& 0.

For the relationship between animals and humans, we assume that not all of
people could have opportunities to be infected from animals. Live animals are the
mainly origin of zoonotic pathogens and only part of people could contact with
them including CAFO (Confined Animal Feeding Operation) workers and hunters
[26]. We also take the human population heterogeneity into consideration in this
paper. The human population is classified into two groups: high risk group and low
risk group. High risk group has the opportunities to contact with infected animals
sufficiently. But low risk group are the others. That is, high risk group can get
pathogens from animals and humans, but low risk group from humans only. The
emerging zoonotic pathogen transmission can be described in FIGURE 1.
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FIGURE 1. Emerging zoonotic pathogen transmission from
wildlife, to domestic animals, to humans
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Emerging zoonotic pathogen transmission from wildlife, to domestic animals, to
humans can be described as the model (2).

S;, I; and R; represent the number of susceptibles, infectives, and recovered
individuals for wildlife with ¢ = W, domestic animals with ¢ = D, high risk group
with ¢+ = HH and low risk group with ¢« = LH. Ai is the birth or immigration
rate for species i« = W, D, HH or LH. p;, v;, and B3;; are defined as the same as
model (1) with ¢ = W, D, or H. Here we assume that recovered individuals could
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be immune in a period time when a novel zoonosis is emerging.

Sw = Aw — BwwIwSw — pw Sw,

Iw = BwwIwSw — (uw +yw + aw)Iw,

Rw = ywlw — pwRw,

Sp =Ap — (Bwplw + BopIp)Sp — ppSp,

Ip = (BwplIw + BopIp)Sp — (vyp + ap + up)Ip,

Rp =~pIp — upRp,

Sur = Apw — [Bwulw + Boulp + Bua(Iaw + Inw)|Suwn — paSuw, (2)

Inn = Bwulw + Boulp + Buw(Inu + Inw))Sun
—(ve +ag +pe)lHHE,

Ryn =vyulum — pu R,

St = Apg — Bua(Imwa + Ioe)Scu — pwSc,

Iy = Bun(Ian + Iog)Scw — (vu +an + pu)om,

R =vulow — puRen.

The basic model has been established to reflect the pathogen transmission from
wildlife, to domestic animals, to humans as model (2). Next step, we take the
isolation and slaughter strategies into consideration [22, 23, 8, 31, 2, 25, 18]. For
wildlife, it is difficult to control them when a zoonosis is emerging. Lethal control,
vaccination and fencing (physical barriers) are the primary approaches to limit the
number of susceptibles in wildlife. In this paper, we take lethal control and fencing
(physical barriers) as the strategies to compare the similar isolation and slaughter
strategies in emerging zoonotic pathogen transmission.

Sw = Aw — BwwIw Sw — (uw + 65)Sw,

I = BwwIwSw — (uw +yw + aw + 1) Iw,

Ry =ywlw — (uw + 0r)Rw,

Sp=Ap—((1 - 0p)Bwplw + BopIp)Sp — 1pSp,

Ip=((1-60p)Bwplw + BopIp)Sp — (vp + ap + pp)Ip,

Rp =~pIp — upRp,

Sur = Apg — (1= 0w)Bwulw + Boulp + BuuIuwy + Inu)|Suu
—pHSHH,

Ing =1 = 0m)Bwulw + Boulp + Buw(Inn + Im)|Sun
~(vg +au +pm)lun,

(3)

Ruw = valyy — puRuw,
Sen =Arg — Bua(Upgg + Iom)Scy — puSom,
Iy = BuaUpn + Ing)Sey — (yu +ag + pu)lom,

Riy =vulrw — puRon.

ds, 07 and O represent lethal control or slaughter rate of susceptibles, infec-
tives, and recovered individuals in wildlife. 6p, 85 represent effectiveness of fencing
(physical barriers),0p, 0y € [0,1]. If 0p = 1, 5 = 1, fencing plays the best role
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in the control of emerging zoonoses. If §p = 0, fg = 0, fencing is useless in the
control of emerging zoonoses.

For domestic animals, we can manage them in their entire lives. It is no need to
slaughter all of the susceptibles in domestic animals. We can quarantine all of the
domestic animals, then isolate susceptibles and slaughter infectives.

Sp =Ap — (Bwplw + BppIp)Sp — upSp,

Ip = (BwpIw + BopIp)Sp — (vp +ap + up + Ar)Ip,

Rp =vplp — upRp,

Sur = Aww — Pwalw + (1 — Om)Boulp + Bur(Inm + Irm)|Seu
—uaSHH,

Ing = Bwalw +(1—=0m)Bpulp + BunIuy + Iog)|Sun (4)
—(yu +au + pa)laH,

Rup =vulpw — prRum,

St = Arg — Bua(Iun + Ing)Sca — paSrw,

Ing = Bun(Ing + Ioy)Scr — (vir + am + pr)Inw,

Rew =vuliy — puRon.

Aj represents slaughter rate of infectives in domestic animals. ©p represents
effectiveness of isolation, Oy € [0, 1]. If O = 1, isolation from susceptible domestic
animals play the best role in the control of emerging zoonoses. If @y = 0, isolation
in domestic animals is useless in the control of emerging zoonoses.

For humans, we could not ‘slaughter’ anyone no matter how serious they were
infected with some kind of zoonoses. The quarantine and isolation may be the best
method to limit the pathogen transmission except for vaccination. But the effect
of quarantine and isolation strategies in humans are different from animals. For
taking isolation strategies in animals, it is the susceptible humans, who are afraid
of getting infected, to take the initiative and get away from susceptible animals. So
the per capita incidence rate from animals to humans, Sw g and Spg, is decreased
by g and ©f. But in humans, we quarantine and isolate the infected people to
cut off pathogen transmission way. Sgg would not change at this time, but there
is a new compartment O produced, which denotes the isolation compartment [25].

Sun = Aum — Bwulw + BoulIp + BuwIuy + Inw)|Suu
—upSuny —o(I)Sug +vmOmm,
Onm =¢(I)Sun — vym1Oum — puOnmn,
Inn = [Bwalw + Boulp + Buw(Iww + Inw))Sun
—(vyg + o+ pu+0)lpm,
Onm2 = olum — yu20mm2 — prOnms,
Ryn = vulum +vu20mm2 — g Rem, (5)
St = Arg — Buw(Ing + Ig)Scw — paScw
—o(I)Spu +vm1OLH1,
Orm1 = o(I)Spy — yu10ru1 — kO,
Ing = Bua(Inn + Ing)Scu — (vu + am + pw + o)L,
Orwr2 = 0lrg — Y2012 — nrOL w2,

Riy = vulom +yuaOrwa — puRin.
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Opg1 and Opgpgo represent isolation compartments from susceptibles and in-
fectives in high risk group respectively. Opp; and Opge represent isolation com-
partments from susceptibles and infectives in low risk group. Susceptibles enter
the Op g1 and Oppy classes at the rate of o(I)Sym and ¢(I)Spm, with o(I) =
p(Igmg + Ipm) [23]. The infectives are isolated at the constant per-capita rate of o.
~vg1 is the remove rate from isolation compartment to susceptible compartment.ygo
is the remove rate from isolation compartment to recovery individual compartment.

In conclusion, we can get the isolation and slaughter strategies controlling model
by (3), (4) and (5) in wildlife, domestic animals and humans as the form:

Sw = Aw — BwwlwSw — (pw + ewds)Sw,
Iw = BwwIwSw — (pw +w + aw +ewdr) Iw,
Rw = ywlw — (uw +ewdr)Rw,
Sp=Ap —((1 —ewbp)BwpIw + BopIp)Sp — upSp,
Ip = ((1—ewbp)Bwplw + BopIp)Sp
—(yp +ap +pp +epAr)ip,
Rp =~plp — upRp,
Sun = Aun — (1 — ewfn)Bwalw + (1 — epOu)Bpulp + Bun(Iuu
+u)|Sun — paSun —ene(I)Sua + Yyu10mH1,
QHHl =epp(I)Sun — Yyu10mH1 — tHORnHI, (©)
Inp =[(1 —ewlu)Bwulw + (1 —epOn)Bpulp
+Bua(Ian + Ipu)|San — (vu + o + pg +cgo)lum,
Onnms =enolum — Yu20mms — puOmm2,
Ryw =vulpw +vu20mn2 — puRun,
Sew = Ay — Buw(Inw + Ing)Sca — i Scw
—eunp(I)Sra +va1O0LH1,
O =ene(I)Spy — 1011 — puOLmt,
Ing = Bau(Ign + Inw)Sew — (Ve + aw + pm +eno)lim,
Orm2 =enoliy — Yw20rm2 — puOrmo,
Rrw =vulig +vmOrme — paRon.

with Strategy 1,

{5W =0,Irg + g < Ilwc ,
ew = LIty +1Iun > lwe
Strategy 2,
{81) =0,Icg + Iy < Ipc,
ep =11ty +Inn > Ipc
Strategy 3,

{EHZO,ILH+IHH<IHC ) (9)

eg =LIrg+Iug > Inc

The feasible setQ) = {(Sw (), Iw (t), Rw (t), Sp(t), Ip(t), Rp (t),Suu (t),
Orui(t), Igu (t), Onm2(t), Rum (t), S (t), Orm (t ), I (t ) Orm2 (1),
Rep (1) | Si(6), Li(6), Ri(1), 05(t) > 0,0 < N < 4w 4 4p 4 AHH AL =
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W,D,HH,LH,j = HH1,HH2, LH1, LH2} is the positively invariant with respect
to (6).

Total number of wildlife is Ny = Sw + Iw + Rw. Total number of domestic
animals is Np = Sp + Ip + Rp. Total number of humans is Ng = Sgg +Opgm1 +
Iy + Ogge + Ry + Spg + Orpg1 + Ing + Opge + Rrg. Total number of
susceptible humans is Sy = Syyg + Spy. Total number of infective humans is
Iy = Iyg + Ipg. Total number of recovery humans is Ry = Ryyg + Rpg. Total
number of all is N = Ny + Np + Ng.

It is difficult for us to take any strategies to control emerging zoonoses in first
time. Only the infected of numbers of people would cause our attention to take some
strategies to control the infectious disease. So it is assumed that if the number of
infectives in human including high risk group and low risk group reached a threshold
at Iwe, Ipc or Igc, we would take measures as Strategy 1 in wildlife, Strategy 2
in domestic animals or Strategy 3 in humans.

2. Stability analysis. With ey = 0,ep = 0,6y = 0, we can get (2) before taking
any measures in emerging zoonoses. At first, we analyze the equilibrium stability
of model (2) [5, 14, 19, 16].

In (2) , the wildlife class can be separated as

Sw = Aw — BwwIwSw — pw Sw, (10)
Iw = BwwIwSw — pwlw — ywlw — awIw.
We can get the basic reproductive number in wildlife Row) = %.
The disease-free equilibrium is Egyy = (Sw, Iw) = ( ﬁ—:vv, 0),the epidemic equi-

e . * R r 7 [e] 4 A
librivm s B, = (Sw. fw) = (Mgueten (o dnun 1)) The

number of recovery individuals would not change the stability of the system, so we
neglect it in the study of equilibriums.

Theorem 2.1. If Ryww) < 1, the disease-free equilibrium Eowyy in wildlife is
stable. If Rooww) > 1, the epidemic equilibrium EE"W) in wildlife is stable.

Proof. The next generation matrix of the vector field corresponding to system (10)
at Eoaw) is

A
—Hw —Bww i )

Jw (E =
w (o) ( 0 Bwwa¥ —pw —yw —aw

_ Aw B
I Rooww) = oG tyw Faw)

and Ey(w) is stable.
Similarly, the next generation matrix at EEkW) is

—BwwIw — pw —Bww Sw >

Bww Iw BwwSw — pw —Yw — aw

< 1, the eigenvalues of Jw (Egw)) are negative

JW(EEKW)) = (
The characteristic equation of Jy (Efy)) is

Aw ww Aw Bww
A) =2 —WEWW\ +w + —1
fw(3) uw +yw + aw s (pw =+ 3w aW)(NW(MW +yw + aw) )

=0
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If Rooww) = % > 1,the real parts of eigenvalues of Jy (EE“W)) are

negative and E{W) is stable.
In (2), the wildlife and domestic animals classes can be separated as

Sw = Aw — BwwIwSw — pwSw,

I:W = BwwlwSw — pwlw —ywlw — awlw, (11)
Sp = Ap — BwplwSp — BpopIpSp — upSp,

Ip = BwplwSp + BopIpSp — ypIp — aplp — puplp.

We can get the basic reproductive number in domestic animals is Ropp) =

ApBpp
wp(up+yp+ap)’ -
The disease-free equilibrium is Eowp) = (Sw, Iw,Sp, Ip) = (4,0, 42,0) ,
the epidemic equlhbrlum is
+yw o A &
E(WD) - (SW7 IW» SD»-[D) (HW g"Y,VWW Wv IBA;VWW (uw(#WWf’XV‘Ykaw) - ]-)7 SDv-[D)'

Theorem 2.2. If Ryww) < 1 and Ropp) < 1, the disease-free equilibrium Eyw p)
in system (11) is stable. If Roqww) > 1, there exists one unique positive epidemic
equilibrium EFWD)’ and EEKWD) is stable.

Proof. There always exists Eowp) and the next generation matrix at Eqw p) is

Jw (Eow)) 0
Jwp(Eowpy) = < * " Jp(Eop))
with
JD(EO(D)): 0 BDD——,UD—’YD_QD
B ds - Apf i
If Roqww) = ety < L and Ropp) = (05828 5 < 1, the eigen-

values of Jw p(Eowp)) are negative and Eoy D) is stable.
In (11), the epidemic equilibrium E(WD) (SW, Iw,Sp, ID) satisfies

Aw = BwwlwSw — pwSw =0 (12)
BwwlwSw — pwlw — ywlw — awly =0 (13)

Ap — BwplwSp — BopIpSp — upSp = 0 (14)
BwplwSp + BppIpSp — pplp —vplp —aplp =0 (15)

From (12), (13), (14), (15), we can get

IS _ Mw +yw +aw
o= W T W T AW

Bww

S Aw Bww

IW S - 1)
Bww  pw (kw + yw + aw)

P BwplwSp
D= ~
#p +7p +ap — BppSp
G A
_ BwpSp o P wBww _

pp +p +ap — BppSp  Bww pw (pw +yw + aw)
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and
A 1

Sp= -
b 2upBpp
1

" 2upBpp
—up) + (p +vp + ap)*(up + Bwplw)

[ApBpp + (up +vp + ap)(up + Bwplw)]
[A%8% b + 2ApBpp (ko + 70 + ap)(Bwplw

Ik

So if Roeww) > 1, there exists one unique positive epidemic equilibrium E(*W D)

2

In fact, for S D, S p satisfies

91(5p) = upBppSh — |ApBop + (1t +vp + ap)(up + Bwplw)| Sp
+ Ap(up +vp +ap) =0

If gl(S'D) =0, Sp always has two positive roots because of —ApfSpp + (1p +

vp + ap)(pp +A5WDIAW) <0, Ap(up +vp + ap) > 0, and the smaller Sp
and the bigger Sp stand on both sides of "DJ?’% for gy (“2TATaD) < () and

Bpp
upBpp > 0.
So we choose

N 1
Sp=—
P 2upBop

1
2upBpp

[ApBpp + (up + 7D + ap)(up + Bwplw)]

(43,85 + 2ApBop(kp +vp + ap)(Bwplw

2

W=

—up) + (up +vp + aD)z(,UD + BWDfW)

]

to guarantee I p > 0.
The next generation matrix at EE“W D) is

Tw (Efyyy) 0 )
)

JWD(E;WD)) = ( * JD(E*

with
. —Bwplw — BopIp — ip —BppSp
JD(E(D)) = ( N N ~
Pwplw + Boplp BopSp — kD — D — D
The characteristic equation of Jp(Efp)) is fp(A) = 2\ 4 (42 4 M)A +

N SD ID
% + BwpBppSplw + Bpp>Splp =0 .

If Efp, exists, all of the real parts of eigenvalues of Jp(E(p,) are negative for

27;’ + W > 0 and W + ﬂWDﬂDDSDfW + BDD2§DjD > 0.

In conclusion, if Roww) = % > 1, the real parts of eigenvalues
of Jp (E(*D)) are negative and EE*WD) is stable. O

The human class in (2) can be separated as the form:
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St = Awn — BwrlwSun — BoulpSun — Buu(Lww + Inu)Sum
—paSHH,

Irer = BwilwSun + BouIpSun + Bun(Inn + Inw)Sun — vulnw (16)
—aplpy — pulw,

St = Ary — Buw(Ian + Ie)Scy — puScw,

Ing = Bun(Ing + Inm)Ser — yulon — anlom — pulom.

There always exists disease-free equilibrium Eowpr)y = (Sw,Iw,Sp,Ip, Sum,
IHH,SLH,ILH) = (Al 0,4n ( Annm () ALE) in (2)

pw 7 up? 7 pEE T pL
The next generation matrix at Eowpr) is
Jw (Eow)) 0 0
Jwpr(Eowpm)) = * Jp(Eo(p)) 0
with
Ju(Eomy) =
—HH — B A 0 — B A
A HH AMH
0 Buuw<H —pg—yg—ag 0 Brm <
0 —Br o —Brm S
0 Brp St 0 BuwSH: —pg —vm —an

The characteristic equation of Jg (Eo(g) is
FrrN) = A+ )N = (B HEEALE — 2y — 2y — 207)A — (np + Vi

+op)(Bup MEEALL — g — g — ap)) =0

. A A
If there is Rom) = % < 1, we have ﬁHHAHEL% —2upg — 2vg —

2ag < 0and (ug +vH +04H)(5HHAH’L% — g —vg —ag) < 0. Then we get
all of the real parts of eigenvalues of Jg(Ey()) are negative, Eyg is stable.

Romrmn) Rowmnm)

At the same time, the spectral radius of is Ro(my =
omrrm  Rowmrom
A A . A
ot tayy » With Rogunnmn = Rownnm = gttt and Rowivi =
Romurm = — APy
pa(pE+YH+OH)

Theorem 2.3. If Ryoww) < 1, Roippy < 1 and Royy < 1, the disease-free
equilibrium Eowpmy in system (2) is stable. If Roqww) > 1, there exists epidemic
equilibrium EE‘WDH), and EE‘WDH) is stable.

Proof. The next generation matrix at Eow pp) is

Jw (Eow)) 0 0
Jwpr(Eowpm)) = * Jp(Eop)) 0
* * JH(E()(H))

If Royoww) < 1, Ro(ppy < 1 and Rygy < 1, all of the real parts of eigenvalues of
Jwpr(Eowpm)) are negative, then we get the disease-free equilibrium Eow p )
in system (2) is stable (Theorem 2.1 ;Theorem 2.2).

Next we prove the existence of epidemic equilibrium EEkW DH) and the stability

of EE*WDH).
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In (16), the epidemic equilibrium Elvwpm = (SW,fw,gp,fD,SHH,fHH,SLH,
I u ). satisfies
Ay — BwulwSun — BoulpSuw — Bua(Iuw + Ia)Sum — paSuex = 0 (17)

ﬂWHIAWSHH +ﬂDHIADSHH +BHH(fHH +fLH)SHH _’YHjHH

! ’ (18)

—oplpg — palpg =0
Ary — Bua(Inm + Iow)Scy — pr S = 0 (19)
BT+ Iog)Sen — valoy — aplog — palog =0 (20)

From (17)+ (19), (18)+ (20), we get
Apwg +Arg — BwulwSan — BADHIADSHH - BHH(AIAHH +1om)(Suu (21)
+Scu) — pa(Sugr + Sca) =0

Bw i lw Su+Bpulp S + ﬂHH(I:HH + ij)(SHH +Srm) (22)

—(yvg +au +pa)Iug + Ip) =0
It is assumed that ng = _Sun SH = S’HH + S'LH and fH = fHH + fLH with

Suu+Sru
ns € (07 1)
Then we have
Apn + Ay —nsBwalwSy — nsBpulpSu — BuuluSy — puSa =0 (23)
nsBwulwSu + 1sBpulpSu + BuuluSy — (vu + o + pu)lg =0 (24)
From (23), (24), we can get

. nsBw i lw Se + 1sBpurIpSu

Iy ~
v +ag + pg — BunSu
and
A 1 .
St = ——[(Aup +Arg)Bun + (yu + ag + po)(pe + nsBwalw
2unBuu
+nsBpulp)] — (Agm + Arp)? By +2(Agn + Ary)Bun

2upBuH
(vir + o + pr)msBwualw +nsBoulp — pu) + (vu + o + pw)?

1

(wr +nsBwalw +nsBprlp)?)?

Similarly to the calculation of Theorem 2.2, we have
92(Su) = puBunSy + (Amgm + Ave)(ur +vu +am) — [(Aga + Ae)Brn

+(pr + v + o) + nsBwalw +1sBpuip)Su

-0
So if Roqwwy > 1, there exists epidemic equilibrium Eé‘W DH) in (2). The next

generation matrix at EE‘W DH) is
Iw(Eyy) 0 0

Jwou(E(wpm)) = * Ip(E(p)) 0
* * JH(EE‘H))



1130 JING-AN CUI AND FANGYUAN CHEN

with
Jin —BuuSuu 0 —BuuSuu
Tu(E ) = Jo1 J22 0 BuuSHH
() 0 —BueStH J33 —BuaSLH
0 PuwScte Puw(lpgo +Ipm) Jua

Ju = —Bwnlw — Boulp — Bun Uy + Iow) — pm
Jo1 = Bwrlw + Boulp + Bun(Ioy + Ipu)
Joo = BunSHHE —VH — OH — [iH
Jss = —Bun(Ipu + ILn) — pu
Jus = BuuSin —vu — o — b
The characteristic equation of Jp (Efy,) is
fra(N) = A + a1 X + a2)? + azA + as =0
with
A | Arm

a; = — + 2% — Bun(Suw + Ser) +2(ve +am + pm),
Sur  Siw

A A N R
ag = ( - Lo ALH)(WH +oap+ pp) — pafaa(Saa + Stw)
Sur  Stw

S A Iw - Ip A
— BhuSuuSi + ( HE | B Suu + Bon+2-Suu
SHH Ign Ign

Irm » A T -
+ BuH ALH Sum)( ALH + BuH AHH SLH),
Tgn Sru Iy

A A
= CLE(CHE o ag + pm)(ve + ol + )
Sca SvH

as

N A N A
— kaBrrSLH( HE o+ ag + i) — BuaSuu LA (vm
Suu SrLH
Apn Arw
+oag +pm)+ 55—+ + o +pa)(ve + an + pw)
Sun Stu

N A . A
— paBarSHH( LH o +an+ i) — BaaSLo i) (vm
SrH Suu

+aH+MH>a

A N A . A
HHLH (vu +ap +pm)® — puaBaa(SHe LA SrLH AHH)(’YH
Suu SLH Sru SHH

+ag+py)

ayq =

It is assumed that py =~ 0 for puy is much smaller than other parameters. Then
Wegeta1>0a2>0a3>0a4>0b1:%;%>Oandclzblasb_%>0.
So if Efy, ppy exists, all of the real parts of eigenvalues of Ju (E(y,) are negative

according to Routh—Hurwitz stability criterion.

In conclusion, if Roww) = %W) > 1, the real parts of eigenvalues

pw (pw +yw +aw
*

of JWDH(EZ‘WDH)) are negative and E(WDH) is stable.
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From Theorem 2.1, Theorem 2.2 and Theorem 2.3, it is more difficult to satisfy the
conditions to control emerging zoonoses with the number of susceptible species in-

creasing. But if there was an epidemic in wildlife with Roww) = % >

1, emerging zoonoses might be prevalent in humans.

Next we take Strategy 1, Strategy 2 and Strategy 3 into consideration in order
to compare the effects of different isolation and slaughter strategies in wildlife,
domestic animals and humans on emerging zoonoses.

Strategy 1.
It is assumed that 6 = dg = 6y = dr with same slaughter rate in susceptibles,
infectives, and recovered individuals in wildlife in order to simply the model (3).

Sw = Aw — BwwIwSw — pwSw — Sw,

Iw = BwwIwSw — pwlw — ywlw — awlw — 61w,

Rw =ywlw — pwRw — 6Rw,

Sp =Ap—(1=0p)BwpIwSp — BopIpSp — upSp,

Ip=(1-0p)BwpIwSp + BopIpSp — vpIp — aplp — uplp,

Rp =~plp — upRp,

Sur = Aun — (L= 0u)BwulwSun — BouIpSun — BunInw
+Irm)Sun — puSum,

Ing = (1= 0u)BwulwSun + BoulpSun + Bun(Inu + Iou)Sun

—Yulpgny —oplgy — palpm,

(25)

Ryp =vulun — paRuw,
Scar =Arg — Bar(Uan + Ioa)Sce — paScw,

Ity = BunUgn + Inw)Scw — yaleg — ouloy — pulon,

Rryw = vulow — puRen.

In (25), we get the control reproductive number in wildlife is Ry ) = Awbww

(pw +90)
m , the control reproductive number in domestic animals is Ry(pp) =
ApBppD ; ; ; _ (Agmr+ArH)
gD(MD+’YD+aD) , the control reproductive number in huHAlans is Ry(m _A(M%+WH+aH)
HH : : it 1 _ 1 whbww _
P The epidemic equlhb};luin of I, Ip and Iy are Iy, = B (uw+5+7w+aw
2 (1-6p)Bwpl S S 1-6 1%, St ILsr .
Ly —0) 7Illj — w?®b  and I}{ _ (—9u)nsPpwuly Sp+nsBoulpSy in strat-

,uDJrWDJraD*BDDS'L ya+og+pn—BanSy

egy 1.
For the epidemic equilibrium of Sy, Sp and S, we get Si, = %‘M‘WH >

w
Sw , Sh > Sp and S}, > Sy for ¢1(S}) < 0 and g2(Sk) <0 .
Theorem 2.4. If Ryww) < 1, Ryppy < 1 and Ry < 1, the disease-free

equilibrium Eé(WDH) in system (25) is stable. If Ryqwwy) > 1, there exists epidemic
equilibrium EE*{,*VDH), and EE*{,*VDH) is stable.

Strategy 2.
In (4), we get the control reproductive number in wildlife is Rypyp) = ﬁ—v“;
W_&Viwﬁw , the control reproductive number in domestic animals is Rypp) =
Bbp Ap HH

, the control reproductive number in humans is Ry(zy =

(up+yp+ap+Ar) up I
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% . The epidemic equilibrium of Iy, Ip and Iy are I3, = m(—uw
72 42
AwBww y _ [ f2 — Pwoly, Sp P2 1
—SWEWW__ ) — = — and I3, = -
+ F‘W""’YW""O‘W) WD np+vp+ap+Ar—BppS2 H yu+tam+un—BuuSt

(USBWny%VS%I + (1 - @H)nsﬂDHI%S?{) in strategy 2. A
For the epidemic equilibrium of Sy, Sp and Sy, we get SIQ,V
Sw, 82 > Sp and 52 > Sy for g2(5%) <0 .
In fact, S% is the smaller root of

— Bwhywtow _
Bw

93(Sh) =npBop(5h)* — [ADﬁDD + (1D + 70 +ap + An) (o + Bwplw)| SH
+ Ap(pp +vp +ap + Aj)
—0
So we have
93(Sp) =upBppSH — [AD,BDD + (up +vp +ap + Ar)(up + ﬂWDIAW):| Sp
+ Ap(up +vp +ap + Ay)

If
91(Sp) =upBopSH — {ADﬂDD + (kp +vp +ap)(pp + ﬂWDIAW)} Sp
+Ap(pp +7p + ap)
=0
and
Ap — BwplwSp — BoplpSp — upSp = 0,
we get

93(Sp) = [ADﬂDD + (up +vp +ap)(pp + /BWDIAW)} Sp — Ap(up +7p

+ap) — [ADﬁDD + (tp +vp +ap + Ar)(up + ,BWDfW)] Sp+ Ap(up
+9p +ap + A[)
=~ Ar(up + Bwplw)Sp + ArAp

=ArBppIpSp
>0.

Then we get 5% > §D with upBpp > 0.

Theorem 2.5. If Ryoww) < 1, Ryppy < 1 and Ryyy < 1, the disease-free
equilibrium E(2)(WDH) in system (/) is stable. If Rycwwy > 1, there exists epidemic
equilibrium EE*{,*I}*DH), and EE*{;*DH) is stable.

Strategy 3.

If we took quarantine and isolation strategies in humans only, the impact of
wildlife and domestic animals in human epidemic would be never changed comparing
to no strategy. So we select the human epidemic model (26) from (5) for further
analysis. At the same time, we choose ¢(I) = p (Igg + Ipm) to simplify the model.
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Sun = Ay — BwulwSun — BoulpSun — Bun(Inu + Inn)Sun
paSug —p(Igg + Ivg) Sun +vu1Owm,

Onm = p (I + Irw)Ser — YymiOmm — puOmm,

Inn = BwulwSun + BouIpSuw + Bun(Iny + Inn)Suu
—Yalug —anlopy — palon —olpm,

Onnz = olym — yu20nm2 — tuOn w2, (26)

Sta = Arw — Buw(Inw + Inu)Sca — puSer — p (Inw + Iow) Scw
+ym10Lu1,

Ormi = p(Iun + Inw) Spw — ymOru1 — puOrmn,

Ing = Buu(Inn + Inw)Sce — yaley — aulog — puloy —olpm,

Ormz = olpy — vu20rm2 — prOL 2.

We get the control reproductive number in humans is:
(Agg + Arm)Bun

pu(pr +v8 +am +0)

Theorem 2.6. If Rooww) < 1, Roippy < 1 and Ry < 1, the disease-free
equilibrium ES’(WDH) in system (5) is stable. If Rowwy > 1, there exists epidemic
equilibrium EE“TJBH), and E?‘TJJ*DH) is stable.

Ry =

TABLE 1. Impact of different strategies on reproductive numbers

Strategies no strategy Strategy 1 Strategy 2 Strategy 3
Reproductive R B R B
number in | Ryww) = 24 | Ryww) = 24 2(WW) = 3(Ww) =
wildlife WW) = Ry | THOVW) T R Roww) Roww)
Reproductive
number in _ Rp Rippy = _ Rp Ry(pp) =
domestic Ropp) = 7 Ro(pp) Rypp) = Ry Ro(pp)
animals
Reproductive
munber in | Rogy = 1t | Bagy = Roqny | Ragny = Roqny | Racm) = 7
humans

R = AwBww, R = pw (pw +yw + aw),
Ro = (pw +0)(pw +yw + aw +6),
Rp = ApfBpp, Rg = up(up + vp + ap),
Rp = pp(pp +7vp +ap + Ar), Re = (A + Arw)Bum,
Ry = pu(pg +vm +an), R = pg(pg +vu +ag +0).

3. Numerical simulation. In this section we take avian influenza epidemic in
China as an example to analyze the effects of different strategies on emerging
zoonoses. Avian influenza is a kind of zoonoses, which have been prevalent in
humans since 150 years ago. Avian influenza virus originated from aquatic birds,
and it infected domestic birds by sharing watersheds. Humans can be infected by
avian influenza virus via infected domestic birds[11, 30, 6, 9] . But for birds, we
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cannot get the exact parameters to reflect the virus transmission clearly. So we
take some similar data to estimate the process of avian influenza virus transmission
approximately (TABLE 2).

The number of domestic birds is 4.2 times more than the number of humans in
China [7], so we assume that the number of domestic birds is 8400 and the number
of humans is 2000 to simplify the calculation. And it is assumed that there are
about 1000 wild aquatic birds for no exact data found. And it is assumed that
RO(WD) = O.I*RO(DD)7 RO(WH) =0.1x% RO(H) and RO(DH) =0.1x% RO(H)-

The avian influenza virus transmission has been shown in model (2), which in-
cluded wildlife, domestic animals, high risk group and low risk group [10, 21, 13].
For high risk group and low risk group in humans, there may be shown in different
proportion in different areas. Less people are needed to take care of live animals in
modern farming than tradition. Few people have opportunities to contact with live
animals in some areas, which are the potential hosts of some pathogens in emerging
zoonoses. But in some other areas, stock raising is the main economy origin of the
residents. More people have to look after live animals to help support the family.
The proportion of high risk group and low risk group is higher in these areas than
others. Here we choose different proportions of high risk group and low risk group,
such as 1:9, 1:3, 1:1, 3:1 and 9:1, to reflect emerging avian influenza prevalence in
different areas (FIGURE 2).

From a to e in FIGURE 2, we get that more and more high proportion of humans
are infected in the first 90 days. More people would be infected with higher pro-
portion of them having the opportunity to contact with susceptible animals. From
FIGURE 3, we get that the incidence rate on epidemic equilibrium is increasing
with higher proportion of high risk group in humans. Although the proportion of
high risk group in humans would never change the basic reproductive number, it
could impact the final prevalence in humans.

The effects of parameters 0, Ay, o in Strategy 1, Strategy 2 and Strategy 3 on
control reproductive numbers have been shown in FIGURE 4. The existence of
parameters J, A7, and o would decrease the value of Rywww), Roypp) and Rgg).
If § < 0.142% 1073, A; < 0.258 and o < 0.066, Ri(ww), Ro(pp) and Rz would
get the value below threshold to control the zoonoses in wildlife, domestic animals
and humans respectively. The effects of Strategy 1, Strategy 2 and Strategy 3 in
different areas are shown in FIGURE 5, when Ipc = Iwe = Igc = 15. The effects
of ,0p,0,Ar,Op,0 and p on the number of infected humans in the first 90 days
are shown in FIGURE 6.

4. Discussion. From Ebola, Hendra, Marburg, SARS to HIN1, H7N9, more and
more zoonotic pathogens come into humans. Tens of thousands of people have
dead of these zoonoses in the last hundreds of years. Some public health policies
have to be established to answer emerging or remerging zoonoses. For different
species participating in an emerging zoonosis, different strategies should been taken
for controlling. In this paper, we established model (3), model (4) and model (5)
to reflect the effects of Strategy 1, Strategy 2 and Strategy3 about isolation and
slaughter in emerging zoonoses respectively. Strategy 1 is the controlling measure for
wildlife. Strategy 2 is the controlling measure for domestic animals. And Strategy
3 is the controlling measure for humans.

All of the three strategies would change the basic reproductive number to their
own control reproductive number. The involvement of Strategy 1, Strategy 2 and
Strategy 3 would change the conditions, which determine the zoonoses prevalence or
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not. At the same time, we conclude that the extinction of zoonoses must satisfy the
conditions ensuring all of basic (control) reproductive numbers in different species
are less than 1, whether it is taken controlling strategy or not. But if and only if
basic (control) reproductive numbers in wildlife is more than 1, the zoonoses might
be prevalent in all of the susceptible species.
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FIGURE 5. Phase portrait of Sy and Iy in system (6) with no
strategy:ewy = 0, ep = 0, eg = 0 . Strategy 1: when I g +
Igg < Iwc, ew =0 ; when Ity +Igg > Iwe, ew =1 . ep =
0,eg = 0. Strategy 2: when Iy + Igy < Ipc, ep = 0 ; when
Ing +1Igyg > Ipc,ep =1 . ey = 0,eg = 0. Strategy 3: when
Itg + Igg < Ipc, e = 05 when Ity + Igg > Igc, eg = 1

Ew = O,ED =0. (510.1, 0D:O.1, Oy = O.l,A] = 1,@1{ =
0.1,0 = 0.01 and p=0.001; high risk group: low risk group=1:9 in
a, 9:1inb; Ipc = Iywe = Inc = 15, at 26" day in a, 17" day in
b)

The stability analysis on models in section 2 reflects the effects of three strategies
on control reproductive numbers and equilibriums. In section 3, some numerical
simulations show the effects of the three strategies on avian influenza epidemic in
different areas in China at beginning. In this paper, we take isolation and slaughter
strategies into consideration to study their effects on emerging zoonoses. But the
other effective strategies like vaccination are neglected, which could be proposed in
a forthcoming paper.
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