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In order to analyze the spread of avian influenza A (H7N9), we construct an avian influenza transmission model from poultry
(including poultry farm, backyard poultry farm, live-poultry wholesale market, and wet market) to human according to poultry
transport network. We obtain the threshold value for the prevalence of avian influenza A (H7N9) and also give the existence and
number of the boundary equilibria and endemic equilibria in different conditions. We can see that poultry transport network plays an
important role in controlling avian influenza A (H7N9). Finally, numerical simulations are presented to illustrate the effects of
poultry in different places on avian influenza. In order to reduce human infections in China, our results suggest that closing the retail
live-poultry market or preventing the poultry of backyard poultry farm into the live-poultry market is feasible in a suitable condition.

1. Introduction

Avian influenza A (H7N9) is a subtype of influenza viruses
that have been detected in birds in the past. Until 2013
outbreak in China, no human infections with H7N9 viruses
had ever been reported. But from March 31 to August 31,
2013, 134 cases had been reported in mainland
China, resulting in 45 deaths [1]. However, the virus came
back in November 2013 again. Afterwards the disease came
back in November every year. In fact, the second outbreak
occurred from November 2013 to May 2014. The third
outbreak occurred from November 2014 to June 2015. The
fourth outbreak occurred from November 2015 to June 2016.
And the fifth outbreak occurred from September 2016 to
May 2017 (NHFPC [1]). The disease causes a high death rate.
In China, from March 2013 to May 2017, H7N9 has resulted
in 1263 human cases including 459 deaths with a death rate
of nearly 37%. In China, from September 2016 to May 2017,
provinces with human cases are shown as Figure 1. H7N9
virus does not induce clinical signs in poultry and is clas-
sified as a low pathogenicity avian influenza virus (LPAIV)
[2]. However, the virus can infect humans and most of the

reported cases of human H7N9 infection have resulted in
severe respiratory illness [3].

Jones et al. [4] demonstrated that interspecies trans-
mission of H7N9 virus occurs readily between society
finches and bobwhite quail but only sporadically between
finches and chickens, and transmission occurs through
shared water. Pantin-Jackwood et al. [3] showed that quail
and chickens are susceptible to infection, shed large amounts
of virus, and are likely important in the spread of the virus to
humans, and it is therefore conceivable that passerine birds
may serve as vectors for transmission of H7N9 virus to
domestic poultry [4]. Zhang et al. [5] concluded that mi-
grant birds are the original infection source. Many authors
investigated the epidemic model which describes the
transmission of avian influenza among birds and humans
[8-15]. Liu et al. [16] constructed two avian influenza bird-
to-human transmission models with different growth laws
of the avian population, one with logistic growth and the
other with Allee effect, and analyzed their dynamical be-
havior. Lin et al. [17] developed three different SIRS
models to fit the observed human cases between March
2013 and July 2015 in China and found that environmental
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FIGURE 1: Provinces with avion influenza A (H7N9) from September 2016 to May 2017.

transmission via viral shedding of infected chickens had
contributed to the spread of H7N9 human cases in China.
Chen and Wen [18] took into account gene mutation in
poultry. Guo et al. [19] proposed and analyzed an SE-SEIS
avian-human influenza model. Mu and Yang [20] analyzed
an SI-SEIR avian-human influenza model with latent pe-
riod and nonlinear recovery rate. Gourley et al. [21] ana-
lyzed the patchy model for the spatiotemporal distribution
of a migratory bird species. Bourouiba et al. [22] in-
vestigated the role of migratory birds in the spread of H5N1
avian influenza among birds by considering a system of
delay differential equations for the numbers of birds on
patches, where the delays represent the flight times between
patches. In China, in 2013, to control the outbreak, local
authorities of the provinces and municipalities, such as
Jiangsu, Shanghai, and Zhejiang, temporarily closed the
retail live-poultry markets which proved to be an effective
control measure. Data indicate that the novel avian in-
fluenza A (H7N9) virus was most likely transmitted
from the secondary wholesale market to the retail live-

poultry market and then to humans [6, 7]. How is avian
influenza A (H7N9) transmitted from live-poultry to hu-
man in China? In order to reveal the fact, the global
network model of avian influenza A (H7N9) is constructed
based on poultry transport network. The relationship be-
tween the global system and subsystem is analyzed. The
corresponding risk indices are obtained. We study the
impact of subsystems on the risk index of the global
system. When the disease occurs, it can provide theoretical
guidance for the global and local transport of poultry.

In this paper, we construct an avian influenza A (H7N9)
transmission model from live poultry (including poultry
farm, backyard poultry farm, live-poultry wholesale market,
and wet market) to human for the heterogenous environ-
ments which affect the spread of H7N9. The remaining
part of this paper is organized as follows: in Section 2, we
first establish the model based on poultry transport network.
We derive the threshold value of the model. In Sections 3
and 4, we discuss the different boundary and endemic
equilibrium in the different thresholds. Section 5 gives the
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effect of different transmission rate on H7N9 by numerical
simulation. Finally, concluding remarks are made in Section
6.

2. Model Based on Poultry Transport Network

The avian population is classified into poultry farm,
backyard poultry farm, live-poultry wholesale market, and
wet market (the retail live-poultry market). According to
the present situation in China, the backyard poultry
feeding is regarded as a large node, which is considered to
be connected with all other nodes (except poultry farm) in
network. The relationship diagram of poultry transport
and contacts between human and poultry are described in
Figure 2. Let Néa(t), me (t), and Nf‘na(t) be the total
number of poultry in ith poultry farm, jth live-poultry
wholesale market, and kth wet market at time f, re-
spectively, where N?a (1), N;a (t), and Nim (t) are classified
into two subclasses: susceptible and infective, denoted
by Si, (1) and If, (t), SJ,(t) and T}, (t), and S}, (¢) and

(t) respectlvely Suppose there are L poultry farms,

dast (t)

dr_ (1)

dSy, (1)

dIba (t)

dSJ L (D)

1 dr, (1)

i

ask ()

dI

ds, ()

daly (1)

dR, (t)
c}ilt = Puly

- thh'

dr —ﬁfsfalfa defa ‘xfIfu Z%Ifw

d Z az]Sfa +1 sbu ﬂpséalljna
7 Zaijllfa + 11y, + ﬂpslj:mlpu

ert Z b]kspu + Cksba ﬁmsmu ma

M live-poultry wholesales, and K wet markets, namely,
i=1,...,L;j=1,...,M;k=1,...,K. And they are in-
dependent of each other. Let Ny, (¢) be the total number of
human at time f. The human population is classified
into three subclasses: susceptible, infective, and re-
covered, denoted by S, (¢), I}, (t), and Ry, (t), respectively.
All new recruitments of human population and avian
population are susceptible. The avian influenza virus is not
contagious from an infective human to a susceptible
human. It is only contagious from an infective avian to
a susceptible avian and a susceptible human. An infected
avian keeps in the state of disease and cannot recover, but
an infected human can recover, and the recovered human
has permanent immunity. We neglect death rates of the
poultry individuals during the transport process. The
detailed description of dynamical transmission of H7N9
avian influenza is described in the following flowchart
(Figure 3).

The corresponding dynamical model can be seen in the
following equation:

dt = Alf_ﬁfslfallfa_dfslfa_ Zaijslfa’
j

i=1,...,L,

i Ay = BoSpalba = ApSpa — Z 1;Spa = Z CkSpa>
7 p

dr = BoSbalva = Aploa = A Iba — leba chlba’

dSl, =Y bySl, j=1....M,
k

j j j (1)
dPIPa “PIPa ;bjklpa’
-d_ s

ma’

k k
dt Zbklpu+cklba+ﬁm ma ma_dmlma_‘xmlma’ k= L...,K,
k
i Ay - Zﬁkhshlma = BuSulva — dnSh
k

k
dr Z BinSulma + PuSulva — dnln — an Iy — yuln
k
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FIGURE 2: A possible network of H7N9 avian influenza.
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FIGURE 3: Detailed transfer diagram on the dynamical transmission of H7N9 avian influenza.

The interpretations of parameters of system (1) are
described in Table 1. The parameters in system (1) are all
nonnegative constants.

The variation of the number of poultry in ith poultry
farm Nia (t) is

dN} (1) i i ; ;
%:Af_difa_“fIfa_ Z“iijw (2)
j
and thus,
. Al .
NL(t) s —L—=wi . 3
fa (1) vy, fa (3)

Similarly, the variation of the number of poultry in
backyard poultry farm Ny, (t) is

dNy, (1)
# = Ap —dyNyg — Iy, — Z leba - Z xNpas
j k
(4)
and thus,
A
Ny, () < - = Wi (5)

S dy, + Zjlj + 2Kk

The variation of the number of poultry in jth live-poultry
wholesale market N fm (t) is
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TaBLE 1: Parameters of system (1).

Parameter Interpretation
A} All new recruitments of the avian in ith poultry farm
Ay All new recruitments of the avian in backyard poultry farm
deppm The natural death rate (including slaughter) of the avian in different places
Qb pm The disease-related death rate of the infected avian in different places
£ b,pum The transmission rate from infective avian to susceptible avian in different places
aj The transport rate of individuals from ith poultry farm to jth live-poultry wholesale market
b The transport rate of individuals from jth live-poultry wholesale market to kth wet market
I The transport rate of individuals from backyard poultry farm to jth live-poultry wholesale market
Cr The transport rate of individuals from backyard poultry farm to kth wet market
Ay All new recruitments of the human
dy The natural death rate of the human
Bin The transmission rate from the infective avian in kth wet market to the susceptible human
B The transmission rate from the infective avian in backyard farm to the susceptible human
a, The disease-related death rate of the infected human
Y The recovery rate of the infective human
dN{,u (t) . ) ) ) and thus,
— = Y a;Ng, + Ny, —d,N) —a, Il = > by N,
i k
(6)
i i
NIty < 20Nt 1iNbe_ Zi(((aAr)/(d + 2 jai)) + (1A (o + 21+ Taci)) i )
pa dy + Yibjk dy + kb "
The variation of the number of poultry in kth wet market ~ and thus
Nﬁm (t) is
dNE, () j K K
% = ijkNl]Da + Ckoa_dmNmu_“mIma’ (8)
i
k ZjbjkN{;ﬂ + Ny,
N, ()< 7%
(9)

_ Zi((oa(Zi(aaD) (dr + X)) + (1,4 )/ (o + X

+ Yei))))/(dp + Tebje)) +((ceA)/(dy + Tl + Tuci)) W

The variation of the number of human Ny, (¢) is

th (t) = Ah_thh_“hIh’ (10)
dt
and thus,
A
N, (1) <=0 (11)
dy,

For convenience, we denote the positive solution

(Stlaa LI Sﬁ;: Ifl‘u: LI ] Ifu) Sbaa Iba) S;aa R Sgi) Illja> LRI Ié\/fl’
St Sk LI TR S, 1) of system (1) by (S, I).

Let G = {(5,1) € RIMAOM S 4 L < W Sy + T <
Wi Sl + Tha < Wi, Sk + Ik, SWE LS + T < (Ay/dy)),

then G is a positively invariant for system (1).

d ma*

m

In order to find the disease-free equilibrium of system
(1), we consider

[ dS}, (1) i i i
;% = Ap—dS;, - Z aijsfa’
j
dS, (1)
l:l—t = Ap —dpSpa - Z ljsba - Z CkSpa>
j k
das’ (t) . . .
1 = 2 %S Soa = dpSha= D bpS)er (1)
i k
dask  (t) 4
- Z biSha + CkSba — A S
j
ds, (t)
:jlt = Ah - thh.



System (12)  has the unique positive  equilibrium
= (sfa,sba, sk Sma_»Sh), where S, = AY/ (d; + ¥ ja;)),
L M K

Sha = Ap/ (dy + Y1 + zkck) Shy = (XiaiSt +1;Sp,)/ (dy+
zk ]k) S = (X ;0SI0 +ckaa)/dm, and sh = A, /d, . Thus,
(Sfa, ,80.,0, 8° L0, S 0.,8%,0) is the dis-

pu P — ma ’w—‘

L — M T K
ease-free equilibrium of system (1).

According to the concepts of the next generation matrix

and reproduction number presented in [23, 24], we define

F, 0 0 0
0 F 0 0
F = 22 ,
0 0 Fy; O
0 0 O F
44 (13)
Vi, 0 0 0
0V 0 O
V= 22 ’
0 0 Vi O
0 0 0 Vy
where
BeSta O - 0
0 BeSia- 0
Fyy = . .a . )
0 0 -BSy
0
Fy, =(ﬂbsba)’
BpSpa O - 0
0 /3820 -0
Fy3= P . >
0 0 ﬁpsMO
BuSP 0 o0
0 SX ... 0
E, = /3m .
0 0 S
df‘l‘OCf‘l’Zaij 0 0
0 df+ocf+2a,~j~-- 0
Vi = >
0 0 "df+0éf+zaij
j
dp+ocp+;bjk 0 0
0 dp+ocp+ijk--- 0
Vi = k >
0 0 --dp+ocp+2bjk
k

Remark 1.
then system (1) becomes
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d,+a, 0 0
O
0 0 --d,+a,

V22=<db+“b+zlj+zck>-
j k
(14)

Set R, = p(FV '), where p represents the spectral radius
of the matrix. Then, R, is called the reproduction number for
system (1), where

_ k
Ry = 1gigL,1£}2§/1,1gkgK{Rm’RPO’RmO’RbO}’
o Bt
fo df + o + Z -ai]-’
BsSi
R{,O = —d o (15)
+ o, + Zk ke
ki
Rk ﬂms y
m g ta)
RbO — ﬂbs(b)a

db + 47N + Z]l] + chk.

If R < 1, then system (1) has the disease-free equilibrium

E,, and E, is locally asymptotically stable.

If we do not consider backyard poultry farm,

ds;, (1) i i i i
[f;t = Atf _ﬁfsfalfa - dfstfa - Z aijstfa’
j
art, (t) i i i i .
iit = BeStalta — dilg, — oy, — Z“iijw i=1....L
j

de (t)

Z @11t = BpShalsa = dpSha = 2. 0jxShes
k
dI{m (t) ; ; j ;
s z a;le, + BpSh I —d Il — o, T) — ;bjklw,
j=1L..., M,
Sk (t) k
Z b]ks mu ma -d Sma’
I" (t)
Zbkl +18m ma mu dmlfna_‘xmllr(na’ k=1,...,K,
das, (t)

k
dr A, = Z BinSulma = dnSh»
k

dIy (t)

;t = zk:/;khshlfnu —dyy, — oIy —yulps
dRy (1)

;t = yYply — dy Ry,

(16)

A similar analysis is available for the above system.



Computational and Mathematical Methods in Medicine

3. Analysis of Subsystems of System (1)

Consider the poultry of the poultry farm subsystem, given by
the first two equations of system (1), as follows

dsi, (1) _

daf = Alf _stlfullfa - de;u - Z aijslfa’
j
4 (17)
dI’f (1)
; = ﬁfsfquu defa ‘XfIfu Zaz]Ifa

Let the right-hand side of system (17) equals to zero;
when I, #0, we obtain

df + ar + Z]a,]
Bs ’
Aéﬁf _(df + Zjaij)(df Tort Zjaij)
ﬁf(df +op+ Zjaij) '

If Rf;>1, system (17) has the positive equilibrium
(S, Iy, If Rfo <1, system (17) has only the disease-free
equilibrium (Sfa,O)

1%
Sfa -

(18)

i _
Ifa -

Remark 2.

(1) If lrllii?L{Rgo} >1, then each farm has the positive
equilibrium.

(2) If max {R t} > 1, then some of the poultry farms have
the posmve equilibrium, and the others have only the
disease-free equilibrium.

Consider the poultry of the backyard poultry farm
subsystem, given by the third and fourth equations of system
(1), as follows

ds,, (1)
];l—t = Ay = BoSalba = AbSha = Z £jSba = ; kSba>
j

dl,, (t)
l:i = BoSvalva = dplba = W Iba — leba chlba
j

(19)

Let the right-hand side of system (19) equals to zero;
when I, #0, we obtain

_ db + (29N + Z]l] + chk

S o= X

ba ﬁb (20)
o Ay _(db + Zjlj + chk)sﬁa

ba ﬁbsga

If Ryy>1, system (19) has the positive equilibrium
(Sba,I{)’;). If Ry <1, system (19) has only the disease-free
equilibrium (S, 0).

Consider the poultry of the live-poultry wholesale
market subsystem, given by the fifth and sixth equations of
system (1), as follows

7
dasi_(t) 4 .
pa "’ _ i
s Z a;;Stq +1iSha = BpShall, — d,S), — ;bjksgm,
drl, () j )
1; Za,JIfu + Ll + BpSha Il —dp I — 1) — ;bjkllfm.
(21)

Let the right-hand side of system (21) equals to zero;
when I fm +0, we can divide it into two cases.
If It, = 0 and I, = 0, then we have

S]* _ dp + OCP + Zkbjk
p 18p
_ Yt + 1;Sha _(dp + Zkbjk)séz
dp + OCp + Zkbjk

(22)
I,

If R{;O > 1, then system (21) has the positive equilibrium

(S, Iha)-
If It, #0 or I, #0, then we obtain

j* Ziaijlfa + ljlﬁa
ody e+ Nbp-BSl. (23)

biS)” + bS] +by =0,

where

b, = —[Sp<dp + ijk> <0,
k
b, = ﬁp<z aijs?; + ljSEa> +Bp<zaij1?; + Zj1§a>

+(dP +ijk><dp +oa, + ijk> >0,
k k
by = —(dp + o, + ijk> (Zaijsg’; +ljS,’;a> <0
k i

Because b —4b,b; >0,
equation are

(24)

the solutions of the above

g Tt b2 — 4b,b,

pal — Zbl > 0’
. (25)
. b3 -dbiby
Spaz = T > 0.
1

If RJ%)— ((dy +a, + Xib ]k)/(ﬁp a2))>1, system (21)
has two positive equ1hbr1a (Shar> r Ja1) and (Spu2’ r ve)- I
R{)O<1 and RJB = ((dy + o, + 3 ]k)/(ﬁpspul))n system

* J* il
(21) has one positive equlllbrlum (SJ pal). If R}J)0< 1,

pal>

system (21) has no positive equilibrium.

Consider the poultry of the wet market (the retail live-

poultry market) subsystem, given by the seventh and eighth
equations of system (1), as follows:
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sk, (t) k
n:{; Z b; kspa + Cksba ﬁm ma ma dmsma’
dIt (1) k k
T Z b]klpa + Ckaa + /';msmu ma dmlmu - (memu'
(26)

Let the right-hand side of system (26) equals to zero,
when I% #0, we can divide it into two cases.
If I, = 0 and Iy, = 0, then we have

Sk* _ dm + o
ma ﬂm
27
Y bSO+ S —d, Sk @7
Ik* _ jV jk°pa k ba m“ma
ma d,+a, '

If Rk > 1, then system (26) has the positive equilib-
rium (Sfr:‘u,lk*)

If I, #0 or I, #0, then we have

Jj* *
ke ZjbjkIP“ + ¢ ly,

ma = 5 7 a ks’
dm oy - ﬁmsma (28)
Jox
91 Sma2 + gZSma + g3 =
where
g1 = _dmﬁm <0,

92 = P <Z b]-kS{;’; + Ck5§a> + ﬁm<z bjkff; + CkI;u>
j j

+dy (dy +ay)>0,

93 = _(dm + am) (Z b]kslj;; + Cksga> <0
j
(29)

Because g3 the solutions of the above

equation are

-49,95>0,

b 929540195
Smal = >0,
29,
(30)
g 7927 95— 49195 o
ma2 ~ 291

If R = ((d,, + &) (B,SK%,)) > 1, system (26) has two
mal> mal) and (S ma2) If RkO <1
and Rk1 = ((dy, + o)/ (B,S mal))>1 system (26) has one

positive equilibria (Skx a2’

positive equilibrium (S |, 15* ). If RKl < 1, system (26) has

no positive equilibrium.
Consider the human subsystem, given by the last three
equations of system (1), as follows:
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(dS,, (1)
# = Ay - Z /Skhsh[}r:m = PuSulba = dnSn,
3

dl, (t) .
< ;t = %ﬁkhshlma + ﬁhshlba — thh _ ahIh _ thh’
dR; (t)
:llt = Yulh —dyRy

(31)

Since the first two equations of system (31) are in-
dependent of the variable R, we only need to analyze the
first two equations of system (31). Let the right-hand side of
system (31) equals to zero, when I, #0, if I’ _#0 or I, #0,
then we have

* Ah
Sh = Ik* I d 4
YiBinlima + Puln, +
(32)
I (Zkﬁkhlma +ﬁh1ba)sh
" dy + o, + 4

4. Analysis of the Full System (1)

We analyze the following equivalent system:

dsg, () i i i i i
ilt = Ap — BeSealra — deSa — Z aijsfu’
j

dr (1)
da _/))fsfalfu defa ‘xfIfu zaljlfu’
j

dsift(t) = Ay~ FuSualna = dySoa = Y. 1S0a - ;Cksba’
J
dIt:; O _gs 1 —dyly, - ayly, - Zl Iy, - chlba,
dS (t Zausm + 18, — ﬂpspalljaa dPSlJ)“ Zk:bjksf’“’
dlilut(t) = 20T+ ila + BySpalia = dpTha =y oo = D byl
- k
ask (1)

k
dt Z b]kspu + Cksba /';m ma mu - dmsma’

dry, (t) k k
n;iat zb]klpa + Ckaa +ﬁmsma ma dmIma _‘mema’

ds, (t)
;lh =AY BinSulmna — BuSulba — dnSh
r

dl, (t)
2 Zﬁkhsh ma + PuSnlba = dnly — Iy = yply

(33)
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For the sake of discussion, without loss of generality, we
assume that a node has at least one link with the nodes in the
next layer. So we have the following cases.

i j k
max { R, RE R }<1
l<i<L1<j<Ml<k<k U (077 PO?m0> b0 = 5

system (33) has only the disease-free equilibrium E, =
(St ,0,8%,.0, Sé(; , 0, S, 0 ,82,0). Namely, when
5L — M T K

all poultry has no avian influenza, human will not be infected

with avian influenza.

Case 1. If R,=

Case 2. If {R;O, le;o} <1, Ry<l, and

max
1<i<Ll<j<M

rr}(inK{ano} > 1, system (33) has the boundary equilibrium
1<ks<

Jox m# yms
pa >——> _“ma >’ Ima ’Sh ’Ih

i0 0 j0 k

E"=| S,,0.,5,0, S .0,
fa> ——

L L Mk K

(34)

This shows that avian influenza A (H7N9) virus is most
likely transmitted from the retail live-poultry market to
humans when poultry has no disease in other types of farms.

, . i
Case 3. If lnsliang{R’fo} <1, Ryy<1, and lg}lsr}w{Rpo} >1, sys-
tem (33) has the boundary equilibrium as described next.
: k1 k2
If lrsr}clsnK{Rmo} >1 and lrgr}ixK{RmO} <1, system (33) has
one boundary equilibrium:

* i0 0 J* j* kp kp pmsk  rpms
E = &,&,Sba,o, Spa ’ﬁaﬁ’smal ’ Imal ’Shl ’Ihl
L L M oM K K
(35)
: k2
If 11<1}(1<11K{Rmo}>1, system (33) has two boundary
equilibria:
I« _ i0 0 j* j* kp* kp* pmx  pmsx
E - if"g)_(’)_,)sba)o) Spa ,ﬁ)ﬁ, Smal > Imal ’Shl ’Ihl >
L L M M K K
i i j k k
E™ = S5, 0,800, S Ik, b 1P s P
——
L

pa > pa’>Pma2 > “ma2 >“h2 °

L M M K K
(36)

This shows that avian influenza A (H7N9) virus is most
likely transmitted from the secondary wholesale market to
the retail live-poultry market and then to humans [6, 7]. And
there may be two boundary equilibria.

Case 4. If 1m'axL{Réo} <1 and Ry, >1, system (33) has the
<1<

boundary e _ui_ljbrium as descrilz)ed next.
If i RJ1 >1, R] <1, : Rkl >1, d
min {Ro} > 1, max {Rg} <1, min {RE}>1, an

n}(axK{R’r‘rfo} <1, system (33) has one boundary equilibrium:
1<k<

pal > “pal >
—_—— =

* i0 * ok Jb* jb* kbp#+  rkbpx  cbpms rbpmsx
E _<§f5’_()_a’sbu’lba’ S I Small’Imall’Shll ’Ihll .
L L o M K K

(37)

If llsnlgl}w{Rﬁ)} >1, 11312)1(\4{1{{;%} <1, and 12<ignz<{Rﬁ‘2°} >1,

system (33) has two boundary equilibria:

pal >“mall > “mall >
L L)

1 _ i0 w ok jbx* jb kbp+  rkbpx  cbpms* rbpmsx

E" = (Sfa ’__«0 ’Sba’Ibu’ Spal 1 S I Shll ’Ihll >

=27
L M M K K

i jb jb kb kb b; b,
EZ*: StO,O,S*,I*,S"* I]* Sp* IP* Spm*Ipm* )
fa > —~—>"“ba> “ba
oL T

pal > “pal >“mal2> mal2>“h12 >~“hl2
M M K K
(38)
: j2 k2 : k1
If mln{RJ}>1 max{R }<1and mm{R }>1
<j po ’ 1<k<K mo ’ 1<k<K m0 ’

1<j<M
system (33) has two boundary equilibria:

pal >“mall > “mall>

1% _ i0 * * jb jb kbpx kbp# bpm# bpmsx
E" = (Sfa ’i)a’sba’lbu’ Spal 1 S I Shll ’Ihll >
—— L —_— —
L M M K K

2% i0 ® jb b kbp# kbpx < bpm# bpms
E” = (%’%’Sba’lba’ S] IéaZ ’Sma21 ’ImuZI ’Sh21 ’Ih21 .

pa2 >
_——

M M K K
(39)
. 2 . k2
If 12}2}\4{RP°} >1 and 1ISIiI£IK{RmO} > 1, system (33) has

four boundary equilibria:

1% i0 * * jbs jba kbp kbp bpm# ;bpms
E" = (E{g’%’sb“’lb“’ S;])al > I{ml »Smat1 > a1t > Spi ’Ih}1’1 ))
L M M K K
B =

i0 * * jb* jb* kbpx  rkbpx o bpm# bpmsx
(E{g’&’sba’ Ibu’ Spal > Ipal > Smulz > Imulz ’Sh12 > IhlZ >

R % M K K

3 i0 * * jba jba kbpx kbp= bpm: bpm:
E" = (ﬁfﬂ,%’sbmlbm S;J)az ) Ifmz »Smazt Izt » Spor > Lpoy >’

L M M K K

4% i0 ® ok jb* jb kbps  tkbps cbpmx bpmsx
E" = (Efg 4 _% 4 Sbu’ Iba’ SpaZ > Ipaz > Sma22 > ImaZZ 4 Sh22 > Ih22 :
L M M K K

(40)

When the poultry of poultry farms has no avian in-
fluenza, and the poultry of backyard poultry farm has avian
influenza, we can obtain four cases. In four cases, human is
most likely transmitted from the backyard poultry farm to
the secondary wholesale market then to the retail live-
poultry market, and finally to humans, or direct trans-
mission from backyard poultry to humans.

Case 5. 1f 1m'inL{R;O} >1 and Ry, <1, system (33) has the
<i<

boundary equilfllbrium as descril;ed next.
: j j : k1
If 12}15\4{RP0} >1, 12}2\4{}21)0} <1, 12}(1£K{Rm0} >1, and

max {Rﬁfo} <1, system (33) has one boundary equilibrium:
1<k<K
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jt jt kf] kf] f i
E = s’f’;,l’f’;,sba,o S I S Iy SR LR

pul > pal >Ymall > “mall >Yh1l > “hil
—_—
M M K K
(41)

If 19}15\4{12&’} >

system (33) has two boundary equilibria:

1, 12}?1(\4{12&} <1, and min {Rk } 1,

1<k<K

1 _ ix  pix o0 JE* ji= kfp+ kfps fpms fpms
E" = Sfa’Ifu ’Sba’o Spal > Ipal ’Small’Imall’Shll ’Ihll >
——= e
L L M M K K
2% _ js ]f* kfp kfp* fpm# fpms*
B ={ S I 80,0, S ghibe [k gfome

pal 5 pa1 >Ymal2 > “mal2>“h12 > “hl2
T 1 M M K K

(42)

If 1I<1}I<I}\4{RPO} >1, 1r<nka<xK{Rk2 } <1, and 1I<l}<1PK{Rk1 b>1,

system (33) has two boundary equilibria:

1 _ ix  pix o0 JE* jE* kfps kfps fpm+ fpm=
E" = Sfa’Ifa ’Sba’ Spal > Ipal ’Small’Imall’Shll ’Ihll 4
—_— —— —_—
L L M M K K
2% ix  pix Q0 J jf kfp kfps* fpm# fpmsx
E = Sfu > Ifa ’ Sba’ 0, SpaZ > Ipa2 ’ Sma2l > Ima21 > Sh21 > Ih21
—— —— —_—— ——

L L M M K K

(43)
2 : k2
If min {Rpo} >1 and 1rsr11<15nK{Rm0} > 1, system (33) has

1<jsM
four boundary equilibria

1% _ ix it o0 ji= j= kfps kfps fpms  fpms
E" = Sfa’Ifa ’Sba’ Spal > Ipal ’Small’Imall’Shll ’Ihll >
22 —_——
L L M M K K
2% _ i i 0 Sied jEx kfp kfps fpms  fpms
E” = Sfa 4 Ifa > Sbu’ Spal > Ipal > Sma12 4 ImalZ > sz > Ih12 >
—_ — === ==
L L oM o K K
3% j jfs kfps kfp* fpm fpm*
E = Sfu ’ Ifa ’ Sbu’ 0, Spuz ’ IpuZ ’ SmaZl > Zma2l ’ Sth > h21 >
—_——— ——
L L M M K K
4% i qix j* ]f* kfps kfp* fpm fpm*
E" = Sfa > Ifa ’ Sba’ 0, S S Sh22 >Th22

pa2 4 pa2 > Yma22 > ma22’
L L M M K K

(44)

When the poultry of poultry farms has avian influenza,
and the poultry of backyard poultry farm has no avian
influenza, we can obtain four cases. In four cases, human is
most likely transmitted from the poultry farm to the sec-
ondary wholesale market, then to the retail live-poultry
market, and finally to humans.

Case 6. If [min {R o} >1 and Ry, >1, system (33) has the

positive equlhbrllum as described next.
: k1
If 1£r}1n {RpO} >1, 1max {R }< 1, 1I£<IQK{R“‘O} >1, and

max {sz } <1, system (33) has one positive equilibrium:
1<k<K

Computational and Mathematical Methods in Medicine

jfb

® i i ® ® jibx kfbps kfbpx  ofbpm# fbpm=
E = Sfu ’Ifu ’Sbu’Ibu’ Spal > Ipal ’Small ’Imall ’Shll ’Ihll
—_— = —_— —— —— —
L L M M K K
(45)

il
If 11313\4{RP°} >
system (33) has two positive equilibria:

j2 .
1, max {RJO} <1,and min {Rﬁfo} > 1,
1<jemMU P 1<k<K

1 _ i% i * * Jjibs Jjfb kfbps  ckfbps  fbpm#  fbpm=
E" = Sfa > Ifa ’Sba’lba’ Spal > Ipul ’Smull ’Imall ’Shll ’Ihll >
e NE N IRl T
L L M M K K
2% _ ix jibs jibx  okfbpx kfbpx  ofbpmx  fbpm=
E" = Sfa > Ifu ’sba’Ibu’ Spal > Ipal >Smu12 ’ImuIZ >Sh12 ’Ih12
—_—= e . pe s s
L L o oM K K
(46)
j2
If min {RJO} >1, max {R’l;zo} <1,and min {Rkl } 1
1<jsmtU P 1<k<K 1<k<K

system (33) has two positive equilibria:

1% _ ix opix o * jibs jibs kfbps kfbpx  ofbpms  fbpms
E" = Sfa > Ifa ’Sba’Ibu’ Spul > Ipul ’Smull ’Imall ’Shll ’Ihll >
£ = —_—— =
L L M M K K
2% _ i% ik jtb= jfbx  Gkfbp kfbp* fbpm* fbpm*
E” = Sfa ’ Ifa ’Sba’Iba’ Spaz ’ IpaZ ’SmaZI > _ma2l, ’ShZI h21

T T K Tk
(47)
. 2 . k2
If 12’13\4{121’0} >1 and 12}<I£K{Rm°} > 1, system (33) has
four positive equilibria:

1% _ i% Jjfbs jibs kfbp# kfbpx  ofbpms#  fbpms
E" = Sfa > Ifa ’Sba’Ibu’ Spul > Ipul ’Smull ’Imall ’Shll ’Ihll >
L
T T oM % K K
2% _ i Jjfbs jfbx  Gkfbps kfbpx  ofbpms fbpm
E" = Sfa > Ifa > Sba’ Iba’ Spul > Ipul > SmulZ > Ima12 > Shlz > IhlZ >
—_— ——
T T o I K K
3% _ ix  pix Jjfbs jibs kfbp# kfbpx  ofbpms  fbpms
E = Sfa ’ Ifa ’Sba’Iba’ SpuZ > Ipaz ’Smu21 ’Imall ’Sh21 ’Ih21 >
e s Ade
T T M M K K
4% i% jibx jibx ktbps kfbps  ofbpmx  fbpms
E" = Sfa ’ Ifa ’Sba’Iba’ SpaZ ’ Ipa2 ’Sma22 ’Ima22 ’Sh22 4 IhZZ
- pes s _pes T fes T s

L L M M K K

(48)

When the poultry of poultry farms has avian influenza,
and the poultry of backyard poultry farm has avian in-
fluenza, we can obtain four cases. In four cases, human is
most likely transmitted from the poultry farm and back-
yard poultry farm to the secondary wholesale market, then
to the retail live-poultry market, and finally to humans, or
direct transmission from backyard poultry to humans.

Remark 3. If we assume that there is an edge between each
node of the upper layer and each node of the next layer, that
is, each node of the upper layer transport poultry to each
node of the next layer in the network, when 1112193<XL{leo} >1

max {R’/ >1, or max {R% 1> 1, according to the actual
max {Rpo} max {Rp,} g
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situation, it can be calculated and analyzed by a similar
method. Hence, we omit them here.

5. Numerical Simulations

In this section, we first use L = 3, M = 2, and K = 3 submodel
to simulate. The course of the infected human is typically 1-4
weeks, and we assume that it is 2.5 weeks on average. Thus, the
recovery rate of the infective human is y,, = 1.6/month. The
disease-related death rate of the infected human is oy, = 0.37.
The disease-induced death rates of poultry are assumed to be
A pm =4x 107 and &, = 5x 107*. We assume that human
can survive 70 years, and the poultry can survive 2 months in
the farm, 1 week in wholesale market, 1 month in wet market,
and 8 months in backyard farm, respectively. These rates also
referred to removal due to slaughtering. Hence, these rates
referred to removal due to slaughtering and the natural death.
We take the parameter values as dj, = 1.19 x 10~*/month,
d¢ = 0.8/month, d,, = d,, = 1/month, and d, = 0.125/month,
respectively.

We estimate that the number of susceptible poultry
population is between 107 and 10%, the number of infective
poultry population is between 0 and 1000 in farm, the
number of susceptible poultry population is between 10* and
10°, the number of infective poultry population is between
0 and 500 in live-poultry wholesale market, the number of
susceptible poultry population is between 10? and 10°, the
number of infective poultry population is between 0 and 100
in wet market, and the number of susceptible human
population is between 107 and 10% in the region. So, we
choose the initial values as (S%a(O), I} (0), S%Q(O),I%Q(O),
3, (0),13,(0)) = (5x 107,1000,4.9 x 107,900,4.5 x 107, 800),
(8, (0), Ilu(o),sga(o),llia(o)) = (7x10%200,5 x 10%,100),
(St (o), 15 (0), 82 (0), 12, (0), 8. (0), I3, (0)) = (10%,50,
10%, 50, 10%,50), (S, (0),1;, (0)) = (10%,100), and (S, (0),
Ih (0)’ Rh (O)) = (107) 0, 0)

The difficulty in parameter estimations is that there is no
scientifically or officially reported data of live-poultry trans-
portation in China. The values of a;;, by, [;, and ¢, used in
simulations may be estimated based on living habits of people
of regions, the density of human population, and so on. Now,
we assume that the transport rates of the backyard poultry are
the same to each node, namely, [; = 0.1 and ¢; = 0.1, where
i=1,2k=1,2,3. Let ay =0.03,ay, =0.04,a, =0.03,
a,, =0.04,a,, = 0.05, and a;, = 0.02 and b;; = 0.03, by, =
0.03,b,5 = 0.04,b,, = 0.05,b,, = 0.02, and b,; = 0.03. We
assumed the replenishment rate to be 2 months which is the
mean lifetime of farm poultry. Let A} =2.5x10,
A} =2.45x 107, A} =2.25x 107, A, = 833, and A, = 1000,
respectively.

The transmission rates from the infective poultry in kth
wet market to the susceptible human are B, = 1.18 x 107,
k =1,2,3. The transmission rate from the infective poultry
in backyard farm to the susceptible human is
By =1.66 x 1078,

The transmission rates from infective poultry to sus-
ceptible poultry in different places are f; =2.78 x 1078,
B, =469%x107%, B, =2.88x10"°%, and B, =1.88x107",
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respectively. Then, R, = 0.9784 <1. Solution I, (¢) is as-
ymptotically stable and converges to the disease-free equi-
librium in Figure 4.

The transmission rates from infective poultry to sus-
ceptible poultry in different places are ff = 4.79 x 1074,
B, =2.88x107%, and B, = 1.88 x 10°%, respectively. These
parameters are fixed. B; is varied. Let ff; =3.18 x 1078,
Be =4.18 x 1078, and B; = 5.18 x 1078, From Figure 5(a), we
can see that the beginning is almost the same, but the later is
different. Therefore, the transmission rate f3; has a small
impact in the earliest stages but has an important impact on
the late disease.

The transmission rates from infective poultry to sus-
ceptible poultry in different places are f; =3.18 x 1078,
B, =2.88x107%, and B, = 1.88 x 10°%, respectively. These
parameters are fixed. f3, is varied. Let B, =4.79 x 107%,
By, =579 x 107%, and B, = 7.79 x 10~*. This only affects the
number of infected humans, whereas it has no effect on the
arrival time of the peak (Figure 5(b)). Therefore, preventing
poultry of backyard poultry farm into the live-poultry
market is feasible in a suitable condition.

The transmission rates from infective poultry to sus-
ceptible poultry in different places are f; =3.18 x 1078,
B, =479%x107%, and B,, = 1.88 x 1078, respectively. These
parameters are fixed. B, is varied. Let f8, =2.88 x 1078,
B, = 6.88 x 107%,and B, = 9.88 x 107" The bigger the 8, the
more the human infected (Figure 5(c)). The secondary
wholesale market plays an amplifier role.

The transmission rates from infective poultry to sus-
ceptible poultry in different places are f; =3.18 x 1078,
By =479%x 1074, and B, = 2.88 x 10°%, respectively. These
parameters are fixed. f3,, is varied. Let f,, = 1.88 x 1078,
B, =6.88x 1078, and B, = 9.88 x 10°%. The impact is rel-
atively small (Figure 5(d)).

6. Conclusion

In this paper, we construct the avian influenza transmission
model from poultry (including poultry farm, backyard
poultry farm, live-poultry wholesale market, and wet mar-
ket) to human. We obtain the threshold value for the
prevalence of avian influenza and the number of the
boundary equilibria and endemic equilibria in different
conditions. Numerical simulations show the effects of dif-
ferent transmission rates of different layer on the infected
human. And, we can obtain the following cases:

(1) The poultry of poultry farm, backyard poultry farm,
and poultry wholesale market have no avian in-
fluenza, but there is a possible outbreak of avian
influenza in wet market (the retail live-poultry
market), and avian influenza A (H7N9) virus is most
likely transmitted from the retail live-poultry market
to humans.

(2) The poultry of poultry farm and backyard poultry
farm has no avian influenza, but there is a possible
outbreak of avian influenza in poultry wholesale
market, and then avian influenza A (H7N9) virus is
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FIGURE 4: Solution I} (t) is asymptotically stable and converges to the disease-free state value.
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FIGURE 5: The plots display the changes of I}, () with By, , ., varying.



Computational and Mathematical Methods in Medicine

most likely transmitted from the poultry wholesale
market to the retail live-poultry market and finally to
humans.

(3) The poultry of poultry farm has avian influenza, and
the poultry of backyard poultry farm has no avian
influenza, but there is a possible outbreak of avian
influenza in poultry farm, and then avian influenza A
(H7N9) virus is most likely transmitted from poultry
market to poultry wholesale market, then to the retail
live-poultry market, and finally to humans.

(4) The poultry of poultry farm has no avian influenza,
and the poultry of backyard poultry farm has avian
influenza, but there is a possible outbreak of avian
influenza in backyard poultry farm, and then avian
influenza A (H7N9) virus is most likely transmitted
from backyard poultry farm to poultry wholesale
market, then to the retail live-poultry market, and
finally to humans, or direct transmission from
backyard poultry to humans.

(5) The poultry of poultry farm and backyard poultry
farm has avian influenza, but there is a possible
outbreak of avian influenza in poultry farm and
backyard poultry farm, and then avian influenza A
(H7N9) virus is most likely transmitted from poultry
farm and backyard poultry farm to poultry wholesale
market, then to the retail live-poultry market, and
finally to humans, or direct transmission from
backyard poultry to humans.

Hence, the poultry of some nodes on network has avian
influenza, and then all edges connected to the node should be
cut off. It has a great inhibitory on preventing the spread of
disease. So, the network of poultry transportation plays an
important role in controlling avian influenza A (H7N9).
Moreover, we find that there may have been avian influenza A
(H7N9) among humans when there is avian influenza A
(H7N9) in the retail live-poultry market, so closing the live-
poultry market can reduce the spread of disease to humans at
a certain time. In addition, we find that there may have been
avian influenza A (H7N9) among humans when there is avian
influenza A (H7N9) in the backyard poultry farm. But the
spread of backyard poultry to human is quit complex. It can
be either direct infection or indirect infection. In China, there
are many backyard poultry, so there are still some difficulties
in the prevention and control of avian influenza A (H7N9).
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