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Abstract

Migratory birds are critical to the prevalence of many epidemic diseases. In this paper,
a new two species eco-epidemiological model with disease in the migratory prey is
formulated. A modified Leslie-Gower functional scheme, with saturated incidence
and recovery rate are considered in this new model. Through theoretical analysis,

a series of conditions are established to ensure the extinction, permanence of the
disease, and to keep the system globally attractive. It was observed that if the lower
threshold value R, > 1, the infective population of the periodic system is permanent,
whereas if the upper threshold value R* < 1, then the disease will go to extinction.
Our results also show that predation could be a good choice to control disease and
enhance permanence.

Keywords: migratory birds; Leslie-Gower functional response; saturated incidence
and recovery rate

1 Introduction

Nowadays, an important issue in applied mathematics is to study the influence of epidemi-
ological parameters on ecological systems. Since Kermac-Mckendric (1927) first proposed
the SIR systems, many attentions have been paid to this field. In 1989, Hadeler and Freed-
man described a model for predator and prey with parasitic infection [1]. From then on,
more and more predator-prey models were proposed and discussed under the frame work
of eco-epidemiology; see [2—7] and references therein. The biological significance of these
works is that we can see how epidemic diseases affect the interactions of prey and preda-
tors and how predators act as biological control to disease transmissions. In nature, mi-
gratory birds are responsible for the prevalence of many epidemic diseases, such as WNYV,
which was introduced in the Middle East by migrating white storks [8], HPAI that broke
in Mexico in 1994 and was introduced by some wild migrating birds [9, 10], and so on.
However, there are few papers analyzing the role of migratory birds, especially by mathe-
matical models and analysis, except the works of Chatterjee et al. [10-13], Gao et al. [14]
and Zhang et al. [15].

In [10], Chatterjee and Chattopadhyay assumed the prey population migrated with dis-
ease and proposed a one-season eco-epidemiological predator-prey model for migratory
birds. In [11], Chatterjee et al. modified and analyzed their model in [10] by taking time lags
into consideration. Their analysis showed that we could control the outbreak of the disease
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by making use of the time lag factor suitably. In [12], the author introduced standard inci-
dence into the model and obtained the stability of equilibrium point in the presence or ab-
sence of environmental fluctuations. Chatterjee (in [13]) discussed an eco-epidemiological
model with a nonautonomous recruitment rate and a general functional response. They
showed that the contact rate, the predation, and the recovery rate were central to the ex-
tinction of the disease. In [14], Gao et al. considered a competitive model for migratory
birds and economical birds population. They analyzed the model and discussed dynamics
of the model. Zhang et al. in [15] proposed a time-dependent model for migratory birds
with saturated incidence rate. They also analyzed the dynamics of the system, such as per-
manence, extinction, and global attractivity of the model. In [15], for simplicity, only the
bilinear predation rate was considered for migratory birds and the diversity of the func-
tional responses was not referred to.

As we all know, the functional response is a critical factor in the research of the pop-
ulation dynamics for predator-prey models. The mutual interference between predator
and prey can influence the relationship between them. In the past decades, more and
more different forms of ratio-dependent functional responses were proposed, such as
of the Crowley-Martin type, the Beddington-DeAngelis type, the Leslie-Gower type, the
Hassell-Varley type, and so on [16]. In this paper, we consider a modified Leslie-Gower
functional response, in which the Leslie-Gower term is m, i =1,2, to describe the
dynamics between migratory preys and their predators.

To construct the model for migratory birds, we suppose that the prey population, includ-
ing the susceptible population, S, and the infected population, /, migrate into the system.
The incidence rate and recovery rate are assumed to take saturated forms which are more

realistic as many researchers suggested, that is, 1’3 O3 and LY_ Then without predation,
y(£)S 1+a(t)]
the SI model can be expressed as follows:
¢ DI()
3() = At) - w(, d(r)S(t) oy w
BOS( 1()
I(t) T - (t)](t) l+0[ YOK

where A(#), B(t) denote the instantaneous recruitment rate of the prey population and
the force of the infective (contact rate) at time ¢. f(¢) represents the recovery rate of the
infected prey from the disease. d(¢), e(t) denote the natural death rate and the mortality
rate including the natural death rate and the diseased death rate for susceptible and infec-
tive prey population at time ¢, respectively. Obviously, d(¢) < e(¢) for all £ > 0. y(¢) > 0 and
a(t) > 0 measure the force of the inhibition effect at time .

We assume that the predator population P eat both the susceptible and the infective prey
in a form of modified Leslie-Gower scheme. Inspired by the above factors, we propose a
nonautonomous differential equation for migratory birds,

S(f) = BOSWIE) f@I¢) a(BSOPE)
S(t) = (t) 1+y(t ( —d(@)S() + 1+a »IO ~ wll(t)+S(t)+1(t)’
BOSBI() S®OI1@) ca()I(B)P(t)
I(r) = 1+y —e()I(0) - 1+a( @ ~ WSO+ D (1.2)
p(t) = P(t)[r(t) D20 OSOID (());(tt)),r,( 515

and the initial conditions are

S(0)>0,  1(0)>0,  P(0)>0. 1.3)
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Denote the set ® = {(S,I,P) € R*:S > 0,1 > 0,P > 0}, then we can prove that it is a pos-
itively invariant set of system (1.2). In fact, letting the right equations of system (1.2) by
Fi(S,I,P) (i=1,2,3) and X = (S,I,P)T € R, then system (1.2) can be rewritten in a vector
form as F(X) = [F1(X), F2(X), F5(X)]T, where F € C*(R3). Thus, system (1.2) becomes

X =F(X) (1.4)

with X(0) = X, € R?;. Therefore, for any X(0) € Ri satisfying X; = 0, then Fi(X)|x,-o = 0
(i =1,2,3). Thus, the set © is positively invariant. (For more details, please see [17].)

The other parameters for model (1.2) are defined as shown below:

« r(¢) is the growth rate of the predator population.
c1(t) (co(t)) is the maximum value of per capita rate of S (respectively, I) due to P at

.

time ¢. Because the predators catch the infected prey more easily than the healthy
ones, we have ¢;(£) < ¢y ().

« ¢3(t) is the maximum value of the per capita rate of P due to S and [ at time ¢ ([16]).

+ w(¢) denotes the level of environment protection to prey at time ¢ and w(¢) has a

similar meaning to w (¢).

«+ o(t) denotes the effects on the predator by absorbing the susceptible prey and o () <1

forall £ > 0.

The rest of this paper is organized as follows. In Section 2, we analyze the nonau-
tonomous differential equations for migratory birds and establish a set of sufficient condi-
tions to discuss the extinction, the permanence of the disease, and keep the system globally
attractive. In Section 3, some results are presented for the periodic system. In Section 4,
we verify our theoretical results and outline a discussion by making comparison among
the new model (1.2), the SI model (1.1) and the model in [15] with the help of numerical

simulation. Finally, some conclusions are given in Section 5.

2 The analysis of the model
To proceed, we give some appropriate definitions and notations and list them in the fol-
lowing.

For convenience, we denote

t
rreswf, feiife, Fog [ s
where f(t) is a continuous and bounded function that defined on R, = [0, +00). Moreover,
we make some assumptions as below:
(B1) A(2), B(2), y(2), a(?), d(2), e(t), f(£), o (£), r(£), wi(t) (i =1,2) and ¢;(¢) (i=1,2,3) are
all nonnegative, continuous functions and bounded on R,;
(B2) there are constants w; >0 (i = 1,2,3,4,5, 6) satisfying

t+wy t+wy
liminf/ A0)do >0, liminf/ d)do >0,
t t

{—+00 t—+00

t+w3 t+wy
lim inf/ r(0)do >0, ltiminf/ e(0)do >0,
L t

t—+00 —+00

t+ws 9 t+we 9
liminf/ a® 4950, liminf/ <© 450,
t—>+00 J, wi(0) t—>+o0 J, wo(0)

(B3) 4" >0,w]">0,wy >0.
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Theorem 2.1 Under assumptions (B1)-(B3), if there is a constant w; > 0 satisfying

t+wy 9
lim inf / _ 30 a5, @.1)
t=+00 J; wa(0) + My

where the constant M, = max{(%)”, 1}, then both the prey population and the predator pop-

ulation are permanent.

Proof First of all, suppose that (S,/, P) is an arbitrary positive solution of model (1.2) with
initial conditions (1.3). By the first two equations of (1.2), we have

S(8) +1(t) < A(e) - d(6)(S(t) + 1(2)),

for all £ > 0. Then applying the conclusion of Lemma 2.1 in [18] and the comparison the-

orem, there are constants M; = max{(%)“, 1} and T > O satisfying
S@)+1(t) <M, forallt>T. (2.2)

Applying (2.2) to system (1.2), we obtain

cs3(t)

20) 5P(t)|:r(t) - m

for all £ > T;. Using the condition (2.1), Lemma 1 in [19], and the comparison theorem,

there are constants M, = max{(%fm)“, 1} and T, (> T)) satisfying
P(t) <M,, forallt> T,. (2.3)

Second, from inequality (2.3) and system (1.2), we have

al(t) + ca(2)

S@) +1(t) > A@t) - |:e(t) + M21| (S(t) +I(t)), forallt> T>.
wi(t)

Applying Lemma 2.1 in [18] again, there are constants m; = min{(m)",l} and

T3 > T, satisfying
S(t) +I(t) > my, forallt> T;. (2.4)

Next, considering the last equation of model (1.2)

cs(t)
wo(2)

P(t) > P(¢) |:r(t) - P(t):|.

Applying Lemma 1 in [19] and the comparison theorem, we see that there exist constants
my = min{(”é—ir)", 1} and T4 > T3 satisfying

P(t) > m,, forallt> T,. (2.5)
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Thus, by (2.2)-(2.5), we have the following results:

my < liminf(S(¢) + 1(¢)) < limsup(S(¢) + 1(2)) < M;,

t—>+00 t—+00

my < liminf P(¢) < limsup P(¢) < M,.

I—>+00 t—+00

It completes the proof. d

Now we give the results about the permanence of the infective prey. Suppose Sy (%), po(t)
are an arbitrary fixed solution of the system

ai(t)
wi(t)

S(t) = A(t) - M3 —-d@t)S

and

p(t)zp(r(t) c3(t) ) Cs(t))

2 OMo =P

respectively, where M, = m% + M; + M,, then we can obtain the theorem about the per-
manence of the infective prey population as follows.

Theorem 2.2 Under assumptions (B1), (B2), (B3), if there exist constants A > 0 and wg > 0
satisfying

TR B(6)S(6) ¢2(60)po(6)
s [ (Eyma 0O argsg) 0

and

imint [ o (A(e) _al® Mg) d8 >0, (2.6)

t—+00 wi(0)

then the infected prey population I is permanent.

Proof Our proof is motivated by the work of Zhang and Teng [18] and Niu [20]. Choose
an arbitrary solution of system (1.2) and denote it by (S(¢), I(¢), P(¢)). Then, by (2.2)-(2.6),
there are constants 0 < €1, &3 < 1, and £ > 0 satisfying

B B(6)(So(0) — 1) 2(0)(po(0) + &1)
/t (1 @@ e OO e v se® —el) 40> e @7
and
S(t) <My,  I(t) <My,  My' < P(t) < My, (2.8)

forall £ > .
First of all, we prove that there is a constant « > 0, being independent of any positive
solution of system (1.2) and satisfying

limsupI(£) > a. (2.9)

t—>00
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Consider the auxiliary equation

x(t) = A(t) — d(@t)x(t) - <ﬁ(t)M0a + a®) M(2)> (2.10)
wi(t)

Applying Lemma 4 in [21], we see that for the given constants &; > 0 and M, > 0, there
are positive constants &; = 81(e1) > 0, G1 = Gi(e1,Myp) > 0, satisfying for any ¢ € R, and
xg € [0, My, if B(t)Moa < &1 for all £ > ¢y,

|%(t, to,%0) = So(t)| < &1, forallt >ty + Gi. (2.11)

Here, x(¢, to, xo) is the solution of equation (2.10) with initial value x(¢y) = xo.
In addition, we consider the equation

c3(t) s c3(t)
wa(t) wi(t)

) = V(r(t) - (o ()M} + Moa)). (2.12)
Based on Lemma 2 in [20], for the given constants &, > 0 and M > 0, there are positive
constants 8§y = 8(¢1) > 0, Gy = Ga(e1, Mp) > 0, satisfying that, for any £, € R, and Mal <
Vo < My, if ;ﬁ—gMoa < 8, for all t > ¢, we have

2

|V(t, to, Vo) —po(t)| <gy, forallt>ty+ Gy, (2.13)

and here, v(¢, ty, vp) is the solution of equation (2.12) with initial value v(y) = vg.
81 8o

Mo+1’ (Cg/w%)“M()A
the positive solution (S(¢),1(¢), P(t)) of system (1.2), there exists a Z € R} satisfying initial

condition (5(0),1(0), P(0)) = Z and

Choose a constant ag = %{ 7 } and suppose (2.9) is not true, then for

limsup I(¢) < «g.
t—00

Thus, from the definition of a superior limit, we see that there is a constant #, (> ;) such
that

I(t) < ao, (2.14)

for all £ > £,. Hence, from model (1.2), we obtain

50 = AW - dOS() - jl((?) M2 = BBt M.

Let x(¢), v(¢) be the solution of equations (2.10), (2.12), which satisfy the conditions x(t,) =
S(%;) and v(ty) = P(t,), respectively. Applying the comparison theorem, we have

S(t) = x(2), P(t) < v(t),
for all £ > £,. So by (2.11), (2.13) we get

S(t) > So(t) —e1, forallt>t + Gy, (2.15)
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and

P(t) <po(t) +&, forallt>t, +G,. (2.16)

Then, from the equation for I(¢) in system (1.2), we further have

BE)(So(2) — &1)
L+ y(6)(So(t) — 1)

c2()(po(2) + £1)
wi(t) + So(t) — &1

1) > I(t)[ ~(e® +f®) - } forall ¢ > T*,

where T* = £, + Gy + Go, thus

1(6) > 1(T*) exp( / f [ BO)So(6) - 21)

c2(0)(po(0) + 1)
Ty @)@ ey OO ]dg)‘

T+ wi(0) + So(0) — &1

Therefore, from (2.7), we have I(t) — +00, as t — +00, which contradicts (2.14). Hence,
(2.9) is true.

Second, we claim that it is impossible that I(¥) < «y, for all £ > #;,. From this claim, we
have two cases. In the first case, there exists a T > T*, such that I(¢) > o forall £ > T and
in the second case, I(t) oscillates about « for all large ¢.

Obviously, we merely have to take the second case into consideration. Now, we are in a
position to prove I(£) > ag exp(—(hH + hy))) = m for sufficiently large ¢, where

. c2(2)
h = hntl>soup|:e(t) +f(6) + wl(t)MO}

hy = limsupl:ﬂ(t)go(t) re®)+f(O) + 2 (£)(yo (2) + 81)i|’
>0

wi(£) + So(2)

and
H = max{By, B,}.
Let ¢}, t; be sufficiently large such that
() =1(t;) =a0;  1(t) <o, forallte (¢,25).

If £5 — ¢ < H, then considering the second equation of model (1.2) and integrating it from
tf to t, we have

ol T B©O)SO) f0) c2(0)P(0)
10 = 1(&) exp (/a [1 050 O T e@i®)  m©)+50) +1(e)] de)
> 1(£)) exp( / * |:—e(9) —f(0) - Z((z))MO} de)
> agexp(-mH), forallte [ti“, t;"] (2.17)

If £ — ¢ > H, taking a similar proof as that in (2.15), (2.16), we obtain

S(t) = Sp(t) — &1, P(t) <po(t) +&, forallte [t;" +H, t;] (2.18)
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Then for any ¢ € [t],¢;], when ¢ < t{ + H, we have
1(t) > ag exp(-h H).

When ¢ > tf + H, we choose a nonnegative integer g such that t € [f] + H + g\, ] + H +
(g + 1)A), then by (2.7), (2.17), and (2.18) we have

I(t) = I(tf + H)

C T BO)SO) £6) & (0)P©)
X e""(/m T80 Y Tra@)1@) ~ me) +50) +1(e>] de)

1

> ag exp(—mH)
Xexp(/t [ BO)(So(®) —e1) —e(6)—1(6) - c2(0)(po(0) + &1) }d&)

s L1+ y(0)(So(0) — 1) w1 (0) + So(0) — &1
] +H+qh t
| AN A
B0)(So(0) — 1) c2(0)(po(0) + 1)
g (1 P N R R R A A T WA o) —el) ‘”}

> ag exp(—hH)

t BOGO® -2) . o@)p®)+e) )
Xexp(/ﬁ [1+y(e><so(9)—sl) «0)-116) wl(e>+so<e)—el]d9

1 +H+qh
> agexp(—(ImH + hy))

A

m.
Thus, we finally obtain
I(t)>m, forallte[t,5].
This completes the proof. O
Next we turn to a discussion of how to control the disease and have the following result.
Theorem 2.3 Under assumptions (B1), (B2), (B3), ifthere are constants &, .* > 0 satisfying

(B4) liminf, ., [ B(6)d6 >0,

t
1 e+, B0)S56) f(6) c2(0)p§(0)
> Je (1+y(9)53(9) —e(0) - L+a(0)S3(0) — w1(9)+s(*,(9))d9 =0,

where S§(t), p§(t) are fixed solutions of the following equations:

(B5) lim SUP;—; 400

S(t) = A(t) - d()S

and

() =p(r(t>— eslf) p),

wa(t)

respectively, then the infected prey I will go to extinction.
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Proof First of all, we prove that there is a constant #; > T satisfying I(#;) < o, where o is a
sufficiently small positive constant.

By assumption (B4), there are constants > 0 and T > 0 satisfying

t+&
/ B6)do >n, forallt> T,.
t

For any sufficiently small 0 < o < 1, let o = min{%, %na}. If (B5) holds, we can see that

there exist § > 0 and T; > T satisfying

f(6) 2(0)@;(0) - )

€0 -3 @(0)(S50) +8)  wi(0) + S50) + 6

/*( B(6)(S5(6) +5)

1+ y(0)(S50) +8) - )d@ <0y,

for all £ > T. Let ng be an integer such that i—i <ng < i—i +1and Ag = ngA*, then

/k( BONSO)+) . [(O)
f 1+ y(0)(S§©O) +6) 1+ a(0)(S5(6) + 8)

c2(0)p5(0) - 8)
wi(0) + S5(0) + 6
- /””0”( BONS; () +8)
~ L+y (0)(S5(0) +9)

2(0)(p(0) - 9) )d@
wi(0) + S5(0) + 6

t+2€
—/ B(O)o do
t

< ngoy —2no

1
<_-no. 2.19
<-5no (2.19)

,3(9)0) do

J®
1+ a(0)(S5(6) +8)

e(0)

By the first two equations of system (1.2), Lemma 2.1 in [18], and applying the compari-
son theorem, we see that there is a constant T, > T; satisfying

S(t) +1(t) < S5(t) +8, forallt > T,
Moreover, from model (1.2), we also see that there is a T3 > T satisfying

P(t) > py(t) -8, forallt> Ts.

Denote T = max{Ty, Ts}, i = sup,. (BO)(S5(E) + 8) + e(t) +£(8) + 452005 + B(©)), 5o for
all£ > T, it yields

B@)(S5(2) + 38 —1(2))

@@ o1

i) < I(t)[ /() & (0)(p(t) - 8) }

C1+a@)(SE) +8) wi() +Sp(E) + 6
(2.20)
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Suppose thatI(¢) > o forallt > T, thenlet g* > 0 be an integer satisfying ¢ € [T +g* o, T +
(g* +1)X0), and we integrate (2.20) from T to ¢, yielding

f6)

-1 @(6)(S5(0) + 9)

zu)gzu»@m(/”[ BO)(S;(6) +9)

L+y(0)(S50)+9)

c2(0)(p5(0) - 6)
T m(0) + S50) + 6 _ﬂ(e)a} de)

=1(T)exp{|:/TT+q*)~0 +/Tiq*ko}

B(O)(S5(0) +3) f(6)
x (1 +7(0)(S50) +9) —e0) -1 T a(6)(S50) + 6)

c2(0)(p5(6) - 8)
T @)+ S50) + 6 _ﬂ(9)6> de}

T

1
<I(T)exp (— 3 noq*) exp(Aoh).

Thus, I(t) — 0 as t — +00, which contradicts I(¢£) > o, and we can see that there must be
at; > T suchthatI(f) <o.
Next, we prove that

1(t) < o exp(hiro) (2.21)

for all ¢ > #. If the above inequality is not true, then there is a £, > t; satisfying I(¢,) >
o exp(hio). Therefore, there must be a constant 3 € (1, t,) satisfying I(t3) = o and I(¢) > o
forallt € (t3,¢,). Then we can choose aninteger /; > 0 such that , € [t3+ /110, t3+ (L +1)A0)

and integrate (2.20) from #3 to t;, and we have

o exp(hig) < I(ty)
Sl(ts)exp(/”[ POSO+6-10) _ f@®)

1+ y () (S5@®) +6 - 1(2) T 1+ a(e)(Sit) +8)
COG0-0),)

T wi(e) + S50 + 6

t3+l110 ty
§I(t3)exp{[f +/ :|
t3 t3+lh Ao

X( BOSHO+8) f)
1+ y()(S5(2) +6) 1+ a(2)(S§(2) +6)

e (t)(py(t) — 8)
T @)+ SH0) 16 _ﬁ(t)"> dt}

e(t)

1
<oexp <—§nall) exp(Aoh).

It is a contradiction. Therefore, (2.21) holds.
Finally, as o is an arbitrarily small constant, we can obtain /(t) — 0, as t — +o0.

This completes the proof. d
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Next, the global attractivity of the model will be discussed. First, the definition will be

given below.

Definition 2.1 ([20]) The system (1.2) is said to be globally attractive if any two solutions
(S1(2), [1(2), P1(8)) and (S2(8), Ir(2), P2 (2)) of system (1.2) with initial conditions (1.3) satisfy

lim |S;(¢) - $2(8)| =0, lim |4(2) - L(8)| =0, lim |Py(¢) - P»(8)| = 0.
t—+00 t—>+00 t— +00

Theorem 2.4 Under assumptions (B1), (B2), (B3), if there exist constants ju; >0 (i=1,2,3)
satisfying liminf,_, o A;(¢) > 0, where

a®  (eO-al)
NG RATr

c2 ()M, c3(t)o(t)
— K3

A1(t) = uud(t) —Mzﬁ(t)—m[ Mle]

) 2

wi(t) w3 (6)
Ax(6) = 12 (“f(% v ad6) — e(0)] - g, 2O~ (Wt)%)(‘t”)”(” P (g9
— a0 () - My %
N R
then system (1.2) is globally attractive.
Proof Letx =S + 1, then model (1.2) can be rewritten as follows:
i(t) = M) — d(t)x — [ele) - d(D)]1 - ch(lt()ti —P(s-1) - chégti -
1) = 1[1 f (yt)(f)c(; f)1) el - wcf(g)f x 1 +f c(xt()t)l:|’ (2:23)
ko =p [’(t) T+ a(tc)jc(i) T—o” ]

Suppose that (x;(2), [ (¢), P1(t)), (x2(2), Ir(£), Po(¢)) are two arbitrary solutions of model
(2.23). By (2.2), (2.3), we obtain

my < xi(t) < My, L (t) < My, Pi(t) <M,, forallt>0andk=1,2. (2.24)
Define a Liapunov function

V(£) = pa|x1(8) = %2(8)| + p2 |[In 1 () = In L (8)| + 3 [In Py(2) — In Py () .
Then we have

D*(V(t)) = p1sgn(x; — xz){—d(t)(xl —x2) — (e(t) —d(@)) (I, - I)

—al ot - a)| ot - e

wi(t) +x; B wi(t) + % wi(t) + x1 - W1+ %
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B —-L) BB -h) @l
L+y@)xi—h) 1+y@®xa—-L) wi()+x
()P B f() f() }
wi(t) +xy 1+a@®)  1+a(t)h
c3(t)Py
wa(t) +o(t)x1 + 1 — o (0);

s c3(t)Py }
wa(t) + o (t)xy + (1 — o (8))Ly

+ o sgn(l; —12){

+ 3 sgn(Py — Pz){—

< M1{—d(t)|x1 — x| — (d(t) —e(®)) | - ] + als )lexl x|
wi(t)

a@®M; () -a@)M; @M
[wl(t) a0 W }'PI_PZ'

+ () -a) M( i - L

le(”) 1= Bl + (ex(0) — a1 (0)

+ Mz{ﬂ(t)m — x| -

+c2(t)(lw+17(v:)1())m Pyl +&x(0) M(t)m x2|}
(W (2) + myo (8))

[wa() + (1 + 0 ()M, 2

es(Bo (DM, (1+ o (6)M;

vy — | + —————1I; —12|}
w3 (t) w3 (t)

~{-mdt) a0 | 20 0RO
1

()M, } c3(t)o ()M,
e — x| —_—

W20 w3(t)

+ {—m¢ — u[d(t) - ()] } i~ |

+ (c2(t) — cr(t)) —M|x1 —xz|}

wy (t)

A) [ — L +f(Oa@)|L - L]

1 +y(OM:)?

+ Ms{—cs(t) |PL — Py

M1M2:|

loep — o |

1+ y@)M)?
. {MlMZ (ca(t) - Cl(t)z)(wl(t) + M) + e (OF @)
wy (®)
+ M3M263(t)% } | — L]

ca(t) (w1 (t) + My)
ETCE

* {Ml Ci(,?(}t\;ll (w1(2) + M) +
1
es(O)lwa(t) + mo (1)
TTwa(®) + (L 0 ()M }'Pl ~ Pl

Applying the conditions liminf;_, ., A;(£) > 0 (i = 1,2, 3) and the definition of the inferior
limit, we see that there are constants @ > 0 and T° > 0 such that A;(¢) > a (i = 1,2, 3) for
all £t > T°. Thus we obtain

D*(V(t)) < —a(l&1 — x| + [ = L] + [Py - Py]), (2.25)
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for all £ > T*. Integrating (2.25) from T* to t, we obtain

t

V() - V(T*) < -a f (|x1(s) = x2(5)| + |I1(s) = I (s)| + |P1(s) = Pa(s)|) dis,

To

therefore,

5{/ (|x1(s) —xz(s)| + |11(S) —12(5)| + |P1(S) —P2(s)|)ds < V(T*) < +00. (2.26)
T,

0

At the same time, by (2.23), (2.24), it can be seen that %(xl — %), %(11 - D), %(Pl -P,)
are all bounded on [0, 00). By (2.26), we see that

lim |x(8) —x2(6)| =0,  lim |[L(6) = L(&)|=0,  lim |Pi(t) - P>()| = 0.
t—00 t—00 t—o0
The proof is completed. d

Remark1 For model (1.1), we can also give the condition of the global attractivity for this
SI model without predation as that for model (1.2) in Theorem 2.4, that is, if

lim ioglf[pcld(t) - 2B(8)] >0,

B(t)

oo 1) - e(0) - a0 | 0,

litm inf |:/L2

(e ¢]

then system (1.1) is globally attractive.

3 Some results for the periodic system
If model (1.2) is an w-periodic system, then assumptions (B1), (B2), (B4) can degenerate
into the following forms:
(Al) Parameters A(t), B(¢), y(2), a(t), d(t), e(t), f(t), r(t), o (¢), wi(¢) (i =1,2), and ¢;(¢)
(i =1,2,3) are all nonnegative, continuous periodic functions which have a period
w >0,
(A2) A>0,d>0,7>0,€>0,ci/wy >0, c3/wy >0,
(A4) B>0.
Then we have some results for the periodic system as shown below.

Corollary 3.1 Under assumptions (Al), (A2), (B3), if

So/d+ 7S
R*ziﬂ_ o/( +C’/ o) 4
E+f+ .25

then the infective prey population I of model (1.2) is permanent.
Corollary 3.2 Under assumptions (Al), (A2), (B3), (A4), if

rio PSMrYS
f 2 )

1+aS§ + w1+S§

(e+

then the infective prey population I of model (1.2) goes to extinction.
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Corollary 3.3 Under assumptions (Bl), (B2), ifd” >0, wy > 0, (fv—SZ)V > 0, and there exists a
constant A > 0 satisfying

CIM(z) v

t+3. O)(A -
litminfl/ < i Wisz —e(0) -f(0)
T Ny )G - )
2\ U
_ c2(0) — (’_2 + "MO) )de >0,
wO)+ (G- Ty N B

then the infective prey population I of model (1.2) is permanent.

Corollary 3.4 Under assumptions (B1), (B2), if d” > 0, w} > 0, (;—32)" > 0, and there exist
constants A* > 0, A > 0 satisfying

t+y
litminf/ B6)do >0,
—00 ¢

: M*(—ﬁ(@)(%)“ £(9) QO )de <o,

limsup 3= : L+y(O)(5)" —0 raO)(Z) wi(©) + (5"

then the infective prey population I of model (1.2) goes to extinction.

Remark 2 For model (1.1) without predation, assumptions (B1), (B2), (B4) are equivalent
to the following forms:

(D1) Parameters A(2), B(¢), a(2), y (), d(¢), e(t), f(¢) are all nonnegative, continuous

periodic functions which have a period @ > 0,

(D2) A>0,d>0,e>0,

(D4) B> 0.

If assumptions (D1), (D2), (B3), (D4) hold, then from Corollaries 3.1 and 3.2, we can
obtain the threshold value between extinction and permanence of the infective population

in system (1.1), that is,

1) IfR= % < 1, then the infective prey population of model (1.1) goes to
extinction, ’
2) IfR = M > 1, then the infective prey population of model (1.1) is permanent.
(e+f/1+asSy)

4 Numerical simulation and discussion

In this section, a set of numerical simulations are carried out to confirm and visualize our
theoretical results. The role of predation on the system dynamics is discussed by compar-
ing system (1.2) with the SI model (1.1). Moreover, the effects of the functional response
in controlling disease is compared between system (1.2) and the model in [15].

First, for model (1.2), we choose the parameters A(t) = 0.5 + 0.3sin¢, d(f) = 0.6 +
0.2sin(2t), e(t) = 0.3 + 0.2sin¢, f(£) = 0.05 + 0.04sint, r(¢) = 0.5 + 0.4sint, a(t) = 0.2 +
0.01sint, y(£) = 0.05 + 0.01sint, wi(£) = 8 + 0.5cos ¢, wy(t) = 0.2 + 0.08sint, o(£) = 0.8 +
0.1sint, ¢;(t) = 0.2 + 0.1sin¢, cp(¢t) = 0.4 + 0.1sint, c3(£) = 0.3 + 0.1sin . Then assumptions
(C1), (C2), and (B3) hold. Let B(£) = 0.36 + 0.1sin¢, by calculation we see that the upper
threshold value R* = 0.9062 < 1, which satisfies the conditions in Corollary 3.2. Thus, the
infected prey population will go to extinction (see Figure 1). Then, let the infective rate
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increase to B(£) = 0.9 + 0.1sint, being similar to the above calculation, we can obtain the
lower threshold value R, = 2.2271 > 1 and see that model (1.2) is permanent from Figure 2,
which verifies the conclusion of Corollary 3.1.

Second, let d(¢) = 0.5 + 0.1sint, e(t) = 1.2 + 0.2sin¢, y(¢) = 0.3 + 0.01sin¢, B(¢) = 1.8 +
0.1sint, and the other parameters are the same as in Figure 1. Considering system (1.2)
with initial conditions (0.5,1.7,0.6), (0.01,0.07,0.09), (0.2,1.1,0.03), (0.03,0.06,0.02),
(0.3,0.3,0.3). From Figure 3, we can see that system (1.2) is globally attractive.

Third, we will study the role of predation on system dynamics through making a com-

parison between model (1.2) and (1.1).

25
I
AR RN
(R
| I |
sV e
T e
O R AR R ATRTRTRIRTRIR TR TR
SO R RIRTAT AT ATATATRTATATATATATATATAIN
5 ol o U U
‘ S(t)
0.5’\
(=T
00 20 40 60 80 100 120 140
t
() b)

Figure 1 The left figure shows the movement paths of S, /, and P as functions of time t, while the right
one depicts the graph of the trajectory in (S, /, P)-space. The disease goes to extinction.

3
ATy
f\u“u\;‘\\N\\H\‘\\‘w“‘\‘m\”HH\H\
2 ‘W‘\r‘\w‘\“‘w‘”\’\‘\“f\\‘f\”Hw‘\/\“‘f’("'
g ‘\JH‘H\“/HH\H“H“H\H\“HH“\“H‘
sl (VU UYL
g's ‘\VV\/‘UUVUUU VUV Uy i
@
\
[T} i
A\/ £SO
0.5 q
[
00 2‘0 4‘0 5‘0 8‘0 ‘(‘]0 12‘0 140
t
@ (b)

Figure 2 The left figure shows the movement paths of S, /, and P as functions of time t, while the right
one depicts the graph of the trajectory in (S, 1, P)-space. The disease is permanent.

Figure 3 The periodic solution of system (1.2) is
globally attractive.
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Now, let 8(¢) = 0.38 + 0.1sin¢ and retain the other parameter values as in Figure 1, then
we can see that the two upper threshold values are R* =0.9987 <1, R* = 0.9528 < 1 for
models (1.1) and (1.2), respectively, which shows that the infected prey I goes to extinction
for both models (see Figure 4). Observing that R*> R*, which means we have predation,
the infected prey I in model (1.2) will be extinct more early and easily than in system (1.1).
The results can also be observed from Figure 5, in which we choose §(£) = 0.58 + 0.01sin¢,
c3(t) = 0.08 + 0.01sint, e(t) = 0.4 + 0.02sin £, and we can obtain the threshold values, R =
1.1019, R* = 0.9567, for models (1.1) and (2.2). The figure shows that model (1.2) is disease
free, while the infected prey population for model (1.1) without predation is permanent.
Then we conclude that the predator can be used as a bio-controller to keep the model
disease free.

Next, let the infection rate increase to 8(¢) = 0.8 + 0.1 sin £, we can easily get I,Q; =2.0255>
1, R, =19611 >1 and 1’?\* > R, for models (1.1) and (1.2), respectively. Then we can observe
that all the species of system (1.1) and (1.2) enter into a steady state from Figure 6. There-
fore, we could conclude that predation is benefit for controlling disease and enhancing
permanence in a predator-prey model.

Fourth, some discussions are given for the intermediate case where R* > 1 while R, <1.
Choose the infection rate 8(£) = 0.438 + 0.1sin¢ and retain the other parameter values as
in Figure 1, then we can see that the two threshold values are R* = 1.0881 > 1 and R, =

14 25
12 1 “\
I
\ ‘\ \ '\\ I\ \’ \ \
1 1 \ I \ | |
<s) \H“\(‘ ‘\“\‘H‘ HH‘ \‘\ \‘ HH\H\
“m‘\ T
=150 \H\‘H‘H\ ‘\\ \‘\
208 g u N Hm T U\‘ <0
= |l “\H /\HH HH WH‘\H\
3 < \‘“w‘r‘w‘\w““w\“ﬂ [RIRTAININ
0.5\ z | i \ ‘}“HHU ‘U“M‘L
0_4\/\\ | ‘ <s()
0.5}
02 <0 — )
0
00 20 40 60 80 100 120 140 00 20 40 60 80 100 120 140
t t
() (b)

Figure 4 Extinction of the infected prey / for models (1.1) and (1.2), respectively.
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Figure 5 The left figure depicts permanence of the infected prey / for model (1.1), while the right one
shows it is disease free for system (1.2).
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Figure 6 Permanence of the infected prey / for models (1.1) and (1.2).
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Figure 7 Extinction of the infected prey / for model (1.2) when the two threshold values are
R*=1.0881>1and R, =0.9982 < 1.

0.9982 < 1 for model (1.2). From Figure 7, it can be shown that the infected prey I goes to
extinction. Changing the infection rate from B(¢) = 0.53 + 0.1sin¢ to 8(¢) = 0.73 + 0.1sin¢,
then we have the upper threshold values R* =1.3027 and R* = 1.7692, respectively, which
are also greater than 1, however, by Figure 8(a)-(b), it can be seen that the infected prey
population is permanent. From Figure 7, it could be concluded that if the lower threshold
value R* <1, the infected prey could go to extinction. In addition, comparing Figure 7(a)
and Figure 8, it could be shown that the condition we obtained for the extinction of the
infected prey is only a sufficient condition. What is the sufficient necessary condition?
This will be left as our future consideration.

Last but not least, we turn to the role of the functional response in controlling disease.
In [15], we considered a predator-prey model with a linear predation rate for migratory
birds, that is,

1 BOSOIO)
0= A0 - [ 5~ SO +FO10 -k OSEPE)
i - —5(‘)5((?’ Et; (e(®) + FO)I(0) ~ KaO)IOP), (4.0

P(t) = r(t)P(t) |:1 - %t))} + k (£)S(t)P(t) — ky (£)1(2)P(2),
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Figure 8 Permanence of the infected prey / for model (1.2), the only difference between these graphs
is the infection rate. (a) B() =053+ 0.1sint, R* = 13027 > 1, (b) B(t) =0.73+0.1sint, R* =1.7692 > 1.
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Figure 9 Extinction of the infected prey / for models (4.1) and (1.2), respectively, with
B(t)=0.7 +0.1sint.

/357)/(14—0150
. o @ +ky0) —
ulation of system (4.1) goes to extinction. However, in this paper, we assume that the

by theoretical analysis, we showed that if R* = < 1, then the infective prey pop-
predator eat both the susceptible and the infected prey population with modified Leslie-
Gower schemes and we obtain the upper threshold value R* to determine the extinction of
the infection. Now we give a numerical simulation to study the effects of different preda-
tion rates in controlling the disease. Let A(¢) = 0.2 + 0.1sin¢, d(£) = 0.5 + 0.2 sin(2%), e(t) =
0.6 + 0.2 sin(2¢), f(£) = 0.05 + 0.045sin(2¢), r(¢) = 0.5 + 0.4sin¢, B(t) = 0.7 + 0.1sin¢, K(£) =
0.1 + 0.08sint, wy(t) = 2 + 0.5cost, wo(£) = 0.1 + 0.08sint, ¢;(¢) = ki (t) = 0.2 + 0.08sin¢,
c2(t) = ka(t) =1+ 0.5cost, c3(t) = r(£) = 0.5+ 0.4sin¢, y(¢) = 0.2 + 0.1sin¢, k{(t) = 1.1 +sin¢,
ky(£) = 0.2+ 0.08cost, o(t) = 0.8 + 0.1sint, and «(t) = 0.2 + 0.1sint for system (4.1) while
a(t) = 0 for system (1.2). Then we can obtain the upper threshold values R* = 0.4226 <1
for model (1.2) and R™* = 0.8836 < 1 for model (4.1), from which we see that the infected
prey I goes to extinction for both models, and Figure 9 confirms it. Moreover, obviously,
R* < R* and we can conclude that the modified Leslie-Gower functional predation rate
may be a good choice that can be used to control the disease more easily and effectively.

5 Conclusion
In this paper, a new nonautonomous predator-prey model for migratory birds has been
considered. The main results for permanence, extinction of the disease, and global attrac-
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tivity of the system are obtained in Theorems 2.1-2.4. Theorem 2.1 shows that the predator
and prey in the model are permanent if the condition (2.1), which is the inferior limit of
the minimum loss of the predator on interval [, £ + w;] for some constant w; > 0, is estab-
lished.

In Theorem 2.2, so(t) is the density of the susceptible prey without infected prey at time
£, satisfying S@t) = A@t)- %M% —d(t)S. It is shown that so(£) is a globally attractive state of
the susceptible prey. In addition, py(¢) is the density of the predator without any infected
prey at time ¢, satisfying p(¢) = p(r(¢) + ;%—Ego(t)M% - Iizg)) p). From Lemma 1 of [19], it can
be shown that po(¢) is also a globally attractive state of the predator. Then S(¢)So(¢) —e(t) —

f@) - % is the available minimum growth rate of the infected prey at time ¢. Thus,

the left hand of inequality (2.6) implies an inferior limit of the available minimum growth
rate of the infected prey in the mean on the interval [¢, £ + A]. By Theorem 2.2, the infected
prey will be permanent when the inferior limit is positive.

Theorem 2.3 implies that the infected prey will be extinct when the superior limit of the
available maximum growth rate of the infected prey in the mean on interval [z, + A*] for
some constant A* > 0 is non-positive.

In Theorem 2.4, through constructing a Liapunov function, a diagonal dominance con-
dition for the global attractivity of system (1.2) is presented.
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