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Stage-structured predator-prey models with disease in the prey are constructed. For the purpose of integrated pest management,
two types of impulsive control strategies (impulsive release of infective prey and impulsive release of predator) are used. For Case 1,
infective prey applications are more frequent than releases of predator (natural enemies). For Case 2, predator (natural enemies)
releases are more frequent than infective prey applications. In both cases, we get the sufficient conditions for the global attractivity
of the susceptible prey-eradication periodic solution. In addition, the persistence of the systems is also discussed. At last, the results
are discussed and some possible future work is put forward.

1. Introduction

Pests, such as insects, mice and other animals, unwanted
plants (weeds), fungi, microorganisms, and so forth, are
living organisms that occur where they are not wanted or that
cause damage to crops or other animals. How to minimize
the loss caused by the injurious insects and injurious germ
carrier to the important plants, animals, and human being is
always the common problem concerned by the entomologists
and society. Human has adopted some advanced and modern
weapons such as chemical pesticides, biological pesticides,
remote sensing and measuring, and so on to deal with pests,
and some great achievements have been obtained [1-7].

The traditional chemical control only care about the
current effect, but seldom take the influence on the ecosystem
into consideration. And it caused many problems such as
environment pollution, pest resistance to the pesticide and
pest reemergence, and the like. In this regard, it has been
observed that beneficial insects are often more susceptible to
chemical pesticides than the target pests are. In the same time,
the concentration of the pesticides in use tends to increase
with time and usage, since many pests develop resistance

to these chemicals. This kind of pest management strategy
was considered by many authors [8-12]. At present more
and more people are concerned about the effects of pesticide
residues on human health and on the environment.

Compared to chemical treatment, nonchemical methods
are safer to man and are generally effective for longer periods
of time. One example of nonchemical pest control methods
is biological treatment [13-17], including microbial control
with pathogens, as disease can be important natural controls
of some pests. Insects, like humans and other animals, can
be infected by disease-causing organisms such as bacteria,
viruses, and fungi.

People also use natural enemy to control pest or regulate it
to densities below the threshold for economic damage. Often
with augmentation or release, the natural enemy is applied
like a pesticide after the pest has reached or exceeded the
economic threshold. There are many literatures concerning
natural enemy for pest control [18-25].

Many kinds of predator-prey models have been studied
extensively [1, 2, 6, 20, 26-28]. In the natural world there are
many species whose individual members have a life history
that takes them through two stages: immature and mature.



In particular, we have in mind mammalian populations and
some amphibious animals, which exhibit these two stages. In
recent years, stage-structured models, with or without delays,
have been studied by several authors [26-33]. In addition,
there are many control methods and results for complex
dynamical network model [34-38], from which we can learn
for the proof of our main results.

Motivated by [1, 14, 24, 25, 33, 34], in this paper, we will
consider predator-prey models with stage structure in the
prey. The prey stands for the pest population and the predator
stands for the natural enemy population. That is, we call the
pest and natural enemy as prey and predator, respectively.
Here, the pest population will be controlled by releasing
natural enemy and infective pests together. The infective pests
can be cultivated in the laboratory and the natural enemy can
be migrated from other regions. Once the susceptible pest
meets with the infective pest, there is a chance to be infected.
The infective pests have more possibility of death due to the
disease and have less damage to the crops and environment.
In fact, there is such example: salt cedar leaf beetle is a pest,
and it is hatched from eggs. We call the egg stage as immature
pest, and mature pest after it is hatched. In view of its eggshell,
pathogens may not be effective against pest eggs. That is, the
disease only attacks the mature susceptible pest. Birds are the
natural enemy of the beetle, and we call them predator.

The organization of this paper is as follows. In the
next section, the main biological assumptions on which the
models rely are formulated and the models are constructed.
In Section 3, to prove our main results we give several
definitions, notations, and lemmas. In Section 4, we analyze
the first case and determine the sufficient conditions for the
global attractivity of the susceptible pest-eradication periodic
solution and permanence of the system (5). In Section 5, we
analyze the second case by similar method and obtain the
sufficient conditions for the global attractivity of the suscepti-
ble pest-eradication periodic solution and permanence of the
system (6). In the last section, a brief discussion and some
possible future work for pest management are provided.

2. Model Formulation

We assume that the life time of the prey population has two
stages, immature stage and mature stage. x(¢) represents the
density of the immature prey (pest) population. S(¢), I(t)
represent the densities of the susceptible and infective mature
prey (pest) population, respectively. The predator population
has only one life time stage. y(t) is the density of the predator
(natural enemy) population. And the following assumptions
hold.

(H,) We suppose that the infective prey can neither pro-
duce offspring nor attack crops due to the disease,
and only the susceptible prey can reproduce. At any
time t > 0, birth into the immature prey population
is proportional to the existing susceptible mature
prey population with proportionality r. The immature
prey population will transfer to the mature prey class
after its birth with a maturity period of 7. The term

re'S(t — 1) represents the immature prey that
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were born at time t — 7 (i.e.,, rS(t — 7)) and still
survive at time ¢ (with the immature prey death rate
d,), and therefore represent the transformation from
immature prey to mature prey.

(H,) The immature prey population has the natural death
rate d,. The parameters d,, d; are the death rate for
the susceptible and infective mature prey, respectively.
The predator population has the natural death rate d,.

(H;) We also suppose the natural enemy only capture
the susceptible mature prey population, since the
immature and infective prey population are hidden in
the sanctuary, and the predation functional response
is type Holling I, § (0 < § < 1) is the conversion
rate for predation. The mature prey is divided into two
classes, susceptible and infective. The incidence rate is
classic bilinear 3S(t)I(t), and f3 is the contact number
per unit time for every infective prey with susceptible

prey.

(Hy) We assume 7, (n = 1,2,...)and A,, (m = 1,2,...)
are impulsive point series at which the infective prey
and natural enemies are released, with the releasing
amounts g, and g,, respectively. According to the
above assumptions, we have two different cases as
follows.

Case 1. 'The releases of infective pests are more frequent than
releases of natural enemies.

We release the natural enemies impulsively with releasing
amount ¢, at time A,,. Assume A,,,; — A, = Ty holds for
allm (m € Z,), where Ty is the period of releasing natural
enemies. During the period, p times of the infective pests are
released. That is, there exists an integer p, such that 0 < 7; <
T, < T3--+ < T, < Ty. For the convenience of calculation and
research, weassume that 7, = 7, -7 = 13—-1, = +- = Ty~ 7.
Accordingly, the mathematical model will be

d’;it) —rS(t) - dyx (£) - re M TS (t - 1), |
% =re 7S (t - 1) - d,S(t) — aS? (t)
B0~y @t
% = BS()I() - dsI (1),
SO T
Ax()=0, AS®H) =0, AI(t)=q,
Ay(t)=0, t=A,+1,icP,meZ,
Ax()=0, AS(H)=0,  AI(f)=0,
Ay(t) =gy t=2A,, meZ,

@



Abstract and Applied Analysis

where we denote P = {1,2,...
throughout the paper.

,ptand P, = {1,2,...,p -1}

Case 2. Natural enemies releases are more frequent than the
release of the infective pests.

We release the infective pests impulsively with releasing
amount ¢,. Assume that 7,,; — 7, = T} holds for alln € Z_,
where T is the period of releasing the infective pests. During
the period, p times of natural enemy releases are applied.
That is, there exists an integer p, such that 0 < A; < A, <
Az+-+ < A, < Ti. For the simplicity of calculation and
research, we assume that A; = A, - A}, = A; - A, =

- = T = A, Accordingly, the mathematical model will

be
dx—it) = rS(t) —dyx (t) - re TS (t - 1), |
% =re 7S (t — 1) - d,S (t) — aS? (1)
BSO10- 5 0sy0, S
O g5y 10 -ar ),
b0 B0 oy,

Ax(t)=0, AS(H)=0, AI(t)=0,
Ay(t)=qy t=t,+A, icP,neZ,
Ax(t)=0, AS(H)=0, AI()=q,
Ay(t)=0, t=1, nez,.

(2)

(Hs) For ecological reasons, we always assume that the
initial values ® = (¢, ¢,, $5, ¢,) for system (1) and
(2) satisty

¢ €C([-1,0],R}),  ¢(0)>0, i=1,234 (3

where R} = {(x,$,1,y) : x 20,§> 0,1 >0,y > 0}
For continuity of initial conditions, we require

' ré, (s) e*ds, (4)

s 0= |

where ¢, (0) represents the accumulated survivors of
those prey members who were born between time —7
and 0.

For the above two models, note that x(¢) will not have
impulsive perturbation, and it is not included in the other

equations of system (1) and (2), so we only need to consider
the following subsystems:

% =re 7S (t - 1) - d,S () — aS? (t) ‘
aS (t)
—ﬁs(f)l(t)—m)’(t): e
L0 psoy 10 - dst o), FEhn %
dy (t) B das (t) B
ar 1+bS(t)y(t) duy (@),
AS(t) =0, AL(t) = qy,
Ay(t)=0, t=A,+1,i€eP,meZ,
AS(t) =0,  AI(t)=0,
Ay(t)=¢q,, t=2A,, meZ,
(5)
% = re TS (t - 1) - d,S(t) - aS? (£) \
aS (t)
-BS(H)I(t) - my(f), | b4,
d t#T,+ A,
LO _ ps o1yl o), o
dy (t) _ daS(t) B
dt ~ 1+bS (t)y(t) iy (),
AS(t) =0,  AI(t)=0,
Ay(t)=¢q,, t=1,+A,ieP,neZ,
AS(t) =0, AL(t) = q,,
Ay(t)=0, t=r1, neZz,.
(6)

Accordingly, the initial condition of systems (5) and (6)
becomes
¢i € C([_T>O] ’Ri) >

$:(0)>0, i=1,2,3  (7)

3. Preliminary

We give some definitions and lemmas which will be useful for
stating and proving our main results.

Definition 1. System (5) and (6) are said to be permanent
if there are constants m, M > 0 (independent of the
initial values) and a finite time T, such that for all solution
(S(t),I(t), y(t)) with initial conditions (7), m < S(t) <
M,m < I(t) < M,m < y(t) < M hold for all t > T;,. Here T,
may depend on the initial values.

Lemma 2 (see [39]). Consider the following equation:

dX _ _ _ _ 2
E—ax(t T)—bx (t) —cx” (1), (8)



where a, b, ¢, T are positive constants, and x(t) > 0 for—t < t <
0, then one has the following.

(i) Ifa > b, then lim, _, ., x(t) = (a - b)/c.
(ii) Ifa < b, thenlim, _, . x(t) = 0.

Lemma 3 (see [40]). Let V : R, x R" — RandV €V,
Assume that

D'V(t,X)<gtV (X)), t#kr,
)

V(LX) <Y, (VX (1), t=k

where g : R, x R — R"is continuous in (kt, (k + 1)7] X R}
and for eachv e R,n € Z,

(ty) EI&TJr’U)g (t’y) =9 (k‘l,’ ) U) (10)

exists and is finite. g(t,U) is quasi-monotone nondecreasing in
Uand¥, : R? — R} is nondecreasing. Let R(t) = R(t,0,U,)
be the maximal solution of the scalar impulsive differential
equation

U (t)=gtU), t#kr,
Ut =%, U®), t=kr a1
U((0")=U, >0,

defined on [0, 00). Then V (0%, X)) < U, implies that V (¢, X(t))
< R(t), t = 0, where X(t) is any solution of system (1) existing
on [0, 00).

Note that if one has some smoothness conditions of g to
guarantee the existence and uniqueness of solutions for (11),
then R(t) is exactly the unique solution of (11).

Lemma 4 (see [1]). System
2 () =-dz(t),
Az (t) =6,

t +nT,
(12)
t =nT,

has a positive periodic solution z* (t), and for every solution z(t)
of system (12) with positive initial value z(0), one has |z(t) —
Z*(t)] — O0ast — +oo, where z*(t) = e ¢ (1 — ¢79T)
fort € (nT, (n+ 1)T], and z*(07) = 6/(1 — &%),

Lemma 5. There exists a positive constant M such that S(t) <
M, I(t) < M, y(t) < M, for each solution (S(t),I(t), y(t))
of system (5) with positive initial values (7), where t is large
enough.
Proof. Define a function V such that

V(#)=08SEt)+3I(@)+ y (). (13)
By simple computation, we see that whent#A,,,t #1,, + 7,

D'V|g +dV
= 6re TS (t—1)+ 6 (d—d,)S(t)

(14)
+8(d—d)I(t)+8(d-d,)y(t)-daS (t)

< 8re TS (t— 1) - 8aS> (t).
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Since the right-hand side of the above inequality is a quadratic
with negative quadratic coeflicient, it is bounded from above
for all (S(t), I(t), y(t)) € Ri. Hence there exists a positive
constant M, = re " /a, such that

D+V|(s) <-dV(t)+ M, fort#A,, t#A,+1. (15)
Obviously, we know

V(t+)=V(t)+q1, fOI‘t=Am+Ti’iep

(16)
V(t+) = V(t) + QZr for t = Am’ m € Z+‘
Consider system
D'V () < —=dV (t) + My, t#M,, t#A, +T,
(17)
VI )<sV()+q t=A,ort=2A,+T1,
where d = min{d,,ds,d,}, g = max{q,,q,}.
According to Lemmas 3 and 4, we derive
Mo q —dt
Vo= (V) -3 - =)
d(t-1,,)
+ My . (18)
d 1- e*dTN
M,
70+ l—da , ast— 0o

Consequently, by the definition of V(¢) we obtain that each
solution of (5) with positive initial values is uniformly
ultimately bounded above. This completes the proof. O

Remark 6. For system (6) with initial value (7), we have
similar result as Lemma 5.

4. Analysis of System (5)

In this section, we determine the global attractive condition
for the susceptible pest-eradication periodic solution and
permanence of system (5).

If S(¢) = 0 forallt > 0, then we get the following
subsystem of system (5):

dI (t)

Tz—dﬂ(t),
t#A,, t#A,+1;,
Mz_d4y(t))
dt (19)
AI(t)=gq,, t=A,+T,icP,

Ay(t)=q,, t=2A,, meZ,.
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By Lemma 4, system (19) has a unique positive periodic
solution as follows:

(6 —dy(t-A,,
I*e B, (/\ A, +1]
[edth) g Ze ds(t-ApTy)
. te()tm+r)t +T],i€P,
: (20)
[redathn) o o N it
e +q, e ,
j=1
€ (Am +Tp,Am+1] ,
* * —d,(t=A
Y O =y e T e (M A
where
=P ,~d;(Ty—7j)
I G 2j- € ’ . 9 (21)
1-edn 1-e by’

Thus, we get the presentation of the susceptible pest-eradica-
tion periodic solution of system (5) as (0, 1%(¢), y*(¢)). And
we have the following results about this periodic solution.

Theorem 7. The susceptible pest-eradication periodic solution
of system (5) is globally attractive provided that

adq,

re T
(1 +bM) (etTw —

<d,+prre®n+

Proof. Since (22) holds, we can choose a sufficiently small € >
0 such that

T<d,+ ﬁ(I*e_d3TI - e)

o (™ (1 -4)) -

6) (23)
1+bM ’

Let (S(t), I(t), y(t)) be any solution of system (5) with positive
initial values. From system (5), we have

dI (t)

> —d,] (),
ddft) t#N,, t£A, + T,
y_ = _d4y ),
dt (24)
Al(t)=q,, t=A,+T1, i€P,

Ay(t)=¢q,, t=A,, meZ,.

According to Lemmas 3 and 4, for the above ¢, there exists
n, € Z,, such that

21" ()-exT"e™m—c2y,

gpe T (25)

y(t)Zy*(t)—EZW—GZWz

hold for all t > n, T

5
Thus, for t > n, Ty + 7, we have
S@) =re TS (t - 1) - d,S (1)
S (1)
—aS (1) - BSOI () - ——2—y (b),
S () - BS () I (t) 1+bS(t)y()
(26)
<reS(t-1)
-|d ]S t) -S> (t).
o+ B+ e |5 @) - a8 ()
Consider the following comparison equation:
z () =re "z, (t-1)
(27)

- [dz + pmy + bM] z (t) - 0421 (t).

By Lemma 2, we have limt_wozl(t) = 0. And by Lemma 3,
we have S(t) < z,(t), for t > n, Ty + 7 from which we get
lim, _, ,.S(t) = 0. Therefore, for any positive constant €, small
enough (0 < €; < min((d;/p), (d,/(8a — bd,)))), there exists
an integer n, (n,Tyy > n, Ty + 7) such that 0 < S(t) < ¢, for
all t > n,Ty.

From system (5), for all t > n,Ty; we have,

dI (t) < (fe, -
1

dy (t) - ( Sae,
dt — \1+be

d;) 1),
t#A,, t#£A, + 1T,
> (t)

Al(t)=q,, t=A,+T, i€l

Ay(t)=q,, t=A,,meZ,.

(28)
From Lemmas 3 and 4, for any sufficiently small positive €,,
there exists an integer n; (1; > n,) such that

I(t) <w; () + ¢,

(29)
y() <w, (t)+e
for all t > ny Ty, where
w]etPard)=An) =y ¢ ()L Amt1],
w*e(ﬁel 3)(t=Ap) +q Ze(ﬁel —d;)(t-A,, )
j=1
. te(A, +TA, +Ty],i€P,
w, (t) =9
¢ Berd)A) o 5 Ber=di) (-,
we +q, e j
j=1
€ (A +Tp A »
w; (t) = w;e((éael/(1+el))7d4)(t7/\m)’ te (Am’Aerl] ,
q ePer=ds)(In=1))
*
@ = 1 e 4TIy ’
w* = 1D
2 T 1 o(Gae/(Lre)-dy) Ty
(30)



are the solutions of the following comparison system:

d
%(t) = (Be; —d;) w, (1),

dw, (t) ( dae,
dt  \1+be

t# A,
t#A, +1;,

_d4>w2 (t)’

Aw,(t)=q,, t=A,+T1, i€cP,

(€))
Aw,(t)=q,, t=2A,, meZ,
w; (m3TY) = 1 (nsTy) > 0,

w, (mTy) = y (nsTY) > 0.

Since €, €;, €, can be small enough, we have w; (t) — I"(t),
w;(t) — y*(t) as €,€;,6, — 0. From (25) and (29), we
deduce that S(t) — 0,I(t) — I'(t),y(t) — y*() as
t — 0. Therefore, (0, I* (t), y* (t)) is globally attractive. This
completes the proof. O

Corollary 8. (1) If q, =
Theorem 7 becomes

0, then the condition (22) of

(re ™ —dy) (L1 bM) (47 —1) | (32)

92 > a =

which means that if only natural enemies are released impul-
sively, then the release amount must be larger than q,, to ensure
the eradication of the susceptible pest.

(2) If g, = O, then the condition (22) of Theorem 7 becomes

(re_d‘T - dz) (1 - e‘d3TN)

T ﬁ ]:f e_d3(TN_(Tj_Tl))
]:

2 ql* (33)

which means that if only infective pests are released impulsively,
then the release amount must be larger than q,, to ensure the
eradication of the susceptible pest.

Through Theorem 7 and Corollary 8, we can get the
sufficient conditions for global attractivity of the susceptible
pests-eradication periodic solution. That is, the susceptible
pest population is eradicated totally. But in practice, from
the view point of keeping ecosystem balance and preserving
biological resources, it is not necessary to eradicate the
susceptible pest population completely. In fact we hope the
susceptible pests and natural enemies can coexist, and at the
same time the susceptible pests do not cause immense eco-
nomic loss. Thus, it is meaningful to study the permanence
of system (5).
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Theorem 9. The system (5) is permanent provided that

P —di(t,-T;)
re s d +p Ze Y +
2 ‘11]‘_1 1 — o-doTn

aq,
1—e v’

(34)

Proof. Since (34) holds, we can choose sufficiently small
positive number €,7, (0 < #, < min((d;/p), (d,/(6a —
bd,)))) such that

q ijf o Pra=ds)(Tp=1))
1- e(ﬁ’h_da)TN te

E=7’e_dlr—d2—“’74_/3<

B D
a ( 1 o@an /(b)) dTy 6) >0

(35)

Suppose X(¢) = (S(t),I(t), y(t)) is a solution of system (5)
with initial values X(0") > 0. By Lemma 5, there exists a
positive constant M such that S(t) < M, I(t) < M, y(t) < M
for all  large enough. From (25), we know that I(¢), y(t) are
positive lower bound. Thus we only need to find 77; > 0 such
that S(t) > #; for all t large enough.

We claim that for any t, > 0, it is impossible that S(t) < #,
for all £ > t,. Suppose that the claim is not true. Then there is
at, > 0 such that S(t) < n, for all t > .

Then, from system (5) we have

1) =BSOI(t)~dsI(t)
< (Bry—ds) I1(1),

oy 6aS(1)
YO = s

dan, )
S<l+bf74 d4 y(t)>

() —dyy(t)

AI(t)=q;, t=A,+T,

Ay(t)=¢q,, t=2A,.

From Lemmas 3 and 4, for the above selected € in (35), there
exists a time T} > ¢, + 7 such that for all > T} we have

I(t)<u; (t)+e€

I i

+ez¢,
1 — eBna=ds)Ty & (37)

y(t) <u; () +e

D
1 — e((Ban,/(1+bry

))_d4)TN +€e= Eb



Abstract and Applied Analysis

where u] (t), u; (t) are the solutions of the following compar-
ison system:

iy (8) = (Briy = ds) uy (B), "
iy (t) = (18:‘2;*74 —d4>u2 @, [ t# A+,
Au, (t)=qy, t=A,+T,
Au, () =g, t=2A,,
u (1Y) = 1(T)) > 0,
uy (T7) = y(T7) > 0,

'uike(ﬁm—da)(t—/\ ) (/\ A +Tl]

ut ePra=ds)(t=A,,) (Br4=ds)(t= /\m—fj)

+q, Ze

te()tm+r A+ Tinr]

*

u, (t) =9.
o Brud)tA) o N (Brd)A, )
ute My—a3 ’"+611Ze My—a3 m= )
\ te(Ay+Tphpl,
u; (t) = u;e((éam/(1+br14))—d4)(t—/\m)) c (Am’Am+1] ,
J=p )T,
*_qlzjle(ﬁm NT)
ul - 1- e(ﬁm_ds)TN ’
u; _ 9

1 — e((dany/(1+bny)—-d, )Ty *
(38)

Note that the first equation of system (5) can be rewritten as

S(t) =re 7S (t — 1) - d,S () — aS> (£)

B 10~ 750y 0,
_ —-d,t ay (t) (39)
—[T@ —dz—aS(t)—ﬁI(t)—m:IS(t)

t
- re_d”% <L_T S (u) du) )

In the following we define a Liapunov functional as
t
U@ =5+ re*dlfj S (u) du. (40)
t—7

Then the derivative of U(t) with respect to the solution of
system (5) is

U@t) =re 7S (t) - d,S(t) — aS* (1)

B 10~ 750y 0,
= AT _ g — _ L(t)
=|re d, —aS(t) - BI(t) T+ b5 S(t).
(an)

7
From (37) and (41) we have
00 = [re "~ dy = a0~ pr ) - ;20 50
> [re ™" —dy —aS () - Bu; (1) +e)
—a(u; () +€)]|S@).
(42)

Let mine (7, 7.75(t) = Sp > 0.

We will show that S(t) > S, for all t > T,. Otherwise
there exists a nonnegative constant T, such that S(t) > S, for
te [T, Ty +1+T,],S(Ty+7+T,) = Syand S(T, +7+T,) < 0.
Thus from the first equation of system (5) and (35) we easily
see that

S(Ty+7+T,)
re TS (T, + T,) — dyS (T, + 7+ T)
—aS’ (T, + 7+ T,) - BS(T, + T+ Ty)

aS(T, +1+T,)
1+bS(T, +1+T,)

xI(T, +7+T,) - (43)

xy(Ty+1+T,),
> S, [reid”—dz—am—ﬁ(u;‘ (t) +€)
-a (u, (t)+e)] >S,E>0

which is a contradiction. Hence we get that S(t) > S, > 0 for
allt > T,.
From (37) we have for all t > T

Ut) =re 7S (t) - d,S (t) — aS* (£)

as (1)
—.Bs(t)f(t)—my(t),
=[ W~ aS(t) - BI(t) jybg)(t)] ()

> S, [reid” —-d,—an,

—B(uy () +e)—a(u () +e) |

> Sp€ > 0,
(44)

which implies U(f) — coast — oo. This is a contradiction
to U(t) < M + rtMe ™. Therefore for any positive constant
t, the inequality S(t) < #, cannot hold for all ¢ > ¢,,.

By the claim, we need to consider two cases.

Case 1. (S(t) > n,) for all large t, then our aim is obtained.
Case 2. (S(t)) oscillates about #, for all large t. Denote

7, = min < s —(dz+¢xM+,851+a§2)‘r) _ (45)



In the following we will show that S(t) > 13- Since S(t)
oscillates about 7, there exist positive constants ¢ and 6, such
that

S =S({t+6)=n,,
~ ~ (46)

S(t)<n, t<t<t+06,
where 7 is sufficiently large, and the inequalities (37) hold for
t <t <t+0. Since S(¢) is continuous and bounded, and it is
not effected by impulse. So there exists a constant T (where
0 < Ty < Tand Ty is independent of the choice of ) such that
S(t) > ny/2forallt <t <t+Tj.

If 6 < T}, our aim is obtained.

IfT; < 0 < 7, from the first equation of system (5) we
have, fort <t <t+0

$(t) = (~d, - aS(t) - B (t) - ay (1)) S (t)
> —(d, +aM + P& +ak,)S(t),

then

“oraMafhiral)t fo <t <F+O<t+1. (48)

S(t) = nye

It is clear that S(f) > 77, fort <t <t +6.

If0 > 7, then we have that S(t) > 1 fort <t < t+7. Then,
proceeding exactly as the proof for above claim, we see that
S(t) > n; fort+7 < t < t+0. Since this kind of interval [£, £+6]
is arbitrarily chosen (we only need £ to be large), we can get
that S(¢) > #, for all t large enough. In view of our arguments
above, the choice of #; is independent of the positive solution
of system (5) which satisfies that S(¢) > 7, for sufficiently large
t. This completes the proof of the theorem. O

Corollary 10. (1) If g, = 0, then condition (34) of Theorem 9
becomes

-dT _ _ d, Ty
0 < (re dz) (1 e ) g (49)
a

which means that if only natural enemies are released impul-

sively, and the release amount is less than q,, then system (5) is

permanent. That is, the pest and natural enemy will coexist.
(2) If g, = 0, then condition (34) of Theorem 9 becomes

—d,T
re” " —d,

<
BN (et (1-e

0 Ty " 4 (50)

which means that if only infective pests are released impulsively,
and the release amount is less than qj, then system (5) is
permanent. That is, the pest and natural enemy will coexist.

5. Analysis of System (6)

In this section we will discuss system (6), the condition for the
global attractive of the susceptible pest-eradication periodic
solution, and the permanence of system (6) will be obtained.
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If S(¢) = O forallt > 0, then we get the following
subsystem of system (6):

() = ~dsI (1),
3O > -dy @), | T EmE A

Ay(t)=¢q,, t=7,+A,i€P, (D

Al(t)=¢q,, t=T1,n€z,.

By Lemma 4, we know that the system (51) has a unique
positive periodic solution as follows:

# ,—dy(t-1,)

(y"e te(r,1,+A],

Jj=i
y*e*dz;(t*m) +q, Ze*d;,(tf‘r,,f/\j)’
j=1
y* (t)= ) tE(Tn+/‘i’Tn+Ai+l]’

j=p
yrehlton) | gy i), (52)
=1

te (Tn+/\p,rn+1] ,

') =I'e®"™, te(1,7,.,],

—dy(Ty=A))

X I = 9

j=p
o D2ja €
1—e T’

1 - e 9T

Thus, system (6) has a unique nonnegative periodic solu-
tion (0, 1" (£), y” (¢)), which is called as the susceptible pest-
eradication periodic solution. Next, we will discuss the global
attractivity of this periodic solution and the permanence of
system (6).

Theorem 11. The susceptible pest-eradication periodic solution
of system (6) is attractive provided that
* _—d4A
—dyr ap | aye™”
re <d,+ + . (53)
2l ehTi—1 1+bM
Proof. Since (53) holds, we can choose a sufficiently small € >
0 such that

a(y* (t) - 6) (54)
1+bM

Let (S(¢), I(t), y(t)) be any solution of system (6) with initial
values (7). From system (6), we have

I(t) = -d;1(t),

y(t) 2 —dyy(t),
Ay (t) = g5

AL(f) = qy5

From Lemmas 3 and 4, for the above selected ¢, there exists
n, € Z_, such that for all t > n, T} we have

re T <d, + B(I*(t) —€) +

} t#T, t+T,+ A,

(55)
t=1,+A;,i€P,

t=1, n€z,.

qe_d3Tk
I(t)ZI*(t)_ezl—_dT—Gihl,

1 — e %1k (56)
y(B) =y ()—exye ™M —ec=h,
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Thus, for t > n, T} + 7, we have

St =re 7S (t-1) - d,S(t) — aS> (£)

min(d,/f3,d,/(8a — bd,))), there exists an integer n, (1,1}, >
m Ty + 7) such that 0 < S(t) < ¢, forall t > n,T}.
Thus, from system (6), for all t > n,T) we have

10— 20y, H0) < (Be-d) 1),
1+bS(t)
() ) Sac L£T, t+T,+ A
y®) | = —dy|y(®),
T ah, 5 1+be
<re™'S(t-1) - d2+/3h1+1+bM S(t) —aS™ (t). (59)
(57) Ay(t)=¢q,, t=T1,+A,i€P,
Alt)=q,, t=1, nez,.
Consider the following comparison equation:
. o d From Lemmas 3 and 4, for a sufficiently small €, > 0, there
&) =re "z (t-1) exists an integer #;(n; > n,) such that
D
<d + ﬁ]’l + bM)Zl (t) — ‘XZZ (t) . I(f) < 9;" (t) +e,
) (60)
By Lemma 2, we have lim, , z,(t) = 0 and by Lemma 3, y(£) <9, () +e,
we have S(t) < z(t), for large ¢, that is lim, , S(¢t) =
Therefore, for any positive constant €, small enough (0 < ¢; < forall t > n,T}, where
* * (Be—ds)(t-T,) * _ 4D
191 (t)=91el36 3)(t-T, , tE( n+1] Sl—m,
(92 ((@acl1sbeN-dit-5) 4 ¢ (7 7 4 4],
j=i
91 pllOae/1sb)-die=r) 4 o Zle(((?ae/(1+be))—d4)(t—‘r,,—/\j), te(t,+1,7,+ A, ] i€ Py,
* 7=
9 =1, (61)
j=i
9;e((@ae/(l+be))—d4)(t—‘r,,) + 9, Ze((ﬁae/(lﬁ-be)) dy)(t—1,-A; ) te (T + Tp’ n+1]
=1

9, =

4 Z; 1176( Sae/(1+be))— d4)(Tk—)\,j)

is the solution of the following comparison system:

9, (1) = (Be—d;3) 9 (1),
t+1,
: dae t+T,+ A
5,0~ ({2 -a,)% 0,
) =q, t=1,+A,i€P, (62)
A9, (t)=¢q,, t=T,nez,

9 (”3T1:r) =1 (”‘3T1:) >

9, (”3le) =) (naTI:) .

Since €, €;, €, can be small enough, we have 9] (t) — I"(t),
95(t) — y*(t) ase,e,6, — 0.From (56) and (60) we get
I(t) - I"(t),y(t) — y"(t) ast — +oo. Together with
S(t) — 0, weobtain that (0, I"(¢), y* (¢)) is globally attractive.
This completes the proof. O

1 _ o((Gae/(1+be))~d,)T;,

Corollary 12. (1) Ifq, = 0, then condition (53) of Theorem 11
becomes
(reid” - dz) (1+bM) (1 - e’d‘*Tk) .
D> = Q2> (63)

a Z;if e 4 (Ti=(4;=41))

which means that if only natural enemies are released impul-
sively, then the release amount must be larger than q,, to ensure
the eradication of the susceptible pest.

(2) If g, = 0, then condition (53) of Theorem 11 becomes

)@ )
q > 3

= Qi (64)

which means that if only infective pests are released impulsively,
then the release amount must be larger than q,, to ensure the
eradication of the susceptible pest.
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Through Theorem 11 and Corollary 12, we can get the
sufficient conditions for the susceptible pests-eradication
periodic solution; that is, the susceptible pest population
is eradicated totally. But in practice, from the view point
of keeping ecosystem balance and preserving biological
resources, it is not necessary to eradicate the susceptible pest
population. In fact we hope the susceptible pests and enemies
can coexist when the susceptible pests do not cause immense
economic loss. Thus, it is necessary to discuss the permanence
of system (6).

Theorem 13. System (6) is permanent provided that

j=p —d;(A,-A))
Bar | MmLii €T ()

T
>d, +
20— e 1 — e 9Tk

Proof. Since (65) holds, we can choose sufficiently small pos-
itive number €, h, (h, < min(d;/f,d,/(8a — bd,)) such that

ae il
7= re —dz—ah4—ﬁ(m+e)

(‘12
-a

Suppose (S(t), I(t), y(t)) is any solution of system (6) with
initial values (7). By Lemma 4, there exists a positive constant
M such that S(t) < M,I(t) < M, y(t) < M for t large
enough. From (56), we know that I(t), y(t) are positively
lower bounded.

(66)

P o((Oah,/(L+bhy)-d) (A1)
= oG dt, €| >0
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Thus we only need to find h; > 0 such that S(t) > h; for
t large enough. We claim that for any ¢, > 0, it is impossible
that S(t) < h, forallt > ¢,. Suppose that the claim is not true.
Then there is a t, > 0 such that S(¢) < h, for all t > ¢t,. Then,
from system (6) for all t > ¢, we have

1(t) = BS()I(t) —ds1 (£)
< (Bhy—d;) 1 (1),
o daS(t) [ [FTy
y(t) = myw —dyy(t) | t#1,+ A,
Sah, (67)
< <1+bh4 —d4>)’(t),
Ay(t)=¢q,, t=T1,+A, i€P,

Al(t)=¢q,, t=T1, nez,.

From Lemmas 3 and 4, for the above selected € > 0, there
exists a time T} > t, + 7 such that

* il —
I(t)S(Pl (t)+€<m+€—”ha

zl P o((8ahy[(1+bhy))=d,)(A,=A;)

y(t)Sq);(t)+e< +te=1,

(68)

1 — e((8ah,[(1+bhy))—d )Ty

hold for all t > T, where @ (t), ¢, (t) are the solution of

¢ (8) = (Bhy = d3) ¢ (8),
, dah, > t#1, t#+1,+A;,
t) = -d 1),
(PZ() <1+bh4 4 (PZ()
Ap,(t)=q,, t=T,+A,i€P,
Ap, (t)=q,, t=1, nez,

¢ (T{) = 1(T)) >0,

pr)=¢

(% _((8ahy/(1+bhy))—d,)(t— T)

P,

* j=1
(Pz(t)zq:

# ,((8ahy [(1+bhy))=d,)(t-T,)

P,e +q, Ze

« D

BT e (o

*e((éah4/(1+bh4))fd4)(t T,) +q Ze ((8ahy/ 1+bh4))7d4)(t71n7/\j)’

(8ahy/(1+bhy))-d,)(t-T, /\) te (

¢ (T7) =y (T7) > 0,
* _ 91
n+1] ¢ = l—e(ﬁh4_d3)Tk’

(69)

P, e tE(TT+A1],

te(r,+A,1,+ 2],

T,+ A Tn+1] ,

o((Bahy[(1+bhy)~d)(Ti=A )

P2 = 1 - e((aah4/<1+bh4>>—d4m
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Note that the first equation of system (6) can be rewritten as

St =re ™S (t - 1) - d,S(£) — aS> (1)

B0 1(0) - Ty 0
red _ g s - g1 - _2H
= [re d, —aS(t) - BI(t) 265 ] S(t)
_ reile% (Jt; S (u) du) .
(70)

In the following we define a Liapunov functional as
t
V()= S(t) +re ™" J S (u) du. (71)
t—T

Then the derivative of V(¢) with respect to the solution of
system (6) is

V(1) g = re TS (t) - S (t) — aS* (t)

as (t)
-BS(H)I(t) - T+ (t)

— —dyT _ _ _ _ L(t)

= |re d,—aS(t) - BI(t) T+ 650 S(t).
(72)

From (68) and (72) we have
V() le) = [Te_dlr —dy —aS(t) - PI(t) - %] S(t)
> [re_d‘T —d, —aS(t) - B(g; (£) +e€)
—a(p; () +€)|S®).

(73)

Let So, = miner, 1,47S(t) > 0.

We will show that S(#) > S, for all t > T,. Otherwise
there exists a nonnegative constant T, such that S(t) > S, for
t e [T, Ty+7+T,],S(Ty +1+T,) = Sy, and S(T; +7+T,) < 0.
Thus from the first equation of system (6) and (66) we easily
see that

S(T, +71+T,) = re 'S (T, +T,)
~d,S(Ty +7+T,) —aS (T, + T+ Ty)
—BS(T, +7+T,)I(T) +7+T,)

aS(T, +1+T,)

- T T
1+bS(T1+T+T2)y( 17+ )

> Sp. [reid” -d, - ah,

—B(g} (1) +e)—a(p;, () +e) ]

> Sp.1 > 0,
(74)

1

which is a contradiction. Hence we get that S(t) > §;, > 0
forall ¢ > T,. From (68), for all t > T} we have

V(t) = re 7S (t) — d,S () — aS” (t)

aS (t)

Tros”

-BSOI) -

_ —-dit _ _ _ ay (t)
= [re d, —aS(t) - BI(t) 12650 ) S(t)

> S, [re_le —d, —ahy - B(e] () +e)

—a (@, (t) +€) ]

> Sp.51 > 0,
(75)

which implies V(f) — ocoast — oo. This is a contradiction
to V(t) < M + rtMe ™, Therefore for any positive constant
t, the inequality S(¢) < h, cannot hold for all t > ¢,,.

By the claim, we need to consider two cases.

Case 1. S(t) > h, for all large t, then our aim is obtained.

Case 2. S(t) oscillates about h, for all large t. Denote
. h4 —(dy+aM+ B, +an,)T
h; = min ?,h4e . (76)

In the following we will show that S(t) > h;. Since S(t)
oscillates about h,, there exist positive constants f and 6, such
that

S(t)=S(t+6)=h,,
~ ~ (77)

S({t)<hy,, t<t<t+0,
where  is sufficiently large, and the inequalities (68) hold for
t <t <t+0.Since S(t) is continuous and bounded, and it
is not effected by impulse, there exists a constant T5 (where
0 < Ty < Tand Ty is independent of the choice of ) such that
S(t) > hy/2forallt <t <t+T;.

If 0 < T;, then our aim is obtained.

IfT; < 0 < 7, from the first equation of system (6) we
have

$(t) = (~dy —aS(t) - BL(t) —ay (1)) S (1),

>—(dy+aM+ Py +an,)S(t) fort<t<t+6,

and then we have

S(t) > hye BroMHbnran)t - g <t <F+O<f+T,

and it is clear that S(t) > h; fort <t < +6.

If6 > 7, then we have that S(t) > h; fort < t < t+7. Then,
proceeding exactly as the proof for above claim, we see that
S(t) = hy fort+1 < t < t+0. Since this kind of interval [, £ +0]
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is arbitrarily chosen (we only need f to be large), we can get
that S(¢) > h; for all t large enough. In view of our arguments
above, the choice of h; is independent of the positive solution
of system (6) which satisfies that S(t) > h; for sufficiently
large t. This completes the proof of the theorem. O

Corollary 14. (1) Ifq, = 0, then condition (65) of Theorem 13
becomes

(reid” - dz) (1 - eid‘*T")

< . = Qe 80
D aZjif o-dshp1) 9@ (80)

which means that if only natural enemies are released impul-
sively, and the release amount is less than g, then system (6)
is permanent. That is, the pest and natural enemy will coexist.

(2) Ifq, = 0, then the condition (65) of Theorem 13 becomes

-d\T _ _ 45T,
0 < (re dz)(l ¢ k) . -

ﬁ - Y1

which means that if only infective pests are released impulsively,
and the release amount is less than q,, then system (6) is
permanent. That is, the pest and natural enemy will coexist.

6. Discussion

In this paper, a stage-structured predator-prey model with
disease in the prey is considered. The prey stands for the pest
population, and the predator stands for the natural enemy
population. For the purpose of integrated pest management,
two types of impulsive control strategies are used. In Case
1, infective prey applications are more frequent than releases
of natural enemies. In Case 2, natural enemies releases are
more frequent than releases of infected prey. In both cases,
we analyzed the global attractivity of the susceptible pest-
eradication periodic solution of the systems, and we also
obtained the condition for the permanence of the systems.

In Section 4, the first case is analyzed. By Theorem 7, the
sufficient condition for the global attraction of the susceptible
pest-eradication periodic solution is obtained, which means
that if the release amount of infective pest and natural enemy
satisfy certain conditions, then the susceptible pest will be
doomed. By the result of Theorem 9, the sufficient condition
for the permanence of system (5) is also obtained, which
means that the pest and the natural enemy will coexist for
all time, if the release amounts of infective pest and natural
enemy meet some critical values. Corollary 8 and 10 show
that if only one control measure is taken, that is, either
only infective pests are released or only natural enemies
are released, then the release amount must satisfy certain
conditions.

In Section5, we use similar method to analyze the
second case. In Theorem 11, the sufficient condition for the
global attraction of the susceptible pest-eradication periodic
solution is obtained, which means that if the release amounts
of infective pest and natural enemy meet certain conditions,
then the susceptible pest will be doomed. By the result of
Theorem 13, the sufficient condition for the permanence of
system (6) is also obtained, which means that the pest and the

Abstract and Applied Analysis

natural enemy will coexist for all time, if the release amounts
of infective pest and natural enemy meet some critical values.
Corollary 12 and 14 show that if only one measure is taken,
that is, either only infective pests are released or only natural
enemies are released, then the release amount must satisfy
certain conditions.

From the above theoretical results obtained in Sections 4
and 5, we can choose different control strategies to control
pest. We can do it by releasing infected pest more frequently
than releasing natural enemy, or vice versa. However, in prac-
tice, every control measure needs certain cost, and we must
think about the cost before adopting a measure. For example,
the infective prey (pest) being cultivated in the laboratory
and the natural enemy (predator) being migrated from other
regions all need some cost. We can choose different pest
management methods with different costs. In both models,
different parameters mean different cost for control measures.
Therefore, we have an interesting problem. In the view point
of economy, under the premise of controlling the pest, which
kind of control method is more suitable? This will be an
optimal control problem, and we leave it as our future work.
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