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Abstract. An impulsive integrated pest management system with diffusion is inves-
tigated within this paper. The conditions for pest eradication of the impulsive sys-
tem without natural enemies are established based on the Krein-Rutman theorem and
the comparison principle for parabolic equations. Integrated pest management can be
achieved at an exponential rate, when the principal eigenvalues of the auxiliary system
is large enough. Numerical simulations are presented to demonstrate the theoretical
results. A discussion is given at the end.
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1 Introduction

The concept of integrated pest management (IPM) was introduced in the late 1950s and
was widely practised during the 1970s and 1980s [1-4]. It is defined as a process con-
sisting of the balanced use of all the pest controls that are environmentally compatible,
economically feasible, and socially acceptable to reduce pest populations to tolerable lev-
els. And pest control often involves biological, cultural, and chemical control [1-6].
Biological control, which is defined as the suppression or the elimination of pest pop-
ulations by natural enemies, has been an important aspect in an IPM strategy [6]. Natural
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enemies used for biological control can be divided into three categories: Predatory ene-
mies, including lacewings, ladybugs and many insectivorous birds; Parasitic enemies,
including parasitic wasps, parasitic flies, etc; The pathogenic microorganism, including
the bacterium, bacillus thuringiensis, and so on. This control strategy is usually used by
releasing natural enemies at a critical time to reduce a pest’s population [5,7,8]. Biolog-
ical control has been applied to greenhouse culture, the use of Encarsia formosa against
Trialeurodes vaporariorum on tomatoes and cucumbers is one of the first successful cases
of biological control in greenhouses [3,4,9]. Another important method for pest control
is chemical control. In most cropping systems, pesticide are still the principal means of
controlling pests. They can be cheap and are easy to apply, act fast [5], but chemical
control also has certain harmfulness, pesticide can not only environmental pollution, but
also cause plant phytotoxicity and waste of resources, and if incorrectly used, also easily
lead to human and animal poisoning.

In mid 80s, there has been renewed interest in modelling IPM. Many IPM strategies
such as releases of natural enemies at critical times and killing pests instantly by spray-
ing pesticides have been proposed by mathematical models [6-16]. In [7], Liang et al.
developed two novel pest-natural enemy interaction models incorporating the evolution
of pesticide resistance, they investigated the number of natural enemies to be released
when threshold conditions for the extinction of the pest population in two different con-
trol tactics are reached. In [16], Tang et al. modelled IPM including residual effects of
pesticides in terms of fixed pulse-type actions.

However, the aforementioned above studies ignore the effect of space. The questions
that arise are: in the case of uneven distribution of space, if we aim to eradicate the pest,
how do we release the natural enemies? what proportion do we need to kill the pests
by pesticide? To address these questions, we present an impulsive differential equation
with diffusion. In the established model, (a) insect and natural enemies are all dealt with
control in space; (b) distributed control of pest are considered by a combination of the
action of natural enemies and impulsive control which include pesticide spraying and
natural enemies releasing; (c) because of the pesticide’s impact on the natural enemies, a
proportion of the natural enemies could be killed at the time the pesticide is sprayed to
kill the pests [17-19]. When we ignore the effect of space, the established model can be
found in many domain of the applied sciences [20-22].

The aim of this work is to determine the conditions for pest eradication by pesticide
spray-ing at critical times and the role of natural enemies releasing in enhancing the con-
trol. In order to show the conditions of pest extinction, Firstly, we discuss the model
without natural enemies and get the sufficient and necessary conditions of pest extinc-
tion. Secondly we analyze the model without pest and we find the positive periodic
solution of natural enemies. By using the conclusion of Section 3 and Section 4, we final-
ly get the conditions for the extinction of the pests. Examples and numerical simulations
are presented in Section 6 to illustrate the feasibility of our results. Section 7 involves
some concluding remarks and discussions.
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2 Two Species Model

The densities of pests and natural enemies are denoted by u(x,t) and v(x,t), respectively.
The habitat is denoted by (). u and v are described by the following dynamical model :

'aa?—dlgjle:ru(l—;)—lfzzu, xeQ,teRT\nt,neN,

?;:— 23122—0(04— 1’2?;;{, xeQ, teRT\nt, neN,
u(x,ntt)=p(x)u(x,nt), xeQ,neN, (2.1)
v(x,ntt)=po(x)v(x,nt)+I(x), x€Q,neEN,

u(x,0) =up(x),v(x,0) =vo(x), xeQ),

Uy =0,=0, x€0Q),

where dy, d; denote diffusion rate of pests and natural enemies, respectively; r represents
growth rate of pests; a is mortality rate of natural enemies; K is carrying capacity of pests;
B is encounter rate; i represents handing time; # denotes conversion rate; 7 is the period
of the integrated control.

Let up(x), vo(x) denote the initial density of pest population and natural enemies,
respectively. The Neumann boundary condition holds for the two populations. At every
period, pesticide is used to control pest population, the effectiveness of pesticides is dif-
ferent at different locations, and the pesticide will also affect natural enemies. p(x), po(x)
denote the survival rate of the pest and natural enemies after the nth pesticide, respec-
tively. I(x) represents the release function of the natural enemies at nt. We assume
u(x,ntt), v(x,nt") are the density of pests and natural enemies at the beginning of the
(n+1)th period, u(x,nT), v(x,nT) are the density of pests and natural enemies at the end
of the nth period. So, the pests and natural enemies at the beginning of the new period
are denoted as follow

u(x,ntt)=p(x)u(x,nt),
o(x,nt")=po(x)o(x,nT)+1(x).

Before the research start, the following hypotheses are postulated:
(H1) QCRis a bounded domain of length I and

I, r,K, Bh, &, 7, T€(0,400), d1, dp, h€[0,+00).

(Hz) 0, Po, I/ Ug, Vo € LOO(Q)/

c<p(x)<1, co<po(x)<py<1, x€Q,
Imm S I(x) S ImaXI xe Q/
0<up(x), 0<0vy(x), xeq),
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where ¢, ¢, p§ € (0,1), Imin, Imax € (0,+00).

We mention that the permanence and the existence of the unique periodic solution
to (2.1) without the release function of the natural enemies are derived as in [23]. Please
prepare your tex file. Thank you for your cooperation.

3 Single species pest model

The model without natural enemies population, but with a pesticide at the end of the
period is represented as

ou o%u u

& A =ru(l—— Q, teR*t

o dlaxz ru( K), xeQ), teRM\nt,
u(x,ntt)=p(x)u(x,nt), x€Q,neN, (3.1)
u(x,0)=up(x), xeQ),

uy=0, x €90

In order to give a necessary condition and sufficient condition for the eradication of
population u. we need some basic properties of the following subsystems:

?—dlﬁ—w:)\(p, xeQ), te(0,7),
p(x07)=p()g(x7),  x€Q, (32
Px=0, x€d), te(0,7),
—g—dlg—r‘{’:)ﬂ{’, xeQ), te(0,1),
¥(x,7)=p(x)¥(x,07), xeQ, (33)
Y,=0, x€dQ), t€(0,7).

The next Lemma states the existence of the principal eigenvalue and properties related to
the eigenvalue problems (see [24]).

Lemma 3.1. (i) System (3.2) exists a principal eigenvalue Ay, which is also the principal eigen-
value to the adjoined system (3.3);
(ii) there exist eigenvectors @y to (3.2) and Y1 to (3.3), corresponding to Ay and satisfying

p1(x,t), ¥1(x,t) >c1>0, (x,t)eQx(0,7).

Without loss of generality, we also represent the extension by T-periodicity of ¢1 and Y1 by @1
and Y1, respectively.

Theorem 3.1. Suppose ug satisfies condition (H2), (i) if the solution of (3.1) satisfies

u(t)—0, inL*(Q)ast— oo,
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then A1 >0.
(ii) if A1 >0, then the solution u to (3.1) satisfies u(t) —0, in L®(Q)) as t — +oo.

Proof. (i) Assume Aq <0. Then, for any 0 <& < —A;, there exists N(¢) € N such that

.
0< —u(x,t
_Ku(x )<e

in Qx (nt,(n+1)7), and for any n € N, n > N(e). Thanks to the comparison result for
parabolic equations [25], for any n > N(¢), we deduce

0<u(x,t)<u(x,t)

in Q% (nt,(n+1)7), and for any n€ N, n> N(e), where u is the solution to

a 821/[ 4

o dla 5 =TU—¢el, xeQ), teRT\nt, t>N(e)T,
u(x,ntt)=p(x)u(x,nt), xeQ, teRT\nt, t>N(e)T, (3.4)
u,=0, x€dQ), teRT\nt, t > N(e)T,

u(x,N(e)tt)=u(x,N(e)t"), x€Q.

Since hmu( t)=01in L®(Q2), we have
t—o00

u(t)—0,in L= (Q), as t — +o0.

Multiply the first equation in (3.4) by ¥, integrate over Qx (nt,(n+1)7), and recall
(3.3) to discover

/ u(x, (n4+1)7) ¥ (%, (n+1)7)dx — / (x0T ) (x0T )dx

JO
(n+1)T
_/ / |:a\F1 —I—dla Tl —|—7"P1 €T1:| dxdt.

According to (3.3) and (3.4), we deduce

/Qg(x,(n—l—l)T*)‘I’l(x,O*)dx—/Qg(x,n'ﬁ)‘ﬂ(x,OJr)dx

(n+1)7
=—(M +8)/ / u(x,t)¥1dxdt >0.
nt (@)

This implies that ( [ u(x,nT")¥1(x,0")dx), is an increasing sequence for n>N (e). There-
fore, it is not converge to 0. Thus, we get a contradiction, and the conclusion is that A1 >0.
(ii) Assume A; > 0. Thanks to the comparison result for parabolic equations [25, 26],
we have
0<u(x,t)<u(x,t)
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in Q) x [0,4+00), where % is the solution to

ou , o’u

i = +

5 Mgz T xeQ, teRM\nt,
u(x,ntt)=p(x)u(x,nt), x€Q,neN, (3.5)
U, =0, x€9Q), teRT\nt,

u(x,0)=u(x,0), xe.

Multiply the first equation in (3.5) by ¥; and integrate over Q x (nt,(n+1)7), we
deduce that

/Qﬁ(x, (n+1)T7)¥1(x,0")dx— /éﬁ(x,n*c*)‘l’l (x,01)dx

(n+1)t
A / / 7(x,£)¥1 (x,£)dxdt <.
nt Q

It implies that ([, #(x,nT")¥1(x,07)dx), is a decreasing and non-negative sequence.
Consequently, it is convergent. Moreover, we may deduce that

(n+1)T
/ / 7(x, £)¥1 (x,£)dxd — 0.
nt (@)

Thus,
u(t)—0in L'(Q),
as t — +o0. The rate of convergence is that of e~ M.
Since u is the solution to (3.5), we conclude that 7(t) — 0 in L*(Q)), as t —+o0, and so,
the same conclusion follows for u. O

Remark 3.1. If we consider the space independent case, by direct calculation it follows
that condition A; >0 is equivalent to pe’™ <1 and condition A1 >0 is equivalent to pe’* <1,
which is same as the Corollary 3.1 of [24].

Theorem 3.2. Suppose ug satisfies (H2), if A1 <0, the solution 11 to (3.1) satisfies
a(t)—u*(t), inL*(Q)ast— +oo,
where u* (x,t) is the extension by T-periodicity of the unique non-negative solution to

2
a—u—dla—u:ru(l—z), xeQ), te(0,7),

ot ox? K

u(x,07) =p(x)u(x,1), xeqQ), (3.6)
uy=0, x€dQ), t€(0,7).
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MK
rey 7

Proof. If A1 <0, we can deduce that ¢ :=e¢; is subsolution of (3.6) for all 0 <e < —
where ¢1(x,t) is the principal eigenvector of (3.2), and satisfies

p1(x,t) >¢c1>0, (x,£) €Qx(0,7).

On the other hand, since p(x) <1, we can see that ¢K is the supersolution of (3.6) for all
0>1. Thanks to comparison principle, we can get a unique non-negative solution u*(x,t).
Moreover we can choose €1 (x,0) as small and ¢K as large as we please, Applying the
iteration scheme argument, we can get the global attractiveness of u*(with respect to
positive initial conditions u¢(x)). O

4 Single species natural enemies model

Firstly, let us consider the following auxiliary problem:

v 9%

_ +
5 dza 5 —Q0, x€Q, teRM\nt,
v(x,ntt)=po(x)v(x,nt)+1(x), x€Q,neN, (4.1)
v, =0, x€dQ), teR\nt,
v(x,0)=0vp(x), x€0Q),

where v, (x,t) represents the density of the natural enemies population during period 7,
v,z (x) denotes the density of the natural enemies population at time nt, and vop=vq ¢ (x).
By calculation, the solution of the auxiliary problem (4.1) is expressed as

O (x,8) = /Q G(&x,t— (n1—1)T) (Poon_1.+1)(&)dE,

forall t€ ((n—1)t,nt], where

e~ +“]tcosk—nxcosk—n§.

l l

G(&x,t) = %

|\[\18

We assume vy (x),I(x) € L*(Q)), then

I
< ———=llpovo e+ T[l0),

povo+1)(Q) Ny

[01,2(x) [l W“/

s0 v1 ¢(x) €L®(Q), and so on v, (x) € L®(Q)), n€ N.
Forany m>ne&N,

l
H Om,t — On,t ||oo < W || PO(Umfl,r—Unfl,r) Hoo
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< 1o
= W || Om—1,t — On-1,1 ||oo

< (l Ll )n H H

Om— 0, .
=\t 5 m—n,T 0 ||eo
lpg

Consequently, if — N/ 1, we can get {v,,; } is Cauchy sequence in L®(Q)). Using the

IN

complete of L*(Q2), there is a unique v*(x) € L®(Q)) satisfying
Upr— 0" (x), in LT(Q))
as n— o0, and
v'(1)= [ (&%) (p00" +1) (@)

Now, we construct equation

ov 0%v

D +

5 d28x2 xv, xeQ), te R \nr,
v(x,ntt)=po(x)v(x,nt)+1(x), xeQ,neN, (4.2)
v, =0, x€0Q), teRT\nt,
v(x,0)=v"(x), x €00

Thus, there is a unique non-negative T-periodicity solution 3(x,t), and

o(x,t) :/QG <§,x,t— [ﬂ T> (pov™+1)(&)d¢, te([t/T]T, ([t/T]+1)T].
Then we get below Lemma.

Lemma 4.1. If <1, then the solution 0, (x,t) to (4.1) satisfies

lpg
erT\/dr T
Ou(t)—0(t) —0 in L*(Q)
as t — +oo.

Remark 4.1. If we consider the space independent case, then problem (4.1) becomes

%:—av, teRT\nt,
v(ntt)=pov(nt)+1, neN, (4.3)
v(0) =vy.

We can get the following result by direct calculation,

o —aT\n
o(t) :e_“t{vop()’e_”(”_l)—i—ll(poe_)}, te((n—1)t,nt], n€N,
1—poe—T

where 9(t) is the solution to problem (4.3).
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Corollary 4.1. If poe™*" <1, the solution 9(t) to (4.3) satisfies

8(t)—5(t) =0

as t — +oo, where 5(t) = Wﬁe‘“t.

On the other hand, If poe—*T >1, the solution 0(t) to (4.3) satisfies

0(t) — 400, ast— +oo.

5 The boundary periodicity solution of the two species model

Firstly, the two eigenvalue problems are considered as follow

2

dp . d°¢

g—chﬁ—rgo—i—ﬁﬁ(x,t)q):)xgo, xeQ, te(0,7),
¢(x,0)=p(x)@(x,T), xeq, (5.1)
¢x=0, x€dQ), t€(0,7).

dp ¢ Bo(x,t)
g_dlaiﬂ—rﬁo‘f’mq)—/\([h xeQ, te(0,7),
¢(x,0)=p(x)p(x,T), xeQ), (5.2)
Px=0, XGaQ,tE(O,T),

where u*(x,t) is the extension by T-periodicity of the unique non-negative solution to

ou o%u

u
5 1ﬁ_ru(l—g), xeQ), te(0,7),
u(x,0m)=p(x)u(x,1), xeq, (5.3)
u,=0, x€9Q), te(0,7).

Suppose p1,x1 be the principal eigenvalue to (5.1) and (5.2),respectively. It can be
concluded that x1 < 1. we can deduce the following result.

l *
Theorem 5.1. Suppose ug and vg satisfying (H2) and e fo__ - 1, Ay <0, (i) the solution

oyt
(u,v) to (2.1) satisfies:
lim u(t)=0, in L*(Q}),
f—+o0

then yuq > 0.
(ii) if 11 >0, then (u(t),v(t)) — (0,8(t)) in L®(Q}), as t — +o0.



40 H. L. Zhou, L. Shen and S. Wang / J. Partial Diff. Eq., 35 (2022), pp. 31-48

Proof. (i) Suppose u(t) —0in L®(Q}), as t — +o0. Then, for any small e >0, we can get
Ipg
e=a7\ /dy T

and also there exists N(¢) € N, such that

r _Bulxt)
Ut <e and T3 Bl (x, 1)

<1

<g, a.e.xe), Vt>N(e)T.

l *
If Mﬁ <1, we can get 0 (x,t)+&e> 3¢ (x,t) >v(x,t) >0, in QA X [N(g)T,+00), where

7, is the solution to

09(x,t) ?0(x,t) _
— — >
o dy 542 at(x,t)+ed(x,t), xeQ), t>N(e)T,
o(x,ntt)=0(x,nt)+1(x), x€Q, n>N(e), (5.4)
7, =0, x€dQ), t>N(e)T,

o(x,N(e))=v*(x),

and 7, is the solution to

~ 2~
a”(aft) — 3,2 gi’;’” —at(x,t)+ed(xt),  xeQ, t>N(e)T,
o(x,ntt)=3(x,nt)+1(x), x€Q), n>N(e), (5.5)

R

x=0, x€9Q), t>N(e)T,
9(x,N(e))=v(x,N(¢e)).

We get that
Te(x,t)—0(x,t) >0 ase—0.

We may infer that for t > N(¢)t:

—%>—ﬁv(x,t)>—,5(5£(x,t)+g), a.e.xcQ.

In conclusion,
0<ii(x,t) <u(x,t), a.e.xeQ), Vt>N(e),

where ii(x,t) is the solution to

2 22 22
aug;,t) :d1a ng:;'t) +(r—s)ﬁ(x,t)—ru (Iic't>
—B(Te(x,t)+e€)ii(x,1), xeQ), t>N(e)T,
i(x,ntt)=p(x)ii(x,nt), xeQ, n>N(e), (5.6)
iy =0, x€0Q), t>N(e)T,
L#(x,N(e)T") =u(x,N(e)T"), x €9Q).
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Since u(t) —01in L®(Q)), as t — 400, we conclude that #(t) — 0 in L*(Q)), as t — +o0
and in the same manner as in Theorem 3.1 we get that

;’lls > 0/

where 1, >0 is the principal eigenvalue to (4.3), corresponding to r:=r—¢, 9(x,t) :=
Te(x,t)+€, 1 := 1. Since lin%ylg =111, then p; >0.
e—
(ii) Suppose that x; > 0. If A; <0, Using a comparison result (see [27]), we get that
there exists Nj(¢) € N, such that
u*(x,t) >u(x,t), o(x,t)—e<0(x,t)<v(xt), (x,£) €A% [N1(€)T,400)

for arbitrary ¢ >0, where u*(x,t) is the extension by 7-periodicity of the unique non-
negative solution to (5.3), 9(x,t) is the solution of (3.6), 7(x,t) is the solution of (4.1). then

Bo(xh—e) _ polx)
1+ Bhu*(x,t) —  1+Bhu(x,t)’

and so
U(x,t) >u(x,t), (x,t) €Qx[0,400),

where U(x,t) is the solution of

’ _
Z—dlg;:ru(l—;)—mu, xeQ, teR\nt,
u(x,ntt)=p(x)u(x,nt), xeQ), (5.7)
U, =0, x€dQ), teRT\nt,
u(x,0)=1uy, x €0

We can get
limxq, =%,
—0

where «1, is the the principal eigenvalue to

dp ¢ B(o(x,t)—e)

a dlw T’(P—FW(P—A(P, XEQ,tG(O,T),
¢(x,0)=p(x)p(x,7), xen, (8
Px=0, x€9Q), t€(0,7).

Since x1 >0, there exists very small € such that
K]g > 0.
In the same manner as in Theorem 3.1, we get that

U(t)—0 inL*(Q) ast— +oo,
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and consequently
u(t)—0in L*(Q) ast— +oo.
Then,
v(t)—9(t) in L*(Q) as t— +oo. O
Remark 5.1. Let M is the maximum of 3(x,t), (x,t) €Qx (0,4+00), then M=|| pgv* +I || 0. If
we assumed p(x) =p is a constant, we consider the following two eigenvalue problems:

2

aaqto dlgl_W*‘ﬁMq’ Ao, x€Q, te(0,7),
¢(x,0)=pg(x,7), xeQ, (5.9)
k(szo, x€ad), te(0,7),
(aaq: dng(p—V(P Ag, xeQ, te(0,1),
¢(x,0)=po(x,7), xeq, (5.10)
¢x=0, x€9Q), te(0,7).

We can get (1 > 1 > 1 >vq. Let {1 be the principal eigenvalue to (5.9) and v; be the
principal eigenvalue to (5.10).

We can get the following corollary.
Corollary 5.1. The eigenvalue to (5.9) and (5.10) satisfies
pe T(Grtr—pM—(5F)2d) — 1, peT(Vk"’r_(an)zdl) —1.

Proof. Let p=eA7=FM)tyy then problem (5.9) becomes

ow 0’w

= ~h55 =0 x€Q), te(0,1),

w(x,0) = peM T PM) Ty (x, 1), xeQ, (5.11)
w,=0, x€dQ), te(0,7).

Using the method of separation of variables, we can get

k) k
ZAke* ) dltsmTﬂx, xeQ), te(0,7).

Use the condition w(x,0) = pe**"~fM)Ty(x,T), we can get

+00
Y Ag(1—petMrAM= (Tn)zdl))sinanx:O.
k=1
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Multiply both sides with sinkT”x, and integral on (0,1), we can get

1 _PeT(A_"r_ﬁM_(an)zdl) =0

for all keN. So, { satisfies 1—peT(§k+’_ﬁM_(kTﬂ)2d1) =0. Also, wecan get 1 —peT(V’f“_(an)zdl)

0 for the same methods. O
According to Theorem 4.1, we can get the following corollary.

lpg

eXT\/dr T
satisfying (H2), the solution (u,v) to (2.1) satisfies:

Corollary 5.2. Assume that <1. If p(x) =p is a constant and for any ug and vy

tEToou“) =0
in L*(Q)), then
per(r_ﬁM_%zdl) <1.
On the other hand, if
per(r—%zdl) <1

then for any ug and vy satisfying (H2), u(t) —0in L*(QY), as t — +oo.

Remark 5.2. If we consider the space independent case, then system (2.1) becomes

c;l:ru(l—z)—lfzzu, te RT\nt,

C:Z - 1?2;1)1/ teRT\nT,

u(ntt)=pu(nt), neN, 612
v(ntt)=pov(nt)+1, neN,

u(0)=ug, v(0)=0vp.

Finally, we obtain the following corollary.

Corollary 5.3. If poe *" <1, for any ug and vg satisfying (H2), the solution (u,v) to (5.12)

satisfies:
lim u(t)=0,
t—+o0
then
perr—ﬁforﬁ(t)dt <1.
. _ I —at . L . . rrfﬁ%l
Since 0(t) = —————e~ ", this condition is equivalent to pe = "0~ <1,

1 _poeﬂxr
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On the other hand, if
perr—%ﬁfﬁ(t)dt <1
or

]7870(1' I

perriﬁ a(l=pge™™) "~ 1,

then for any ug and vy satisfying (H2), we have that u(t) —0 , as t — 400, where (u,v) is the
solution to (5.12).

6 Simulations for the models

In order to verify the validity of the results, we consider system (2.1) with dy =dy=r=K=
1,t=2,=h=a=n=1. Choose p=0.12,00 =0.8, obviously, we have that the parameters
satisfy the condition of Corollary 5.2,

_ o _pgggo<1,
eXT\/dytT
and
)
pe" " EN) = 0,844 < 1.

See Fig. 1. Here we choose x€Q=(0,20) and the initial condition 1 (x)=vg(x) —e~(x-107)
the natural enemy release function I(x) =0.1 for all x € Q). In this case, pests are extinct
and natural enemies have a positive periodic solution.

If we choose p=0.12, po =0.95, we have that the parameters satisfy the condition:

lp()
——— =1.0258 >1,
et/ dr T

and ,
pe™ TN = 0,844 < 1.

By numerical simulation, we can get the similar figure with Fig. 1. Here we give Fig.
2. From Fig. 2, pests also are extinct and natural enemies also have a positive periodic
solution. This means that the conditions in 5.2 are sufficient conditions, not necessary.

If we choose p=0.5,00=0.8, we have that the parameters satisfy the condition:

lp()
————=0.8889<1,
evt\/dr T

and ,
pe’ M) =3 5166> 1.

Form Fig. 3, pests and predators can coexist, all have positive periodic solutions.
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Figure 2: A numerical approximation to u and v at x=0 with p=0.12,09=0.95.

7 Conclusion and discussion

In this article, we assume that the released natural enemies have less ability to adapt to
new environment (intrinsic growth rate is less than zero) and uneven distribution of s-
pace (for convenience, assuming one dimensional space). Moreover, based on the control
strategy of pest removal, the control strategy of natural enemies is added. At this point,
the model is more reasonable and more applicable. It is found that the existence of the
positive periodic solution of the single population pulse of natural enemy system is de-
pendent of the release function I(x), it is found that the increase of the release function
I(x) will cause the increase of the positive periodic solution. Meanwhile, the increase of
I(x) will indirectly make the condition of pest extinction easier to reach, which is straight-
forward to observe when the spatial distribution is uniform (Corollary 5.3). In addition,
due to the complexity of partial differential equations, we do not find the explicit condi-
tions for the extinction of pests, but when the survival rate of pests is constant, we get the
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Figure 3: A numerical approximation to u and v with p=0.5,00=0.8.

explicit sufficient condition and necessary conditions for the extinction of pests, which
makes our conclusions more practical (Corollary5.2).

Functional response of natural enemies and boundary condition

We use Holling II type functional response to describe the interaction between pest
and natural enemies, when the handing time equals zero, the functional response is the
simplest form. Moreover, the functional response can also be changed to Holling III and
IV, and the conclusions are similar.

We assume that the second type of boundary condition holds for the pest and natural
enemy population, model with the third types of boundary can also be discussed with
the same methods.

The direction of later research

In the model, pulse control occurs which involves release of natural enemies and
spraying pesticides in a fixed time. In fact, it can be improved to other two forms:

(a) spraying pesticides more(less) frequently than releasing natural enemies;

(b) releasing natural enemies and spraying pesticides only when pest densities reach
their economic threshold (ET) [16]. And all of these can be used as a direction for later
research.
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