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Abstract

The dynamics of an impulsively controlled three-trophic food chain system with general nonlinear functional responses for the
intermediate consumer and the top predator are analyzed using the Floquet theory and comparison techniques. It is assumed that
the impulsive controls act in a periodic fashion, the constant impulse (the biological control) and the proportional impulses (the
chemical controls) acting with the same period, but not simultaneously. Sufficient conditions for the global stability of resource
and intermediate consumer-free periodic solution and of the intermediate consumer-free periodic solution are established, the latter
corresponding to the success of the integrated pest management strategy from which our food chain system arises. In this regard, it
is seen that, theoretically speaking, the control strategy can be always made to succeed globally if proper pesticides are employed,
while as far as the biological control is concerned, its global effectiveness can also be reached provided that the top predator is
voracious enough or the (constant) number of top predators released each time is large enough or the release period is small enough.
Some situations which lead to chaotic behavior of the system are also investigated by means of numerical simulations.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Classical two-species continuous time models have constituted for a long time the main tool used to investigate
the interactions between ecological populations (see, for instance, [1-3]). However, as seen from Poincaré’s theorem,
such models have only two behavior patterns, that is, they approach either a limit cycle or an equilibrium point
and consequently fail to capture the complex behavior of some natural ecosystems. Further, other shortcomings of
certain two-species models have also been pointed out. These are the paradox of enrichment [4], which states that
an increase in the carrying capacity of the environment in a Lotka—Volterra model will cause an increase in the
size of the predator class at equilibrium, but not in that of the prey class, and the paradox of biological control [5],
which states that the low prey equilibrium densities of a Lotka—Volterra model are inherently unstable. Other authors
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have also criticised ratio-dependent type models, which were introduced as a replacement of Lotka—Volterra models
(see [6,7]).

Consequently, another paradigm started to prevail, that is, the idea that the behavior of a complex system can be
understood only when mutual interactions between a larger number of species are considered in a single model [8].
As a result, complex behavior, in the form of stable equilibria, limit cycles, multiple attractors and chaos, has been
observed in three- or more-species models [9] and it has also been noted that the dynamical outcome may depend on
the initial population sizes, which is more in line with the results of field experiments and observations.

To understand the dynamical behavior of ecological communities, one should start by tracing their food webs
and quantifying the strength of the respective interspecies interactions. It has been observed by Hastings and Powell
in [10] and by Klebanoff and Hastings in [11] that since food webs often describe a net of nonlinear predator—prey
interactions, there is a natural tendency of food webs to oscillate and chaos may ultimately arise when two or more
predator—prey subsystems oscillate with incommensurate frequencies. McCann and Yodzis [12] mention that the
parameter values chosen by Hastings and Powell in [10] may be biologically unfeasible, but the conclusions obtained
in [10] are valid, and indicate biologically reasonable sets of parameter values which also produce chaos. They also
provide comments about which biological conditions (metabolic types) favor the apparition of chaos. Six natural
types of food web configurations are studied in McCann et al. [13] and it is also found that the dominance of strong
consumer—resource interactions may generate cyclic dynamics when the frequencies of oscillation are commensurate,
respectively chaotic dynamics when the frequencies of oscillation are incommensurate, while the dominance of weak
coupling between interactions may dampen the total oscillation of the system, together with other biological factors,
such as omnivory and food-chain-predation mechanisms. See also Bascompte et al. [14].

The so-called simple food chain, which is studied in our paper, is a tri-trophic food chain which appears when
a top predator P feeds on an intermediate consumer C, which in turn feeds on a resource R. In this model, neither
the intermediate consumer nor the top predator feeds on other resources and nutrient recycling is not accounted for.
The qualitative behavior of the simple food chain model with Holling type II functional responses for both the top
predator and the intermediate consumer, that is, for g; (x) = liit;i ~ 1 € {1, 2}, has been studied in detail by Hastings
and Powell in [10] and by Klebanoff and Hastings in [11]. See also [15,16]. In these papers, it has been found that
the model may exhibit chaotic behavior in the neighborhood of the intermediate consumer-free equilibrium and it has
also been observed that the clearance rate of the intermediate consumer b is a key parameter for the stability of the
model. A thorough analysis of the simple food chain model with ratio-dependent functional response for both the top
predator and the intermediate consumer has been performed in Hsu et al. [17]. Particularly, a tristability situation has
been observed, in which different solutions tend to the origin, intermediate consumer-free equilibrium and positive
equilibrium, respectively, for the same set of parameters and a discussion of the feasibility of the biological control
has also been provided. Chaotic-looking solutions have also been found to exist for certain parameter values.

Simple food chain models may naturally appear as a result of integrated pest management strategies. As it has been
noted that the abuse of pesticides has undesirable long-term environmental consequences, in order to regulate pest
populations, use is often made of different methods which are specifically suited to the target pest and minimize the
harmful effects on the environment or on nontarget organisms.

Biological control is defined as the reduction of pest populations by using their natural enemies (see [18]). While
an approach to biological control (importation) relies on the import of exotic natural enemies of the pests, other
approaches (augmentation and conservation) rely on supplementing or manipulating the existing natural enemies in
order to enhance their effectiveness and on modifying the environment, respectively. A way to achieve augmentation
is to release pest pathogens or infected pests with the purpose of generating an epidemic in the pest population, on the
grounds that infected pests generally cause less environmental damage, another one being to breed natural predators
of the pest in laboratories and to release them periodically in the ecosystem. Consequently, in our food chain model R
is the resource to be protected, C is the pest which should be regulated and P is a natural predator of the pest which
is augmented by means of periodic release of laboratory-bred individuals.

Adequate efficiency is attained when at least one of these approaches is combined with the responsible use of
chemical controls (pesticide spraying) and the use of mechanical accessories, such as pest barriers and pest traps, in
the form of an integrated pest management strategy. Note that the integrated pest management strategy is considered
successful when the pest population is reduced under certain economically significant levels, rather than when the
pest population is totally eradicated, as the latter might be economically or logistically unfeasible, or it might be
potentially damaging to the environment. In this regard, the economic injury level (EIL) is defined in Stern et al. [19]
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as the amount of pest injury which will justify the cost of using controls or the lowest pest density which causes
economic damage.

Due to the inherent discontinuity of human activities (that is, pesticides cannot be sprayed all year round but
only during certain periods of the year), a natural choice is to use discrete impulsive controls rather than continuous
controls for our pest management strategy. In this regard, the effect of impulsive perturbations on the simple food chain
model has been studied by Zhang and Chen [20] assuming linear responses for the top predator and the intermediate
consumer, by Zhang and Chen in [21] assuming Holling type II functional responses, by Zhang et al. in [22] assuming
Holling type IV (or simplified Monod-Haldane) functional responses and by Zhang et al. in [23] and Zhang and
Chen in [24] assuming Beddington—DeAngelis functional responses. In all these papers, only the case of a constant
impulsive perturbation has been considered. See also [25-27] for related results regarding the impulsive control of
predator—prey systems and Georgescu and Morosanu [28] for the discussion of an integrated pest management strategy
involving biological and chemical impulsive controls. State-dependent impulsive control strategies are investigated in
Meng et al. [29] and Jiao et al. [30], while a different approach to the control of a model related to ours, based on the
use of Pontryagin’s principle, is employed in Apreutesei [31].

2. The model

The abundance and interaction of resource, intermediate consumer and top predator populations may be expressed
in terms of their biomass per spatial unit. In this regard, let x(¢), y(¢), z(t) be the biomass per spatial unit of the
resource, intermediate consumer and top predator, respectively. As previously mentioned, we assume that the top
predator feeds on the intermediate consumer only and in turn the intermediate consumer feeds on the resource only,
while the nutrient recycling is not accounted for.

The functional responses of the intermediate consumer and of the top predator are denoted by the nonlinear smooth
functions g1, g2, depending only on the resource biomass density and on the intermediate consumer biomass density,
respectively, and satisfying a few assumptions which will be outlined below. Due to the assumption above, our model
may be called, following the terminology given in Arditi and Ginzburg [32] or in Huisman and DeBoer [33], prey
dependent, as opposed to a model in which the functional responses of the predators are functions of the prey-to-
predator ratios, which is called ratio dependent (or, more generally, predator dependent, when the dependence of the
functional responses upon the characteristics of the predator classes takes a more complicated form). It is supposed
that in the absence of predation from the intermediate consumer, the resource grows according to a logistic growth
with intrinsic growth rate r and carrying capacity r/a.

The processes of resource conversion into intermediate consumer biomass and of intermediate consumer into top
predator biomass, respectively, are characterized by constant conversion rates k1 and k3. The death rates d; and d; of
the intermediate consumer and of the top predator, respectively, are also assumed to be constant.

It is assumed that top predators are bred in laboratories and subsequently released in an impulsive and periodic
fashion of period T, in a fixed number p each time. It is also assumed that pesticides are sprayed in an impulsive
and periodic fashion, with the same period as that of the action of releasing top predators, but at different moments.
As a result of pesticide spraying, fixed proportions 481, 82, 83 of the resource, intermediate consumer and top predator
biomass are degraded each time.

On the basis of the above assumptions, we may formulate the following impulsively perturbed model

x'(t) = x(O)[r — ax()] — g1(x(0)y(1), t#m+1—DT, 1t #nT;
V() =kigi(x()y(t) — g2(y()z(t) —diy(1), t# n+1—DT,t #nT;
Z(t) = kaga(y(1))z(r) — daz(t), t#m+1—-DT,t#nT;
Ax(t) = —81x(1), t=m+1-DT;

(S) Ay(t) = =&2y(t), t=m+1-DT;
Az(t) = —83x(t), t=m+1—DT;
Ax () =0, t =nT;
Ay() =0, t =nT,;
Az(t) = u, t =nT.

Here, T > 0,0 <[ < 1, Ap(t) = ¢(t+) — ¢@) for ¢ € {x,y,z}andt > 0,0 < 61,82,83 < 1,n € N*. The
functions g1, g, are assumed to satisfy the following assumptions.
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(G) gj isof class C! on Ry, g;(0) = 0, increasing and such that x — g;(x)/x is decreasing on R, |g; (x)| < L; for

x € Ry,ie{l,2}, where Ly, Ly > 0.

Note that hypothesis (G) is satisfied if functions g, go» represent Holling type II functional responses, that is,
gi(x) = lf’riljj = i € {1,2}, in which a;, i € {1, 2} are the search rates of the resource and of the intermediate
consumer, respectively, and b;, i € {1, 2}, represent the corresponding clearance rates, that is, search rates multiplied
by the (supposedly constant) handling time. Also, the above-mentioned constants L and L, can be taken as globally
Lipschitz constants for g1, go, respectively.

Impulsive perturbations of our three-trophic food chain model have also been considered by Zhang and Chen
in [21], in the form of the periodic constant impulsive perturbations of the top predator only (that is, no second
group of conditions in (S)), with particular Holling type II functional responses for the intermediate consumer and
for the top predator. In [21], the local asymptotic stability of the intermediate consumer-extinction periodic solution
is established, provided that the impulsive period 7 is small enough, and it is also shown that the resource and
intermediate consumer-free periodic solution is unstable.

By using similar techniques, that is, the Floquet theory of impulsively perturbed systems of ordinary differential
equations and comparison techniques, we are also able to prove further global stability results for both the intermediate
consumer-free periodic solution and the resource and intermediate consumer-free periodic solution, under appropriate
conditions, the former result representing a sufficient condition for the success of our pest control strategy. Note that,
due to the impulsive top predator release of constant strength, our controlled system does not exhibit the domino effect,
characteristic to the unperturbed food chain system, that is, if one species dies out then all the species at higher-trophic
levels die out as well (although the extinction of the resource will attract the extinction of the intermediate consumer,
of course). Due to the proportional impulsive perturbations at t = (n+1— 1)T, n € N*, the resource and intermediate
consumer-free periodic solution is no longer unstable for any values of the parameters involved, as it is the case
when only constant impulsive perturbations of z are employed, and the existence of a threshold parameter which
controls its stability is also established. Also, our food chain system may be interpreted as the nonlinear coupling
of two predator—prey subsystems (intermediate consumer—resource and top predator—intermediate consumer) through
the mediation of the intermediate consumer, while the impulsive perturbations induce commensurate oscillations, as
they act with the same period T. It is therefore expected that the system will display an oscillatory behavior, tending
to a (impulsively perturbed) limit cycle of period T for an important portion of the parameter space, corresponding to
impulsive and periodic perturbations with significant strength.

3. Preliminaries

In this section we shall introduce a few definitions and notations together with a few auxiliary results relating to
comparison methods and the Floquet theory for impulsively perturbed systems of ordinary differential equations. The
biological well-posedness of the Cauchy problem associated to our system (S) for strictly positive initial data will also
be established.

Let us denote by f = (f1, f2, f3) the mapping defined by the right-hand sides of the first three equations in (S).
Let also M be the set of functions V : Ry x Ri — R which are locally Lipschitz in the second variable, continuous
on((n+1—1)T,nT] x Ri andon (nT, (n +1DT] x ]Ri and for which the limits lim¢ y)— (ut1—)T+,0) V(E, ¥) =
V((n+1—1)T+,x)and lim¢ yy i7+.x) V¢, y) = V(nT+, x) exist and are finite for x € Ri and n € N*,

For V € V), we define the upper-right Dini derivative of V with respect to the system (S) at (#,x) € ((n +1 —
DT, nT) x R3 or (nT, (n +1)T) x R by

DTV (t,x) = limsup % [Vt +h,x+hft,x) =V, x)].
hl0

We now indicate a comparison result for solutions of impulsive differential inequalities which allows us to estimate
the values of the solutions of (S). We suppose that & : Ry x Ry — R satisfies the following hypotheses.

(H) A is continuous on ((n + [ — 1)T,nT] x Ry and on (nT,(n + [)T] x Ry and the limits
Lim, yyo (ni—1)T+.x) At y) = h((n +1 — DT+, x), limg yy o7+ ,x) (2, y) = h(nT+, x) exist and are finite
forx € Ry and n € N*.
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Lemma 3.1 (/34]). Let V € Vy and assume that

D+V(t, x() <h(,V(t,x()), t#m+I1—-1DT,nT,
Vi, x(t+)) < lﬂ,}(V(t,x(t))), t=m+1-DT; 3.1
Ve, x(t4) < ¥2(V(t, x(1), t=nT,

where h : Ry x Ry — R satisfies (H) and w,}, w,% : Ry — Ry are nondecreasing for all n € N*. Let r(t) be the
maximal solution of the impulsive Cauchy problem

W' @) =ht,u®), t#m+1—1DT,nT;
u(t+) = ylw@), t=m+1-DT;
u(t+) = Y2 (), t=nT;

u(0+) =up

(3.2)

defined on [0, 00). Then V (04, xo) < ug implies that V(t, x(t)) < r(t) for all t > 0, where x(t) is an arbitrary
solution of (3.1).

Note that under appropriate regularity conditions the Cauchy problem (3.2) has a unique solution and in that case r
becomes the unique solution of (3.2). We now indicate a result which provides estimations for the solution of a system
of differential inequalities.

Lemma 3.2 (/34]). Let the functionu € PC 1(R+, R) satisfy the inequalities

du <@pOu®) + f@), t#n,t>0;

dr ' (3.3)
u(te+) < (>)dru(t) +he, k>0;

u(0+) < (=)uo,

where p, f € PC(R+,R) and dy > 0, hy and ug are constants and (tx)r>o is a strictly increasing sequence of
positive real numbers. Then, for t > 0,

t 1 1 t
u(t)f(z)uo< I1 dk) efoP<S>dS+/0 ( [1 dk> e PO f(5)ds + D ( [1 d,-) el PO,

O<1 <t 0<ty <t O<tp<t \T<Tj<t

In the above, by PC(R4+, R) (PC 1 (R4, R)) is meant the class of real piecewise continuous (real piecewise
continuously differentiable) functions defined on R . For other results on impulsive differential equations, see Bainov
and Simeonov [34]. Using Lemma 3.2, it is now possible to prove that the Cauchy problem with strictly positive initial
data is well-posed for our system (S), that is, solutions (x, y, z) starting with strictly positive initial data remain strictly
positive and bounded on their whole domains.

Lemma 3.3. The positive orthant (IR’j_)3 is an invariant region for the system (S).

Proof. Let us consider (x, y, z) : [0, Tp) — R3 a saturated solution for (S) which starts with strictly positive x(0),
v(0), z(0). Under our assumptions (G), it is easy to see that

X)) =x(@0)[r—ax@®) — g1 (O)y®)], 0=<t<Tot#m+1—1T, nT;
Y () = y(@) [kig1(x (1)) — g5(0)z(r) — di],
Z'(t) = 2(t) [kaga(y (1)) — da]

as long as the solution remains positive. It then follows from Lemma 3.2 that

1+(1=D)T

x(1) = x(0) (1 — 51)[ T }efém(s)ds, 0<t<Tp
-ty

Y(t) = y(O) (1 — 82)[ T j| ef() I’Z(S)ds,

z(t) > z(0) (1 — 53)[M] eJo p3(©)ds
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where

pi(t) =1 —ax(t) — g1 (0)y(1);
pa(t) = k1g(x(1)) — g5(0)z(r) — di;
p3(t) = kaga(y(1)) — da,

that is, x, y, z remain strictly positive on [0, Tp). U

Also, using Lemma 3.2, it is possible to show that all solutions of (S) starting in (IR.j_)3 remain bounded and are
actually defined on the whole R .

Lemma 3.4. All solutions (x(-), y(-), z(-)) of (S) with initial data (x(-), y(-), z(*)) € (Ri)3 are bounded and defined
onRy.

Proof. Let us consider a solution (x(-), y(-), z(-)) of (S) starting with strictly positive x(0), y(0), z(0) and define
uij: RJ’_ g ]R+ by

1 1
ur(r) = x() + Ey(t) + @Zm’ t=0.

One then has

du dq d>
— =x®)[r—ax@®)]— —y@t) — ——z(t), t>0,t#m+1—1)T,t #nT. 3.4)
dr ki kikz
Let us denote D = min(dy, d»). It follows that
d
% 4+ Duy <x()[r+D—ax®)], t>0,t%m+1—DT,t+#nT. 3.5)

As the right-hand side of (3.5) is bounded from above by C = (r + D)z/ (4a), it follows that
d
SO+ DO SC 1> 00 # (1= DT 1 #nT,

together with

u((n+1—-DT+) <A =Hu((n+1-DT)

and

S

kiky'

where § = min(81, &2, 63). By Lemma 3.2, it follows that

”l(t)ful(0+)|: I1 (1—5)}—1%

O<(n+1—1)T <t

ur(nT+) =u1(nT) +

t
+cf[ ]_[ (1—8):|e_D(t_S)ds+ Z M e-pa—nT) 4o, (3.6)
0

s<(n4l—1)T<t 0T < Kik2
which yields
C(l _ eth) "W eDT
D kiky ePT — 1’

and since the limit of the right-hand side of (3.7) for t — oo is

ur (1) < up(0+)e 2" + t >0, (3.7

. C N uw CDT
=+ <00,
D kikpePT —1

it easily follows that u#; is bounded on its domain. Consequently, x, y, z are bounded and it follows by an easy
continuability argument that they are defined on the whole R. [



P. Georgescu, G. Morosanu / Mathematical and Computer Modelling 48 (2008) 975-997 981

It is also important to note that by a very similar procedure one may obtain that

c
s () < ur(04)e~h" 4 =1 (1 _ e_d") ,
d

where us (1) = x(t) + (1/k1)y(t) and C; = (r + d;)?/(4a). Consequently,

(r +dp)?
4ady

x(t) + %}’(Z) < |:X(0+) + k—lly(0+)i| + fort > 0.

At this point, it is useful to note that from the above it may be seen that y is bounded, with boundedness constant

(r+ d1)2:|

3.8
dad, (3-8)

B =k [x(O—i—) + kily(0+) +
Of course, this boundedness constant is not necessarily optimal, but it is important to note that it is 7- and u-
independent. In the following, we shall also be interested in finding an ultimate boundedness constant for y, that
is, a boundedness constant for y after the transient effects of the initial data are eliminated, rather than a boundedness
constant; the former can be much smaller.
We now introduce a few basic results regarding the Floquet theory of impulsive systems of ordinary differential
equations. Let us consider the system

{X’(t) =ADX®), t#u,teR; (3.9)

AX = BiX, P =Tk, Tk < Tkt1,k €2,
under the following hypotheses.

(H1) A(-) e PC(R, M,(R)) and there is T > O such that A(r + T) = A(¢) for all t > 0.
(H2) By € M,,(R), det(],, + By) # 0 for k € Z.
(H3) There is ¢ € N* such that By, = By, Tx4q = tx + T fork € Z.

Let &(¢) be a fundamental matrix of (3.9). Then there is a unique nonsingular matrix M € M,(R) such that
ot +T) = ()M for all r € R, which is called the monodromy matrix of (3.9) corresponding to . Actually,
all monodromy matrices of (3.9) are similar and consequently they have the same eigenvalues A1, Az, ..., A,, which
are called the Floquet multipliers of (3.9). Under these hypotheses, the following result holds.

Lemma 3.5 (/34]). Suppose that conditions (H1)-(H3) hold. Then

1. The system (3.9) is stable if and only if all Floquet multipliers A¢, 1 < k < n satisfy |A| < 1 and if |Ar| = 1, then
to Ly there corresponds a simple elementary divisor.

2. The system (3.9) is asymptotically stable if and only if all Floquet multipliers L, 1 < k < n satisfy |Ax| < 1.

3. The system (3.9) is unstable if there is a Floquet multiplier Ay such that | | > 1.

Note that we shall be able to use Lemma 3.5 in our settings even though we also employ the constant impulse
Az = u apparently not covered by our Lemma 3.5. This happens since we shall actually study the stability of certain
periodic discontinuous solutions by means of the small amplitude perturbations method and the above-mentioned
jump condition disappears after we reduce our problem to the stability of the null solution for certain systems, using
the proper change of variables which involves discontinuous functions.

4. Periodically forced subsystems

When the intermediate consumer y is eradicated, it is easy to see that the equations in (S) decouple and we are led
to consider the properties of the subsystems

X@) =x@r —ax@)], t#nT,(n+1—1T;
Ax(t) = =81x(1), t=m+1-DT;
Ax(t) =0, t =nT,

x(0+) = xo,

(RS; x)
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and

() = —drz(t), t#nT,(n+1—DT;
Az(t) = —683z(t), t=m+1—1T;
Az(t) = u, t =nT;

z2(0+) = zo,

(RS; 2)

which describe the dynamics of the resource and of the top predator, respectively, in the absence of the intermediate
consumer. First, it is seen that if a certain inequality which characterizes resource productivity is satisfied, then the
system formed with the first three equations in (RS; x) has a periodic solution, to which all solutions of (RS; x)
starting with strictly positive xo tend as t — oo, while if the opposite inequality is satisfied, then all solutions of
(RS; x) tend to 0 as t — oo. The above-mentioned periodic solution will be labeled as x* rather than, for instance,
x;‘j a8, a8 systems of type (RS; x) will always occur with the same a and §;, but sometimes with different r’s, so there
is no danger of confusion.

Lemma 4.1. The following statements hold.

1. Suppose that In(1 — 61) +rT > 0. Then the system formed with the first three equations in (RS; x) has a periodic
solution x. With this notation, the following properties are satisfied.

(@) Jif x*()dr = (1/a) [In(1 — &) + rT].
(b) lim;_ }x(t) —x} (t)| = 0 for all solutions x(t) of (RS; x) starting with strictly positive x.
() sup;>g }xﬁ] ) — x;kz(t)} < filr1, 25 T, a, 81), withlimy s, f1(r1,72; T, a,d1) =0.

2. Suppose that In(1 — §1) +rT < 0. Then lim;_, o, x(¢) = 0 for all solutions of (RS; x).

Proof. First, it is easy to see that

_ (r/ault)er
(r/a) +ult) (740 — 1)
for any solution u of the first equation in (RS; x), and so
(r/ayu((n+1—1)T+)e'T
rla+u((n+1—-DT+) (7 —1)

u(t)

., M+l —-DT<tg<t<m+DT 4.1)

u((n+0DT) =

Then
(r/a)u((n+1—1D)T+)e'T
(r/a) +u((n+1—1)T+) (T —1)

for any solution u of the first equation in (RS; x). Now suppose that In(1 — §;) + T > 0. By the periodicity
requirement, it follows that

u((n+0DT+) =0 -2461) 4.2)

(r/a)[(1 = 8pe'T —1]

e'T —1

N(n+1-DT+) =

and so
(r/a) [(1 —8neT —1]
e’ — 1 ’

Obviously, as In(1 —8;) +rT > 0, the periodic solution x* does indeed exist, is unique and strictly positive. Actually,
it may be seen that

x(IT+) =

(r/a)Aer(t—(n+l—1)T)

K1) —
x (1) = 1+A (er(t—(n+l—l)T) _ 1)’

m+I-DT <t <(m+DT, (4.3)

where

(1 =spe’t —1

A e'T —1

4.4)
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Also, since
x} (1)
X (D)

it follows that

=r—axi(t), te((m+1—-1)T,(n+DT],

[5)

In (x;"(tz)) —In (x;"(tl)) =/ [r — ax;k(s)] ds; m+I-DT <ti <tr <m+DT

14|
and so

(n+))T

In(x(n+DT)) —In(x}(n+1— DT+)) = / [r —ax(s)] ds.
(n+1-1)T

By the periodicity of x}f, it follows that

T
—In(1 -6y =/ [r —ax;"(s)] ds,
0

from which the first assertion follows. Now let x(¢) be a solution of (RS; x) starting with strictly positive initial data.
We shall prove that lim;_, o |x(t) —x} (t)| =0.
If x(IT+) = x*(IT+), then obviously x = x*. Now suppose that x(IT+) > x;(IT+); if the reverse inequality is
satisfied one can devise a similar argument to obtain the conclusion mentioned above.
Letus denote f : Ry — Ry,
(r/a)xe’T
(r/a) +x@ET 1)
It is then seen that x — f(x) is strictly increasing on R, while x = f(x)/x is strictly decreasing on R. By (4.1),
it is also seen that
X+ DTH) = ffAT+),  x((@+DT+H) = f(x(T+)
and by the periodicity of x* it is seen that x,(({ + 1)T+) = x(IT+). It follows that
x((+DT+) = f(x(AT4)) > f(xFAT+) = x (ITH),
since f is strictly increasing on R . Also,

_ _ fG&xdTH)
x(U+1DT+) = f(x(T+)) = TD x(IT+) < x(T+),
since x(IT+) > x (IT+), f(x;(UT+)) = x (T+) and x — f(x)/x is strictly decreasing on R .
Similarly, by an induction argument,
x((n+1+DTH) = fx((r+DTH) > fx ((n+DT+) = fF(xFUTH))

= x (IT+)

fx)=(1-261)

and
f&x((m+DT+))
x(m+1+DT+H) = fx((n+DTH) = ———x((n+ DT+
(( )T+) = fx(( )T+)) DT (( )T+)
<x((n+DTH+).
One then obtains that (x((n + )T +)),>( is monotonically decreasing and bounded from below by x(IT+), so it is
convergent to some wi > 0. Also,

x((n+1+DT+) —x((n+DT+) = f(x((n+DTH+)) —x((n+DHT+) - 0 asn — oo.

From the above, it follows that f(w;) = wy, and so w; = x(IT+), since the equation f(z) = ¢ has a single strictly
positive solution. It then follows that (x((n + )T +)),>9 — X, (IT+) for n — oo. Also, by (4.1), one may prove that

lx(t) = xF 0] <& |x((n +DT+) = x (0 + DT +)

, forte((n+DT,(n+1+DT],
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from which the second assertion follows. The remaining assertion can be proved by direct computation, making use
of the explicit representation formula (4.3) and of the T-periodicity of x; and x;: . In fact, one may obtain that

1 1 — A)? Al —A
X} (6) = x} ()| < |r1 — 12 |:— + ( ) } + ( ) (rlerzT - rze”T> fort > 0.
a a a

Now suppose that In(1 — 81) + r7 < 0. Again, by (4.2), it is seen that
(r/a)x((n+1—1DT+)e'T
(r/a) + x((n+1—1DT+) (e'T —1)
(r/a)(1 —8pe’”
(r/a) + x((n+1—DT+) (e'T —1)
x((n+1—DTH),

as (1 —38p)e’T < 1. It then follows that (x((n + [ — 1)T+)),,>¢ is monotonically decreasing and bounded from below
by 0, so it converges to some wy > 0. Since x((n +1)T+) = f(x((n+1—1)T+)), it follows that f(w2) = w»>. Then

(r/a)(1 —spe’”
2(rja) + wa (T — 1)
and, since In(1 — 81) + rT < 0, it easily follows that wy = 0. By (4.1), it also follows that
x(t) <x((n4+1—DTHeT forte (n+1— DT, (n+1T]

x((n+DT+) =1 —361)

x(m+1-1DT+)

IA

w) =w

and so lim; , 5o x(¢#) =0. [

We now suggest an approximate interpretation of the hypotheses in Lemma 4.1. Let us suppose that x approaches
0 in (RS; x). Then rT approximates the total growth (per unit biomass) of the resource biomass in a period, while
In(1 — &) is a correction term which accounts for the loss of resource biomass (per unit biomass) due to pesticide
spraying. If the total growth rT does not exceed the loss In(1 — §1), there is a net loss of resource biomass when x
approaches 0 and so the resource biomass x(¢) tends to 0 as t — oo, while if In(1 — 81) + T > 0, there is a net gain
of resource biomass when x approaches O which prevents the extinction of the resource x.

Secondly, it is seen that the system formed with the first three equations in (RS; z) has a periodic solution to which
all solutions of (RS; z) starting with strictly positive zg tend as t — o0, irrespective of the sign of In(1 — §1) + rT.
This happens since the survival of the top predator is assured by the periodic impulse 1 and does not depend upon
the survival or extinction of the resource, although the persistence level is, of course, indirectly affected. Again, this
solution will be labeled as z;;‘z, for reasons similar to those outlined above.

Lemma 4.2. The system formed with the first three equations in (RS; z) has a periodic solution zjz. With this notation,
the following properties are satisfied.

L fy 24 (dr = et [ =T 4 (1= 83) (eI — om0 T)],
2. limy_, oo ‘z(t) — ZZZ (t)| = O for all solutions z(t) of (RS; z) starting with strictly positive z.
25,(0) = 2% (0| = folda s T, ), with limg,_, fo(do. d; T, a,83) =0,

3. sup;>q
Proof. First, it is easy to see that
u(t) = e 200y (tg) t,tg € (n+1— DT, nT)or (nT, (n+ 1+ 1)T) 4.5)
for any solution u of the first equation in (RS; z) and so
2, (n+DT+) = i, (n+ DT) +
= e 20DT (1 +DT+) +
= 20T —83)2), (n+DT) +
= e h0=DT (1 _ 83)e_d21Tz:;2(nT+) +u
= e T (1 = 83)2, 1 T+) + 1.
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By the periodicity requirement, it follows that
25 (nT+) = e 2T (1 = 83)z), (nT+) + 1
and so

"
—ehT(1—683)

Obviously, by (4.6), the periodic solution searched for does indeed exist, is unique and strictly positive. Actually, it
may be seen that

4,04 = - (40

" —dy(t=nT) te T nT
] _efdzl(] _83)6 ) (l’l ) (I’l + ) ]

25 = 4.7

—dy(t—nT) ;1 _
I— T (1—083)° (1-83), te(@m+DT, (n+DT]

The first assertion follows then by direct computation.
Now let z be a solution of (RS; z) with strictly positive initial data. We shall prove that lim;_, ‘ z(t) — z;;z (t)‘ =0.
It is seen that z — ZZQ verifies the system

(z — ZZZ)’(I) =—dy(z—23)), t#m+1—DT,t#nT;
A —z5)(1) = =83z — 25)(®), t=n+1—DT;

Az = z3,)(1) = 0, t =nT.
Consequently,
—dali—(1=1)T) (z(0+) B 1 ) (1= s,
1 — eI (1 —83)
2(1) = z3,(1) = _Zzi_(f:_;;)ﬁ’ (i =T B ) 4.8)
¢ (z(0+) Tl a1 83)> (1—1483)",

te((m+1—-1T,nT];
from which the second assertion follows. The third assertion can be proved by direct computation, as done for
Lemma4.1. O
5. Local stability results: A Floquet analysis

In this section we study the local stability of the resource and intermediate consumer-free periodic solution
0, 0, zZ}z (¢)) and of the intermediate consumer-free periodic solution (x(¢), 0, zj}z (t)) by means of the Floquet theory,
supposing that the productivity condition for the resource In(1 — 81) +r7 > 0 is satisfied. In this sense, it will be seen
that the local stability of the intermediate consumer-free periodic solution is governed by a threshold-like condition
expressed in terms of an integral involving the periodic solutions x* and z;2 introduced in the previous section, while
the resource and intermediate consumer-free periodic solution is always unstable.

Theorem 5.1. Suppose that In(1 — &1) +rT > 0. The following properties hold.

1. The resource and intermediate consumer-free periodic solution (0, 0, Z;z (1)) is unstable.
2. The intermediate consumer-free periodic solution (x}(t), 0, ZZZ (1)) is locally asymptotically stable provided that

T
In(1 — &) —l—/ [k1g1(x)(5)) — &5(0)z, (s) —di]ds <0 (6.1
0
and unstable provided that the reverse inequality holds.

Proof. To study the stability of the resource and intermediate consumer-free periodic solution (0, 0, ZZZ (1)), let us
denote

x(1) = u(r), y(@@) =v(@), 2(t) = w(t) + 25, (1), (5.2)
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u, v and w being understood as small amplitude perturbations. Substituting (5.2) into the first three equations of (S),
one obtains

u'(t)y = u) [r — au(®)] — g1 (u@)v(t)
V(1) = kigi(u@®)v(r) — g2(v(1)) [w(t) + 23, (t)] —div(t) (5.3)
w' (1) = kaga(v(t)) [w(t) + 23, (t)] — dyw(t).

The corresponding linearization of (5.3) at (0, 0, 0) is

u'(t) = ru(t)
V(1) = = [g2(0)z), (1) + di ] v(®) (5.4)
w' (1) = kag5(0)zj, (v (1) — daw(2)

and so a fundamental matrix of (5.4) is

ert 0 0
0 o i[Oz, 0+ Jas .

t sl 7 *
’ (/kx%mzmekk”wﬁHﬂw“>fw o
0

The linearization of the jump conditions at (n + [ — 1)T reads as

P (1) = (5.5)

Au(t) = =Su@®), t=m+1-DT;
Av(t) = —8v(1), 5.6)
Aw(t) = =83w(t),

while the linearization of the jump conditions at nT reads as

Au(t) =0, t=nT,
Av(t) =0, 5.7
Aw(t) = 0.

Consequently, the local stability of the resource and intermediate consumer-free periodic solution (0, O, zjlz (t)) can be
analyzed by studying the eigenvalues of the monodromy matrix

1-6 0 0
Mi=| 0 1-8 0 |&).
0 0 1-68

Since the eigenvalues of M are

— ) [ Oz, )+ ds

Mm=0=8)eT, a=01-8)e A3 = (1 —83)e 2T

and A1 > 1, it follows that the resource and intermediate consumer-free periodic solution (0, 0, z:;z (¢)) is unstable,
with a one-dimensional unstable manifold.
We now study the stability of the intermediate consumer-free periodic solution (x(¢), 0, zjz (t)). Let us denote

x(t) = u(t) + x:(1), y() = (), (1) = w() + Z:;z(t), (5.8)

u, v, w being understood again as small amplitude perturbations. Substituting (5.8) into the first three equations of
(S), one obtains

W' (t) = u() [r —au@) + x5 (1)) — g1(u() + x5 @)v(r)
V(1) = kg (u(®) + x (0)v(1) — g2(() (W () + 25, (1)) — div(1) (5.9
w'(1) = kago (V) (w(t) + 23, (1) — daw(?).

The corresponding linearization of (5.9) at (0, 0, 0) is
u'(t) = u() [r —ax} (0] — g1(x}(0))v()

V(1) = [kig10:7 (1) — 8300z, (1) — di ] w(®) (5.10)
w'(1) = kagy(0)zg, (D (1) — daw ().
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Let us define

t
¢:Ry — R, o) = / [r —ax}(s)] ds,
0

t
v Ry >R, V(1) = /0 [k181(x)(5)) — 85(0)z, (s) — d1] ds.
Then a fundamental matrix of (5.10) is

t
R0 _ew(t)/ 0y S ACTON T
0
=] o eV ® 0
t
0 e / kagh(0)z, ()e™ TV ds e~
0

The linearization of the jump conditions at (n + ! — 1)T and nT gives again (5.6) and (5.7). Consequently, the
local stability of the intermediate consumer-free periodic solution (x,*(¢), O, zjgz (t)) can be analyzed by studying the
eigenvalues of the monodromy matrix

1-8 0 0
My=| 0 1-=86 0 |&X).
0 0 1-6

It is seen that the eigenvalues of M, are
m==spefD dp=-8)e" D k=1 -83)e

It is obvious that 0 < A3 < 1. Also, A = 1, from Lemma 4.1. If (5.1) is satisfied, then 0 < A» < land A = lisa
simple eigenvalue, which implies that (x(¢), 0, z;‘lz (1)) is stable. If the reverse of (5.1) is satisfied, then A, > 1 and

(x}(),0, ZZZ (1)) is unstable. Finally, noting that fOT g1(xf (5))e?®~=¢G)ds > 0, since the integrand is strictly positive,
one sees that if

T
In(1 — 8) + fo k121 () — 5(0)25, () — di ] ds = 0, 5.11)

then (x (1), 0, ZZZ (7)) is again unstable, since A = 1 is an eigenvalue of multiplicity 2 and its elementary divisor is not
simple. [

Note that the meaning of condition (5.1) is completely similar to that of condition In(1 — §;) +rT < 0, but applied
to the dynamics of y this time. Namely, suppose that y approaches 0. Then fOT [kl g1(xf(s) — & (O)th,2 (s) — dl] ds
approximates the total growth (per unit biomass) of the intermediate consumer biomass in a period (note that
lim;,0(g(¢)/1) = g5(0)), while In(1 — &) is a correction term which accounts for the loss of intermediate consumer
biomass (per unit biomass) due to pesticide spraying. If the total growth exceeds the loss In(1 — &), then there is a net
gain of consumer biomass when y approaches 0 which prevents the extinction of the intermediate consumer, while if
the loss In(1 — 8;) exceeds the total growth, there is a net loss of consumer biomass when y approaches 0 and so y(z)
tends to 0 as + — o0. Also, condition In(1 — §1) + rT > 0 ensures the instability of the resource and intermediate
consumer-free periodic solution, since it prevents the extinction of the resource.

Since g1 and g are general functional responses, we have to state our stability condition (5.1) in terms of the
periodic solutions x;* and z}; rather than in a more explicit form. Actually, this form may make more sense even when
the particular forms of g; and g, are known (for instance, when g1, g> are Holling type II functional responses), as
the resulting explicit inequalities are rather cuambersome and their interpretations are not transparent.

6. Global stability results

In this section, we perform a global stability analysis of the resource and intermediate consumer-free periodic
solution (0, O, zjz (¢)) and of the intermediate consumer-free periodic solution (x(¢), 0, z:;z (1)), respectively.
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Theorem 6.1. The following statements hold.

1. Suppose that In(1—581)+rT < 0. Then the resource and intermediate consumer-free periodic solution (0, 0, zjz 1)
is globally asymptotically stable.

2. Suppose that In(1 — 81) + rT > 0. Then the intermediate consumer-free periodic solution (x}(t), 0, z:‘b (1)) is
globally asymptotically stable provided that

T
in(1 =89+ [ [higi(7(6)) = e, ) - di]ds < . 6.1)
0
where
— 1 !
Cgp = osinngy & (),

My, being an ultimate boundedness constant for y.

Proof. Suppose first that In(1 — 8;) +r7T < 0. Let &1 > 0 such that k1g1(g;) < d; (this is always possible since
lim,_.0 g1(¢) = 0) and let also n = (1 — 8;)e*181ED=dDT Note that 0 < n < 1. It is seen that

() =x®) [r —ax()] — g1(x@)y (@) < x(t) [r — ax(1)]

and so, by Lemma 3.1, x(¢) < x(¢) for ¢t > 0, where x is the solution of (RS; x) with the same initial data at 0+ as
x. As any such solution x tends to 0 for 1 — oo, by Lemma 4.1, x tends to 0 as well and there is 77 > 0 such that
x(t) < g1 fort > T. For the sake of simplicity, we suppose that x(¢) < g for all + > 0. One then obtains that

Y'(t) = kigi(x(@)y(@) — g2(y(@)z(t) — diy (1)
=y lkigie) —dil, t#n+1-DT.

By integrating the above inequality on ((n + ! — 1)T, (n + [)T], one obtains

In(y((n+DT)) —In(y((n +1—DT+)) < (kigi(e1) —d)T forn =1
and so

In(y((n+DT)) —In(y((n +1—DT)) —In(l — &1) = (k1gi1(e1) —d)T forn = 1.
It then follows that

y((n+DT) = y((n+1—-1DT)ny
and consequently

y((n+DT) < yIT)n",
which implies that y((n +1)T) — 0 as n — oo. Also,

y(t) < y((n+1 = DTH)e®1s1E)=de=0H=DD =4 ¢ (41 — DT, (n + T]
which implies that

y@) <y((m+1-DT+), te(n+!I—-DT,(n+DT]

and consequently y(t) — 0 as ¢t — oo.

We finish by proving that z(¢) — zzz (t) — Oast — oo. To this purpose, let 0 < g2 < da/(kaL2). Since y(t) — 0
as t — oo, there is some 7> > 0 such that y(#) < &, for all t > T5. For the sake of simplicity, we suppose that
y() < e forallt > 0.

It follows that

Z'(1) = kaga(y(1)z(t) — drz(1)

< kaLy(1)z(t) — daz(t)
< —(dy — koLoe2)z(t), t# (n+1—DT,t #nT.

A



P. Georgescu, G. Morosanu / Mathematical and Computer Modelling 48 (2008) 975-997 989

Consequently, one infers from Lemma 3.1 that
21(0) = z(t) = 2200,

where 7 is the solution of (RS; z) with the same initial data at O+ as z and Z is the solution of (RS; z) with d»
changed into d» — kp L€ and the same initial data at 0+ as z.

As these solutions become close to z:;z (1), respectively to zj‘b
for ¢ large enough,

ko Loes (t) ast — oo, by Lemma 4.2, it follows that,

25, (1) — &2 < 2(t) < 24,y 106, (t) + €2

and the conclusion follows from Lemma 4.2. The first assertion is now established.
Now suppose that In(1 — 61) + 7T > 0. We first show that y(¢) — 0 as ¢t — oo. To this purpose, choose €3 > 0
such that
T

In(1 —62) + / [klgl(x;“(s) + &3) — cgz(zjlz(s) —&3) — dl] ds < 0.
0
This choice is obviously feasible, as |g1 (xf(s) +e3) —g1(xf (s))| < Ljez and (6.1) is satisfied. Let us also denote

E— (- az)ef{[klgl(x;*<s)+sg)—cg2<z;2<s)—s3)—d.]ds
and observe that 0 < & < 1.
It is seen that

X)) =x@) [r —ax(®)] — g1 (x)y (@) < x(t) [r — ax(®)],

and so, by Lemma 3.1, x(t) < x(¢) for t > 0, where x is the solution of (RS; x) with the same initial data at 0+
as x. As any such solution becomes close to x(f) for 1 — oo, by Lemma 4.1, there is some 73 > 0 such that
x(t) < x}(t) + &3 for t > T3. For the sake of simplicity, we suppose that x (1) < x(t) + &3 forall t > 0.

Also,

2 (1) = koga(y(0))z(1) — doz(t) = —daz(1),

and so, by Lemma 3.1, z(¢) > z(¢) fort > 0, where Z is the solution of (RS; z) with the same initial data at 0+ as z. As
any such solution becomes close to zjz (t) fort — oo, by Lemma 4.2, there is some 74 > 0 such that z(¢) > ZZZ (t)—e&3
for t > Tj. For the sake of simplicity, we suppose that z(¢) > z:‘}z (t) —ezforallt > 0.

Since y(¢) is ultimately bounded, there is 75 > 0 such that y(t) < M, for all t > T5, where M, is an ultimate
boundedness constant for y. For the sake of simplicity, we suppose that y(t) < M, for all # > 0. Also, note that in
this situation g2(y(?)) > cg,¥(t) for ¢ > 0. One then obtains that

Y (1) = kigi(x@)y (1) — g2(y(1))z(t) — diy (1)
< YO [kig10 (1) +€3) — ¢, (2, (1) —e3) =], 1# (n+1—-1DT,

and it consequently follows that

);((tt)) =< k]gl(-x;k(t) + €3) —ng(ZZZ(l‘) —e3)—dy, t ;ﬁ nm+1—-DT.

By integrating the above inequality on ((n + [ — 1)T, (n 4+ I)T], one obtains

(n+D)T

In(y((n +DT)) =In(y((n +1 = DT+)) < /( or [k1g1 (7 (1) + 3) — cg, (27, (1) — £3) — di ] dt
n+l—

and so
T
In(y((n +DT)) —In(y((n +1 = 1)T)) —In(1 — ) < /0 [kig1(x} (1) + e3) — Cgy (2, (1) — €3) — di]dr

by periodicity. It then follows that
y((n+DT) < y((n+1—-1DT)§
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and consequently
y((n+DT) < y(IT)E",
which implies that y((n +[)T) — 0 as n — 00. Also

yy ((t’)) < kigix(n) <&,

k being a suitable boundedness constant, so

Y(t) < y((n +1 = DTH)F=CHDD e (I — DT, (n+ )T

which implies that

YO < (A= 8)y((+1 =D, 1e(@+1—DT. (n+DT],

and consequently y(r) — 0 ast — oo. We now prove that x(t) — x () — 0 ast — oo. To this purpose, let
0 <e4 <r/Ly.Since y(t) - 0ast — oo, there is Tg > 0 such that y(¢) < &4 for t > Tg. For the sake of simplicity,
we suppose that y(t) < g4 forall t > 0.

It follows that

x'(t) = x(@) [r —ax(®)] — g1 (x(®)y(t)

_ Ca@)
= x(1) [r RO ax(r)]

> x(@®)[(r — L1g4) —ax(1)]

fort £ (n+1— 1)T, t # nT. Consequently, one infers from Lemma 3.1 that
X1(t) < x(@) < X)),

where X, is the solution of (RS; x) with the same initial data at 0+ as x and x| is the solution of (RS; x) with r
changed into » — L1&4 and the same initial data at 0+ as x.

As these solutions become close to x,(¢), respectively to x
t large enough,

*

rLies (t) ast — oo, by Lemma 4.1, it follows that, for

Xy pe, () — 84 S x () < x7(1) +ea

and the conclusions now follow again from Lemma 4.1. To prove that z () — ZZz (t) — 0ast — oo, we may proceed
as done for the proof of the first assertion. The second assertion is now established. [

Note that condition (6.1) has a somewhat theoretical value and is only sufficient for the global asymptotic stability
of the intermediate consumer-free periodic solution. One may not expect, though, an integral condition of type (6.1) to
be threshold-like (to be necessary as well). This happens since (S) has to inherit, at least partially, the chaotic behavior
of the unperturbed system, which is attained for a certain window in the parameter space, as noted in Klebanoff
and Hastings [11]. At this point, the availability of a good estimate of the ultimate boundedness constant for y
or of c¢g, is crucial. In this regard, if one considers the case in which g5 is a Holling type II functional response,
2(y) = (a2y)/(1 + byy), then gé(y) = ar/(1 + byy)? and then infyer, gé(u) = 0. Consequently, if no good
estimations for the ultimate boundedness constant are available and B is large, then the only sensible way to ensure
the validity of (6.1) is to assume that

T
in(t =5+ [ g (760 — di]ds <0,
0

but this is a rather crude estimation, which ensures the extinction of the intermediate consumer even if no top predator
is present.

Note also that, at least formally, both the local stability condition (5.1) and the global stability condition (6.1)
display a significant dependence on the functional response g» of the top predator, with a dominance on the dependence
on a.
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7. Biological interpretations of the stability results

From Theorem 6.1, we note that if the pesticide is not selective enough, that is, if §; is large enough to make
In(1-481)+4rT negative, or, in other words, if the pesticide has a significant negative effect on the growth of the resource
biomass, then the resource and intermediate consumer-free periodic solution is globally asymptotically stable, which
means that our control strategy fails. Alternatively, this means that a nonselective pesticide should not be applied very
often (7 should be large) in order to avoid resource extinction. Of course, this may have a negative impact on the
overall success of the integrated pest management strategy.

From Theorem 6.1, it is seen that, theoretically speaking, our control strategy can be always made to succeed
globally by the use of proper pesticides, provided that §; is small enough, in order to have the inequality
In(1 — 81) + rT > O satisfied, and §; is large enough to have (6.1) satisfied, for any given top predator functional
response g2. Also, it is seen that an aggressive (g5(0) large enough) top predator may stabilize an otherwise unstable
intermediate consumer-free periodic solution, at least locally (see (5.1)). In order to stabilize the intermediate
consumer-free periodic solution globally, the top predator should be aggressive enough, even at large intermediate
consumer densities, when saturation effects are supposed to appear, so that

In(l = 8) + fy [kig107(s) — di] ds
Jy 2,)ds

inf  g5(u) >
0<u=M, 8, (u)

If g5 is a Holling type II functional response (see above) or a Ivlev functional response (g2 (x) = k(1 — e~b%)), which
are convex regarded as functions of x, then the above reduces to

In(1 — &) + fii [kigi(x*(s)) — di]ds

/
g, (My) >
’ Jo 25, )ds

Note that fOT kigi(x*(s))ds and fOT 2, (s)ds are go-independent.

Since lim;, _, fOT z;‘lz (s)ds = +o0, from Lemma 4.2, and x;* does not depend upon L, it is seen from Theorem 6.1
that the intermediate consumer-free periodic solution can be stabilized globally by means of increasing x alone. Note
that B, the global boundedness constant for y which is indicated in (3.8) and which may also serve as an ultimate
boundedness constant for y, is @-independent.

Also,

T T
/ kigi(x}(s))ds < k1L / x (s)ds = ki Li(1/a) (In(1 = 81) +rT),
0 0

from Lemma 4.1, so

T
lim sup / kigi(x}(s))ds < 0.
T4 —(n(1-51))/r JO

T

; lim inf cng (zl(s) +dpds >0
{=(n(1=81))/r 0

from Lemma 4.2 and ¢, is T-independent, it is seen from Theorem 6.1 that the intermediate consumer-free periodic

solution can also be globally stabilized by means of decreasing 7 alone, in such a way that In(1 — &) + r7T remains

strictly positive.

However, as mentioned in the Introduction, our purpose is to drive the intermediate consumer population under
the economic injury level rather than eradicate it completely, so our pest management strategy may be considered
successful even in situations in which (6.1) is not satisfied, provided that the intermediate consumer population
stabilizes under the economic injury level.

Accepting (1/T) fOT f(t)dt as an averaging measure for the oscillations of a periodic and positive function f of
period T (an average level of persistence, that is), it is seen from Lemma 4.2 that an increase in w causes an increase



992 P. Georgescu, G. Morosanu / Mathematical and Computer Modelling 48 (2008) 975-997

in the average level of zj}z, while from Lemma 4.1 it is seen that an increase in u has no effect on the average level of
Xk

From Lemma 4.1, it may also be observed that an increase in the carrying capacity of the environment (a decrease of
a while keeping r constant, that is) causes an increase in the average level of x*, while having no effect on the average
level of zz}z. This is certainly conceivable, since if y tends to extinction, then the resource x and the top predator z are
essentially independent, as the top predator z does not feed upon the resource x. Also, as seen from (5.1) and (6.1), an
increase in the carrying capacity of the environment may not necessarily destabilize the intermediate consumer-free

periodic solution (x(¢), 0, zzz (1)), at least when the functional response g| of the intermediate consumer is a Holling
type II functional, since fOT g1(x}(s))ds is bounded from above as a function of a, but it certainly reduces the chances

of having a stable intermediate consumer-free periodic solution, since fOT 81(x)(s))ds is decreasing as a function of a.
It is then seen that we obtain a paradox of enrichment for our food chain model, albeit in a weaker form. Also, noting
that all terms in (5.1) are negative except for k| fOT g1(x}(s))ds, we observe that periodic solutions (x;(¢), 0, zzz (1)
with low x’s are inherently stable rather than unstable, so the paradox of biological control is not present in our
model.

To show that our pest management strategy does not over-rely on the use of pesticides, although this, in some
sense, has already been observed above, we briefly study below the case in which no pesticides are sprayed (that is,
81 = 82 = 83 = 0) and outline the success conditions.

It is seen that in this situation In(1 —8;) +r7 = rT > 0 and fOT z§2 (s)ds = u/d,. Also, this time x(t) = r/a for
t > 0 (see (4.3) and (4.4)). We consequently obtain with the help of Theorems 5.1 and 6.1 the following result.

Theorem 7.1. Suppose that §1 = 52 = 63 = 0. Then the following statements hold.

1. The resource and intermediate consumer-free periodic solution (0, 0, z;‘b (1)) is unstable.
2. The intermediate consumer-free periodic solution (r/a, 0, zjlz) is stable provided that

(kigi(r/a) —d) T < gy(0)u/da,
respectively globally asymptotically stable provided that

(kigi(r/a) —d) T < cgiu/da.

3. The intermediate consumer-free periodic solution (r/a, 0, zzz) is unstable provided that
(k1g1(r/a) —d\) T = g3(0)u/d>.

Itis now easy to see that a voracious top predator can always stabilize the system, driving the intermediate consumer
to extinction and the prey to the carrying capacity of the environment. Also, for p large enough or T small enough,
the global stability condition is always satisfied. Note that, for a significant part of the parameter space, the dynamical
outcome does not depend upon the initial population sizes, which is perhaps not surprising, having in view that we
study a model with predator-dependent functional responses, as opposed to a model with ratio-dependent functional
responses.

We may further particularize g; (x) = (a;x)/(1 + b;x), i € {1,2}, and obtain that (r/a, 0, z:;z) is stable provided
that T < (apu(a + b1r)) / (da(kiarr — dia — d1byr)) and unstable provided that the reverse inequality holds, that is,
a result similar to Theorem 3.1 in Zhang and Chen [21].

In the situations in which the intermediate consumer-free equilibrium is globally asymptotically stable, or at least
the intermediate consumer population stabilizes below the economic injury level, it would be interesting from a
practical point of view to give a general estimate of the time required for the intermediate consumer population to
drop below the economic injury level. Unfortunately, we were not able to address this issue in this work.

8. Numerical simulations

We are now concerned with the numerical investigation of some situations not covered by our Theorems 5.1 and
6.1 which may lead to a chaotic behavior of the system. Following Klebanoff and Hastings [11] and Kuznetsov and
Rinaldi [16], we rescale the variables using the formulas

ax ay az

X1 = -, X2 = s X3 = ——, s =rt
r rki rkiks



P. Georgescu, G. Morosanu / Mathematical and Computer Modelling 48 (2008) 975-997

and obtain the following scaled system

/ mi1x1(s)
x1(8) = x1()[1 —x1(8)] — —————x2(5), s#Em+1-1DT,s #nTy;
1 +nixi(s)
() = Oy 220 G Dins(s), s # (kD= DTy s £
1 +nyx1(r) 1 +naxa(s)
p max2(s) )
x3(s) = ———————x3(s) — Dax3(s), s#m+1—1DTi,s #nT;
(SO) 1 + naxa(t)
Axi(s) = =81x1(s), s=m+1-DT:
Axa(s) = —=82x2(s), s=m+1-DTy;
Axz(s) = —83x3(s), s=@m+1-DTy;
Ax1(s) =0, s =nTy;
Axa(s) =0, s =nTh;
Axz(s) = p1, s =nTy,
where
k b byk d d
mlzal 1’ nlzlv n2:r2]9 D1=_15 D2=_27 Tl_rT7
a a a r r
M= ke
It is easy to see that the corresponding unperturbed system
mixi(s
x1(s) = x1()[1 —x1 ()] — l—loxz(S), s#m+1—-1)Ty,s #nTy;
) 1+n1x1((s))
mixi(s mox)(s
RSC xXh(s) = ————" x5(s) — — =" _x3(s) — D1xa2(s), s n+l—DT,s #nTy;
(RSC) 2(s) TE— 2(s) 1T nara(s) 3(s) 1x2(s) 7 ( )T, s #nT
Hs) = —220) o Doxs(s) s#Mm+l— DT, s #nTh;
3 l—i—nzxz(t) 3 3 ’ ) )

has at most five equilibria, namely:

1. The trivial equilibrium O = (0, 0, 0).
2. The intermediate consumer and top predator-free equilibrium R = (1, 0, 0).
3. The top predator-free equilibrium
RC = (Dy/(my — n\Dy), (my —n1 Dy — Dy)/(my — n D)%, 0).
4. The positive equilibria

Py = (x1!, Daf(my —naDy), x5, Py = (x[?, Da/(ma — naDy), x3%),

where
2 _ g.miniDy
xPi _ ny — 1 n (_1)1 \/(nl + 1) 4m27n2D2
1 2n 2n1
. 1 mxFi
o= Sl D), ief1,2).
my —naDa \ 14 nyx;"

993

Note that the first two equilibria exist irrespective of the values of the parameters which characterize the system, while

several conditions need to be satisfied for the existence of the last three equilibria.

The dynamics of the unperturbed system (RSC) have been studied in detail by Klebanoff and Hastings in [11]
and by Kuznetsov and Rinaldi in [16]. However, the behavior of the perturbed system (SC) is severely affected by
our periodic forcing and the qualitative picture bears little resemblance, at least for significant forcing, to that of the

unperturbed system.
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Fig. 8.1. m; = 24,n| =3,my = 0.02,np = 0.4, D; = 04, D, = 0.01,8; =0.1,8, = 0.3, 83 = 0.05, u; = 0.25, T} = 10,/ = 0.5. The
trajectory approaches a periodic orbit of period 77. The unperturbed system has a top predator-free equilibrium, but no positive equilibria.

From Theorem 5.1, it is easy to see that the intermediate consumer-free periodic solution is unstable provided that
my < myg, Where

Ty _my(xD*(s)
i In(1 = &) + o' 1oy ds — DiTh
s =

o L (x3)p, (s)ds

and locally stable provided that the reverse inequality is satisfied.

For mi = 24, n1 = 3, my = 0.02, np = 04, D1 = 04, D, = 0.01, §; = 0.1, o = 0.3, §3 = 0.05,
w1 = 025, 71 = 10,1 = 0.5 (part of the values are close to the ones used by McCann and Yodzis in [15]) and
x1(0) = 0.75, x2(0) = 0.49, x3(0) = 0.05, it is seen that the intermediate consumer-free periodic solution is unstable
and the stabilizing value is my; = 0.098. The unperturbed system has a top predator-free equilibrium, but no positive
equilibria.

It is then seen that in this case the trajectory of the perturbed system tends to a periodic orbit of period 7. Apart
from deciding the stability or instability of the intermediate consumer-free periodic solution, the parameter m, does
not seem to otherwise influence the qualitative properties or the shape of the limiting set. The behavior of the trajectory
is depicted in Fig. 8.1.

A related behavior is captured in Fig. 8.2 for m; = 10, ny = 3, Dy = 0.4, my = 0.1, np = 0.4, D, = 0.01,
81 = 0.1, 6, = 0.3,83 = 0.05, uy =0.25, 71 = 11,1 = 0.5 and x1(0) = 0.75, x2(0) = 0.49, x3(0) = 0.05. The
intermediate consumer-free periodic solution is unstable and the stabilizing value is my; = 1.329. The unperturbed
system has a top predator-free equilibrium and a positive equilibrium.

In this case the trajectory of the perturbed system tends to a periodic orbit of period 377.

A typical example of chaotic behavior (strange attractor) is captured in Fig. 8.3 for m; = 10, n; = 3, D1 = 0.4,
my = 0.1, np = 0.4, D, = 0.01, 61 = 0.1, 6 = 0.3, 83 = 0.05, u = 0.25, T1 = 30,7 = 0.5 and x1(0) = 0.75,
x2(0) = 0.49, x3(0) = 0.05. The intermediate consumer-free periodic solution is unstable and the stabilizing value
is mos = 1.244. Again, the unperturbed system has a top predator-free equilibrium and a positive equilibrium. The
two-dimensional plot x, vs. x1 and the time series for x1, x2, x3 also indicate that the trajectory has a chaotic behavior.
A slight increase in my (m2 = 0.109) “stabilizes” the behavior of the system, and the trajectory tends again to a
periodic solution of period 7.

A somewhat similar situation is captured in Fig. 8.4 for m; = 10, n; = 2, D1 = 0.4, my = 0.1, np = 0.4,
Dy = 001,48; = 0.1,6 = 03,8 = 005 pn =025 T = 10,1 = 0.5 and x1(0) = 0.75, x2(0) = 0.49,
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Fig. 82. m; = 10,n; =3, D1 = 04, my = 0.1, np = 04, Dy = 0.01,48; = 0.1, 8p = 0.3, 83 = 0.05, uy = 0.25, T} = 11,1 = 0.5. The
trajectory approaches a periodic orbit of period 377. The unperturbed system admits a top predator-free equilibrium and a positive equilibrium.
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Fig. 8.3. my = 10,n; =3, D; = 04, my = 0.1, n, = 0.4, D, = 0.01,8; = 0.1, 8, = 0.3, 83 = 0.05, » = 0.25, T} = 30,1 = 0.5. The
trajectory is chaotic (bistability-like scenario). The unperturbed system admits a top predator-free equilibrium and a positive equilibrium.

x3(0) = 0.05. The intermediate consumer-free periodic solution is unstable and the stabilizing value is mo; = 1.745.
The unperturbed system has a top predator-free equilibrium and two positive equilibria. A slight increase in m»
(my = 0.1119) “stabilizes” the behavior of the system, and the trajectory tends again to a periodic solution of period
T:. That is, my not only has the potential to stabilize the intermediate consumer-free periodic solution, but also the
potential to mitigate the chaotic behavior of a trajectory for certain values significantly smaller than the stabilizing
critical value, an increase of m, over these values ensuring that the trajectories of the system tend to certain periodic
solutions.
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Fig. 84. my = 10,n; =2, D; = 04, my = 0.1, np = 04, D, = 0.01, 81 = 0.1, 8, = 0.3,83 = 0.05, u = 0.25, T} = 10,/ = 0.5. The
trajectory is chaotic (bistability-like scenario). The unperturbed system admits a top predator-free equilibrium and two positive equilibria.

9. Concluding remarks

In this paper, an integrated pest management model described through an impulsively perturbed tri-trophic simple
food chain system is proposed and investigated. To control the behavior of the system, biological controls, in the form
of periodic release of top predators in a fixed number and chemical controls, in the form of periodic pesticide spraying,
are employed. It is assumed that as a result of pesticide spraying fixed proportions of resource biomass, intermediate
consumer biomass and top predator biomass are degraded each time. Nonlinear general smooth functions are used
to model the functional response of the intermediate consumer and of the top predator and a general prey-dependent
model is consequently obtained.

By means of the Floquet theory of impulsively perturbed systems of ordinary differential equations, it is seen
that the local stability of the intermediate consumer-free periodic solution is governed by a threshold-like inequality,
provided that a certain condition on the productivity of the resource is satisfied. If the reverse of the productivity
condition is satisfied, then the resource and intermediate consumer-free periodic solution is globally asymptotically
stable.

A sufficient condition for the global stability of the intermediate consumer-free periodic solution, corresponding to
the ultimate success of our pest management strategy, is established, while it is observed that, biologically speaking,
the integrated pest management strategy can be considered successful when the intermediate consumer population
stabilizes under a certain economic injury level, not necessarily when it is completely eradicated. Formally, both the
local and global stability condition display a significant dependence on the functional response of the top predator.

It is observed that, theoretically speaking, the control strategy can be always made to succeed by the use of proper
pesticides, while as far as the biological control is concerned, its global effectiveness can also be reached provided
that the top predator is voracious enough, or the number u of top predators released each time is large enough or the
period T is small enough. Any of these features alone can ensure the global success of our control strategy, although
in concrete situations these may or may not be biologically feasible or may require a large amount of resources.

Finally, a numerical analysis of some situations leading to a chaotic behavior of the system is also provided.
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