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assume that the host population has a constant rate of increase, but we do not

assume any density dependence regulation other than parasitism acting on the host
population. We compare the obtained results for constant stocking with the results
for proportional stocking. We observe that under a specific condition, the release of a
constant number of parasitoids can eventually drive the host population (pests) to
extinction. There is always a boundary equilibrium where the host population extinct
occurs, and the parasitoid population is stabilized at the constant stocking level. The
constant and variable stocking can decrease the host population level in the unique
interior equilibrium point; on the other hand, the parasitoid population level stays
constant and does not depend on stocking. We prove the existence of
Neimark—Sacker bifurcation and compute the approximation of the closed invariant
curve. Then we consider a few host—parasitoid models with proportional and
constant stocking, where we choose well-known probability functions of parasitism.
By using the software package Mathematica we provide numerical simulations to
support our study.
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1 Introduction

Mathematical models of host—parasitoid interaction can exhibit an exciting and com-
plex dynamics. Among host—parasitoid models, competitive models can have simple dy-
namics. There is a competitive exclusion principle in ecology that states that two-species
competing for the same limited recourse cannot coexist indefinitely. (Similar competition
scenarios take part in mathematical models from biomathematics involving chemotaxis
and/or reaction—diffusion phenomena for a single species: see [19, 21].) One population
will drive away another. If any of the depleted population members remained, it would
happen because they adapted to different niches.
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There are a lot of research papers about the host—parasitoid models under different eco-
logical factors and different assumptions; see, for example, 2, 3, 6, 10-13, 15-17, 20] and
references therein.

The following system of difference equations gives a general model describing the host—

parasitoid behavior in discrete time:

KXn+l = rxr(f(xmyn)’

Yn+1 = exn(l _f(xnvyn))r

where x, and y, are the adult host and adult parasitoid densities, respectively, at genera-
tion 7. The parameter r > 0 is the number of eggs laid by a host that survives through the
larvae, pupae, and adult stages, and f(x,,y,) denotes the portion of host larvae that are
safe from parasitism. The parameter e > 0 is the number of eggs laid by a parasitoid on a
single host that survives through larvae, pupae, and adult stages. In the classical discrete-
time Nicholson—Bailey model, f(x,, y,,) = e*”, where a is the searching efficiency of the
parasitoid, referred to as the “area of discovery”

Lauwerier and Metz [20] investigated the following generalization of the Nicholson—

Bailey model:

KXn+l = rxnf(yn):
Yu+1 = 1%y (1 _f()/n));

(1)

where f(y,) is the fraction of host larvae that escapes parasitism, 1 — f(y,) is the frac-
tion of host larvae that will be parasitized. The function f(y) is differentiable such that
f'(») <0, f(0) =7, and f(o0) < 1. The Neimark—Sacker bifurcation of nontrivial equilib-
rium of (1) was studied in [20] for various combinations of the parameters. The obtained
results were applied to the several well-known special cases of the function f. The authors
investigated in particular the so-called simple (S) model where f(y) = 1/(1 +y™), m > 0, the
Hassel—Varley (HV) model where f(y) = ", 0 < m < 1 (Hassell and Varley, 1969, [11]),
the parasitoid—parasitoid interaction (PP) model where f(y) = e~ I , m >0 (Metz, Vaz
Nunez 1977, [20]), and the Hassel (H) model where f(y) = [me™ + (1 - m)e™®],0<m < 1,

b > 0 (Hassell, 1984, [10]). If m < 1, then there is mutual interference between parasitoids.

If m > 1, then there is cooperative hunting. If 1 = 1, then there is no cooperation among
parasitoids.
In [3], we examined how the possibility of a proportional refuge for a host affects the

dynamics of model (1), that is, we consider the model

Xne1 = A%y + b, f (Y1),
Yn+1 = an(l _f(yn))¢
where f() is a differentiable function such that f'(y) < 0, £(0) = 1, and f(oc0) = 0.

In [17], by using the analytical approach we explore the global behavior and bifurcation

in a class of host—parasitoid models when a constant number of the hosts are safe from
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parasitism:

Xn+1 =4+ bxnf()’n):
Yn+1 = an(l _f(yn));

where a,b,c > 0, f(y,) is the proportion of hosts that are safe from parasitism and satisfies
the following assumption:

(H;) f € C[0,00)NC3(0,00),f(») >0,f'(y) <0,f"(y) > 0fory>0,and f(0) = 1, f(c0) = 0.
The parameter b can be interpreted as the intrinsic growth rate of the host population
unsafe from attack by parasitoids.

Biological control is a method of reducing pest populations by natural enemies, also
known as biological control agents. Many natural host populations are pests. Many wasps
and some flies are parasitoids, and most of the parasitoids have a narrow host range that
can be used as biological control agents. When natural enemies are not present in adequate
quantities to reduce pests, they can sometimes be increased with natural enemies’ release.
There are two inoculative and inundative releases. Inoculative releases are applied when
the pest populations are low, and relatively few natural enemies are released, usually once
or twice over the season. Inundative releases involve releasing large numbers of natural
enemies, often several times over a growing season.

Many authors studied the effects of inoculative release or external stocking in the
discrete-time host—parasitoid models; see, for example, [1, 4, 6, 8, 9, 13, 14, 18, 26] and
references therein. Yakubu [30] showed that a stocking with constant or variable rate or
harvesting may be used to obtain stable coexistence of two competing species that would
otherwise exclude each other with no stocking or harvesting occurs. Selgrade and Roberds
[26] introduced a constant stocking or harvesting into a general class of two-dimensional
discrete populations models where each fitness function depends on a linear combination
of the densities of the interacting populations. They obtained conditions under which the
stocking or harvesting will reverse the period-doubling bifurcation and stabilize the equi-
librium, which otherwise, with no stocking or harvesting, would lose stability through a
period-doubling bifurcation. In a recent paper [31] the authors consider a two-species
competitive model described by differential equations with Michaelis—Menten-type har-
vesting in the first species. They show that nonlinear harvesting can exhibit more compli-
cated dynamics compared to linear harvesting.

Insect populations frequently suffer some density-dependent effect in addition to mor-
tality from insect parasitoid [23]. In [23], authors were examining the question “Does the
ordering of density dependence and parasitism in the host life cycle have a significant ef-
fect on the dynamics of the interaction?” To discuss this question, they examined three
host—parasitoid model properties, each having the host density-dependence acting differ-
ently. They concluded that the relative position in the life cycle of parasitism and density
dependence in models does indeed affect their dynamical properties. In [14] the authors
considered a simple discrete-time host—parasitoid model to explore the impact of exter-
nal input of parasitoids upon the host—parasitoid interactions, where it was assumed that
parasitism occurs first followed by density-dependence. Jang [13] studied two general two-
dimensional host—parasitoid systems, one with no stocking and the other with stocking.
In both models, it was assumed that the density-dependence of the host acts first followed
by parasitism, unlike the models investigated in [14]. The pest population is considered
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to host, and the parasitoids are natural enemies of the hosts. She found that a constant
stocking can eliminate the pests if the stocking is sufficiently large. Moreover, stocking
can simplify the host—parasitoid interaction by stabilizing a coexisting steady state.
Motivated by the research papers mentioned above, the primary goal of this paper is
investigating a class of host—parasitoid models with variable and constant parasitoid pop-
ulation stock rates. Assuming that the number of parasitoids released per generation into
host—parasitoid interaction is a function of density y,, we denote the stocking rate of par-
asitoids by g(y,), where the function g : [0, 00) — [0, 00) is continuous and nonnegative.

That is, we consider the following two-dimensional host—parasitoid model:

Xp+l = axnf(yn)! (2)
Y+l = bxn(l _f()/n)) +g(yn)’

where a, b, ¢, and d are positive real constants. The function f satisfies the following
assumptions: f is a real nonnegative function that is sufficiently smooth on (0, co) with
f(0) =1 and f(oco) = 0, f(y) exists for all y > 0, and f'(y) < 0. The function f denotes the
proportion of host that escapes parasitism. In the absence of stocking g(y,) =0, if a = b,
then we have a host—parasitoid system explored in [20]. In variable stocking, a fixed por-
tion of parasitoids is released, g(y,) = cy,, where ¢ > 0. In constant stocking, a fixed number
of parasitoids is added during each generation of parasitoids population, g(y,) = d, where
d is positive constant. Here we do not include density dependence regulation other then
parasitism acting on the host population. More precisely, we investigate the following two

host—parasitoid systems:

Xp+l = axnf(yn)’ (3)

Yni1 = bxn(l _f(yn)) +CYn»

and

Xna1 = axpf V) (4)
Vst = bxu(1=f(yn)) +d.

In system (3), we assume that the proportional level of parasitoids is added per genera-
tion into host—parasitoid interaction to control the host population. In system (4), it is as-
sumed that a constant number of parasitoids is added per generation into host—parasitoid
interaction to control the host population. We compare the long-term behavior of these
two systems and compare the long-term behavior of each system with the system investi-
gated in [20].

We organize the rest of the paper as follows. In Sect. 2, we present linearized stability
results for system (2) with no stocking. Then we analyze system (3) with variable released
entirely. In the case of the coexisting steady state, we show that if the host growth rate is
greater than 1 and if 0 < ¢ < 1, then the level of the host population decreases as a function
of ¢ in the unique interior equilibrium. The level of parasitoids population stays constant.
Similarly to the system with no stocking, the extinction equilibrium with variable stocking
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can be globally asymptotically stable. The effect of constant stocking of parasitoids is stud-
ied in Sect. 2.3. We can see that the constant stocking of parasitoids can eliminate the host
(pests) population. See Theorem 2 in this subsection. We obtain that the constant stocking
eliminates the equilibrium for which the host population survives and the parasitoid ex-
tinct. This equilibrium type exists in model (2) with no stocking (g(y,) = 0) and model (3)
with variable stocking, and in both systems, this equilibrium is semistable. The constant
stocking eliminates the system extinction equilibrium with no stocking and the system
with variable stocking. Moreover, the constant stocking of the parasitoids can lower the
host level in the unique coexisting equilibrium. In each model, a Neimark—Sacker bifur-
cation occurs when the interior equilibrium becomes nonhyperbolic. Thus the oscillatory
behavior of two species appears about the interior steady state. A few examples of host—
parasitoid models with proportional and constant stocking with well-known functions of
probability of escaping parasitism are given in Sect. 2.4. Using the software package Math-
ematica, we provide numerical simulations for these examples to support our findings.
Finally, the conclusion is given in Sect. 3.

2 Systems with stocking of parasitoids

First, we state linearized stability results for a simple model of host—parasitoid interaction
(2) with no stocking. Like we said, the Neimark—Sacker bifurcation of model (2) with no
stocking and a = b was studied in [20]. Then we provide a detailed analysis of system (2)
with proportional and constant stocking of parasitoids.

2.1 System with no stocking
The host—parasitoid interaction without external stocking of parasitoids is given by

Xp+l = axnf(yn)’ (5)
Yn+1 = bxn(l _f(yn))

Equilibria (x,y) of (5) satisfy the following equations:

5 = a3/ (j), (6)
7= b3(1-£()).

Obviously, system (5) has an extinction equilibrium Ey = (0,0) where both populations

become extinct. The extinction equilibrium always exists. For a > 1, system (5) has an in-
af(2)
b(a-1)
ifa=1and f(y) = 1, then system (5) has another boundary equilibrium E; = (x,0), where

terior equilibrium E; = ( , f’l(%)) in R2, where both populations coexist. Moreover,

the host population survives, and the parasitoid population becomes extinct.
The Jacobian matrix of system (5) has the following form

N
S = (b(l ~6) —bxf/(y)) |

The Jacobian matrix evaluated at Ey = (0,0) is

a 0
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The eigenvalues are A; = 4 and A, = 0. We further assume that f;(0) and f;’(0) exist. The

proof of the following lemma is straightforward and is omitted.

Lemma 1
(i) Ifa <1, then E, is globally asymptotically stable in R?.
(i) Ifa>1,then Ey is unstable (a saddle point) with stable manifold
M ={(x,y) :x=0,0 <y < 00} and unstable manifold M* = {(x,y) : 0 <x < 00,y = 0}.
(iii) Ifa =1, then E, is globally attracting.

1,1
The Jacobian matrix evaluated at E; = (ai(a_(f)) S ‘1(5)) has the form

1 xf' (7
J(Ey) = (m _"2‘%)

The trace and determinant of the Jacobian matrix are
Tr(J) = 1 - bxf’ (9), Det(J) = —abxf’(y),

respectively. Notice that both expressions are positive.
Using the linearized stability results, we obtain the following lemma, which describes

the interior local character of equilibrium.

Lemma 2 The following statements hold:
(i) If —xf'(y) < ﬁ, then E; is locally asymptotically stable.
(i) If —%f'(y) > &, then Ey is a repeller.
(iii) If —xf"(y) = ﬁ, then E; is nonhyperbolic with complex conjugate eigenvalues
A= 1‘“+i‘/(;:z'1)(T‘l), Ay = lzaziv(@)BaT) of modulus 1.

+1
- 2a

The third statement of the lemma shows the occurrence of the Neimark—Sacker bifur-
cation described in [20].
At the boundary equilibrium E; = (¥,0) the Jacobian is

1 x
J(E) = <O —ba"cf(y)) .

The trace and determinant of this Jacobian are Tr(J) = 1 — bxf’(0) and Det(J) = —bxf"(0).
Observe that Tr(J) = 1 + Det(J), which implies that the boundary equilibrium is nonhyper-
bolic. The eigenvalues are A; = 1 and A, = —bxf’(0). We apply the center manifold theory
to answer weather E, is locally asymptotically stable or unstable. To shift the equilibrium

(%,0) to the origin, we set u, = x, — X, v, = ¥,. System (5) becomes

U1 = (U + 2)f (Vi) — %,

Vi1 = b(uy, + 3_‘:)(1 _f(Vn))'

Page 6 of 37
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Set F(u,v) = (u+x)f (v) — %, G(u, v) = b(u + x)(1 — f(v)). Taylor’s expansions of the functions
F(u,v) and G(u,v) at (0,0) are, respectively,

F(u,v) = u+xf (0)v +f O)uv + %a’cf”(o)v2 + O3,
G(u,v) = —bxf' (0)v — bf' (0)uv — %f”(O)a'c + Os.

Now we can write the system in the form

w\ 1 x(0) u S(Ouv + 2xf7(0)v* + O3
v 0 -bxf'(0)) \v * —bf’(O)uv—% "(0)%+ O3]

Set A = ((1) _Z}(,%)). The eigenvalues associated with the matrix A are ; =1 and A, =

1
—bxf’(0), and the corresponding eigenvectors are v; = (é) and vy = <1+ba;f’(0) ), respec-
*7(0)

1 1 1 HO
tively. Set 7 = | , _1'©= |. The inverse matrix of T'is 77! = LibEf10) )
7o 0 T

+bxj

Letting ("f) = T(Z;), we have u = w; + wy and v = _%{égo)wz.

Now we have

o A N 1 X0 (e, Fi(w1,w2)
) 0 -bxf'(0) w3 Gilwy, )]’

where
Fi(w1, ) = —f/(O)%%l)@sz
(20 )0
and
G (w1, 2) = bf’(@%’?;“”wm
. <bf 0+ o) _50 (1 ;faf{()gm) >w§ o,

We have
w1 1 0 w1 Fr(w1, )
= _ + ,  where
(a)z) (0 —bxf’(O)) (a)z) (GZ(CUI;CUZ))
Fy(wy, w7) _ 7 Fi(wy,07) . and
Ga(w, w2) Gi(wr, w7)

-1 <_1 JEAVIE: ba‘cf/(O))) )

Fy(w1,w7) = T et 2(xf7(0))? Y

Ga(wy, @2) = —bf ' (0)w wy — <bf/(0) _ YO ba'cf’(O))>w2

25'(0) >

Page 7 of 37
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Assume that the center manifold has the form w; = h(w;) = djw3 + dyw3. We compute
the coefficients d, d; from the equation

h((=b3f'(0)) w2 + Ga(((@2)), @2)) = h(@s) = Fa(h(wy)), w3) = 0.

Then we equate equal powers of w,, and in that way we can compute /(w,). After tedious
calculations we obtain that the dynamics of the system is reduced to the dynamics of the

following one-dimensional function:

bEf'(0)(1 + bf'(0))
2%'(0)

Wy > (—ba’cf’(O))wz - (bf/(O) - )w% — bf' (0)dy 3.

Now we easily see that if —bxf”(0) < 1, then the zero equilibrium is locally asymptotically
stable, and if —bxf’(0) > 1, then it is unstable. As result of the above discussion, we have
the following lemma.

Lemma 3 For the boundary equilibrium of system (5), the following statements hold:
(i) If -bxf'(0) < 1, then (,0) is locally asymptotically stable.
(i) If —bxf’(0) > 1, then (x,0) is unstable.

2.2 The host-parasitoid system with variable stocking
In this subsection, we investigate the host—parasitoid model with variable stocking

KXntl = axnf()/n)’ (7)
Y+l = bxn (1 _f()/n)) + CYu>

where a, b, ¢ are positive real parameters, and f : R* — [0, 1] is such that f(y) >0, f'(y) < 0,
and f(0) = 1, f(oc0) = 0.

Before we compute equilibrium points and analyze their stability, we note the following.
If ¢ > 1, then the second equation of system (7) implies ¥, > ¢""1y,, where y, is a given
initial state of parasitoids. Hence y, — 0o as n — 0o. From the first equation of system (7)
we have that x,,.; < af(c" 'y0)x,. Since the function f is continuous and decreasing with
f(00) = 0, there exists g > 1 such that af(c"y) < af (¢ y,) < 1 for all # > ny, which
implies that x,, — 0 as n — 00. So we have the following lemma.

Lemma 4 Letc> 1. Then (x,,y,) — (0,00) as n — oo.

Lemma 4 states that if the coefficient of releasement c is greater than one, then the host
population goes to extinction asymptotically.
The equilibrium points (%,y) of system (7) are solutions of the system

x = axf(y),
y=bx(1-f()) + .

We easily see thatif x = 0 and ¢ # 1, then ¥ = 0, and the only solution is Ey = (0, 0). However,
if ¢ = 1, then there is an infinite number of solutions of the form (0, y) with y € R*. Also,
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if y= 0 and a # 1, then the only solution is Ey = (0,0). However, if a = 1, then there is an

infinite number of solutions of the form (x, 0) with x € R*. Now we assume that x # 0 and

y # 0. Then the first equation of system (7) implies f(y) = % or, equivalently, y = f‘l(é).

Now the second equation implies x = Z((;:i)}f‘l(%). So, we obtain the equilibrium point

E,= (% “1(2),/71(2)), which exists only if z > 1 and 0 < c < 1.

To examine the stability of the equilibrium points, we associate the following map with

system (7). Set

T X _ axf(y) _ fx,) ) (8)
y bx(1-f) +cy) \gy)
The Jacobian associated with map (8) is
H(T) = af (y) axf'0) ) ©)
b(1-f(y) —bxf'(y)+c

The following lemma holds for the extinction equilibrium Ey = (0, 0). We further assume
that f7(0), £/’ (0) exist.

Lemma 5 The following lemma holds for Ey = (0, 0):
(i) If0<a<1and0<c<1l,then Ey is locally asymptotically stable. If, in addition,
f"(y) >0 forall y € Ry, then E, is globally asymptotically stable.
(i) Ifa>1andc>1,then Ey is a repeller.
(iii) Ifeithera>1land0<c<lorO<a<1andc>1,thenE,isa saddle point with
stable manifold M5 and unstable manifold MY, where either

Mi:{(x,y):x=0,0<y<oo}, M’f:{(x,y):0<x<oo,y=0}
or
Mi:{(x,y):0<x<oo,y:0}, M’f:{(x,y):x:0,0<y<oo}.

Proof We prove statement (i), since the proofs of statements (ii) and (iii) follow directly
from the linearized stability result. The Jacobian of the map T at the point Ej is

()

Sine a < 1, the first equation of system (7) implies x,,; < ax, and x, — 0 as n — 0.
That is, for all ¢ > 0, there exists ng such that x,, < ¢ for all n > ny. Now, for n > ngy, from
the second equation we have y,,1 < be(1 — f(y,)) + cy,. Set 2,41 = be(1 — f(z,)) + ¢z, and
h(z) = be(1—f(z)) + cz. We have I'(z) = —bef’(z) + ¢ > 0. Since f'(z) is a decreasing function
with f(00) = 0 and ¢ > 0 is arbitrarily small, —bef’(0) can be arbitrarily small, which implies
that //(0) = —bef’(0) + ¢ can be less than 1. On the other hand, /4"(z) = —bef”(z) < 0, since
f"(2z) > 0. Lemma 3 from [2] implies that z = 0 is a unique fixed point of the function 4(z),
which is globally asymptotically stable. Now we conclude y, — 0 as n — oco. Hence (0, 0)
is globally asymptotically stable. O
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Lemma 6
(i) Ifa=1and 0<c<1orc>1,then the equilibrium (x,0) of system (7) is
nonhyperbolic, and its dynamics is reduced to the one-dimensional map
@y > (=bif'(0) + ) — (bf'(0) % % — bf (0)Dyw3, where
- 1 FO)-1) | 30 1)
D1 = e o * B0 — aptor ) 0 << Land ~bif'(0) < 1, then
(%,0) is locally asymptotically stable. If ¢ > 1, then —bxf'(0) > 1 — ¢, that is, (%, 0) is

unstable.

(i) fc=1andO0<a<1oras>1,then the equilibrium (0,%) of system (7) is
nonhyperbolic, and its dynamics is reduced to the one-dimensional map

w1 af @)wr +f )W + caw? + cowt), where

S'OG)a+1)-2)
2P -1 -f0)+1-f OGN a+1)-2)

C1 =

and

—2ac\fG)f' G)fB) - 1)
aAFOPFG) -1 -f0) + 1+, G)FG)a+1) -

Ifaf(y) < 1, then (0,) is locally asymptotically stable. If af (y) > 1, then (0,Y) is
unstable.

Cy =

Proof (i) Ifa=1and 0<c<1orc> 1, then the Jacobian matrix at (x,0) has the form J =

1 (0 _ . - . .
(0 7b3_cf,(0)+c>, and we see that Tr(J) = 1 + Det(J), which means that (%, 0) is nonhyperbolic.

Now we compute the corresponding center manifold. First, we shift the equilibrium point

(%,0) of system (7) to the origin by letting u,, = x,, — X, v, = y,,. So, we have the system

Upi = (Uy + .7_C)f(V,,,) - X,

Vo1 = b1y, + 5c)(1 —f(v,,)) +cV,. (10)

System (10) has (0,0) as an equilibrium point. The map associated with system (10) is
given by

T u\ (u+x)f(v)—x
v] \bu+x(1 —f) +cv '
Set
Fu,v)=(u+x)f(v)—x and G(u,v)=b(u+ a'c)(l —f(v)) +cv.

Taylor’s expansions of these two maps at the point (0,0) are given by

f//( ) 2

F(u,v) =u+xf' (O +f (0)uv + ——v* + O3,

G(u,v) = (—ba_cf/(O) + c)v - bf'(0)uv — wlﬂ + O3,

respectively.
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Now system (10) can be written in the form

w\ 1 xf'(0) u\ FO)uv + %@H)Vz +05
v 0 —bxf'(0)+c) \v —bf' (O)uv — Mvz +03)°

Set A = (é ba:cf/(O) ) The eigenvalues associated with the matrix A are A; =1 and X, =
—bxf'(0)+c

1
—bxf'(0) + ¢, and the corresponding eigenvectors are v; = ( é) and v, = (_1+ha'cf,’(0)—c ), re-
xf7(0)

— o
1 1 1 70O
spectively. Set T = | , 1%’ |. The inverse matrix of T is T~! = Lebf 0= )
¥7(0) YO
1+bxf! (0)—c
1+bxf’ (0)—c

o P2

Letting (}) = T(ijl), we have u = w1 + wp and v = —

Now we have

. (wl) N (1 i'(0) ) . (an) . (Fl(wl,wz)) ,
s 0 -bxf'(0)+c sy G (w1, w3)

where

1+ bxf'(0)—c

Fi(w1,@2) = —f'(0)( #(0) w10)
HO0) (14bif () —c\> ., L+baf'(0)=c\ ,
+( 2 ( #'(0) ) 'f(O)W)“’“O3’
and
G wn,) = bf@)%wwz
b O)(1+b3'(0) =)  bEf"(0) (1+7(0) —c\?\ ,
(e T () e
We have
<w1> (1 0 ><w1> <F2(wl’w2)>
— + ,  where
wo 0 -bxf'(0)+c] \w G2 (w1, w7)
Fy(w1,w7) _ 7 Fi(wy,07) . and
Ga (w1, w7) Gi(w1, w2)
oy, o )_f'(O)(C—l)w o 4 (f’(O)(c—l) . 5cf”(0)(1—c)(1+b5cf’(0)—c)) 9
AT T ) %f'(0) 2(%f(0))2 v
fI bxf'(0) —
Gz(wl,w2)=—bf/(0)w1w2—(bf/(())—xf (0)(12;]0(96(])’)(0) C)) 5

Assume that the center manifold has the form w; = h(w,) = Dla)% + Dza)g. We compute

the coefficients Dy, D, from the equation

h((—ba_cf’(O) + C)a)z + Gl((h(a)z)),a)z)) — h(a)z) —Fl (h(a)z)),a)z) =0.

Page 11 of 37
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We then equate equal powers of w,, and then in that way we can compute /(w,). After
tedious calculations we obtain that the dynamics of the system is reduced to the dynamics

of the following one-dimensional map:

bif'(0)(1 + bif'(0) - c)
2%'(0)

Wy (—ba’cf’(O) + c)wz - <bf’(0) - )w% — bf'(0)D, 3.
Now we easily see that for 0 < ¢ < 1, if -bxf’(0) < 1 — ¢, then (x, 0) is locally asymptotically
stable. On the other hand, for ¢ > 1, we have —bxf’(0) > 1 — ¢, that is, (x,0) is unstable.

(if) f c=1and O <a < 1 or a > 1, then the Jacobian matrix at (0,y) has the form J =
( b({ij;)(y)) g), and we see that Tr(J) = 1 + Det(J), which means that (%, 0) is nonhyperbolic. In
both cases, we easily see that the condition for nonhyperbolic equilibrium Tr(J) = 1+ Det(J)
is satisfied. Now we compute the corresponding center manifold. By substitution u, = x,,,

Vy =Y, — ¥ system (7) becomes

Up1 = aur(f(vn +5/), (11)

Vil = bu,,(l —fvy +5/)) + Vyy

and (0,0) is an equilibrium point of this system.
Now we proceed as in the previous case. The linearized system at (0, 0) is

S\ _( afG) 0\ fu\ [ fGuv
guv)) \ba-f@ 1)\v) \-bfGuv)’

b(f(»)-1)
1 0 o
The matrix of the eigenvectors is T = ( B1/G) 1). Its inverse is T = ( R ) Now
af(y)- 1

b1-/G)
1-af(y)
take (1) = T(Zzl), thatis, u = w; and v = ﬁj}gy{ﬁy}) w1 + wy. The system becomes

(") o af (y) 0 ("), f’@)%(%@w1+wz) '
W, bA=fG) 1) \wa)  \-bf Gywi(5E%ws +ws)

By applying 7~! we obtain

af(y) 0\ (wm Hi(wi,wy)
I W [ 9
where

Hi(wy, ws) =f,()7)(W% + W1W2),
S OUW(a+1)-2)

Hy(wy, wy) = (Wh +wiws).

S -1

Assume that the center manifold has the form wy = h(w;) = clw% + czwg. We compute
the coefficients ¢ — 1 and ¢, from the equation

fOIG)a+1)-2)

1G)-1 (W% + wlh(wl)) =0.

h(ﬂf@)wl +f/(37)(w% + Wlh(Wl))) - h(wy)
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We then equate equal powers of w; and obtain that

i} SOYG)a+1)-2)
2 GPFG) 1) —fG)+ 1 G G)a+ 1) - 2))

C1

and

i} ~2acifG)f G)fG) - 1)
AFGPTG) - D~fG) + 1+f G G)la+ 1) —2)’

C2

So, we compute /1(w;). Now the dynamics of the system is reduced to the one-dimensional
map wy = af P)wy +f (7)) (W? + ciws + cow!). Now we easily see that the zero is an equilib-
rium point of this map and if af (y) < 1, then the zero equilibrium is locally asymptotically
stable. If af (y) > 1, then the zero equilibrium is unstable. O

a(l-c) —l(l)
a )

Now we investigate the stability of the coexistence equilibrium E,(x,y) = ( BT

fE) = (Z((;:i)) %,¥). The Jacobian evaluated at E, is given by

g I axf'(y)
2D prfG) v )

Lemma 7 Let0<c<1anda>1. Then the following statements hold:

(i) If —xf'(y) < % or, equivalently, —yf'(y) < “u—’zl, then E,, is locally asymptotically
stable.

(i) If —xf"(y) > % or, equivalently, —yf'(y) >

(ii) If —%f'(y) = £ or, equivalently, —yf'(y) =
eigenvalues |11 and ji1, where

, then E, is a repeller.

a-1
a2
“a;zl, then there are complex-conjugate

_(a+ D+cla-1)+i/A-c)a-1)Ba+1+cla-1))

M1 2

and || = 1.

Proof The proof is based on the linearized stability theorem. The trace and determinant

of the Jacobian at the point E, are

Tr(J) = 1 - bxf () + ¢ >0,

Det(J) = —bxf'(¥) + ¢ — b(a — 1)xf' (y) = ¢ — abxf'(y) > 0,
respectively. Note that the trace and determinant are always greater than zero. Since 0 <
¢<landa > 1, we see that the determinant is always greater than zero. Now we check the
condition

|Tr(])| <1+Det(J) <2.

This condition is equivalent to

1-bxf'(y) + c < 1 +c - baxf'(7) < 2.
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We easily see that the left inequality is always true. On the other hand, the second inequal-
ity holds if —xf"(y) < % and statement (i) is true. Now we check the conditions

’Tr(])‘ <1+Det(J) and ’Det(])‘ >1
These conditions are equivalent to
1-bxf'()) +c<l+c—ab and c—abxf'(y)>1.

The first inequality is always true, and the second holds if

-xf'(¥) > 1-

that is, the equilibrium is a repeller.
If —xf'(y) = %, then the Jacobian at E,, is

1 -1
](EP) ba-1) l—cb+ac :
a a

Straightforward calculations show that Det(/) = 1 and the eigenvalues are ; and fi;, where

|M1| =1 and wy = (a+1)+c(a—-1)+i (I—ZZ(a—l)(3a+l+c(a—1)). 0

The third statement of the lemma shows that the Neimark—Sacker bifurcation can occur.
To see the kind of dependence between the interior equilibrium and the coefficients of

the releasement ¢, we consider x as a function of c. Observe that y does not depend on c.

ﬂf
b(a- 1)

steady state decreases. On the other hand, the level of the parasitoid population is con-

The first derivative is ¥'(c) = For a > 1, the host population level at the interior
stant.

As we saw in Lemma 7, for a > 1, a Neimark—Sacker bifurcation can occur at the in-
terior equilibrium. In the following subsection, we prove the existence and compute the

direction of the Neimark—-Sacker bifurcation.

2.2.1 Neimark-Sacker bifurcation
When parameter a > 1 varies, a Neimark—Sacker bifurcation occurs at E,. Therefore E,
becomes unstable, and a stable invariant curve appears around E,. Moreover, we compute
the asymptotic approximation of this invariant curve caused by Neimark—Sacker bifur-
cation. The occurrence of Neimark—Sacker bifurcations is very significant in biological
systems since it suggests the existence of oscillatory behavior of the populations.

By using procedure given in [25] we find an explicit form of the limit curve near the

positive equilibrium point of (7). According to the procedure, by change of variable u,, =

w = ‘z;l_lc))g and v, = y, — ¥ we shift the equilibrium point (%,%) = ( (al lc)g ,J) to the origin.
We have

a(l a(l
Upe1 = a2 - f));f ) (v +5) — 45,

Vnel = b( ;v +u,)(1 f Vn +y)) +c(vy +y) y.

(12)
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Let F; be the map associated with system (12), that is,

e (#) - a( (al lc)y +u)f(y +v) (al lc))y
) b2 - f G+ ) eG4 -5

The Jacobian matrix associated with the map F; is

Jacg, (u,v) = ( af(v+3) alu— ﬂf; 11)by)f (v+7) )

b(1—f(r+3) - blu- ) (v 43)
Now (0, 0) is a fixed point of F;, and

a2(1-0)jf' ()

Jacg, (0,0) = ! (a-1)b (13)
B @b, ViG]
a a-1

We further prove the existence of the Neimark—Sacker bifurcation. We need the follow-
ing lemma.

Lemma 8 Let ag > 1 be such that

M)

Then (0,0) is an equilibrium point of the map F1. If 11 (ao) and 1 (ao) are the corresponding

eigenvalues of Ay = Jacg, (0,0)|4-q,, then

(ag—Dc+ag+iA1 +1

a = ’
w1lao) 22

where

= VT=¢y (a0~ (ol +3) ~c + 1)

Furthermore:
@) |pu1(ao)l =1;

(b) wi(ao)* #1 fork=1,2,3,4;
1)(@35*f" (3)-2ad +4ag -2
(©) dy = h(@0) = L 112(@) g = 2L oo ),
(d) The corresponding eigenvectors are
. T
(a0) —apc+ag+c+iA;—1
ap) = ,
o 2ay—1)b
and
( ) i(ﬂo - l)b 2(10
ap) = | - ,
P1ido Aq aplc+3)—c—iA; +1

where A1qi(ao) = n1qi1(ao), p1(ao)Ar = uipi(ao), and pi(ao)qi(ao) = 1
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Proof Let ag be such that

FRKER)

Now we have

1 _ (cz(l)(l—é;o)
_ _ ap—1
Ar =Jacg, (0,0) = (b(ao—l) N <c—1><1—ao)) ‘

ag (ao-1)ag

Then 1 (ao) and w1 (ap) are the eigenvalues of the A, where

a
1 (ao) 2

The corresponding eigenvectors are q;(ao) and q; (ao), respectively, where

(ao—-1c+ag+1+iv1—cy/(ao—1)(aolc+3)—c+1)

qi(ag) = < 20— )b

A straightforward calculation shows that |u;(ao)| = 1 and u]{ (ag) #1 for k=1,2,3,4. The

eigenvalues of (13) are

—agc+ag+c—1+iv1—c\/(ag— Dlaglc+3)—c+1)

alc-1)yf' @) +ac+a-c-1+ilA(a,c)

wnila) = 2a-1)

where

Ala,c) = \/(1 - c)(az(c =1y (3)? + 2a(a - 1)y(-2a +c+ 1)f'#) + (a — 1)%(c - 1)).

Now we get

_@e-0yG) @RI

@] = (@ (@) c=

a-1

The first derivative with respect to a is

St () 2 () o)

C(a— 1) (l)ff/ (f<—1> (l
a a

/(2(a _1f (J,(l)(é))\/a?(c— DFEDL)F(Fen(dy) ..

By using the fact

M)

Page 16 of 37
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for a = ay, we obtain |u;(ag)| = 1 and

(= 1)@y ) - 2af + 4ao - 2)
N 2(610 — 1)2610 ’

d
dy = d(ao) = %‘Ml(“”

a=ag
where ¥ = y(ao) =f (‘1)($). The rest of the proof is almost immediate, so we skip it. O

For sufficiently small §, let a = ag + §. By Lemma 8 system (12) can be transformed into
the Arnold normal form

Zns1 = J(8)zn + V(S)Zién + O(|Zn|4)

By polar coordinates we have

Tnil |1 (8) | + a(8)r3 + O(riy)
= s (14)
Opi1 6, + arg u(8) + b(8)r2 + O(r3)

where a(8) = Re(y (8)/14(8)) and B(8) = Im(y(8)/11(5)). By Taylor’s expansion of the coeffi-
cients about § = 0, the first equation of (14) becomes

Tnel = (1 + dl((lo)S)Vn + 0[1(0))"2 + O(Vﬁ).

Further, by the procedure described in [25] we compute Ky and Kj;. For a = a¢, we have

Fo; (u) =A (u) + Go1 (u) ) (15)
v v v

where
u aobuf (5+v)- aio(c_l)y;g(}{@w)_l) ~bu—cv+v
Go1 = b
v —agbuf (y+v)+bu+(c-1)v (c=1)y(aqf (H+v)-1)
ag + ap-1
-3 E) -0 ) | 1 -\ (-
e~ ey + saowyf" () + S 4 O((Ju + V1))
(-ag)buv = aglc-DpfOG)  agle-Dp2f"G) 1 e 4
- e et i e Vs 2buvif”(y) + O((lul + [v)*)

If we take the basis of R? as ®; = (qi,q;), where q; = qi1(ao), then we can represent (i, v)
u z -
< ) =®; (_) = (quz + q12).
v z

z 1 - _
Go (<I>1 (2)) = E(gzoz2 +28112Z + gnZ°) + O(Iz?). (16)

as

Let
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By using package Mathematica we obtain

1 07" () +(ag—1)(ag(c-1)—c—iA1+1)

02 z (@o-Daohy
820 = a_Zsz <(I>1 (2)) u%(c—l))‘/zf”@)ﬂao 1)(- aoc+a0+c+1A1 1]’
2=0 (ao-1)a?
17)
(e=1)((a0-1) —aoyzf )
92 z
g — GOI q)l ) (aO_ 1aoby
U= 520z z ag(c-DFf"G) _ (ag-1)(c=1)
z=0 ap—1 ”OJ—/
Set
Ay = aj(c— 1Y) + (a0 — 1)(=apc + ao + ¢ + iA; — 1)
and
Az =—ag(c+1)2c—iAy =2) +ag(clc +2) = 1) + (c— 1)(c—iA; - 1).
We obtain
_aoAo((a0— ~2)ag(c2-1)+iA1 ((ag—-1)c+ag+1)+(c—1)2)
_ 2 -1 _ (ap-1)2b(c-1) Asj(ag(c+2)—c+1)
Koo = (,LL11 _Al) 820 = Ag((ao—l)(—ag(c+3)(c—1)+2a(2)+(c—1)2)—iA1((uo—l)c+a0+1)) ’
- (a0—1)2(c-1)Agy(ag(c+2)—c+1)
(c=1)((a0-1) 22351 5)) (18)
_ (ap-1)%by
Kiy=(I-A1)"'gn = 3G
a1 +%—1
y
By using Ky and Kj; we have
0 Go | @ L -K K (19)
=— + 22 + K2z
821 92202 L\;) F " 11
z=0
The package Mathematica yields
1 _ - (1=0)(2(ag — 1)*(ag(c - 1) - ¢) + T1(ao)azy?)
®1(0) = a1(ap) = = Re = , (20
1(0) = a1(ao) 5 (p1821/41) Hao - 17 (20)

where

['1(ao) = ag(e - 27" G) + (1 - ao) (3(ao — Ve - 2aq + 1)f" () - (a0 - DaoPL*f P ().
Thus we have the following theorem; see [29].

Theorem 1 Letb>0and 0<c<1.Let ag > 1 be a positive real number such that

f(—n(“i())f/(f(—l)(alo)) - 1;—;"

Page 18 of 37
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If di(ap) # 0 and oy(ao) # 0, then system (7) passes through a Neimark—Sacker bifurcation
at the unique positive equilibrium point

ey - ((P0=9) (L <-1>(i>)
Ep(x,y)—((ao_l)bf <a0)»f .

when the parameter a varies in a small neighborhood of ay.

If dyi(ap) > 0 and oy(ap) < 0 (resp., a1(aog) > 0), then the Neimark—Sacker bifurcation of
model (7) at a = ag is supercritical (resp., subcritical), and there exists an unique closed
invariant curve I (a), which is attracting (resp., repelling), and bifurcates from E, for a > ao
(resp., a < ag).

If di(ap) < 0 and a1(ag) < 0 (resp., a1(ap) > 0), then the Neimark-Sacker bifurcation of
model (7) at a = ay is supercritical (resp., subcritical), and there exists an unique closed
invariant curve I'(a), which is attracting (resp., repelling), and bifurcates from E,, for a < ao
(resp., a > ag).

Let a = ag + 8. Then for small §, the curve I'(a) can be approximated by

<M> ~ (%) + 2p0 Re(qie”) + pg (Re(Kaoe®™) + K1), 0 €R,
v

where

dl(ﬂo)a

Po =/ .
ai(ao)

2.3 The host-parasitoid model with constant stocking
We assume that the constant number d of the parasitoid is added to the host—parasitoid

interaction to control the host population; that is, we consider the system

Xn+l = axr(f(yn)7 (21)
Yn+1 = bxn(l _f(Yn)) +d,

where the function f satisfies the same conditions as in model (2), and the constants
a,b,d > 0. The equilibrium points (%, y) satisfy

X = axf(y),
y=bx(1-f(y) +d.

In contrast to the systems with no stocking and variable stocking, observe that system
(21) cannot have an extinction equilibrium since d is a positive constant. However, if x = 0,
then y = d. Hence there is a boundary equilibrium Ej = (0,d) at which the host (pest)
population becomes extinct. We remark that this steady state does not occur in the systems
with no stocking and variable stocking. If a = 1, X # 0, and f(y) = 1, then y = d. There are
infinitely many equilibrium points E; = (x,d) that exist only fora = 1. If a # 1 and x # 0,

a(fl;(l(é)—d) a(j—d)

then there is an interior equilibrium point E; = (Tl),f’l(é)) = (b(a_l),

). Since E,
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must be in R? and y = /7' (1) = bx(1 - f()) + d > d, we have that E, exists if

f_l(l) >d, a>1. (22)

a

The Jacobian matrix associated with system (21) is

(w0 arw)
J= (b(l ~fO) —bxf/(y)) |

Now we investigate the stability of the boundary equilibrium Ej = (0,d). The Jacobian
evaluated at the boundary equilibrium Ey = (0,d) is

- Y@ 0
/0D (b(l—f(d)) 0

The eigenvalues are A; = af (d) and A, = 0. Hence, if af (d) < 1, then E; is locally asymptot-
ically stable, and if af (d) > 1, then Ej is unstable. If af (d) = 1, then E, is nonhyperbolic.

Note that the second equation of system (21) implies that y,, > d for all n. Since the func-
tion f is decreasing, f(y,) < f(d) for all n. Now the first equation implies x,,,; < af (d)x,,.
If af(d) < 1, then lim,_, o %, = 0, which means that E, is globally attracting. Hence, if
af (d) < 1, then E; = (0,d) is globally asymptotically stable.

If af(d) = 1, then x,,; < x,. This implies that the sequence {x,} is decreasing and
bounded below, so it must converge. Set lim,,_, o, %, = [. If / > 0, then by taking the limit in
%11 < af (d)x,, we obtain af (d) > 1, which is a contradiction. Consequently, lim,_, o x, = 0
if af(d) < 1. Now by taking the limit in the second equation of system (21) we obtain
lim,—, oo ¥ = d. We conclude that if af (d) = 1, then the boundary equilibrium is globally
attracting. To answer whether the boundary equilibrium is locally asymptotically stable or
unstable, we use the center manifold theory. By the change of variable u, = x,, v, =y, —d
we transform system (21) to the following system with equilibrium (0, 0):

Upe1 = atbyf (v, + d),

Visl = bu,,(l —fv, + d)).

Set F(u,v) = auf (v + d) and G(u,v) = bu(l — f(v + d)). Taylors’ expansions of these two
functions about (0, 0) are, respectively,

F(u,v) =u+af (d)uv + Os,

Gl v) = bla-1)

u—bf'(d)uv + Os.

Consider the map

uy ., 1 0\ (u . af’ (d)uv + O3
v Mol o) \v)  \-bf'@uv+0s)

The eigenvalues of the linear part are A; = 1 and A, = 0 with the corresponding eigenvec-

tors ( b(;il)) and (f) To find the center manifold, we diagonalize the matrix ( @ g) by
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a 0
a-1) 1

AR 1 0 (), af'(d)awi(b(a — 1)w; + wy + O3)
w> Mal) Wy —bf'(d)aw, (b(a — 1w + @y + Os)

1
By applying 77! = (_ ba1) f) to both sides we obtain

a

AN 1 0\ [ . aw f' (d)(bla - 1w + wy)
w9 0 0/ \w —abwf (d)(bla — 1)w; + wy) ’

Set Fl (wl, a)z) = ﬂu)]f/(d)(b(ﬂ - 1)&)1 + u)z), G1 (wl,wg) = —abw]f’(d)(b(a — 1)(,()1 + a)z). Then

using the matrix T = (", 7). Letting (/) = T(,, ) yields

M. = {(w1,2) € R* : w3 = h(w)), h(0) = H'(0) = 0}.
The function / has to satisfy the equation
h(Aw + Fi (w1, h(w1)) — Bh(wy) — Gi (w1, h(w)) = 0.
Since A =1 and B = 0, the equation becomes
h(wy + Fi (o1, h(w1)) - Gi (w1, A(w1)) = 0. (23)
Assume that /%(w;) takes the form
h(wy) = clw% + cza)f + O(a)‘f).
Now equation (23) becomes

a (a)f + 2af' (d)w? (b(a — Doy + ot + Qa)?) +awif'(d) (b(a — Doy + ot + cza)i’)Z)
+ (0} + 3wiaf(d)(bla - Do + c107 + c2007)
+ 3awif'(d) (b(a - Doy + aw?+ czw§)2 +dw’ (f/(d))3(b(a — Doy +cro? + czw:f)s)

+ abwif'(d) (b(a -1 +co + czw%) =0
or
wf(cl +ab*f'(d)(a - 1)+ w? (c2 + crabf'(d)) + O(a)‘f) =0.
By equating the coefficients of the same powers with zero we get
o1 = —abf'(d)(a - 1),¢; = @b (a—1)(f'(d))".
Thus the central manifold is represented by the graph of the function

h(w) = —abf'(d)(a - 1)} + a*b*(a - 1)(f’(d))2wf + O(a)‘f),

Page 21 of 37
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and the map on the center manifold is given by
H(wn) = 1 — abf'(d)(a - )? + a?b*(a - 1)(f'(d))’ o} + O(o}).

Note that v, = 0is a fixed point of H(w;) at which H'(0) = 1 and H"(0) = —2abf’(d)(a-1) #
0. This implies that the origin is unstable (semistable).

As a result of our discussion, we have the following theorem for the boundary equilib-
rium Ey = (0,d) of system (21).

Theorem 2 The boundary equilibrium Ey = (0, d) of system (21) is globally asymptotically
stable in R? if af (d) < 1, and E, = (0,d) is globally attracting semistable in R? if af (d) = 1.

In contrast to the system with variable stocking, we see from Theorem 2 that the con-
stant release of the parasitoids into the host—parasitoid interaction drives the host (pest)
population to extinction.

Now we investigate the equilibrium E; = (%,d). The Jacobian evaluated at E; is

(1 x'(d)
/(El)—<0 —ba'cf’(d)>'

The trace and determinant of the Jacobian are Tr(J(E;)) = 1 — bxf’(d) and Det(J(E,)) =
—bxf'(d). Sincef'(y) > 0,y > 0, we have Tr(J(E;)) > 0 and Det(J(E;)) > 0. We see that Tr(E;) =
1 + Det(J(E1)), which implies that E; is nonhyperbolic. The eigenvalues of J(E;) are A; = 1
and Xy = —bxf’(d). To answer the question of whether E; is locally asymptotically stable or
unstable(semistable), we use the center manifold theory.

Letting u,, = x, — %, v, = y, — d, we obtain the system

Upyl = (un + .7_C)f(Vn + d))

Vit = by + %) (1 - f(v,). (24)
The origin is a fixed point of system (24). Set

Fu,v)=(u+x)f(v+d)—x Gu,v) =b(u + 9_6)(1 —flv+ d)).
The Taylor expansions of these two maps about the origin are

F(u,v) = u+xf'(d)v +f (d)uv + %a'cf"(d)v2 + O3,

G(u,v) = —-bxf'(d)v — bf'(d)uv - %ba—cf”(al)v2 + O3,
respectively. Now we have the map

<u> . (1 xf'(d) ) (u) N < f(@uv+ 3xf"(d)v* + O3 )

v 0 -bxf'(d)] \v —bxf"(d)uv - 1f"(d)V* + O3

The eigenvalues of the map linearized about the origin are

a=1, Ay =—bif'(d).
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Therefore there is one-dimensional center manifold, and if —bxf’(d) < 1, then there is a
one-dimensional stable manifold with the orbit structure determined by the orbit struc-
ture on the center manifold. The matrix associated with the linear approximation has
columns consisting of the eigenvectors associated with the eigenvalues 1, and A,, respec-

tively. It is given by

— *'(d)
(T ) et )
0 —(1+bif'(d) 0 -t

Thus letting

(-16)

the map becomes

- L) )
) 0 -bif@d) \w) \Giwn,w)
where
Fy(w1,03) = =f'(d)(1 + bf'(d)) w10
+ (1 + bif'(d)) ((f/(d))z + % (1 + bxf/(d)))wg + 03,
Gi(w1, ) = bf'(d)(1 + bif'(d)) w12

+x(1 + baf'(d)) <b(f’(d))2 - %f”(d)(l + b;cf’(d)))wg +03.

By applying T-! we have

w1 1 0 w1 Fy(w1,w3)
— _ T + )
<w2> <0 —bxf’(d)) (a)z) (Gz(wb wz))

where
Fo(w1, ws) _r Fi(w1,ws) _ —f'(d)w105 — X(f'(d))* w3 + O3
Ga(w1, ws) Gi(w1, w7) —bf'(d)wwy — bX(f'(d))* w3 + O3

We seek a center manifold

S~———

ML(0) = {(@1,@5) : 3 = h(an), h(0) = H(0) = 0}
for w; sufficiently small. We assume that a center manifold has the form

h(w)) = 10} + 03 + O(w?])
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and substitute it into the center manifold equation
h(a)1 + F2 (a)l, h(a)l)) + ba_cf’(d)h(a)l) — G2 ((1)1, h(a)l)) =0.
Now we have

ci(wr —f(d)(c10} + cr07) = %(f (d)) (10} + cza)f)z)2
+¢y (w1 -f (01)(cla)1 + cza)l) x(f (d) ) (clwl + Qaﬁ) )3 + ba‘cﬁ"’(d)(cla)f + czwf)

+ ba_cf/(d)(clwi’ + cza)‘f) + ba_c(f/(d)) (cla)l + czwl) =0

or

wf(cl + ba_cf’(d)cl) + (cz + cobxf'(d) + ba_cf'(d)cl) + O(a)‘f) =
By equating the coefficients with the same degrees

c1 =0, cy =0.
Thus the center manifold is given by the graph of

h(w1) =0+ O(a)‘f),
and the map restricted to the center manifold is given by

W) = w1 + O(w‘f),

whose each point is a fixed point.
When —bxf’(d) > 1, there is an unstable manifold at E; = (¥, d).
Now we study the stability of the interior equilibrium E;(x,y) = (“(f f‘ ( ) =

(Z(Z ”ll ,7). The Jacobian evaluated at E; is given by

o= (us )

Observe that Tr/(E;) = 1 - bxf'(y) > 0 and DetJ(E;) = —abxf’(y) > 0.
By using linearized stability results we have the following lemma.

Lemma 9 For the interior equilibrium E,, the following holds:
(i) If —xf'(y) < ib, then E, is locally asymptotically stable.
(i) If —xf'(y) > ab, then E, is a repeller.
(iii) If —xf'(y) = ah, then E, is nonhyperbolic with complex conjugate eigenvalues (o, iy

of modulus 1, where i, = “3E/(a-1Bar1) V(Z;I)G”*D

To see how does a constant stocking affect the interior equilibrium, we consider x as

1.1
a function of d. We have %(d) = “(fb(la(ff)‘d) and 5(d) = f~'(3). Now #(d) = — 55, which
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is less than zero since a > 1. This implies that the function x(d) decreases with respect
to d. This means that if a constant input of parasitoids increases, then the level of the host
population at interior equilibrium decreases. On the other hand, y is constant and does
not depend on d.

2.3.1 Neimark—Sacker bifurcation
Now we verify analytically that the system undergoes a Neimark—Sacker bifurcation at the
positive equilibrium as parameter a is varied.
By using procedure given in [25] we find an explicit form of the limit curve near the
positive equilibrium point of (21). According to the procedure, by change of variable u,, =
"= Zz(ﬁ')ig ( yldb, ) to the origin.
We have

and v, = y,, — y we shift the equilibrium point E,(¥,y) =

Upsl = a((a(yld + Mn)f(vn +J’) (a- 1 b’

p (25)
Vi1 = b(1 f(y+v,,) “(y b+u,,)+d—5/.

Let F, be the map associated with system (25), that is,

e (B YOI 0 - G
*\v b(1 f(y+v)(“[§y1jlb+u)+d—5/ .

Now (0, 0) is a fixed point of the F;, and

a2G-d)f' ()
I 0,0 — (a-1)b
205,00 = 1) aisy
a a-1

The proof of the following lemma is totally analogous to that of Lemma 8.

Lemma 10 Let ag > 1 be such that

" (-1) i))_ ﬂ()—l
/ (f (ao ~ ayld ()

Then (0,0) is an equilibrium point of the map F,. If 12(a) and j1(a) are the corresponding

eigenvalues of Ay = Jacy, (0, 0)|4-q,, then

1+ag+is/(ag—1)(3ag + 1)

a =
Halao) 22

Furthermore:
(@) lpa(ao)l = 1;
(b) pa(ao)k #1 for k =1,2,3,4;
u2 N2 (5
(©) ds = da(a0) = L1112 lamay = & - BE2LD,
)

ag 2(ap-1)2
(d) The corresponding eigenvectors are

ag +ia/(ag—1)(Bag+1) -1 1>T

q2(ao) = < 2ao— 1)b

Page 25 of 37
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and

(d ) _ < l(l —ﬂo)b 2&10 )
P = e - DGBas+ D) 1+ 30— i@ - DBac+ D)

where Axqa(ao) = nqa(ao), p2(ao)As = upa(ao), and pa(ao)qa(ao) = 1.

By the procedure described in [25] we compute Ky and K;;. For a = g, we have

w)onl) )

where

()

2.3¢(3) (=\(1_x 2200 =\ell (s
_avfIONdy)  agvid-yyT () n %ﬂobﬂ/zf”()_/) n (ag—1)uv +O((|ul + |V|)4)

_ 6(ap-1)b 2(ap-1)b a0(d—y)
T @o-vbwr | ArOG)aod-ag)) | Plagd-agdfG) 13 2= .
20-d) T ea-l T 2@-D) sbuv’f" () + O((lul + |v)*)

If we take, as the basis of R?, ®, = (q2, q2), where qu = q2(a), then we can represent (i, v)

<u> =P, (f) = (quz + q22).
v z

1 - -
Go2 (02 (Z)) = E(gzozz + 2g1122 + gozzz) + O(|Z|3)

as

Let

By using package Mathematica we obtain
~a3(d-3)*f" §)+(ag-1)(ag+in/(ag-1)(Bag+1)-1)
(ag-T)aoh(d-7)
a3 (d-5)2f" §)+(ao-1)(~agi~/(ag-1)Bag+1)+1) |’

92 z
=—Gp |®
820 922 102 ( 2 (2))
z=0 (@o-1)ag(d-5)

o ; (ag-1)2-ad(d-»%f" 5)
=—@G L
su 0207z 02 ( > (E))

(ao—1)aopb(d-y)
Az =ay(d-5)*f" () + (ao — 1)(1 - ao — iv/(ao — 1)(3a0 + 1))

ad5)f"G) | _ap-1
z=0 ap-1 u%()'/—d)

Set

and

Ay =ag(ao —iv/(ao — 1)(3ag + 1) = 2) —iy/(ao — 1)(3ag + 1) — 1.
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We obtain

apA3
(a0-1)%(2ag+1)b(d—Py)
(ag+1)(ap(2ag—1)—ir/(ag-1)(3ag+1)-1)A3 |’
(a0-1)2(2a0+1) Ag(d—y)

Koo = (1’1 —Az)_lgzo =

a3d5>1" ()
~ (@12
1(11 = (1 —Az)_lgll = b(d—j’)
a}G-d)f" () + -1
ao-1 ao(d-y)

By using Ky, K;1, and

33 z\ 1, _
g21 = mGoz (I>2 2 + El(zoz + I(nZZ

we obtain

’

z=0

agTa(ao, d)(d - 5)* - 2(ao — 1)
4(ag — 1)%ao(d - y)? '

2(0) = az(ao) = % Re(p2gaiia) =
where
Pa(ao,d) = (a0~ aof P G)d - 5) + () (-2a5(d - 5)’f () + 2a5 — 3a0 + 1).
In summary, by using Lemma 10, we have shown the following theorem; see [29].

Theorem 3 Let b >0 and d > 0. Let ay > 1 be a positive real number such that

" (-1) i)) _ ag — 1
/ (f (ao ~aid-fE)

Ifdy(ao) # 0 and as(ag) # 0, then system (21) passes through a Neimark—Sacker bifurcation
at the unique positive equilibrium point

CD(Ly_g
&) = <ao<fi(“°) s “”( 1 >)

(ao— 1)b ao

when the parameter a varies in a small neighborhood of ay.

If dy(ao) > 0 and ay(ap) < 0 (resp., az(ag) > 0), then the Neimark—Sacker bifurcation of
model (21) at a = ay is supercritical (resp., subcritical), and there exists a unique closed
invariant curve I (a), which is attracting (resp., repelling), and bifurcates from E, for a > ag
(resp., a < ag).

If dy(ap) < 0 and oy(ap) < 0 (resp., az(ao) > 0), then the Neimark—Sacker bifurcation of
model (21) at a = ay is supercritical (resp., subcritical), and there exists a unique closed
invariant curve I (a), which is attracting (resp., repelling), and bifurcates from E, for a < ag
(resp., a > ag).

Let a = ay + 8. Then for small 5, the curve I'(a) can be approximated by

(”) ~ (%) + 200 Re(qze”) + pg (Re(Kaoe®) + K1), 0 €RR,
1%
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dy(ao)
é.
aa(ao)

Po =4/~

2.4 Examples with numerical simulations
In this subsection, we consider the following examples of a host—parasitoid model function
SF):
(S): fly) = ﬁ m >0,
(HV): f(y) =e?" (Hassell and Varley, 1969, [11]),
(PP): f(y)=e @71, m >0 (Metz, Vaz Nunez 1977, [20]).

We analyze the interior equilibrium in each of the models with variable and constant

stocking.

Note that straightforward calculations show that the functions f(y) = (1 + 2)™" with
m >0 (May, 1978, [22]) and f(y) = Bie™ + Bire™? with B + B = 1, B1, B2, b > 0 (Hassell,
1984, [10]) also satisfy the conditions f(0) = 1, f(co) = 0, and f’(y) < 0. Thus the stability
results can also be applied to them.

Here we emphasize that we do not take the numerical values of the parameters from
some field studies. We choose them to illustrate the bifurcations and dynamics of the mod-
els and our findings.
2.5 Example 1: f(y) = #
In this example, we assume that the probability of escaping parasitism f(y) is given by
ﬁ; see [20]. The parameter m can be interpreted as the mutual interference factor be-
tween parasitoids if m < 1 and as the degree of cooperative hunting if m > 1. There is no
cooperation among (parasitoid) predators if m = 1.

Now the corresponding (S) model with proportional number of parasitoids released into

a parasitoid population is given by

Xn
a ’
1+ym

bx,|1- 1
il = bxy + Yy
s 1+ym %

n

Xn+l =

(26)

Corollary 1 Let m,b>0.Ifa>1and 0 < ¢ < 1, then (26) has the unique equilibrium point

E, - (%:—W{(a_ 1>%),

and the following statements are true:
() Ifm <1, then E, is locally asymptotically stable.
(ii) Ifm>1, then E, is a repeller.
(iii) If m =1, then E, is nonhyperbolic.

If m =1, then for all 2 > 1 and 0 < ¢ < 1, we have «; = 0. Thus the Neimark—Sacker
bifurcation does not occur in this case. We can see that on a logarithmic scale, map (26) is
area-preserving. So, it is possible to use KAM theory to investigate the stability property of
E, [15]. Computer simulations suggest that when m < 1, all orbits converge to the interior
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Figure 1 Trajectoriesfora=3.0,b=1.12,c=0.5.(@) m=0.9, (b) m=99, (c) m=1.0,and (d) m=1.01 for
model (26)

equilibrium E,. On the other hand, when m1 > 1, all orbits tend to infinity. Hence, when the
host population intrinsic growth rate a is greater than 1 and the parasitoid attack clamping
parameter m > 1, computer simulations show that any solution that starts sufficiently far
away from the equilibrium goes to infinity. See Fig. 1. This observation suggests that the
considered model is not efficient for these parameter values because both populations go
to infinity, which is not the usual behavior in nature.

The corresponding (S) model with constant number of parasitoids released into a para-
sitoid population is

Xn

Xnyl =4 ’
1+yr
n

1
Ynel = bxn<1 - ) +d.
1+ym

A straightforward calculation gives

27)

i = dyan) = (™1 5
2= 2010_2 dm g
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and

(m — 1)m3((Amym 4 2)

m-1

~adm(dmy + (m =1y <

oy = ay(ap) =

where ag = (%)m + 1. The following corollary follows from the results proved in the pre-

vious sections.

Corollary 2 Ifa>1, (a - 1)% >d, and m,b,d > 0 then (27) has the unique equilibrium
point

N

_(alla- 17 -d)
B (Nt et)

and the following statements are true:
(i) Ifm<lor(m>1and(m-1)(a- 1)% < dm), then E, is locally asymptotically
stable.
(i) If (m—1)(a- 1)% > dm, then E is a repeller.
(iti) Ifm>1and (m-1)(a- 1)% = dm, then E, is nonhyperbolic with complex conjugate
eigenvalues of modulus 1. System (27) passes through a supercritical
Neimark—Sacker bifurcation at the unique positive equilibrium point E, when the

parameter a varies in a small neighborhood of ag = (%)"‘ + 1.

Figure 2 shows the trajectories of System (27) for some numerical values of the param-

eters.

2.6 Example 2:f(y)=e?",m>0
In this example, we assume that the probability of escaping parasitism f(y) is given by e?";
see [20]. Now the corresponding (HV) model with proportional number of parasitoids

released into a parasitoid population is

X1 = AXe ", 08)
28

Vsl = bx,,(l - e‘y"m) + Yy
A straightforward calculation gives

(1 -c)(ao — 1 -In(ao))

dy =d(ag) = 2(ag — 1)ag In(ag)

and

(1= c)((a3 - 1)cln(ap) + (ao — 1)*(1 - ¢) — ap(c + 1) In*(ap))
4ad

’

2
oy = ai(ag) = —1n"7 (ap)

where agm In(ag) = ag — 1.

Let F(a) =a—-1-In(a),0<c<1,and a > 1. Then we have F'(a) = ”a;l > 0. Since F(1) =0,
we obtain F(ag) > F(1) = 0. Hence ag — 1 — In(ag) > 0, which implies d;(ao) > 0. Let G(c) =
(a2 - clIn(ag) + (a0 — 1)%(1 - ¢) — ag(c + 1) In*(ao). We have G'(c) = (ao —In(ag) — 1)(1 —ag +
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Figure 2 Trajectories (orange, black, and red) for b =1.05,d = 0.05, m = 1.2, where ap ~ 1.2358,
d>(ap) &~ 0.353405, a5 (ap) ~ —1.20613, (x,y) = (1.24783,0.3), and a = 4.85, a=4.92155,a=4.99, a = 5.22 for
model (27) (supercritical Neimark—Sacker bifurcation)

ao1n(ag)) and G(0) = (ag—1)> —ag In*(ay). Let Gy (a) = 1 —a +aln(a). From G} (a) = In(a) > 0
and G;(1) = 0 we obtain Gi(ag) = 1 —ag +ag In(ao) > G(1) = 0. Let Gy(a) = (a—1)> —aln®*(a).
Then G(a) = 2(a — 1) — In(a)(In(a) + 2) and G} (a) = M = %(“) > 0. This implies
Gh(a) > G;(1) = 0 for all @ > 1. Then we obtain Gy(a) = (ap — 1)*> — a¢In*(ao) > G»(1) = 0.
Since G'(c) = F(ap)Gi(ao) > 0 and G(0) = Ga(ap) > 0, we get G(c) > G(0) =0 forall 0 < c < 1.
This implies a1 (ap) <0 for 0<c<1and ag > 1.

The following corollary follows from the results proved in the previous sections.

Corollary 3 Let m,b>0.Ifa>1and 0 < ¢ < 1, then (28) has the unique equilibrium point

a(l-c¢)¥In(a) ,,

and the following statements are true:
(i) Ifamln(a) < a -1, then E, is locally asymptotically stable.
(ii) Ifamln(a) < a -1, then E, is a repeller.
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Figure 3 Trajectories (orange, black, and red) for b =042, c=0.71, m= 0.5, where ay ~ 4.92155,
di(ag) ~ 0.0109747, a1 (ag) = —0.00434435, (x,y) = (2.20072,2.53964), and a = 4.85, a =4.92155, a = 4.99,
a=5.22 for model (28) (supercritical Neimark-Sacker bifurcation)

(iii) Ifamln(a) = a — 1, then E, is nonhyperbolic with complex conjugate eigenvalues of
modulus 1. System (28) passes through a supercritical Neimark—Sacker bifurcation
at the unique positive equilibrium point E,, when the parameter a varies in a small

neighborhood of ay such that apmn(ag) = ag — 1.

Figure 3 represents the trajectories of System (28) for some parameters’ numerical val-

ues.
The corresponding (HV) model with constant number of parasitoids released into a

parasitoid population is

Xn+l = axne_yzn, ( )
29

Yns1 = b, (1 - e’y;n) +d.
A straightforward calculation gives

mln(ag) + m -1
d = d =
2 = da(a0) 2agm In(ag)
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and

mlog’%(ao)(ao In(ag)(mIn(ag) + m — 1) + (ag — 1)(1 — m))
4(610 - 1)

ay = ap(ag) = -

’

where agmd = ln%‘l(ao)(aomln(ao) —ap + 1), m >0, and ag > 1. Since d > 0, we obtain
ap—1

o n(a) " From

aom1In(ag) — ag + 1 > 0. This implies m >

ag — 1 1 ap — lll(tlo) -1

ag In(ag) B In(ag) + 1 - ao(In%(ay) + In(ay))

we get m > afﬁiim m We have mIn(ag) + m — 1 > 0. Hence d»(ag) > 0. From
ap—1 ag + agln(ag) — 1 (a0 — 1)2 — apIn?(ay)

ag In(ay) B ag + agIn(ag)(In(ag) +1) — 1 - ag In(ag)(ao + ag In(ag)(In(ag) + 1) — 1) >0,

since Gs(ag) = (ag — 1)? — ag In?(ag) > 0, we obtain

ap + do 11’1((10) -1

ao + agIn(ag)(In(ap) +1) - 1

aoln(ao)(m In(ag) + m — 1) +(ag—1)(1 —m) > 0.

This implies oy (ap) < 0. The following corollary follows from the results proved in the

previous sections.

Corollary4 Ifa>1, ¥/In(a) > d,and m,b,d > 0 then (29) has the unique equilibrium point

E, = (L Vln(ﬂ)_d), M/ln(ﬂ))
(@a-1)b

and the following statements are true:
() If ¥ n(a)(amin(a) - a + 1) < admIn(a), then E, is locally asymptotically stable.
(i) If ¥/n(a)(@amIn(a) — a + 1) > admIn(a), then E, is a repeller.

(i) If %/In(a)(amIn(a) - a + 1) = admn(a), then E, is nonhyperbolic with complex
conjugate eigenvalues of modulus 1. System (29) passes through a supercritical
Neimark—Sacker bifurcation at the unique positive equilibrium point Ey when the
parameter a varies in a small neighborhood of ay such that

Yn(aog)(agmIn(ag) — ag + 1) = adm In(ay).

In Fig. 4, we show the trajectories of System (29) with constant releasement of para-

sitoids.

2.7 Example 3: f(y) = eﬁ, m>0

In this example, we assume that the probability of escaping parasitism f(y) is given by
ekrnﬂ; see [20]. Here we emphasize that we will only provide the results for constant
stocking. In proportional stocking, using the software package Mathematica, we get very

complicated and long expressions, which we skip.
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(d) a=16.92 for model (29) (supercritical Neimark-Sacker bifurcation)

3
d)

Figure 4 Trajectories (orange, black, and red) for b=0.28, d = 1.79, m = 1.05, where ay ~ 15.9885,
da(ao) 7 0.03181, ax(ap) &~ —0.331443, (X, y) = (3.24017,2.6405), and (@) a=15.0, (b) a = 15.9885, (c) a=16.2,

Now the corresponding (PP) model with constant number of parasitoids released into

a parasitoid population is
1-Vyn+1
Xn+l = adxye "M,

Yn+1 = bxn(l —el_\/F) +d.

A straightforward calculation gives

mln(ag) —m+1
d = d =
2 = d3(a0) 2(aom In(ag) + ag)

and

ao(m? + m—1) + apm1In(ag)(m — mIn(ay) — 2) — m?

ay = ay(ao) = 16(ag — 1)m?(m1n(ao) + 1)*

’

(30)

Page 34 of 37
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Figure 5 Subcritical Neimark-Sacker bifurcation for b=0.87, m=2.76,d = 0.126317, where ap = 2.8,
d>(ap) &~ 0.0502817, and &, (ap) ~ 0.0000434287. Trajectories (orange, blue, and black) for (@) a = 2.75,
(b) b=2.8,and (c) a = 3.5 for model (30)

where m(agmIn®(ao) + 2(ag + m — agm)In(ag) + 2) = ao(d + 2m), m > 0, and ag > 1. The

following corollary follows from the results proved in the previous sections.

Corollary 5 If a > 1, m*In*(a) + 2mIn(a) > d, and m,b,d > 0, then (30) has the unique

equilibrium point

<a(m2 In%(a) + 2mIn(a) - d)
E, =

272 2
T ,m”In“(a) +2mln(a)> eRy,

and the following statements are true:
(i) If m(amIn®(a) + 2(a + m — am)In(a) + 2) < a(d + 2m), then E, is locally
asymptotically stable.
(ii) If m(amIn*(a) + 2(a + m — am)In(a) + 2) > a(d + 2m), then E, is a repeller.

(ili) If m(amIn®(a) + 2(a + m — am)In(a) + 2) = a(d + 2m), then E, is nonhyperbolic with
complex conjugate eigenvalues of modulus 1. System (30) passes through a
Neimark—Sacker bifurcation at the unique interior equilibrium point E; when the
parameter a varies in a small neighborhood of ay such that

m(aomIn®(ao) + 2(ao + m — agm)In(ag) +2) = ao(d + 2m), m>0,d >0.

Numerical calculations show d(ag) > 0. On the other hand, ay(ag) changes its sign,
which implies the presence of the so-called Chenciner bifurcation. Thus a supercritical
and subcritical Neimark—Sacker bifurcation can occur. If a3 (ap) > 0, then by Theorem 1 a
repelling closed invariant curve appears surrounding the stable fixed point for a < ag. As
a increases, the repelling closed curve decreases in size and merges with the fixed point at
a = ag. When a > ay, the repelling closed invariant curve disappears completely, leaving a
repelling focus (subcritical Neimark—Sacker bifurcation). In this case the closed repelling
curve is generally the boundary of the stable fixed point basin of attraction. Figure 5 shows
the typical behavior of the solutions of model (30) if dy(a¢) > 0 and ay(ap) > 0.

3 Conclusion

Successful biological control means that introduced natural enemies, often parasitoids,
can control the pests and suppress them to the level where it can no longer cause economic
damage [7, 24, 27, 28]. To address the effect of parasitoid release, we propose the class of
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host—parasitoid models with variable and constant release, which is a novelty of this paper.
We assume that the host population has a constant rate of increase, but we do not assume
any density dependence regulation other than parasitism acting on the host population.
The Neimark—Sacker bifurcation at the interior equilibrium of a class two-dimensional
discrete host—parasitoid interaction for a = b was analyzed in [20]. We compare the dy-
namics of these three systems. In contrast to the constant stocking system, systems with
no stocking and variable stocking have the extinction equilibrium, which can be globally
asymptotically stable (Lemmas 1 and 5). Thus, in these two cases, both populations go to
extinction. Neither of these two systems has a boundary equilibrium such that the host
population is extinct and the parasitoid population survives. The boundary equilibrium
exists in the system with constant stocking, which can be globally asymptotically stable
(Theorem 2). Hence adding the constant number of parasitoids into host—parasitoid in-
teraction drives the host population to extinction.

Moreover, the constant stocking eliminates the equilibrium for which the host popula-
tion survives and the parasitoid is extinct. The constant or variable stocking of the para-
sitoids can lower the host level in the unique coexisting equilibrium even if the host popu-
lation intrinsic growth rate is greater than one. The Neimark—Sacker bifurcation appears
in each of the investigated systems, and we compute the approximation of the invariant
closed curve. The stable closed curve corresponds to the period or quasiperiodic oscil-
lations between the host and parasitoid populations from biology viewpoint. For more
detail on this issue, see, for example, [5].

Finally, we apply the results to the several host—parasitoid models with variable and con-
stant stocking, where the function f is one of the well-known functions investigated in
[20]. In particular, in a simple (S) model with variable stocking when parasitoid clamping
parameter m = 1, we show that the Neimark—Sacker bifurcation does not occur. In this
case, it is possible to use KAM theory to address the stability of the interior equilibrium
point. Using the software package Mathematica, we provide numerical simulations that
show that the behavior of examples is similar to that of the considered model. Here we do
not take the parameter values from any study field, but we choose them to confirm our
theoretical results.
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