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Abstract—A novel discrete switching host-parasitoid model
with gamma-Ricker growth concerning integrated pest manage-
ment (IPM) is proposed and studied, where an economic thresh-
old (ET) is selected as a switching threshold. The existence and
stability of equilibria of both subsystems are discussed, and then
the various equilibria including real and virtual equilibria of
switching system can be addressed according to the definitions.
In particular, the distribution regions of regular and virtual
equilibria related to two-parameter bifurcation diagram are
displayed. The effects of ET and other key parameters on the
stability of real equilibria are studied, including multi-attractor
coexistence and switching-like behavior once some random
perturbations are considered. Most interestingly, the basin
attractors are numerically provided and initial sensitivities
related to the pest control are also discussed in more detail.

Index Terms—Switching host-parasitoid model, IPM, initial
sensitivities, multi-attractor coexistence, switching-like behav-
ior.

I. INTRODUCTION

PEST control has been receiving much attention [1]–[5].
The most important reason is that when the pest pop-

ulation density reaches the economic injury level (EIL) [6],
pest outbreaks will occur and lead to serious environmental
damage or huge economic losses. For instance, desert locust
outbreaks have invaded 11 countries in West Africa and
caused severe damage to the environment of agricultural pro-
duction areas [7]. Fortunately, integrated pest management
(IPM) is an effective strategy to prevent pest outbreaks and
has been proved by many scholars [6], [8]–[11]. Generally,
two main methods have been applied to make the pest density
below the EIL. One is chemical methods, such as spraying
pesticides [12]. The other is biological strategies, such as
releasing natural enemies [13], [14].

The reason why chemical control is an indispensable
method of IPM is that spraying pesticides can effectively
kill pests so that they do not exceed the EIL. However,
when pesticides are assessed, it is essential to recognize that
the efficiency of the pesticide may be affected by biological
and environmental factors [15]. For example, after several
insecticides were applied, predaceous mite Typhlodromus
occidentalis Nesbitt (Acarina: Phytosciidae) still survived in
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Washington apples [16]. Moreover, chemical pesticides are
also not always effective. On the one hand, pests will be
resistant for the long-term use of the same insecticide [17].
On the other hand, pest outbreaks may generate delays which
are difficult to determine [18]. In addition, continued use of
pesticides will also cause environmental pollution.

Biological control is another tactic of an IPM strategy
[13], [14], that is, the number of pest population decreases
dramatically and continuously after natural enemies are re-
leased [19]. For instance, a biological control program was
developed to reduce the European green crab and Carcinus
maenas and has been guided to use in many areas [20].
Another example is the primary method of weed biocontrol
which was used to permanently control pests by introduc-
ing and releasing exotic insects, mites, or pathogens [21].
Although weed biocontrol is successful [22], there are still
some challenges including the effects of public health and the
environment, or the attack of nontarget organisms etc [23],
[24]. Therefore, more complex IPM strategies, a combination
of biological, chemical and cultural tactics, have been applied
to effectively control pests [8], [12], [25].

The ET is a crucial concept related to IPM and depends on
the consideration of economy, society or ecology [10]. When
the pest population density reaches the ET, IPM measures are
applied to reduce the number of pests. Tang et al. aimed to
decrease the use of pesticides, so a model containing regular
release of natural enemies and chemical control with ET was
developed [25].

The dynamical systems with IPM about host-parasitoid
were established by the discrete switching systems. Recently,
Xiang et al. have studied the host-parasitoid model with
respect to Beverton-Holt growth and combined with IPM
[26]. Another switching host-parasitoid model with IPM has
been studied by Xiang and Tang et al. [27]. In the present
paper, based on the Nicholson-Bailey model [28], a discrete
switching host-parasitoid model with gamma-Ricker growth
concerning IPM is constructed and analyzed. The existence
of equilibria of the proposed system is not only addressed by
constructing auxiliary functions, but is confirmed by numer-
ical simulation. Then, the stable conditions for equilibria of
the switching system are discussed, and four possible cases
are investigated. Moreover, three cases for the coexistence of
equilibria of the system are also discussed.

The bifurcation diagrams of crucial parameters are dis-
played and analyzed. According to the bifurcation analysis,
the system has various dynamics. On the one hand, we
address how initial sensitivities affect the final states of these
two populations and the number of the host outbreaks. On
the other hand, the influence of different parameters on the
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switching-like behavior is discussed by adding some random
perturbations.

The main structure of this paper is as follows: in Section
2, a discrete switching host-parasitoid model with gamma-
Ricker growth is proposed, and an ET is selected as the
switching threshold. In Section 3, the existence and stability
of equilibria of the proposed system are analyzed. What’s
more, the two-parameter bifurcation diagram is used to
display the coexistence of different equilibria. In Section
4, numerical investigations of the system are shown. The
bifurcation analysis reveals the existence and coexistence
of multiple attractors, initial sensitivities and switching-
like behavior. The question of how the factors affect the
host population outbreaks is addressed, which includes the
crucial parameters and initial densities of host and parasitoid
populations. The conclusion is drawn in Section 5.

II. MODEL DESCRIPTION

The famous gamma-Ricker model [29] was given by

Ht+1 = βHγ
t e

−δHt , t = 1, 2, 3, ..., (1)

where Ht is the host population density in generation t
(t = 1, 2, 3, ...). β, γ and δ are positive real parameters. The
simplest gamma-Ricker model has been used to explore the
factors that affect positive and negative density dependence
[29]. γ denotes the intrinsic growth rate of the host popula-
tion, and the main results revealed that when γ > 1, the per-
capita growth rate of the population combines both negative
and positive dependence. When γ ≤ 1, the population is
overcompensatory. Hence, we are concerned about the effects
of γ on the host population in model (1).

Under the consideration of parasitoid’s interference to
host and interactions between them, based on the classical
Nicholson−Bailey model [28], model (2) is derived from
model (1) and rewritten as{

Ht+1 = βHγ1
t e

−δHt−αPt ∆
= Q11(H,P ),

Pt+1 = βHγ1
t (1− e−αPt) ∆

= Q12(H,P ),
(2)

where e−αPt means the escape rate of the host population
fleeing from the parasitoid population, β is a positive con-
stant, the intrinsic growth rate and mortality rate of the host
population are denoted by γ1 and e−δHt , respectively. From

a biological point of view, the host and parasitoid populations
are also taken as pests (prey) and natural enemies (predators).

Based on model (2), when the host population density is
greater than the value of ET, the chemical and biological
control measures are applied. On the one hand, the use of
pesticides has impacts on the growth rates of both host
population and parasitoid population. So we assume that
γ2 < γ1 always holds, where γ2 is the growth rate of the
host population after spraying pesticides. On the other hand,
the release of natural enemies is taken, when the number of
the host population is over the ET. Ultimately, the purpose of
IPM strategies is achieved. So model (2) with IPM strategies
is written as follows:{

Ht+1 = (1− p)βHγ2
t e

−δHt−αPt ∆
= Q21(H,P ),

Pt+1 = βHγ2
t (1− e−αPt) + τ

∆
= Q22(H,P ),

(3)

where p (0 ≤ p < 1) is the killing rate and τ (τ ≥ 0) is the
number of releasing natural enemies. Thus combining the
control measures, there are three possible cases.

• If p > 0 and τ = 0, then only the chemical control
tactics (i.e., spraying pesticides) are adopted to control
pests.

• If p = 0 and τ > 0, then only the biological control
measures (i.e., releasing natural enemies) are taken to
make the number of pests fall the ET.

• If pτ 6= 0, then both chemical and biological control
measures are considered.

Therefore, combining with models (2) and (3), we have
the following ET guided switching system.

Ht+1 = βHγ1
t e

−δHt−αPt ,
Pt+1 = βHγ1

t (1− e−αPt),

}
Ht < ET,

Ht+1 = (1− p)βHγ2
t e

−δHt−αPt ,
Pt+1 = βHγ2

t (1− e−αPt) + τ,

}
Ht ≥ ET.

(4)
The switching systems have been widely applied [30]–

[32]. In the present work, the switching model (4) is valued.
We aim to address the existence and stability of equilibria of
the system, and investigate the effects of ET and other key
parameters on the stability of real equilibria by means of
one- or two-parameter bifurcation. Moreover, some complex
dynamic behaviors and actual biological implications are
explored through the bifurcation analysis.
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Fig. 1. Existence of equilibra of subsystems SG1 and SG2.
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III. EQUILIBRIA AND THEIR STABILITY OF THE
SWITCHING SYSTEM

For convenience, F (H(t)) = H(t) − ET and Z(t) =
[H(t), P (t)]T are denoted, so system (4) is rewritten as

SG1
(t+ 1) =

[
βH(t)

γ1e−δH(t)−αP (t)

βH(t)
γ1(1− e−αP (t))

]
,

SG2
(t+ 1) =

[
(1− p)βH(t)

γ2e−δH(t)−αP (t)

βH(t)
γ2(1− e−αP (t)) + τ

]
,

(5)

where G1 and G2 are two different regions that are defined
as follows:

G1 = {(H,P )|F (H) < 0, H > 0, P > 0},
G2 = {(H,P )|F (H) ≥ 0, H > 0, P > 0}. (6)

In this paper, subsystem SG1 in region G1 and subsystem
SG2 in region G2 of system (5) are defined. To discuss the
different types of equilibria for system (5), the existence and
stability of equilibria are addressed in the following.

A. Equilibria of the switching subsystems SG1 and SG2

For subsystem SG1, let Ht = Ht+1 = H1∗, and Pt =
Pt+1 = P1∗. Then the equilibrium E1∗ = (H1∗, P1∗)
satisfies two equations:

H1∗ = βHγ1
1∗e

−δH1∗−αP1∗ ,
P1∗ = βHγ1

1∗ (1− e−αP1∗).
(7)

It is evident that there is an extinction steady state E00 =
(0, 0), and (7) consists of two transcendental equations. To
address the existence of E1∗, two additional functions are
constructed as

f1(x) =W
1
γ1

1 ,

g1(x) =
1
δ (lnβ + lnW

γ1−1
γ1

1 − αx),
(8)

where W1 = x
β−βe−αx . If x > 0 and f1(x) = g1(x) hold,

then E1∗ exists in subsystem SG1.

Analogously, for subsystem SG2, let Ht = Ht+1 = H2∗,
and Pt = Pt+1 = P2∗. Then the equilibrium E2∗ =
(H2∗, P2∗) satisfies

H2∗ = (1− p)βHγ2
2∗e

−δH2∗−αP2∗ ,
P2∗ = βHγ2

2∗ (1− e−αP2∗) + τ.
(9)

Let

f2(x) =W
1
γ2

2 ,

g2(x) =
1
δ (ln(1− p)β + lnW

γ2−1
γ2

2 − αx),
(10)

where W2 = x−τ
β−βe−αx . Similarly, if x > 0 and f2(x) =

g2(x) are true, then subsystem SG2 has an equilibrium E2∗.
To verify the existence of equilibria of these two sub-

systems by employing numerical simulation, Fig.1(a) and
Fig.1(b) are plotted. The parameters are β = 6, α = 0.2,
δ = 0.7, p = 0.8, τ = 0.1, γ1 = 0.8 and γ2 = 0.3.

B. Stability of the equilibrium of switching system (5)

For subsystem SG1, the local stability of E1∗ is determined
by the eigenvalues of Jacobian matrix as follows:

J =

(
∂Q11/∂H ∂Q11/∂P
∂Q12/∂H ∂Q12/∂P

)
. (11)

According to equation (5), we have

J1 =

(
βAγ1−1e−δAB (γ1 − δA) −αβAγ1e−δAB

βγ1A
γ1−1 (1−B) αβAγ1B

)
,

(12)
where

A=( P1∗
β−βe−αP1∗ )

1
γ1 , B = e−αP1∗ . (13)

Its characteristic equation is

Q (λ) = λ2 − Trace(J1)λ+Det(J1), (14)

where

Trace(J1) = βAγ1−1B
(
e−δA(γ1 − δA) + αA

)
, (15)

Fig. 2. Stability of equilibria of system (5).
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Det(J1) = αβ2A2γ1−1e−δAB (γ1 − δAB). (16)

According to the Jury criteria [33], [34], if E1∗ satisfies
the local stability conditions, namely,

|Trace(Ji)| < 1 +Det(Ji) < 2 (i = 1, 2), (17)

then E1∗ is locally asymptotically stable. Similarly, if E2∗
satisfies (17), then E2∗ is also locally asymptotically stable.

Furthermore, there is an interesting problem about the
stability of equilibria for subsystems SG1 and SG2 in the
parameter space α− γ1. The parameters are β = 6, δ = 0.3,
p = 0.3, τ = 0.1 and γ2 = 0.3. When α = 0.2,
Fig.2(a) shows the bifurcation diagram of subsystem SG1

with respect to parameter γ1. When γ1 ∈ (0, 0.73), E1∗ is
stable. When γ1 ∈ (0.73, 1.2), E1∗ is unstable and subsystem
SG1 is in a chaotic state. Fig.2(b) shows the stability of E1∗,
where thin dots indicates stable E1∗ and thick dots indicates
unstable E1∗. In particular, it is completely consistent with
the results shown in Fig.2(a). In Fig.2(c), for subsystem SG1,
the parameter space α − γ1 is divided into stable region
and unstable region. Fig.2(d) shows that the parameter space
α− γ1 has four regions for the whole switching system (5)
and is denoted by I, II, III, IV, respectively. In region I, E1∗
and E2∗ are stable. In region II, E1∗ is stable, E2∗ is unstable.
In region III, E1∗ is unstable, E2∗ is stable. In region IV, E1∗
and E2∗ are unstable.

C. Equilibria of switching system (5)

Regular and virtual equilibria of system (5) are discussed,
and their definitions are introduced in the following.

Definition 3.1: Ei∗ = (Hi∗, Pi∗)(i = 1, 2) is called a
regular equilibrium of system (5), if F (H1∗) < 0 or
F (H2∗) ≥ 0, these equilibria are denoted by ERSG1

and
ERSG2

, respectively. Ei∗ is called a virtual equilibrium of
system (5), if F (H1∗) ≥ 0 or F (H2∗) < 0, these equilibria

are denoted by EVSG1
and EVSG2

, respectively.

To display the coexistence of different equilibria for these
two subsystems, we plot the α-ET parameter space diagram
and other parameters are β = 6, α = 0.2, δ = 0.7, p = 0.3,
τ = 0.1, γ1 = 0.8 and γ2 = 0.3. The solid circles represent
E1∗, and the hollow circles represent E2∗ [see Fig.3((a)-(c))].
The results show that H1∗ is always greater than H2∗, then
the following three cases of the coexistence of equilibria are
discussed.

(i) If ET > H1∗ > H2∗, then ERSG1
and EVSG2

coexist.
(ii) If H1∗ ≥ ET > H2∗, then EVSG1

and EVSG2
coexist.

(iii) If H1∗ > H2∗ ≥ ET , then EVSG1
and ERSG2

coexist.
Letting the range of α be [0.1, 0.6], and ET changes in

[0.5, 2.5], it is clear that the α-ET parameter space is divided
into three regions [see Fig.3(d)]. In region I, ERSG1

and EVSG2

coexist. In region II, EVSG1
and EVSG2

coexist. In region III,
EVSG1

and ERSG2
coexist.

From Fig.3, with the variation of one or more parameters,
the results changes significantly. The main purpose of a
suitable pest control strategy is to prevent the pest outbreaks,
that is, the pest population density does not exceed the ET. As
far as the perspective of the mathematical view, the system is
stable at the desired level by employing IPM strategies. Thus,
in terms of IPM, the right value of ET should be considered
to make the equilibria of both subsystem SG1 and subsystem
SG2 become virtual.

IV. NUMERICAL ANALYSIS OF MODEL (5)
This section provides numerical simulations for system

(5). In particular, the existence and coexistence of multiple
attractors, initial sensitivities and switching-like behavior are
revealed by the bifurcation analysis.

A. Bifurcation analysis
To get some basic properties of the dynamical system,

one-parameter bifurcation diagrams for γ1 (i.e., the intrinsic
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Fig. 3. Coexistence of different equilibria of system (5).
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Fig. 4. Bifurcation diagrams about γ1 of system (5).

growth rate of the host population) and p (i.e., killing rate)
are analyzed. The results reveal the existence of different
attractors with the change of parameter γ1.

Parameter γ1 is first selected as the bifurcation parameter.
Other parameters are β = 6, α = 1, δ = 0.7, ET = 1,
p = 0.28 and τ = 0.1. The initial value is (H0, P0) =
(0.8, 0.5). In Fig.4, the range of γ1 is (0, 1.2), system
(5) has many complex dynamics, such as multi-attractor
coexistence, chaotic bands and chaos crisis. Obviously, when
γ1 ∈ (0, 0.43), the system goes from a stable state to a
chaotic state. With the further increase of γ1, multiple periods
appear. In particular, there are multiple attractors in [0.7, 0.8]
or [1, 1.2].

Fig.5 shows the bifurcation diagrams about parameter p.
Other parameters are β = 7.7, α = 0.34, δ = 1.305, ET =
1, τ = 0.8, γ1 = 0.7972 and γ2 = 0.558. The initial value
is (H0, P0) = (0.5, 0.4). When killing rates of pesticides are
too small or too large, the host outbreaks will occur. It means

that the host population density is above the ET. For example,
when p ∈ (0, 0.18) or (0.74, 1], the host outbreaks will occur.
Interestingly, Fig.5 clearly reveals that the appropriate killing
rate is selected to make system (5) stable in subsystem SG1

.
That is, when p ∈ [0.18, 0.74), the host outbreaks will not
generate.

B. Initial sensitivities

Different initial densities of the host and parasitoid popu-
lations lead to different outbreak modes and also affect the
coexistence of multiple attractors. Therefore, the influence
of initial densities on their final states, host-outbreak modes
and the outcome of successful pest control are emphasized.
The coexistence of multiple attractors is discussed in the
following subsection.

Parameter p is selected as 0.3, and other parameters are
the same as those of Fig.5. In Fig.6(a), the densities of
these two populations always do not exceed the ET, and

Fig. 5. Bifurcation diagrams about p of system (5).
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Fig. 6. Influence of initial densities of these two populations on switching frequencies for system (5).

their initial densities are 0.5299, 3.5430. This case shows
that no measures need to be taken. Fig.6(b) indicates that
one IPM strategy is required to make initial density of the
host population not cross the ET. If the values of initial
densities are (0.3588, 0.1718) or (0.9232, 0.9841), then the
results indicate that the pests can be controlled after two
or three IPM measures [see Fig.6(c) or (d)]. Fig.6 shows
that these two populations are stable in subsystem SG1

after
taking zero, one, two or three IPM tactics.

To further discuss the effects of their initial values on host-
outbreak frequencies, Fig.7 with different p is plotted. Other
parameters are the same as those of Fig.5. The central region

is denoted by ’Nonoutbreak region’, where the pest (host)
population never outbreaks. Meanwhile, there is no need to
take any IPM strategy. In regions II III and IV, where the host
population could be controlled after one, two, three control
strategies are applied. Moreover, in region I, where pests
experience multiple outbreaks. So when different values of
p are taken, the number of control measures required to be
stable in subsystem SG1

is different. For instance, if p = 0.1
[see Fig.7(a)], control tactics are taken up to two times to
make host population stable in subsystem SG1 . If p = 0.3
[see Fig.7(b)], the host population is stable in subsystem
SG1

after applying four control strategies. If p = 0.55

Fig. 7. The impacts of different values of p on host-outbreak frequencies.
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Fig. 8. Coexistence of three attractors with different initial values for system (5).

[see Fig.7(c)], three control tactics are need to make the
host population stable in subsystem SG1 . If p = 0.75 [see
Fig.7(d)], region I represents that the host outbreaks occur
many times. Additionally, the results indicate that initial
values of these two populations may affect their final states.

C. Multiple attractors and coexistence

As mentioned above, model (5) reveals many dynamic
behaviors, in particular, the coexistence of multiple attractors
is contained. In order to confirm that initial densities of
these two populations how to affect the host outbreaks
and the implementation of control tactics, Fig.8 is plotted.
Some parameters are the same as those of Fig.4. When
γ1 = 0.7972, γ2 = 0.558, there exists the coexistence
of three attractors, and each attractor has the different
amplitudes and frequencies. If the initial value is set as
(H0, P0) = (2.3, 3.15), then Fig.8((a)-(b)) oscillate with
period 33, and the solution of system (5) approaches the first
attractor. The maximum amplitudes of host and parasitoid

populations are 2.9092, 7.6418, respectively. If the initial
value is (H0, P0) = (3.7, 2.9), then the second attractor is
shown in Fig.8((c)-(d)). The last attractor has the smallest
amplitudes and the initial value is (H0, P0) = (3.5, 3) as
shown in Fig.8((e)-(f)). The maximum amplitudes of host
and parasitoid populations are 2.7459, 6.3359, respectively.

When γ1 = 1.104, γ2 = 0.773, three attractors coexist.
Other parameters are the same as those of Fig.4. The
coexistence of the other three attractors is shown in Fig.9.
The result indicates that different attractors have different
oscillation modes, that is, amplitudes and frequencies of
different attractors are different.

Fig.8 and Fig.9 indicate that the IPM strategies are effec-
tively employed to reduce the host population density, which
depends on the initial densities of these two populations
being well monitored and tracked. In Fig.10, the basins of
attraction about the coexistence of these multiple attractors
are shown. The initial densities of host and parasitoid popu-
lations are the horizontal and vertical axes, respectively. As
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Fig. 9. Coexistence of three attractors with different initial values for system (5).
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Fig. 10. Basins of attraction of multi-attractor coexistence for system (5).

shown in Fig.10(a), the ranges of initial densities of two
populations are 0 ≤ H0 ≤ 10, 0 ≤ P0 ≤ 10. Fig.10(b) is the
coordinate of Fig.10(a) expanding the range to 0 ≤ H0 ≤ 5,
0 ≤ P0 ≤ 5. Fig.10 displays the basins of attraction for three
attractors denoted by I II and III. Three regions correspond
to three periodic solutions shown in Fig.8, respectively.

Fig.11 shows the basins of attraction of another case
where three attractors coexist. These periodic solutions of the
regions are shown in Fig.9. In particular, Fig.10 and Fig.11
show that there is a clear block that is a so-called fractal
property about self-similarity, and the fractal boundary is
exactly ET = 1.

D. Switching-like behavior
So as to comprehend how the population density of

parasitoid affects the ultimate state of the host population,

subsystem SG2
is rewritten as follows

SG2(t + 1) =

[
(1− p)βH(t)

γ2e−δH(t)−αP (t)

βH(t)
γ2(1− e−αP (t)) + τt

]
, (18)

where at generation t, τt = τ , i.e., there is not the random
perturbation. Or τt = τ + σu, i.e., there exists the random
perturbation, where u ∈ [−1, 1], σ denotes the noise intensity
and is a positive constant. We aim to address the effects of
the noise intensity on the stable attractor.

To do this, the initial value is fixed as (H0, P0) = (3, 3.1),
and the rest of parameters are the same as those of Fig.8. In
Fig.12, if σ = 0.85 is added at every 200 generations, then
the switching-like behavior of the attractors occurs. When
t ∈ [0, 200), the first attractor is stable. Once t = 200, the
random perturbation is added, and the system switches to the
second stable attractor with smaller amplitude. When t =

Fig. 11. Basins of attraction of multi-attractor coexistence for system (5).
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Fig. 12. Switching-like behavior of multiple attractors for system (5).

400, the second stable attractor switches to another stable
attractor with larger amplitude.

To address the issue of how different killing rates affect the
switching-like behavior of host and parasitoid populations,
subsystem SG2

is rewritten as follows

SG2(t + 1) =

[
(1− pt)βH(t)

γ2e−δH(t)−αP (t)

βH(t)
γ2(1− e−αP (t)) + τ

]
, (19)

where pt is the random perturbation function about p at gen-
eration t. If there is not the random perturbation, then pt = p.
If there exists the random perturbation, then pt = p + ηu
and η > 0 (i.e., noise intensity). From Fig.13, η = 0.75,
at every 200 generations, and the rest of parameters are the
same as those of Fig.8. When the killing rate has the random
perturbation with larger intensity, the similar switching-like
behavior occurs.

V. CONCLUSION

A novel discrete switching host-parasitoid model with
gamma-Ricker growth concerning IPM based on the classical
Nicholson-Bailey model is proposed. The system has two
subsystems (SG1

and SG2
) and is guided to switch by the

ET. In particular, SG1
is a system without control and SG2

is a control system.
The existence of equilibria of the proposed system is

addressed by constructing auxiliary functions as shown in
Fig.1. Then, the stable conditions of equilibria of the system
are discussed, and the two-parameter bifurcation diagrams
are also displayed in Fig.2. Four possible cases of subsystems
SG1

and SG2
are as follows. (i) Subsystems SG1

and SG2

are stable. (ii) Subsystem SG1 is stable, subsystem SG2 is
unstable. (iii) Subsystem SG1 is unstable, subsystem SG2 is
stable. (iv) Subsystems SG1

and SG2
are unstable. Moreover,

three cases for the coexistence of equilibria of system (5) are
also discussed. They are ET > H1∗ > H2∗ [see Fig.3(a)],
H1∗ ≥ ET > H2∗ [see Fig.3(b)] and H1∗ > H2∗ ≥ ET
[see Fig.3(c)], respectively. These three types of equilibria
coexistence are shown in Fig.3(d). Thus, as far as the
perspective of IPM, to make the equilibria of subsystems
SG1

and SG2
become virtual simultaneously, the ET should

be considered.
The bifurcation diagrams about killing rate p show that

p ∈ [0.18, 0.74), the host population outbreaks will not occur
[see Fig.5]. Moreover, the different initial densities of pests
and natural enemies affect their final states [see Fig.6]. From
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Fig. 13. Switching-like behavior of multiple attractors for system (5).
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Fig.6, the host population is stable in subsystem SG1 after
zero, one, two or three IPM measures are applied. The results
show that the different initial densities and ratios of pests and
natural enemies lead to various ultimate states of these two
populations.

The bifurcation diagrams with respect to the intrinsic
growth rate of the host population γ1 indicate that system (5)
has various dynamics as shown in Fig.4. When γ1 ∈ [0.7, 0.8]
or [1, 1.2], the coexistence of three kinds of attractors and
switching-like behavior occur. To investigate this, γ1 is set
as 0.7972 or 1.104, the other parameters are fixed as those
of Fig.4. The results reveal that these different attractors
with different initial densities have different amplitudes and
switching frequencies [see Fig.8 and Fig.9]. Therefore, the
choices of IPM control tactics are strictly dependent on
initial densities of both host and parasitoid populations.
In Fig.10 and Fig.11, the basins of attraction are used to
present the coexistence of these multiple attractors. Random
perturbations of τ and p added are applied to address the
influence of different τ and p on the switching-like behavior.
The results indicates that the stable attractor could switch
from one attractor to another attractor.

This work concentrated on the discrete switching host-
parasitoid model with gamma-Ricker growth about IPM
tactics and the mutual effects of both host and parasitoid
populations. In the future, the general or Holling type func-
tional responses of parasitoid population [35]–[37], a host-
parasitoid model with time delay [38] could be considered.
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