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Abstract

This study investigates a stage-structured predator–prey model consisting of prey, juvenile
predators, and adult predators. The prey population follows logistic growth, while predation
is described using a Holling type I functional response. Prey protection is incorporated
through a protection parameter (1 − m), representing the proportion of prey that successfully
avoid predation by reducing the predation rate of adult predators. The model is analyzed by
determining equilibrium points and examining their existence and stability. The results show
four equilibrium points: total population extinction, prey-only equilibrium, juvenile predator
extinction, and coexistence equilibrium. Predator extinction occurs when predation efficiency
and predator reproduction are insufficient to compensate for predator mortality, whereas co-
existence occurs when predation and conversion rates exceed mortality thresholds. Numerical
simulations support the analytical results and demonstrate that increasing prey protection
reduces predation pressure and may lead to predator decline, while appropriate predation
efficiency promotes stable coexistence. These findings highlight the ecological importance
of prey defense mechanisms in predator–prey interactions, particularly in rice–Leptocorisa
oratorius.
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1. Introduction
Rice plants (Oryza sativa L.) are one of the main staple food crops in Indonesia, and

their productivity is strongly influenced by pest attacks. One of the major pests affecting rice
production is the rice stink bug (Leptocorisa oratorius), which damages rice plants during the
grain filling phase and can significantly reduce crop yield, potentially causing yield losses of
up to 40 percent or more under severe infestation [1]. The life cycle of this pest consists of
juvenile and adult stages, where adult stink bugs are generally more active in attacking rice
plants. Variations in the population size of each stage strongly influence the level of crop damage,
making stage-structured population analysis essential for effective pest management [2].

Mathematical modeling provides an effective approach to describe interactions between
rice plants and pest populations. In this study, rice plants are considered as prey, while
the rice stink bug population acts as the predator with juvenile and adult stages. The prey
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population is assumed to follow logistic growth to represent environmental carrying capacity and
intraspecific competition among rice plants [3, 4]. Several studies have developed predator–prey
models incorporating stage structure and other ecological factors, including harvesting effects
and environmental influences [5–8]. The predation process is modeled using a Holling type I
functional response, which assumes that the predation rate increases linearly with prey density.
This assumption is considered appropriate for rice stink bug interactions because the feeding
activity of Leptocorisa oratorius mainly depends on the availability of rice grains and is not
strongly limited by handling time.

In agricultural practice, farmers often apply simultaneous planting methods to reduce stink
bug attacks. This practice creates a protective effect on rice plants by reducing pest accessibility
to suitable plant stages [9]. In this study, prey protection is incorporated through a protection
parameter that reduces the predation rate of adult predators. Several studies have shown that
prey protection and refuge mechanisms can significantly influence the stability and persistence of
predator–prey systems [10–13]. In addition, predator–prey models that consider prey protection
and ecological interactions have also been investigated in various contexts [14–16].

Based on these considerations, this study aims to analyze the stability of a stage-structured
predator–prey model involving rice plants and rice stink bugs. The model incorporates logistic
prey growth, Holling type I predation, prey protection mechanisms, and predator age structure.
The variables x,y, and z represent rice plant population, juvenile stink bug population, and
adult stink bug population, respectively. The analysis includes determining equilibrium points,
investigating their stability, and performing numerical simulations to examine the effects of
protection and predation parameters on population dynamics.

2. Methods
In this study, a mathematical modeling approach was used to describe the interaction between

prey and predator. This model was developed based on natural phenomena and supported
by references from several previous studies. Specifically, this model describes the interaction
between rice plants as prey and predators with a stage structure, including prey protection factors.
The prey population is assumed to follow logistic growth, while predator-prey interactions are
represented using Holling type I functional response. To formulate the model, a literature review
of relevant previous studies was conducted.

At this stage, researchers consider the activity of Leptocorisa oratorius to be an active pest
that damages rice plants. Based on a literature study referring to [2] and [9], it was found that
Leptocorisa oratorius significantly disrupts rice growth and reduces crop productivity. Therefore,
protective measures are needed to ensure optimal rice growth and a successful harvest for farmers.

In addition, the proposed model was developed by modifying the predator-prey model from
previous studies, particularly those presented in [14, 16]. Several modifications were introduced to
better reflect the biological characteristics of rice-pest interactions. These modifications include
the application of logistic growth to prey populations to account for environmental constraints,
the use of Holling type I functional responses to represent predation interactions, and the addition
of stage structure to predator populations by dividing predators into juvenile and adult stages. In
addition, a prey protection factor was incorporated into the model to represent the prey’s ability
to avoid predation. This protection mechanism was assumed to affect only adult predators, while
juvenile predators were not affected by the protection effect.

After the model structure is established, the equilibrium points of the modified system are
determined to identify conditions under which population density remains constant over time.
The stability of each equilibrium point is then analyzed by linearizing the system using the
Jacobian matrix and evaluating the eigenvalues obtained from the Jacobian matrix at each
equilibrium point. These eigenvalues are used to determine whether the equilibrium points are
stable or unstable. To complement the analytical results, numerical simulations are performed
to describe population dynamics and observe the effects of parameter variations on system

Safira Rahmah 448



Stage-Structured Predator Model with Prey Protection

behavior. Finally, the results of analytical and numerical analyses are interpreted to provide
a comprehensive understanding of the dynamics of interactions between prey and predator
populations.

3. Results and Discussion
This section presents the main findings of the study by combining analytical results and numerical
evidence. We first formulate the stage-structured predator–prey model with prey protection
to clarify the biological assumptions and the role of each parameter. Next, we determine the
equilibrium points and discuss their feasibility and local stability properties. Finally, numerical
simulations are provided to illustrate the long-term dynamics and to support the theoretical
stability analysis.

3.1. Mathematical Model
In this study, predator–prey interactions are represented by three populations consisting of prey
x(t), juvenile predators y(t), and adult predators z(t). The prey population represents rice plants,
while predators represent stink bugs (Leptocorisa oratorius), which are divided into juvenile and
adult stages according to their biological development. The prey population is assumed to grow
logistically due to environmental limitations such as nutrients, space, and competition among
rice plants.Predator–prey interactions follow a Holling type I functional response, which assumes
that the predation rate increases linearly with prey density and leads to bilinear interaction
terms between prey and predators in the model equations.

Juvenile predators are produced through successful predation events between juvenile preda-
tors and prey. Juvenile predators experience natural mortality and mature into adult predators.
Adult predators increase through maturation of juvenile predators and reproduction resulting
from successful predation by adult predators. Adult predators also experience natural mortality.
Prey protection is incorporated through parameter m, representing the proportion of prey that
successfully avoid predation by adult predators. The protection mechanism reduces the effective
predation rate of adult predators by factor (1−m). Based on the biological assumptions described
above,the variables and parameters used in the model are presented in Table 1.

Table 1: Variables and parameters of the predator–prey model
Symbol Description

dx
dt Rate of change of prey population at time t.
dy
dt Rate of change of juvenile predators at time t
dz
dt Rate of change of adult predators at time t
r the maximum growth rate of prey.
k carrying capacity.
λ1 Predation rate of juvenile predators on prey.
β1 Predation rate of adult predators on prey.
m Prey protection factor.
λ2 Conversion rate of consumed prey into juvenile predators.
η Maturation rate from juvenile to adult predators.
δ1 Natural mortality rate of juvenile predators.
β2 Conversion rate of consumed prey into adult predators.

Based on the biological mechanisms, the system is formulated as follows:
dx

dt
= rx

(
1 − x

k

)
− λ1xy − β1(1 − m)xz (1)

dy

dt
= λ2xy − ηy − δ1y (2)

dz

dt
= ηy + β2(1 − m)xz − δ2z (3)
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Eq. (1) represents the rate of change in the prey population. The first term describes logistic
growth with intrinsic growth rate r and carrying capacity k. The second and third terms represent
the decline in the prey population due to predation by juvenile and adult predators, respectively.
The factor (1 − m) reflects the prey’s defense mechanism, which reduces the effectiveness of
predation by adult predators.

Eq. (2) describes the rate of change in the juvenile predator population. The population
increases through successful predation on prey at a conversion rate λ2. The population decreases
due to maturation into adult predators at a rate η and natural death at a rate δ1.

Eq. (3) represents the rate of change in the adult predator population. The adult predator
population increases due to the maturation of young predators and reproduction resulting from
successful predation at the conversion rate β2. The population decreases due to natural mortality
at the rate δ2.

Where x, y and z are respectively the densities of prey and two predator population at time
t and x(0), y(0), z(0)> 0. To simplify the equations of the three mathematical models, the
equations are converted into factors so that they become:

dx

dt
= x

(
r

(
1 − x

k

)
− λ1y − β1(1 − m)z

)
(4)

dy

dt
= y(λ2x − η − δ1) (5)

dz

dt
= z(β2(1 − m)x − δ2) + ηy (6)

3.2. Existence and Stability Analysis of Equilibrium Points
In this section, the equilibrium point of model in (4)-(6) is obtained by solving [17]:

dx

dt
= dy

dt
= dz

dt
= 0

Thus, from system Eqs. (4)-(6), the following equilibrium points are obtained:
1. A trivial equilibrium point E0 : (0, 0, 0) always exists. This point describes the extinction

of all populations.
2. A non-predator equilibrium point

E1 : (k, 0, 0)

always exists. This equilibrium represents a predator-free condition where the prey popula-
tion reaches the environmental carrying capacity.

3. An equilibrium point when juvenile predators are absent

E2 :
(

δ2
β2(1 − m) , 0,

r
(
β2(1 − m)k − δ2

)
β1(1 − m)β2(1 − m)k

)

This equilibrium describes predator–prey interaction involving only adult predators. The
equilibrium E2 exists biologically if

m < 1 and β2(1 − m)k > δ2

These conditions indicate that adult predators can survive when the effective predation
rate exceeds their natural mortality.

4. A coexistence equilibrium point E3 : (x∗, y∗, z∗) where all populations survive simultaneously.
To simplify notation, define

D = ηβ1(1 − m)λ2 − β2(1 − m)(η + δ1)λ1 + λ2δ2λ1.
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The coexistence equilibrium is given by

x∗ = η + δ1
λ2

,

y∗ = r(−kλ2 + η + δ1) [β2(1 − m)(η + δ1) − λ2δ2]
D k λ2

,

z∗ = −ηr(−kλ2 + η + δ1)
D k

.

The equilibrium E3 is biologically feasible if

kλ2 > η + δ1, D > 0, and β2(1 − m)(η + δ1) > λ2δ2

These feasibility conditions indicate that coexistence occurs when prey growth is sufficient
to support predator maturation and reproduction, while predator mortality remains lower
than the effective predation and conversion rates. Under these conditions, prey, juvenile
predators, and adult predators can coexist in long-term population dynamics.

Now, the local stability dynamics of system (4)-(6) around each equilibrium point are analyzed.
The Jacobian matrix for system (4)-(6) is defined as follows [18]:

J(x,y,z) :=

r
(
1 − 2x

k

)
− λ1y − β1(1 − m)z −λ1x −β1(1 − m)x

λ2y λ2x − η − δ1 0
β2(1 − m)z η β2(1 − m)x − δ2

 (7)

By evaluating the Jacobian matrix at each equilibrium point, the local stability properties of
E0, E1, E2, and E3 are obtained as follows.

Theorem 1. The equilibrium point E0 is always unstable (saddle point).

Proof. Evaluating the Jacobian matrix at E0 = (0, 0, 0) yields

J(E0) :=

r 0 0
0 −(η + δ1) 0
0 η −δ2

 .

The characteristic equation of J(E0) is obtained from

det(J(E0) − µI) = 0,

which gives

(µ − r)(µ + η + δ1)(µ + δ2) = 0.

Thus, the eigenvalues are

µ1 = r, µ2 = −(η + δ1), µ3 = −δ2.

Since r > 0, one eigenvalue is positive, while the other two eigenvalues are always negative.
Therefore, the equilibrium point E0 has eigenvalues with opposite signs, implying that E0
is a saddle point and hence locally unstable. □

Theorem 2. The equilibrium point E1 = (k, 0, 0) is locally asymptotically stable if
kλ2 < η + δ1 and β2(1 − m)k < δ2.
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Proof. Evaluating the Jacobian matrix (7) at equilibrium point E1 gives

J(E1) :=

−r −λ1k −β1(1 − m)k
0 kλ2 − η − δ1 0
0 η β2(1 − m)k − δ2

 .

Since J(E1) is triangular, the characteristic equation is obtained from the diagonal entries:

(µ + r)(µ − (kλ2 − η − δ1))(µ − (β2(1 − m)k − δ2)) = 0.

Hence, the eigenvalues are

µ1 = −r,

µ2 = kλ2 − η − δ1,

µ3 = β2(1 − m)k − δ2.

Since r > 0, we have µ1 < 0. The remaining eigenvalues are negative if

kλ2 < η + δ1 and β2(1 − m)k < δ2.

Therefore, all eigenvalues of J(E1) have negative real parts and E1 is locally asymptotically
stable. □

Theorem 3. Under the feasibility condition

m < 1 and β2(1 − m)k > δ2,

two eigenvalues of J(E2) are negative. Moreover, the equilibrium point

E2 =
(

δ2
β2(1 − m) , 0,

r
(
β2(1 − m)k − δ2

)
β1(1 − m)β2(1 − m)k

)

is unstable (saddle) if and only if

δ2λ2
β2(1 − m) > η + δ1.

Proof. The Jacobian matrix (7) evaluated at E2 is given by

J(E2) :=

J11 J12 J13
0 J22 0

J31 η 0

 .

Because the matrix has a triangular block structure, one eigenvalue is directly obtained as

µ1 = J22 = δ2λ2
β2(1 − m) − η − δ1.

The remaining eigenvalues are obtained from the quadratic equation

µ2 − J11µ − ηJ13 = 0.

From the expression of E2, we have

x2 = δ2
β2(1 − m) .
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Under the feasibility condition β2(1 − m)k > δ2, it follows that x2 < k.
Substituting x2 into J11 yields

J11 = r

(
1 − 2δ2

β2(1 − m)k

)
− r(β2(1 − m)k − δ2)

β2(1 − m)k = − rδ2
β2(1 − m)k < 0.

Moreover,
J13 = −β1(1 − m)δ2

β2(1 − m) < 0,

since all parameters are positive. Hence,

−ηJ13 > 0.

For the quadratic equation
µ2 − J11µ − ηJ13 = 0,

the sum and product of its roots satisfy

µ2 + µ3 = J11 < 0, µ2µ3 = −ηJ13 > 0.

Since the product of the roots is positive and their sum is negative, it follows that

µ2 < 0 and µ3 < 0.

Thus, two eigenvalues of J(E2) are strictly negative under the feasibility condition.
Consequently, the stability of E2 is determined solely by the sign of

µ1 = δ2λ2
β2(1 − m) − η − δ1.

If
δ2λ2

β2(1 − m) > η + δ1,

then µ1 > 0. Hence, J(E2) possesses exactly one positive eigenvalue and two negative
eigenvalues, implying that E2 is a saddle equilibrium and therefore unstable.
Otherwise, if

δ2λ2
β2(1 − m) < η + δ1,

then µ1 < 0 and all three eigenvalues are negative. In this case, E2 is locally asymptotically
stable. □

Theorem 4. The coexistence equilibrium point E3 = (x∗, y∗, z∗) is locally asymptotically
stable if the Routh–Hurwitz conditions are satisfied.

Proof. The Jacobian matrix (7) evaluated at the coexistence equilibrium point E3 is given
by

J(E3) =

V11 V12 V13
V21 V22 0
V31 η V33


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where

V11 = r

(
1 − 2x∗

k

)
− λ1y∗ − β1(1 − m)z∗,

V12 = −λ1x∗,

V13 = −β1(1 − m)x∗,

V21 = λ2y∗,

V22 = λ2x∗ − η − δ1,

V31 = β2(1 − m)z∗,

V33 = β2(1 − m)x∗ − δ2.

The characteristic equation of J(E3) is obtained from

det(µI − J(E3)) = 0,

which yields the cubic polynomial

µ3 + A1µ2 + A2µ + A3 = 0

with coefficients

A1 = −(V11 + V22 + V33),
A2 = V11V22 + V11V33 + V22V33 − V12V21 − V13V31,

A3 = − det(J(E3)).

According to the Routh–Hurwitz stability criterion for nonlinear dynamical systems [19],
the equilibrium point E3 is locally asymptotically stable if the following conditions hold

A1 > 0, A2 > 0, A3 > 0, A1A2 > A3.

These conditions ensure that all eigenvalues of the characteristic equation have negative
real parts. Therefore, if the above Routh–Hurwitz conditions are satisfied, the equilibrium
point E3 is locally asymptotically stable. □

Due to the complexity of the analytical expressions, numerical simulations are performed to
verify the stability conditions.

3.3. Numerical Simulations
In this Section, Numerical simulations were conducted in Python using Google Colab. The

system was solved numerically with the solve_ivp function in SciPy using the Runge–Kutta
(RK45) method, and the results were visualized with Matplotlib. The simulations were performed
over the time interval t ∈ [0, 400] with 6000 evaluation points, using the default relative tolerance
of 10−3 and absolute tolerance of 10−6. Numerical simulations were conducted to support the
analysis and display changes in the equilibrium point solution. The parameter values used must
first meet certain conditions for the existence of an equilibrium point. In this case, all parameter
values were obtained from several previous journal references. The parameter values are shown
in the following table:

For the simulation, we used the parameters from Table 2. The following numerical simulation
example is divided into two parts. The first part is the numerical continuity of the parameter
values. The second part explains the model solution in the form of a time series graph and phase
portrait.
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Table 2: Parameter Values Used in Numerical Simulations
Parameter Description Value References

r the maximum growth rate of prey 0.5 [16]
k Carrying Capacity 20 [20]
λ1 Predation rate of juvenile predators on prey 0.2 [20]
λ2 Conversion rate of consumed prey into juvenile predators 0.5 [20]
β1 Predation rate of adult predators on prey 0.2 [16]
β2 Conversion rate of consumed prey into adult predators 0.1 [16]
m Prey protection factor 0.0051 [14]
η Maturation rate from juvenile to adult predators 0.06 [21]
δ1 Natural mortality rate of juvenile predators 0.51 [16]
δ2 Natural mortality rate of adult predators 0.5 [16]

In this section, For the numerical simulation, we take same parameter values in Table 2.
Using these parameter values, it can be shown that the equilibirum point E1, E2, and E3 of
the system in Eqs. (1)–(2) Exist. All equilibrium points are E1 = (20,0,0) unstable with eigen-
value λ1 = −0.5, λ2 = 1.5, λ3 = 9.43, E2 = (5,0,1.875000000) unstable with eigenvalue, λ1 =
−0.0625000000000000 + 0.428478412525065I, λ2 = −0.0625000000000000 − 0.42847841252506I,
λ3 = 1.93000000000000, E3 = (1.140000000,2.040347534,0.3171524664) stable with eigen-
value λ1 = −0.000272753532443853 + 0.500605439089338I, λ2 = −0.000272753532443853 −
0.500605439089338I, λ3 = −0.413954493015112

(a) Time Series Graph of Prey and Predators (b) The phase Potraits for Parameter in Table 1
Fig. 1: The dynamics of the solution system tend to E3 stable. Phase portraits were plotted using
identical axis limits (x : 0–7, y : 0–25, z : 0–5) and a consistent viewpoint (elevation 30◦, azimuth −60◦).

Based on the results of numerical simulations in Fig. 1a, it can be seen that the prey population
x(t), young predator population y(t), and adult predator population z(t) exhibit oscillatory
patterns with decreasing amplitudes that eventually approach constant values. This pattern
indicates that the system is approaching a stable coexistence equilibrium point. this dynamic
shows that the interior equilibrium point E3 is asymptotically stable. This is demonstrated by
the behavior of the system solution, which, for a sufficiently long time, approaches the equilibrium
value after experiencing population fluctuations in the initial phase.

Biologically, this phenomenon describes the dynamic interaction between rice plants as a
food source and leptocorisa oratorius as pests. Population fluctuations occur due to changes in
food availability and predation pressure. In the long term, the system shows stable coexistence
between rice and leptocorisa oratorius, indicating that ecosystems can achieve natural equilibrium
without causing the extinction of either population.

As shown in Fig. 1b, the boundary equilibria E1 = (20, 0, 0) and E2 = (5, 0, 1.875000000) re-
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main unstable. In contrast, the interior equilibrium E3 = (1.140000000, 2.040347534, 0.3171524664)
is stable, with eigenvalues λ1,2 = −0.000272753532443853 ± 0.500605439089338 i, λ3 =
−0.413954493015112. The phase portrait indicates that the trajectories of the system converge to
the stable equilibrium E3. Next, we choose different parameter control values, namely β1 = 0.05
and λ1 = 0.1.

Fig. 2: Phase portrait 3D for parameter β1 = 0.05. Phase portraits were plotted using identical axis
limits (x : 0–7, y : 0–25, z : 0–5) and a consistent viewpoint (elevation 30◦, azimuth −60◦).

In Fig. 2, with initial condition Na = [x(0) = 1.14, y(0) = 2,z(0) = 0.3] for β1 = 0.05
we find the interior equlibirum E1=(20,0,0) and E2=(5,0,7.500000000) unstable. The inte-
rior equlibirum E3 = (1.140000000,2.269314214,0.3527431421) its stabil with eigenvalues λ1
=-0.0104123857834755 + 0.513231762255673I, λ2=-0.0104123857834755 - 0.513231762255673,
and λ3=-0.393675228333049. The phase portrait shows that at β1=0.05, the system has an
asymptotically stable coexistence equilibrium point E3, while points E1 and E2 are unstable.
Biologically, this condition indicates that rice and brown planthopper populations can coexist
stably when the level of adult predator attacks on rice is relatively low.

Fig. 3: Phase portrait 3D for parameter λ1 = 0.1, β1 = 0.2. Phase portraits were plotted using identical
axis limits (x : 0–7, y : 0–25, z : 0–5) and a consistent viewpoint (elevation 30◦, azimuth −60◦).

In Fig. 3, a phase portrait of the system with parameter value λ1=0.1 is presented. we get the
equilibirum E1 (20,0,0), E2 (5,0,1.875000000) and E3 (1.140000000, 3.596818182, 0.5590909091)
Unstable. Under these conditions, the system exhibits significant instability. This is evident from
the phase portrait, where the trajectories do not converge to any equilibrium point but instead
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display large-amplitude oscillatory behavior away from the interior equilibrium. The low value
of λ1 reduces the damping effect in the system, causing population fluctuations to persist over
time. Biologically, this implies that the prey and age-structured predator populations experience
recurrent population cycles with large amplitudes, preventing the system from reaching a stable
equilibrium state.

Fig. 4: Phase portrait 3D for parameter λ1 = 0.1, β1 = 0.05. Phase portraits were plotted using identical
axis limits (x : 0–7, y : 0–25, z : 0–5) and a consistent viewpoint (elevation 30◦, azimuth −60◦).

In Fig. 4, with a value of β1 = 0.05 and λ1=0.1, we get the equilibirum E1 (20,0,0), E2
(5,0,7.500000000) unstable remains itself. The Interior equilibrium E3(1.140000000, 4.374975962,
0.6800480769) stable with eigenvalue λ1 = -0.00681564374367188 + 0.508665011793265I, λ2=-
0.00681564374367188 - 0.508665011793265I, λ3=-0.400868712552656. When the parameters
λ1 = 0.1 and β1 = 0.05, the phase portrait shows that the solution trajectory gradually converges
toward the interior equilibrium point E3. This indicates that E3 is an asymptotically stable
equilibrium point. the decrease in the value of β1 weakens the intensity of nonlinear interactions
in the system, so that previously undamped population oscillations become damped and converge
to a steady state. This condition shows that the β1 parameter plays an important role in
determining the stability of the system and can control the occurrence of population oscillations.

Biologically, a smaller β1 value reflects a decrease in the level of adult stink bug attacks on
rice plants, thereby reducing pressure on the prey and allowing the population dynamics of rice,
young stink bugs, and adult stink bugs to reach a stable equilibrium. Thus, β1 is a key parameter
in maintaining the stability of population coexistence in the system.

4. Conclusion
This study discusses a predator–prey model with life stage structures in predators and prey
protection mechanisms. In this model, the prey population follows logistic growth, while predators
are differentiated into juvenile and adult stages. Mathematical analysis shows the existence of
four equilibrium points, namely the total extinction point E0, the prey-only equilibrium point
E1, the equilibrium point without juvenile predators E2, and the coexistence point E3. Stability
analysis results show that E0 is always unstable, E2 is generally unstable, while the stability of
E1 and E3 is highly dependent on the value of the interaction parameters in the system.

Numerical simulations confirm that the long-term dynamics of the system are mainly deter-
mined by the stability of the coexistence point E3. For certain parameter values, the system
exhibits large undamped population oscillations, while under other parameter conditions, the
solution trajectory asymptotically converges to E3. In particular, a decrease in the adult predator
predation rate parameter β1 was found to dampen population oscillations and stabilize the
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system, allowing all populations to remain in equilibrium. This confirms the important role of β1
as a parameter controlling the stability of the system.

Although the prey protection mechanism is modeled through the parameter (1 − m), this
study has not conducted a systematic parametric or bifurcation analysis of the parameter m.
Therefore, conclusions regarding the direct effect of prey protection levels on predator extinction
are limited to model indications and are not claimed to be definitive results. Further analysis is
needed to determine the threshold of the parameter m that can trigger changes in stability or
predator extinction.

From an application perspective, the results of the coexistence point stability analysis provide
theoretical insights into agricultural pest management strategies, particularly simultaneous
planting practices. In this context, simultaneous planting can be viewed as a mechanism that
influences interaction parameters in the system, thereby helping to keep population dynamics in
a stable regime and preventing excessive pest population oscillations. Thus, this model provides
a mathematical framework that can support the formulation of ecosystem stability-based pest
control strategies, while also opening up opportunities for further research through bifurcation
and parameter sensitivity analysis.
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