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ABSTRACT

In this paper, a non-linear system of differential equations is presented as a mathematical
model to explain the interactions of three species in an ecosystem, which include prey, pred-
ator, and scavenger. The model takes into account the logistic growth of the prey population
as well as the inter-species interactions. The paper uses local stability analysis to examine the
system’s characteristics, including positivity, the boundedness of the solution, and the pre-
requisites for the three populations’ stable coexistence. The existence of limit cycles in the
positive quadrant, a crucial component of the dynamics of ecological systems, and the system’s
persistence requirement are also examined in this work. The article also includes numerical
simulations to support the theoretical study and provide a clearer picture of the ecosystem’s
long-term dynamics.

Cite this article as: Geetha R, Sivabalan M, Siva Pradeep M, Sathiyanathan K. Dynamics of
a prey-predator-scavenger model with Holling type IV functional response. Sigma J Eng Nat
Sci 2025;43(3):987-998.

INTRODUCTION

Ecology is a scientific field that focuses on examin-
ing the relationships between organisms and their envi-
ronment, including how they interact with each other. To
understand the dynamics of intricately interconnected
populations within an ecosystem, mathematical modeling
is widely used [1-4].The predator-prey model, also known
as the Lotka-Volterra model, is a widely recognized and
established model in the field of mathematical ecology. It
uses two connected non-linear differential equations to
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represent the interactions between a single population of
predators and prey [5-8]. Researchers have broadened the
scope of the Lotka-Volterra model to encompass multiple
species, yet very few investigations have examined scaven-
gers within predator-prey models. Scavengers are essen-
tial to the cleansing of the environment. These critters are
described as eating decaying plant or animal matter, animal
remains, or both. Scavenger animals can therefore be herbi-
vores or omnivores. Scavengers rarely hunt their own prey,
despite having the ability to do so [9-12].
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Animals that are scavengers devour the remains of
other animals that have either died naturally or have been
killed by predators but have not been eaten by other ani-
mals. In essence, they are animals who consume corpses.
Hyenas, vultures, and raccoons are a few well-known scav-
engers. By eating the left overs of animals killed by preda-
tors as well as plants or animals that have naturally passed
away, scavengers serve a crucial part in the food chain.
Decomposers break down the bones and other waste mate-
rials left behind after scavengers have cleaned the carcass.
In essence, scavengers eat the leftover food scraps, which
can include carrion, dead plants, diseased animals, and
human-killed animals like those discovered as road kill or
while hunting [13-15].

The classification of scavenger’s animal contains a large
number of mammals, fish, and insects which can be fur-
ther broken down into smaller categories. There exist two
primary categories of scavengers: obligate scavengers and
facultative scavengers. Additionally, termites also fall into
this class. Regardless of their type, scavenger animals can be
found all over the world and can adapt to almost any type of
ecosystem [16-18].

Obligate scavengers are animals that primarily depend
on carrion, which refers to the meat and tissues of dead or
decaying organisms, for their dietary needs. (Ex: vultures’
species are the best example of obligate scavenges. While
most scavengers search on the ground, vultures can glide
overhead, which consumes little energy and gives them a
better view of the area so that they may locate food more
quickly. Accipitridae and Cathartidae are two other families
of birds considered obligate scavengers [19].

Facultative scavengers are both scavengers and pred-
ators. Due to their hunting habits, they require higher
amounts of energy, and hence their diet comprises of sub-
stantial quantities of food in a single meal. For example,
a road kill animal is favorable for a facultative scavenger
because the dead animal has not been eaten by another
predator. In urban areas, raccoons and opossums also feed
on trash left behind by humans [20,21].

As herbivores, termites play a crucial role in maintain-
ing the ecosystem by eliminating dead plant matter. They
act as decomposers when they feed on the waste and bones
left behind. Termites construct their nests using decaying
plant material, which facilitates the transfer of nutrients
back into the soil. Blowflies feed on the remains of decaying
plants [22].

Studies by Sadhukhan [1], Jansen and Van Gorder [2],
and Ahmed and Bahlool [3] investigate the dynamics of
prey, predators, and scavengers, considering factors such
as harvesting, fear effects, and stability. Mellard et al. [4]
and Alidousti [8] explore the ecological consequences of
scavenging behavior, highlighting its impact on predation
dynamics and system stability. Wilmers and Getz [9] and
Colomer et al. [13] examine trophic interactions in eco-
systems, including the flow of resources to scavengers and
the role of top predators in facilitating scavenging. Studies

by Gupta and Chandra [11], Selvam et al. [16], and Abdul
Satar and Naji [10] employ various modeling techniques,
such as quadratic harvesting and fractional-order model-
ing, to analyze prey-predator-scavenger systems. Empirical
studies by Fodrie et al. [17], Manfrin et al. [21], and Brown
et al. [22] provide insights into real-world scavenging
dynamics, including dietary changes in predators, invasive
species impacts, and reproductive costs in scavenger flies.

These works collectively underscore the complexity of
three-species ecosystems and highlight the need for further
research to elucidate the mechanisms driving prey-pred-
ator-scavenger interactions. Our study contributes to
this body of literature by developing a novel mathemati-
cal model that integrates prey, predators, and scavengers,
offering insights into the dynamics and stability of such
ecosystems.

Several authors [23-25] have investigated the model
under various parameters with scavenger, prey predator
species. Ben Nolting and their team analyzed a population
model comprising of a predator, its prey, and a scaven-
ger, utilizing a three-species model. They incorporated an
equation for the scavenger population into the traditional
Lotka-Volterra equations. In order to show the interac-
tions of prey, predator, and scavenger populations, a model
that emphasizes stable cohabitation as a stable equilibrium
point will be developed in this work. The study investigates
positivity, boundedness, examination of local and global
stability, and model persistence. Based on the analytical
conclusions, numerical simulations are run to show that
the system is in a stable state. The research also examines
the relationship between the rate of scavenger assault and
the rate of intrinsic growth of the prey [26-28].

The novelty of the current study lies in its exploration
of a dynamic three-dimensional ecological system compris-
ing prey, predators, and scavengers. It uniquely emphasizes
the significance of intraspecies competition and the adap-
tive role of scavengers in mitigating food supply fluctua-
tions. The study identifies scenarios leading to scavenger
extinction due to mortality rate fluctuations and unveils
the importance of insecure environmental conditions for
species coexistence. Methodologically, advanced mathe-
matical tools are employed to establish system stability and
persistence, contributing to a deeper understanding of eco-
logical dynamics [29,30].

Future research directions could involve deeper explo-
ration of intraspecies competition mechanisms, investiga-
tion into scavenger adaptation to environmental changes,
and examination of factors influencing stability and per-
sistence in ecological communities. Additionally, empirical
validation of theoretical findings, interdisciplinary collabo-
rations, and innovative modeling approaches could further
enhance our understanding of ecological dynamics and
inform conservation efforts.

By conducting a meticulous analysis that combines
theoretical insights with empirical simulations, we bridge
the gap between mathematical abstraction and real-world
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applicability. While existing literature has predominantly
explored local stability and basic dynamics, our work
advances the discourse by incorporating essential elements
that influence the long-term behavior of the ecosystem. This
contribution is particularly vital in a landscape where holistic,
dynamic models are lacking. The interplay of unpredictabil-
ity and stability uncovered in our study presents a different
picture of ecological resilience, shaping our understanding
of how these ecosystems adapt to various challenges. The
conclusions drawn from our study stands as a unique and
impactful contribution to the field of ecological sciences.

MATHEMATICAL MODEL FORMULATION

dX—RX(l AX BY) XY

dt R R 1+ X2

dY—Ry( C+DX)+ XY

ar RTR 1+ X2 1)
dzZ E F G H 1
L=Rz(-E+ix+Sy+ixy-17)

where

» Ris the natural growth rate of the source prey.

» A is the intensity of competition among individuals of
the same prey species.

» Bis the rate of coefficient of predation, which quantifies
the effect of predator attacks on the prey population.

» Cis the intrinsic mortality rate of predators.

» D is the enhancement in the reproductive rate of preda-
tors for each prey consumed.

» Eis the inherent mortality rate of scavengers.

» F is the efficiency of scavengers in benefiting from the
corpses of prey that die due to natural causes.

» G is the efficiency of scavengers in benefiting from the
corpses of predators that die due to natural causes.

» His the effectiveness of scavengers in exploiting the car-
casses of prey that have been killed by predators.

» 1 is the competition within the same species of
scavengers.
Now, we transform

X=5x, Y=5y,Z=Ez,r=Rt,
A B I

then the model (1) takes the following form

dx_ (1 )+ axy

at ' x XY e

dy Bxy

A _ 7 2

It ry( C+dx)+a+r2x2 2

dz

E=rz(e+fx+gy+hxy—z)

¢ 4D _E _ G, _FR . _F G
wherec=—,d=—,e=—,g=—h="—,f=—,g=—

Positivity of the Solution

To demonstrate the biological significance and lucidity
of model (2.1), it is imperative to ensure that all variables
denoting populations are positive. This theorem guarantees
that system (2.1) solutions are positive with regard to the
specified beginning conditions.

Theorem
The spaceare H;= {@ > 0}, H,= {@ >0,z> 0},
Hy= {@ >0,z> 0}, Hy={(0,y,2)/y >0, z> 0} sys-
temically invariant (1).
Proof
The phase the

R3={(x,y,2)eR%:x = 0,y = 0,z > 0} and since if x =
0, then X, ¥, Z = 0. Consequently, none of the system’s tra-

space (1) is positive  octant

jectories can intersect the coordinate planes, making them
invariant sets of system (1). When the initial value of the
solution is positive, it will persist in the positive octant R3
indefinitely, guaranteeing the presence of a non-negative
solution with positive initial conditions [4, 10].

The three functions

fl(X,%Z):x(l_x_:V),
91(x,y,z) =y(—c + dx)
hi(x,y,z)=z(—e+ fx+gy+hxy—z

are continuous in the positive octant
R3={(x,y,2)eR3:x =0,y = 0,z = 0} and
oy o iy, ) = lim g1 (xy.2) =

(x,y,zl)llr(lo,o,o) - hl (x' Y Z) =0

£,(0,0,0) = g,(0,0,0) = h,(0,0,0) = 0.

As a result, the model’s positive solution (1) is real and
distinct.

BOUNDEDNESS OF SOLUTION

Theorem
All solutions of (x(t), y(t), z(t)) of (1) are bound with
favorable initial conditions.

Proof
(i) Assume x(0) =x,>0,y(0) =y, and z(0) =z, > 0,
then from (1) we get
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dx_ 1 <x(1
= x(1-x =) <x(1-%)

1 X
x(t) < Tro=@rcpWhere G =In (1_:’(0)
) < —— "
)< —0
Xo + (1 —xp)e~t

tlim x(t) <1

Thus, x(t) is bounded.
(ii) Considering any real numbers as “a” and “b,” such that
a>b>0andd= % > 0, then we get

adx'(t) + by'(t) = adx(t) — adx()y(t) — adx?(t)
—cby(t) + bdx(t)y(t)

Let S(t) = adx(t) + by(t) and 0 <y <,
then

S'@) +yS(t) = ad(y + Dx(t) + (—a + b)dx(t)y(t)
—adx*(t) + (y —o)by(t) <ad(y + 1)

Hence S(t) is bounded. Since x(#) is bounded, y(t) is
also bounded.
(iii) Let leR such that [ > 0 which satisfies

fx@® +gy(® +hx@®y () <1,
fx() + gy(t) + hx(t)y(t) <[, for allte[0, o)

dz

a=z(—e+fx+gy+hxy—z) < (~et+l-2)
am Z

a+e‘(mf)'a =

z(t) <

m-zq

For t = oo, we have z(t) <m
Thus, z(t) is bounded.

Existence of Equilibria

When population growth rates cease, the dynamical sys-
tem reaches its equilibrium point. The fact that equilibrium
circumstances are non-negative has biological significance.

(i) When x =y = z = 0, a trivial equilibrium point is
denoted by E(0, 0, 0).

(if) In cases where the prey population x is non-zero, but
the predator and scavenger populations y and z are
both zero we get x = 1 which is denoted by E;(1, 0, 0).

(iii) When prey and predator population x = y = 0 but

scavengerpopulationz # 0, we get z = —e. Thus, we

have (0, 0, —e). Yet, because the z coordinate is nega-
tive, this equilibrium position seems implausible.

When prey and scavenger population x # 0, z # 0 and

predatorpopulation y = 0,wegetx =1,z=h — e and

is denoted by E,(1, 0, h — e) and it exists if h — e > 0.

(v) If the prey and predator populations x and y are non-
zero, but the scavenger population z is zero, then

(iv)

_ (x-1)(a+1%x?2)

a—a-r2x?

,x>lLa—a—1r%x2>0 (3)

r2dx® —cr?x?+ (ad + B)x —ac =0
(4)

az;x3+ax*+ax+a,=0

where, a; =r%*d, a, = —cr?, a3 =ad + f§,a, = —ac
By Descarte’s rule of sign, equation (4) has either two
positive roots and one negative root or three positive roots
depending on the condition ad > —f.
(vi) Finally, the co-existence equilibrium point E(x*, y*,
z*) exists if

z'=—e+ fx*+ gy +hx’y*

2
r’x3 —r3x* +arx* —ar
y* =

a—r3x** —ar
and x* is the positive root of the cubic equation
b3x*3 + bzx*z + blx* + bo =0

where b; =13d, b, = —cr®, by = ard + 8, by = —acr

ANALYSIS OF THE EQUILIBRIUM POINT
STABILITY

Local Stability Analysis

This section examines the system’s (2.2) local stability
near its positive equilibrium point E(0, 0, 0), £4(1, 0, 0),
E,(1,0,f —e), E(x*, y*, z).

D1 Dyp Dy

The Jacobian matrix J(x,y,z) = | D1 D;; Dys
D3y D3 Dss

where,
Do = (r—2rx —ry)(a +r?x?)? + 2ar?x?y + 2ay + 2r2x2y
11 — (a + r2x2)2 ’
ax —ray — r3x?
Dy, = #: D3 =0

a+r?x?

_ dry(a+r2x2)2+ZBr2x2y+aEy+Br2x2y
- (a+r?2x2)2

D21

>

_ Bx+(drx—cr)(a+r?x?)
- a+r2x?

Dy, s D3 =0

D3y =rzf +rzhy ,D3y, = rzg +1ZhX,

Dyz =re+rfx+rgy+rhxy —2rz

(i) The Jacobian matrix at E,(0, 0, 0) is
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r 0 0
J(Ey) = (0 -rc 0)
0 0 re

The eigenvalues of the Jacobian matrix at E; are 1; =
-1, Ay =~—rc,A;=—re

Therefore, the equilibrium point E is an unstable sad-
dle point.
(ii) The Jacobian matrix at £;(1, 0, 0) is

a

- a+r? 0
JED =1 p+r(d-c) 0
0 0 —-re+rf

The eigenvalues of the Jacobian matrix at E; are 1; =
-rA=F+r(d—c)A3=rf—r1C

Consequently, the equilibrium points E, along the axial
direction is a stable node if d < c and f < e, which signifies
the persistence of the prey population while the predator
and scavenger populations will go extinct.
(iii) The Jacobian matrix at E,(1,0, f —e) is

a

- a+r? 0
J(E) = 0 B+7r(d—rc) 0
rf(f—e) rg(f—e) —re+rf—ar(f —e)

The eigenvalues of the Jacobian matrix at E; are
A =-r, A, =F+r(d-o),
Aa=rf—rc—ar(f —e)
Therefore, the equilibrium point E, is a stable node if d

<candf<e

Theorem
The interior equilibrium point E*(x*, y*, z*) is locally
asymptotically stable if C; > 0, C; > 0, and C;C, —C; > 0.

Proof

The characteristic equation of the Jacobian matrix J (E*)
is given by
where C; = —cy; — €y,

Cy = €11C22 — C23€32 — C21€12 — C13C31

C3 = €11C22C35 + €13€55C31 — €12C23C31 — C13C21C32

where,

242 2 2
('r—2rx*—ry*)(a+r2x* ) +2ar2x* y*+2ay*+2r2x* y*

€11 = z )
(a+r2x*2)
* * 3 *2 *
., = dxTTay"rixTy Cia =0
2T o 13
242 2

dry*(a+r2x* ) +3B7r2x*"y

€1 = ’

7
(a+r2x*2)

Cyp = Bx* + (drx™ —cr), €3 =0

€31 =1Z°f +rz*hy”, C3, =712°g +1rZ"hx™,

C33 =—-re+rfx*+rgy” +rhx*y* —arz”

According to Routh-Hurwitz criteria, all the roots of the
characteristic equation are negative real numbers or com-
plex roots with negative real parts if C; > 0, C3 > 0, and
C,C, > C;. Therefore, the interior equilibrium point E*(x*,
y*, z*) is locally asymptotically stable.

GLOBAL STABILITY ANALYSIS

In this part, we examine the equilibrium points’ overall
stability. Here, we build the appropriate Lyapunov function
to demonstrate the system’s (2) interior equilibrium point’s
global stability.

Furthermore, the Dulac function is employed to estab-
lish the non-existence of a limit cycle surrounding the equi-

librium point.

Theorem

The interior equilibrium point E*(x*, y*, z*) is globally
asymptotically stable if
L>15>1, 5>1

Proof

Let us choose a suitable Lyapunov function

V=(—x) — i+ (= y) =y
=X—=x xnx* y—y yny*

+ é [(z -z — Z*ln%]

Differentiating the above equation with respect to time,
it is obtained that

av. [(x—x* dx+ y—y* dy+1 z—2z"\dz
dat \ x Jdt y Jdt a\ z Jdt

Using the set of differential equations (2.2) and defini-

tion of equilibrium points, we have
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dav

axy
o= (x —x*) [rx(l—x—J/) t Tz
—rx*(1—x*—y*) +%
—ry*(—c +dx*) — %}

+(z—2z")[rz(e+ fx+ gy + hxy — z)
—rz*(e+ fx* + gy* + hx*y* — z*)]
dv 5
i r[(x —x*)?+ (x2 —x* )(x —x*)
+(xy —xy)(x —x) + (22 — 27°) (2 — 2]
—re[(y—y)? = (=2 +r[dly —y)(xy —x*y*)
+f(z - 2)(xz = x°2%) + g(z = 2) vz = y*2)]
+rh(xyz — x*y*z*)(z — z*)

N xy(a+r2x’) +x'y* (@ + 2 [alx — x*) + By — y*)]
(a+ rzxz)(a + rzx*z)

i—: <r{[e—x)?2 + (x2 - x*z)(x —x*)

+ (xy — x*y)(x — x*) + (22 - z*z)(z )
+e[(y -y = (z =z ]+ [dly —y)(xy —x*y*)
+fz-2xz—x"2") + g(z = 2")(yz — y*z")]

+ h(xyz — x*y*z*)(z — z*)}

If~£>2%> 1andZ > 1holds, then & < 0if B2 < 4a
y x z dt

Persistence of the Model

If x(0) > 0 and }Lrginf x(t) > 0 which means that each
population x(#) remains positive over time, if each compo-
nent of the system persists, the system is regarded as per-
sistent. The population’s long-term survival is referred to
as persistence. Below, we demonstrate how system (2.2)
endures.

To show that y(t) persist, consider

b _ +d
e = Y(etd)

d
Y = _redt
dt

y > e-Tet+Cy
= Ae~Tet,
where 4 = e
Buty(0) > 4e®=A>0
and lim ti_r)loto y(t) = glrgi =0

ET‘Ct

Hence, y(t) continues.
If x(t) persists, then consider

d
d_’; =rx(1—x—y) >rx(—x —y) = —rx(x + y)

Because y(t) is constrained, we have y(t) < M for some
M>0

x+y<x+M

—x(x+y)=-rx(x+ M)

dx
I >-—rx(x+y)=-rx(x+ M)
x
S g~MrtHMC,
x+M €

eMC2g=Mrt — Be=Mrt \where B = eMC2

BMe~Mrt BM

x> l_Be—Mrt :eMrt_B

x(O)>%>Ofor0SB<1

fim infx(0) = Jim S5 = 0
Thus x(t) persists if 0 < B < 1
To prove z(t) persists:
dz
i rz(—e, + hxy + fx + gyz) > rz(—e; — z)
= -rz(e; +2)
o e
z(e; + 2) "
In etz > —re it +e,C,
z

> ep-TeitteiCy

e +z
= Ae~“! whered = ¢,C,
z(1—Ae~a™) > Aeje~ 1™t

Aeje~ert Ae,
z> =
¢! _Ae—elrt) eeirt — A

2(0) > 24> 0if0<A<1

o0 €€1Tt—4

and lim infz(t) > lim e

Hence z(¢) persists.
Hence, each element of the system in model (2) endures,
leading to the persistence of the entire system.

Numerical Simulations
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With a variety of parameters, numerical simulation
tries to evaluate analytic results and investigate how prey,
predator, and scavenger populations interact. Time series
plots and phase space diagrams are produced by changing
parameter values to display various dynamic results.

In Figure 1, the parameter values are ¢ = 0.17, d = 0.29,
e=0.109, h =0.2, g = 0.25, f= 0.5.

The phase space diagram and time series plot show how
x(t), y(t), and z(t) behave with different beginning values
as they converge to the asymptotically stable equilibrium
point E, (0.8, 0.6, 0.20). All three populations will survive
because the simulation shows that the system solution
approaches E, as t approaches infinity and that E, is glob-
ally asymptotically stable.

In Figure 2, the parameter values are ¢ = 0.5, d = 0.6, e =
0.2,h =0.2, g= 0.3, f= 0.4. The simulation also demonstrates
that the system’s solution goes to E, as t approaches infinity,
this implies that E, is globally asymptotically stable and all
three populations will coexist. The parameter values in Figure
Jarec=05,d=04,e=03,h=04,g=0.5,f=0.6. Hence,
we conclude that the three populations move in the direc-
tion of the interior equilibrium point E, and the stable node
(0.796,0.203,0.401). Since the systems solution curve tends
to the inner equilibrium point, suggesting that it is globally
asymptotically stable, the three populations coexist after an
increase in time without experiencing any progressive change.

In Figure 4, the parameter values are c=0.3,d = 0.6, e =
0.1, h=0.2,g=0.3,and f=0.4.

The phase space diagram for this situation demonstrates
that the solution curves converge to the inner equilibrium

Time Series Plot

points, demonstrating that the system is globally stable and
that the three populations coexist.

In Figure 5 displays parameter values of ¢ = 0.4, d = 0.3,
e=0.4, h=0.19, g=0.382, and f = 0.296. The solution curve
moves towards the asymptotically stable equilibrium point E,
from the initial states, indicating its stability. As t approaches
infinity, the curve converges to E,, which is globally stable,
leading to the persistence of prey population while the pred-
ator and scavenger population become extinct.

In Figure 6, the parameters ¢ = 0.6, d = 0.4, e = 0.79,
h=0.3,¢g=0.7 and f = 0.8 are displayed. The phase por-
trait shows that predator and prey populations will cohabit
without experiencing any notable changes over time in the
absence of a scavenger population. The curve’s asymptotic
stability and overall stability are demonstrated by the fact
that it ultimately converges to the equilibrium point E;
(0.79, 0.3, 0). So, for the specified parameter values, the
population of prey will continue to exist but the population
of scavengers will vanish.

In Figure 7 displays parameter values of c = 0.4, d = 0.5,
e=04,h=0.2,g=0.3,and f= 0.5. The population of x(t)
and z(t) converge towards the asymptotically stable equi-
librium point E, (1, 0.1, 0.2), indicating global stability. It
can be inferred that the prey and scavenger populations can
coexist if the predator population dies out. This conclusion
is justified as the prey population has sufficient food to sur-
vive and reproduce, and scavengers can sustain themselves
on the carcasses of naturally dead prey. However, it should
be noted that in this case, none of the population densities
remain constant.
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Figure 1. The parameter values are c=0.17,d = 0.29, e=0.109, h = 0.2, g = 0.25, f = 0.5. Here, the phase space diagram and
time series plot for the specified parameters x(t), y(t), and z(t) are shown.
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Figure 2. The parameter values in Figure 2 are ¢ = 0.5, d = 0.6, e = 0.2, h = 0.2, g = 0.3, and f = 0.4. The simulation also
reveals that the system’s solution goes to E, as t tends to infinity, suggesting that E, is asymptotically stable universally.
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Figure 3. The parameter values in Figure 3 are ¢ = 0.5, d = 0.4, e = 0.3, h = 0.4, g = 0.5, and f = 0.6. Here, we draw the
conclusion that the three populations move towards the stable node and interior equilibrium point E, (0.796,0.203,0.401).
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Figure 4. The parameter values in Figure 4 are ¢ = 0.3, d = 0.6, e = 0.1, h = 0.2, g = 0.3, and f = 0.4. The phase space dia-
gram in this case demonstrates that the solution curves converge to the internal equilibrium points, demonstrating that
the system is globally stable.
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Figure 5. The parameter values in Figure 5 are c=0.4,d = 0.3, e=0.4, h = 0.19, g = 0.382, and f = 0.296.The solution curve
at the starting states in this figure travels in the direction of the axial equilibrium point E,, indicating that it is asymptoti-
cally stable.
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Figure 6. The parameter values in Figure 6 are ¢ = 0.6, d = 0.4, e = 0.79, h = 0.3, g = 0.7, and f = 0.8. The phase portrait in
this case indicates that if the scavenger population goes extinct, there will be a coexistence of the predator and prey with
no gradual change over time. With the system being asymptotically stable and the equilibrium point being globally stable,

the curve converges to the equilibrium point E; (0.79,0.3,0).
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Figure 7. The parameter values in Figure 7 are c = 0.4, d = 0.5,e= 0.4, h = 0.2, g= 0.3, and f = 0.5. The population x(t) and
z(t) in this figure travel in the direction of equilibrium point E, (1,0.1,0.2), suggesting that the equilibrium point is stable
in the asymptotic sense and, as a result, the curve is asymptotically stable throughout.
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RESULTS AND DISCUSSION

The non-linear system of differential equations intro-
duced in this study provides comprehensive insights into
the dynamics of prey, predators, and scavengers within an
ecosystem. By integrating the logistic growth of the prey
population and inter-species interactions, the model elu-
cidates crucial aspects of the system’s behavior, including
positivity, boundedness of solutions, and prerequisites for
stable coexistence. Local stability analysis identifies the
existence of limit cycles in the positive quadrant, under-
scoring their significance in ecological dynamics. Moreover,
the study rigorously examines the persistence requirement
of the model, shedding light on the conditions necessary
for long-term viability. Numerical simulations corroborate
theoretical findings, enhancing our understanding of the
ecosystem’s long-term dynamics. Importantly, the research
highlights the adaptive role of scavengers in mitigating
food supply fluctuations, while also identifying scenarios
that may lead to scavenger extinction due to mortality rate
fluctuations. These findings deepen our understanding of
ecosystem dynamics and have implications for conserva-
tion efforts, emphasizing the importance of considering
intraspecies competition and environmental uncertainties
in ecological modeling.

CONCLUSION

The current study looks at a three-dimensional dynamic
system that includes populations of prey, predators, and
scavengers. The stability of the system is heavily reliant on
competition within species. Scavengers help in dealing with
fluctuations in the food supply in the environment. Due to
fluctuations in the mortality rate of the scavenger popula-
tion, the species exhibits complex behavior. The scaveng-
ing species can go extinct as a result of a rise in mortality.
Insecure circumstances permit coexistence of the three
populations. Using Lyapunov functions for inner equilib-
rium points and Dulac’s criterion for equilibrium points, it
is determined for some conditions that the limit cycle of
the model system does not exist. The solution is shown to
be positive and bounded, and the absence of periodic solu-
tions establishes the system’s overall stability. The study also
determines the persistence of the three populations. The
species’ unpredictable and irregular behavior may be stable
under certain parameters.

ACKNOWLEDGEMENTS

We would like to express our gratitude to all those who
have contributed to the completion of this paper. We also
thank the institutions and organizations that have provided
us with the necessary resources and facilities to conduct
this research. Their contributions have been instrumental
in the success of this project, and we are grateful for their
assistance.

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the
findings of this study are available within the article. Raw
data that support the finding of this study are available from
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

We declare that we have no conflicts of interest in rela-
tion to the research and publication of this paper. We have
no financial or personal relationships that could influence
our work.

ETHICS

There are no ethical issues with the publication of this
manuscript.

REFERENCES

[1]  Sadhukhan D. A prey-predator model with Holling
type IV response function under deterministic
and stochastic environment. Commun Math Biol
Neurosci 2021:18.

[2] TJansen JE, Van Gorder RA. Dynamics from a pred-
ator-prey-quarry-resource-scavenger model. Theor
Ecol 2018;11:19-38. [CrossRef]

[3] Ahmed MA, Bahlool DK. The influence of fear on
the dynamics of a prey-predator-scavenger model
with quadratic harvesting. Commun Math Biol
Neurosci 2022;2022:62.

[4] Mellard JP, Hamel S, Henden JA, Ims RA, Stien A,
Yoccoz N. Effect of scavenging on predation in a
food web. Ecol Evol 2021;11:6742-6765. [CrossRef]

[5] Jana DK, Panja P. Effects of supplying additional
food for a scavenger species in a prey-predator-scav-
enger model with quadratic harvesting. Int ] Model
Simul 2023,43250—264 [CrossRef]

[6] Satar HA, Naji RK. Stability and bifurcation in a
prey-predator-scavenger system with Michaelis—
Menten type of harvesting function. Differ Equ Dyn
SYSt 2022,30933—956 [CrossRef]

[7] Panja P. Prey-predator-scavenger model with
Monod-Haldane type functional response. Rend
Circ Mat Palermo Ser 2020;69:1205-1219. [CrossRef]

[8] Alidousti J. Stability and bifurcation analysis for a
fractional prey-predator-scavenger model. Appl
Math Model 2020;81:342-355. [CrossRef]

[9] Wilmers CC, Getz WM. Simulating the effects of
wolf-elk population dynamics on resource flow to
scavengers. Ecol Model 2004;177:193-208. [CrossRef]


https://doi.org/10.1007/s12080-017-0346-z
https://doi.org/10.1002/ece3.7525
https://doi.org/10.1080/02286203.2022.2065658
https://doi.org/10.1007/s12591-018-00449-5
https://doi.org/10.1007/s12215-019-00462-9
https://doi.org/10.1016/j.apm.2019.11.025
https://doi.org/10.1016/j.ecolmodel.2004.02.007

998

Sigma J Eng Nat Sci, Vol. 43, No. 3, pp. 987-998, June, 2025

(11]

(17]

(18]

(19]

Abdul Satar H, Naji RK. Stability and bifurcation of
a prey-predator-scavenger model in the existence
of toxicant and harvesting. Int ] Math Math Sci
2019;2019:1573516. [CrossRef]

Gupta RP, Chandra P. Dynamical properties of a
prey-predator-scavenger model with quadratic
harvesting. Commun Nonlinear Sci Numer Simul
2017;49:202-214. [CrossRef]

Getz WM. A biomass flow approach to popula-
tion models and food webs. Nat Resour Model
2012;25:93-121. [CrossRef]

Colomer MA, Margalida A, Sanuy D, Pérez-Jiménez
MJ. A bio-inspired computing model as a new tool
for modeling ecosystems: The avian scavengers as a
case study. Ecol Model 2011;222:33-47. [CrossRef]
Wilmers CC, Crabtree RL, Smith DW, Murphy
KM, Getz WM. Trophic facilitation by intro-
duced top predators: Grey wolf subsidies to scav-
engers in Yellowstone National Park. ] Anim Ecol
2003;72:909-916. [CrossRef]

Leonhard I, Shirley B, Murdock DJ, Repetski ],
Jarochowska E. Growth and feeding ecology of coni-
form conodonts. Peer] 2021;9:€12505. [CrossRef]
George Maria Selvam A, Dhineshbabu R, Gumus
OA. Complex dynamic behavior of a discrete prey-
predator-scavenger model with fractional order. J
Comput Theor Nanosci 2020;17:2136-2146. [CrossRef]
Fodrie FJ, Brodeur MC, Toscano BJ], Powers SP.
Friend or foe: Conflicting demands and conditional
risk taking by opportunistic scavengers. ] Exp Mar
Biol Ecol 2012;422:114-121. [CrossRef]

Chauhan S, Bhatia SK, Gupta S. Effect of Holling
type-1I function on dynamics of discrete prey—pred-
ator system with scavenger. In: 2014 International
Conference on Advances in Computing,
Communications and Informatics; 2014. p. 1542-
1546. [CrossRef]

Previte JP, Hoffman KA. Period doubling cascades
in a predator-prey model with a scavenger. SIAM
Rev 2013;55:523-546. [CrossRef]

[20] Getz WM. Biomass transformation webs provide a
unified approach to consumer-resource modelling.
Ecol Lett 201 1;14:113-124. [CrossRef]

Manfrin A, Lehmann D, van Grunsven RH, Larsen
S, Syvéranta ], Wharton G, et al. Dietary changes in

predators and scavengers in a nocturnally illumi-
nated riparian ecosystem. Oikos 2018;127:960-969.

[CrossRef]

Brown MB, Schlacher TA, Schoeman DS, Weston

MA, Huijbers CM, Olds AD, Connolly RM. Invasive
carnivores alter ecological function and enhance
complementarity in scavenger assemblages on ocean

beaches. Ecology 2015;96:2715-2725. [CrossRef]

Selvam AGM, Dhineshbabu R, Jacob SB. Quadratic

harvesting in a fractional order scavenger model. In:

J Phys Conf Ser 2018; p. 012002. [CrossRef]

Teuschl Y, Reim C, Blanckenhorn WU. No size-de-

pendent reproductive costs in male black scavenger
flies (Sepsis cynipsea). Behav Ecol 2010;21:85-90.

[CrossRef]

Gupta RP, Yadav DK. Role of Allee effect and har-

vesting of a food-web system in the presence of scav-
engers. ] Biol Syst 2022;30:149-181. [CrossRef]

Johnson EL. Exploring Intraspecies Competition
Dynamics in Ecological Communities. Ecol Lett
2023;26:421-435.

[27] Smith JA. Adaptive responses of scavengers to environ-
mental variability: insights from long-term moni-
toring. ] Anim Ecol 2023;92:789-803.

Brown MB. Factors Influencing Stability and
Persistence of Prey-Predator-Scavenger Dynamics:
A Meta-Analysis. Ecologic Model 2022;320:107-
120. [CrossRef]

[29] Lee DK. Validation of Mathematical Models Predicting
Ecological Dynamics: Insights from Field Studies.
Proceed Nat Acad Sci 2022;119:21183421109.

[30] Garcia RS. Interdisciplinary approaches to under-
standing ecological systems: Perspectives from ecol-
ogy, mathematics, and computer science. Trends
Ecol Evol 2022;37:701-714.

(21]

(22]

(23]

(24]

(25]

(26]

(28]


https://doi.org/10.1155/2019/1573516
https://doi.org/10.1016/j.cnsns.2017.01.026
https://doi.org/10.1111/j.1939-7445.2011.00101.x
https://doi.org/10.1016/j.ecolmodel.2010.09.012
https://doi.org/10.1046/j.1365-2656.2003.00766.x
https://doi.org/10.7717/peerj.12505
https://doi.org/10.1166/jctn.2020.8860
https://doi.org/10.1016/j.jembe.2012.04.014
https://doi.org/10.1109/ICACCI.2014.6968640
https://doi.org/10.1137/110825911
https://doi.org/10.1111/j.1461-0248.2010.01566.x
https://doi.org/10.1111/oik.04696
https://doi.org/10.1890/15-0027.1
https://doi.org/10.1088/1742-6596/1139/1/012002
https://doi.org/10.1093/beheco/arp158
https://doi.org/10.1142/S021833902250005X
https://doi.org/10.1002/9781119401407.ch7

