. mathematics WVI\D\Py

Article

Stability, Bifurcation Analysis and Chaos in a Discretized
Fractional-Order Predator-Prey System with Nonlinear
Functional Response

Ibraheem M. Alsulami (7, Najat A. Alghamdi ¥, M. T. Alharthi ? and Rizwan Ahmed *

W) Check for updates

Academic Editor: Zeraoulia Elhadj

Received: 23 May 2026

Revised: 19 June 2026

Accepted: 25 June 2026

Published: 27 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Mathematics Department, Faculty of Science, Umm Al-Qura University, Makkah 21955 , Saudi Arabia;
imsulami@uqu.edu.sa (LM.A.); naghamdi@uqu.edu.sa (N.A.A.)

2 Applied College at Khulais, Department of Mathematics, University of Jeddah, Jeddah 21931, Saudi Arabia;

mtalharthi@uj.edu.sa

International Center for Interdisciplinary Research in Sciences, The University of Lahore, Lahore 54792,

Pakistan

*  Correspondence: rizwanahmed488@gmail.com

Abstract

This study examines a discrete fractional-order predator—prey system incorporating a
Holling type-III functional response. The Caputo fractional derivative is employed because
it naturally incorporates memory and hereditary effects while preserving biologically mean-
ingful initial conditions. The system is formulated from a biologically relevant continuous
fractional-order framework through the application of the piecewise constant argument
approach, enabling an analysis of how memory-dependent effects and discrete dynamics
influence predator—prey interactions. The existence and local stability of fixed points are
determined by using the Jacobian matrix and eigenvalue conditions. The bifurcation of the
positive fixed point is analyzed by using the center manifold and normal form methods.
Numerical simulations, including bifurcation diagrams, phase portraits, and maximum Lya-
punov exponent plots, confirm our analytical results and reveal periodic, quasiperiodic, and
chaotic behavior. The findings of this study reveal that the combined influence of memory-
dependent dynamics, nonlinear predator—prey interactions, and discrete-time effects can
generate rich and complicated behaviors in fractional-order predator-prey systems.

Keywords: predator—prey system; fractional derivative; nonlinear functional response;
stability, bifurcation; chaos

MSC: 39A28; 39A30; 92D25

1. Introduction

Predator-prey interactions represent one of the central concepts in population ecology
and have been widely studied to better understand the mechanisms that govern species
coexistence, population regulation, and the overall stability of ecological systems. From
the early models by Lotka and Volterra [1,2], mathematical modeling of predator—prey
dynamics has become increasingly sophisticated and now also includes nonlinear functional
responses [3,4], Allee effects [5,6], harvesting [7], slow—fast effects [8], refuge [9], and fear
effects [10]. So far, such modeling has shown that relatively simple rules of interaction can
produce a broad range of dynamical behaviors, like stable equilibria, population cycles,
quasiperiodicity, and chaos. To some extent, these behaviors are interesting not only
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from a theoretical perspective but also from practical viewpoints related to biodiversity
conservation, biological control, and sustainable ecosystem management.

Traditionally, predator-prey dynamics have been modeled by systems of ordinary
differential equations, which implicitly assume that population growth and interactions
depend only on the current state of the system. However, many real ecological processes
are characterized by memory and hereditary effects. Indeed, biological factors in predator
learning, prey refuge utilization, gestation periods, maturation delays, and accumulated
environmental stress seem to point toward the fact that the present population dynamics
may be adequately represented depending not on instantaneous densities, but rather on
population sizes from the past. Inherently, classical integer-order models cannot account for
such kinds of nonlocal temporal effects. Moreover, with regard to nonlocal temporal effects,
fractional-order differential equations, which are far more flexible than their integer-order
counterparts, have become an increasingly powerful modeling framework in population
dynamics, as in many other areas of science. Fractional derivatives, in particular in the
Caputo sense, naturally incorporate memory effects through power-law weighting of past
states, which allows current dynamics to reflect the cumulative influence of historical
population interactions.

In recent years, fractional-order predator—prey models have attracted considerable
attention due to their ability to reproduce more realistic ecological dynamics than their
integer-order counterparts. It was demonstrated that incorporation of fractional derivatives
can affect stability regions, delay oscillation onset, and move bifurcation points. The
fractional order is an additional parameter that varies between memoryless and memory-
rich behavior. From an ecological point of view, this parameter can represent the strength
of long-term biological memory or environment persistence in a meaningful extension of
traditional predator—prey models.

Recently, a number of studies have been conducted on various fractional order
predator—prey models with different ecological interactions. Li et al. [11] proposed a
fractional-order predator-prey model with prey refuge and proved the existence, unique-
ness, non-negativity, and boundedness of the solutions and the global stability analysis of
predator extinction and coexistence equilibrium. Suryanto et al. [12] studied a fractional-
order predator—prey model with a ratio-dependent functional response and linear har-
vesting, and they established the stability criteria of the model by utilizing Matignon’s
theorem and Lyapunov functions, and they also showed the occurrence of Hopf bifurcation
analytically. Djilali and Ghanbari [13] examined a fractional-order eco-epidemiological
predator—prey model including a non-fatal infectious disease in the prey population and
cooperative hunting in the predator population, and they showed that the fractional order
enriched the dynamics of the model and had a significant effect on stability properties.
Hariprasad et al. [14] developed a fractional-order prey-predator-disease model with
Holling-type functional responses and demonstrated that variations in the fractional order
could induce transitions from chaotic to stable dynamics. More recently, Wei et al. [15]
analyzed stability, bifurcation, and control in a fractional-order predator-prey system with
time delay, revealing the combined effects of fractional order and delay on bifurcation
behavior and showing that feedback control could suppress undesirable dynamics.

Another important issue in predator—prey modeling is the choice of functional re-
sponse. It explains how the rate of predation depends on prey density. Holling [16]
proposed three classical types of functional responses that are linear (type I), hyperbolic
(type II), and sigmoidal (type III). The linear type I response, as given by f(x) = ax, signi-
fies a proportional relationship between prey density and consumption rate. The type II
response, f(x) = 74—, takes into account the handling time of the predator and as a result,

saturation occurs at high prey densities. The sigmoidal type III response, f(x) = %,
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p > 1, reflects predator learning and prey switching behavior, resulting in reduced preda-
tion at low prey densities. Holling type III functional response is particularly pertinent in
ecosystems where a certain threshold prey density can initiate hunting for the predators,
which is commonly observed in insectivorous and vertebrate predators. Extensions and
generalizations of these functional responses have been proposed by Beddington and
DeAngelis [17,18], Crowley and Martin [19] and many subsequent studies [20-24].

From an ecological perspective, fractional-order derivatives offer a natural framework
for the inclusion of memory and hereditary properties of biological systems, where the
current state is affected by past dynamics. For example, predator dynamics could be
affected by past hunting experiences and learning processes, while prey populations could
be affected by delayed environmental responses or the cumulative effects of resource avail-
ability. Such dependencies cannot be modeled in a satisfactory manner using traditional
integer-order models. In addition, many ecological processes are naturally discrete in
time because of factors such as seasonal breeding patterns, migration patterns, or periodic
harvesting, making discrete-time models more suitable in such cases. Therefore, the com-
bination of fractional-order memory with discrete dynamics offers a versatile framework
for modeling systems that exhibit both temporal delays and seasonal variations, such
as insect populations, plankton dynamics, and predator—prey dynamics under periodic
environmental conditions.

Even though continuous models can offer important insights, there exist many discrete
phenomena in nature. Ecological data, for instance, tend to be discretely measured in
units of seasons or generations, and biological activities like reproduction or harvesting
tend to happen in pulses rather than continuously in time. The numerical simulation
of continuous models in time usually requires discretization, and this process, far from
being just a practical necessity, can change the qualitative features of the original model.
Discrete-time predator—prey models have more complex behavior than their continuous-
time counterparts, who exhibit period-doubling cascades, Neimark-Sacker bifurcations,
and chaotic behavior even when their respective continuous models are stable [25-28].

In the context of fractional order systems, the discretization process adds an extra
degree of complexity by merging the concept of memory with the concept of discrete
time evolution. Various techniques have been proposed for the discretization of fractional
differential equations. Among these, the piecewise constant argument method [29-31] has
been particularly successful. This technique preserves the qualitative properties of the
original fractional order system while ensuring that the resulting discrete time evolution is
more tractable from an analytical viewpoint. Moreover, the resulting discrete time model
includes the fractional order in the form of the time step.

Consequently, discretized fractional-order predator—prey models have attracted grow-
ing attention in recent years. Elsadany and Matouk [32] showed that a discretized fractional-
order Lotka—Volterra system exhibited transcritical, flip, and NS bifurcations and chaos,
even though the continuous fractional-order model admitted only stable or unstable equi-
libria. Singh et al. [33] analyzed a discrete fractional-order Leslie-Gower predator—prey
model and demonstrated that variations in the fractional order and step size could generate
flip and NS bifurcations, quasiperiodicity, and chaotic dynamics. Mondal et al. [34] studied
a fractional-order predator—prey system with habitat complexity and its discretized coun-
terpart, showing that the discrete model exhibited richer dynamics strongly dependent on
both fractional order and step size. Panigoro et al. [35] and Uddin and Podder [36] further
demonstrated that discretized fractional-order ecological models can exhibit complex bifur-
cation structures and chaos, which can be effectively controlled using suitable strategies.

Motivated by these studies, the present work focuses on a discretized fractional-order
predator—prey model with Holling type III functional response. To the best of our knowl-
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edge, a detailed bifurcation analysis of a discretized fractional-order predator—prey model
with Holling type III functional response obtained via the piecewise constant argument
approach has not been reported previously. We begin with a biologically meaningful
fractional-order continuous-time model describing the interaction between prey and preda-
tor populations, where the prey grows logistically and is consumed by predators according
to a Holling type III functional response, while predator growth depends on the conversion
of consumed prey biomass.

Definition 1 ([37]). The Caputo fractional derivative of order o for a function f € C"([to, c0), R)
is defined as
1 't
Chyo — _ \n—0—1¢(n) 1
DLAD) = pgr =gy - 0w, )

where T'(n) denotes the classical Gamma function, t > to,and n € Nsuch thatn —1 < o < n. In
particular, when 0 < o < 1, then

DRI = g [ (1= ) (D) ®

Using the Caputo fractional derivative, we consider the following fractional-order
predator-prey model with Holling type III functional response [38]:

a7 _ e BYY

e e 3)
d% _ n Sx%y

ar ~ T gy

where x(t) and y(t) denote the prey and predator population densities, respectively. The
parameter o € (0, 1] represents the fractional order and captures the memory effect in the
system, with smaller values corresponding to stronger memory. The proposed framework
describes a predator—prey interaction in which the prey population follows logistic growth

with intrinsic growth rate a. The predation process is represented by a Holling type III
Bx%y

X2+’
half-saturation constant, which regulates the transition from a weak to a strong predation

function and is given by where f is a predation coefficient. The value of 7 is a
process and takes into account different processes such as the adaptation of predators and
weakening of the predation process with a decrease in the density of the prey population.
The growth of the predator population is supported by the consumption of the prey with a
conversion efficiency J, which characterizes the rate of conversion of consumed biomass
into growth. Moreover, by using a Caputo fractional derivative, it is possible to include
memory effects into the model, and it should be noted that the evolution of such a model
depends not only on the current populations but also on their past values. Furthermore,
the Caputo derivative allows for the use of biologically meaningful initial conditions
expressed directly in terms of population densities, making it particularly suitable for
ecological modeling.

To derive the discrete analogue of (3), we apply the piecewise constant argument
technique. Following the procedure of Mondal et al. [34], we rewrite (3) by freezing the
state variables on each time interval of length 1 > 0 as follows:

([t/h]h)y([f/h] )

x2([t/h]h) +

X2 ([t/Hh) y ([t/h] )
2([t/Hh) +n

§DYx(t) = ax([t/h]h) —

7

(4)

§Dfy(t) = —yy([t/h]h) +

https:/ /doi.org/10.3390/math14132290


https://doi.org/10.3390/math14132290

Mathematics 2026, 14, 2290 5o0f 32

with initial condition x(0) = x¢p > 0, y(0) =y > 0.
Lett € [0,h) so thatt/h € [0,1). Then [t/h] = 0 and (4) becomes

x2 0 5x2 0
SDx(t) = axg — PO gy =y 4 S0Y0

Xt xX§5+n

Hence, the solution on [O, h) can be written in the integral form as

Bxgyo t Bxgyo
_ o _ _ _
x(f) = x0+]0<“x0 X341 Yo+ T(c+1) 0 xX34+1)

Ox? 1 5x2
Vl(f>=yo+h‘)’<—'yyo+ °y°>=yo+r<—wo+ 20y°>,

x5+ (c+1) x5 +1
where
0 = s [ =07 @ dr, o> 0
0 r(o_) 0 7 7
Next, assume t € [h,2h) so that t/h € [1,2) and [t/h] = 1. Then (4) gives
Cryo _ _ ,BX%(h)]h(h) Cro _ 53(%(}1) yl(h)

Thus, the solution on [k, 2h) reads

Bxi(M)yi(h)\ (t—h)" B3 (h) y1(h)
el =n i (“xl(h) ~Ew b ) A 1T ("‘xl(h) S+ )
B - 6x2(h) yy (h) B (t—h)? 6x2(h) yy(h)
ya(t) = y1(h) +J, <’Yy1 (h) + xlf(h)—i-n) =y1(h) + To+1) (’Yyl (h) + x%(h)—l—ry)'
where
Jif(t) = 1.(10>/ (t—7) f(r)dt, >0

Repeating this process, for t € [nh, (n + 1)h) we obtain

41 ) - ﬁxi(nh)w(nh))

T+ (£) = (k) + T2 <3 (nh) + 1

— nh)? x2 n n\n
Yn+1(t) = yn(nh) + (lf((r—l—hl)) (_'Yyn(nh) + W)

Letting t — (n + 1)h and denoting x, = x(nh), y, = y(nh), we arrive at the discrete
fractional-order model

2
Xpt1 = Xn + T("an - /32xnyn>,
X +1]
. )
=y, +7| —Yyn + 0%l
y”+1 yn yn x% + 7’] 7
where T = Hﬁiil) For analytical convenience, the quantity 7 is introduced to simplify

the stability and bifurcation calculations. Nevertheless, the fractional order ¢ remains an
inherent component of the discrete-time model (5) through its explicit appearance in 7.
Consequently, variations in ¢ directly affect the system dynamics. This influence is further
demonstrated in the numerical section, where ¢ is treated as a bifurcation parameter and
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changes in its value are shown to induce qualitative transitions in the dynamics, including
the occurrence of PD and NS bifurcations and chaotic behavior.

Biologically, the discrete formulation is suitable for populations evolving through
distinct periods such as generations, breeding seasons, or harvesting cycles. In the discrete
system, each iteration represents the population state from one period to the next. Fur-

thermore, T = ! captures the combined effects of the observation interval and the

fractional order,rglalg‘)eby reflecting how temporal scale and memory jointly influence the
predator-prey dynamics.

It is important to mention that the reason for choosing the piecewise constant argument
method in this work is its efficiency in the qualitative analysis of dynamical systems. In
contrast to the standard numerical methods for solving fractional differential equations,
like the Adams—Bashforth-Moulton predictor-corrector method, which are mainly used for
precise numerical solutions and involve convolution terms for memory computations, the
piecewise constant argument method provides a more manageable discrete-time model.
This model preserves the essential qualitative properties of the original system, such as the
equilibrium points, stability, and bifurcations, but with much simpler computations related
to memory terms.

The main objective of this paper is to present a qualitative analysis of the discrete-time
system (5). The existence and stability of fixed points and the effects of some biological
parameters on the system’s behavior will be examined. Special attention is paid to PD
and NS bifurcations, which indicate transitions to periodic, quasiperiodic, and chaotic
motions. Necessary conditions for these bifurcations are derived by using a combination
of the center manifold and normal form theories. Numerical simulations confirm these
analytical results, including bifurcation diagrams, phase portraits, and plots of maximum
Lyapunov exponents. Both commensurate and incommensurate fractional-order cases
are considered to investigate the influence of memory effects on the system dynamics.
Moreover, a two-parameter bifurcation analysis is given to explain the global dynamic
structure and the sensitivity based on parameters.

Although the proposed approach offers useful insights into the dynamics of the
fractional-order predator-prey model, it has certain limitations. The analysis is carried out
using the Caputo fractional derivative, so the results are most applicable to systems whose
memory effects are appropriately described by this operator. Other fractional derivatives,
with different memory kernels, may produce different dynamical behaviors and would
require separate investigation. Moreover, the numerical simulations are based on selected
parameter values and initial conditions, which can influence the observed dynamics. Since
the model is theoretical, further validation using experimental or field data would help
strengthen its biological relevance. Nevertheless, the proposed approach is important
because fractional-order modeling provides a flexible way to include memory effects in
predator-prey interactions and offers a more realistic description of stability changes,
oscillations, and chaotic dynamics.

The rest of this work is structured in the following manner. Section 2 deals with the
existence and stability properties of fixed points. Section 3 is devoted to the analysis of
PD and NS bifurcations at the interior fixed point. Numerical examples that validate the
analytical results are presented in Section 4. Finally, Section 5 summarizes the main results
and discusses ecological implications.
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2. Existence and Stability of Fixed Points

Examining the stability properties of the fixed points is one of the main goals when
studying predator—prey models. These points indicate the equilibrium states of both
populations, where both populations remain constant over time. The stability analysis of
the equilibria allows us to predict the behavior of the system in the long run and therefore
provides an important understanding of the factors shaping the dynamics of the ecosystem.

2.1. Existence of Fixed Points
Solving the system below yields the fixed points of (5):

2
x—x—i—r(rxx— [ixy)’
X+
, (6)
= +T(—'y + 5xy)
y=Yy y 2tn)

The system (5) admits two fixed points Ey = (0,0) and E; = (, / %, %) The
r(0-y

trivial fixed point Ey always exists. The positive fixed point E; only exists if § > 1.
Biologically speaking, this condition is mandated by the requirement that the predator’s
effective growth due to predation exceeds its natural death rate so that both populations
coexist at equilibrium.

2.2. Stability Properties of Fixed Points

The classification of fixed points follows the approach adopted in [39,40]. The Jacobian
matrix at a generic fixed point (x,y) can be obtained through direct calculation as below:

_ 2xyByt . x2 BT
gy = | T wEE T
! 2xyonT 1— T+ x20T
(x*+7)? TET 2y
Theorem 1. Ej is
1.  Never a sink;
2. Asourceif y > %;
3. Asaddleify < %;
4. Non-hyperbolic if v = %
Proof. We obtain
1
J(Eo) = +at 0 1 .
0 1—197

The eigenvalues of J(Ep) are §; = 1+ a7t and ¢, = 1 — 7. Clearly, §; > 1. Moreover,

<lif0<y<?2
P—74 =1if y=2 )

T’

>1if > 2.
O

Next, the Jacobian matrix at the positive fixed point is

T+a(-14+3)r —EC
JE= e | ®)
—F
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The corresponding characteristic polynomial of J(Ej) is
A@) =&+ Kig + Ko,

where

2
K1:—2+a(r—%r), Kp=1-

at(=2y+ 6+ 2y(y —90)1)
5 .

It can be obtained through calculations that

at(—=2y+ 6 +2y(y —9)1)

A0)=1-— 5 ,
A(—1) = 4— 2041(—27—1—5(5—1— y(y — 5)1’)/

_ 2ay(—y+0)7?

A(1) :

Clearly, A(1) > 0. We obtain the following result:

Theorem 2. The positive fixed point E; is

1. Asinkif2at(=2y+ 6+ y(y —90)T) < 4dand 6 +2y(y — &)t > 27;
2. Asourceif 2at(=2y+ 6+ y(y —9)T) < 4band & + 2y (y — 6)t < 27;
3. Asaddleif 2at(—2y + 6+ y(y —9)T) > 45;

4. Non-hyperbolic and model (5) experiences PD bifurcation at E; if

2
a(t — %) # 2,4, and 2at(=27+ 6 + y(y —6)T) = 46;

5. Non-hyperbolic and model (5) experiences NS bifurcation at Eq if

0<a(T—ZyTT) <4dand 5+ 2y(y—06)T =27.

3. Bifurcation Analysis

In this section, we carry out an in-depth exploration of two key types of bifurcations,
PD and NS, that emerge in (5) at E;. For those interested in the theoretical foundations of
bifurcation analysis, we recommend referring to [41-45]. These bifurcations are fundamen-
tal to understanding the evolution of the system, thus showing how small changes in the
parameters of the equation result in large variations within the predator—prey dynamics.
Understanding these phenomena expands knowledge on ecosystem behaviors and forms
the basis for conservation and management approaches toward a long-term balance of prey
and predator densities.

This section starts by analyzing the PD bifurcation at E; according to condition (4) of

Theorem 2. For a small change A about the critical value § = 6 := ayt(-2477)

= W, System (5)

takes the following form:

2
X1 :xn—l-T(axn— ﬁzxny">,
xX;+7 ©)
(8 +A)x2yy,
Yn+1 —]/n‘f‘T(_')’]/n‘Fx%_‘_Un .
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To shift the fixed point E; to the origin, we introduce the following translation map:

a(d+ A
Y N R C 10 VU
o+A—y BV +A—1)

Consequently, (9) takes the form given below:

2+97(1+a7) _ BQ4at(=1+97))
Un+1 ~2T T a(—2tyr) | |Hn F(un, o, A)
= S + , (10)
vﬂ+1 *% 1 On G(”nr On, )L)

where
F(uy, vy, A) = alu% + AU, vy + Azt A + 440 A + a5ui + a6u%vn + 11714%)\ + aguyA?
+ 90, A? + argnvnA + O((|un| + [0a] + [A])*),
G(uy, vy, A) = blu,% + bouy v, + byuy A + b4ufl + b5uivn + béu%)\
+ bytyvp A + O((|un| + |oa] + |A]Y).

The coefficients 4; and b; are provided in Appendix A. We then diagonalize (10) by intro-
ducing the following transformation:

—2B+apT—apyT? 28—afT+apyt?
Un T ayt(24aT) T 2a(—2F77) En
= , (11)
Un 1 1 fn
Applying the transformation (11) converts system (10) into the following form:
€n+1 =1 0] |ex r(en/fn/ )\)
= + , (12)
fnJrl 0 6 n Y(en/fn/ )\)
where ¢ = %(3;0@ and

T(en, fu, A) = cleﬁ + czf,f + c3enfn + caenA + c5fur + (168% + C7f,“Z’ + CSE%fn + @eﬁ)x + cloenf,%
+enfad + cioend? + ciafad? + craen fud + O((len] + | ful + |A])?),

Y(en, fu, A) = d1€3 + daf? + dzenfu + daend + ds fad + deed + dy fo + dge? fu + doe3 A + digen f2
+dui fyA + dipenA? + dig fuA? + digen fud + O(([en] + [ ful +[A))*).

The coefficients ¢; and d; are provided in Appendix B. Next, let QF represent the center
manifold of (12) at (0,0) in a small neighborhood of A = 0. It can be determined as

QC—-{&mﬁMA)eRi

fu = 1+ paeud 4 psA® +O((Jen] + |A|>3>}.

Through calculations we get p; = 1‘%15, po = —1‘%, p3 = 0. Consequently, (12) confined to

QF takes the following form:

1-¢ 1-¢ 1+¢

+ (e = 228 )t 40 (e + 1A ). 13)

- c3d csd c3d
F::enH:—en—l—qeﬁ—i—qen)\—i—<c6+ 31>€%+<C9+ Al 34)@%)\
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For the map (13) to undergo a PD bifurcation, the transversality condition /; # 0 and
the nondegeneracy condition I # 0 must hold, where

L= F/\anen + Zﬁen/\ = 20y, (14)
(0,0)
1 . 1 c3d
12 = E(Fenen)z + gFenenen = Z(C% + Co + 13 - ) (15)
(00) -6

Based on the preceding analysis, we derive the following result:

Theorem 3. Assume that condition (4) of Theorem 2 is satisfied. The system (5) goes through
PD bifurcation at Eq1 if 1,1, provided in (14) and (15) are non-zero and 6 fluctuates in a close
neighborhood of 6; = % Moreover, if Iy > 0 (respectively I; < 0), then a stable
(respectively unstable) period-2 oscillation originates from the fixed point Eq in system (5).

Next, we investigate NS bifurcation at E; when condition (5) of Theorem 2 is satisfied.
Introducing a small perturbation y into § about § = §, := (1 + ﬁ) in the system (5),

we obtain )
Xp+1 = Xn + T("‘xn - sznyn )/
X;+7n (16)
(6 + A)x2yn
Yn+1 Iyn+7(7?/n+x%+nn :

. 0+A) /7

h 1 — oy, — ] oy MOV VT 1

We use the translation u, = x;, pEw and v, = yu S r0 A to translate E;
to the origin. Consequently, (16) can be written as follows:

w(=1+at)+2921(1+at) -2y (1+put(—1+at)) ByT(=1+2771)
Unt1 —u+2721+27(—14ut) T Cu 29Ty (= 1+u1) Un Iy (uﬂ/ ?Jn)
= + , (17)
Vps1 % 1 Un o (un, vn)
where
Iy (”n/ Un) = al”% + axun vy + ”3“?1 + a4“%vn + O((|”7l| + ‘vn|)4)r
Fo(ttn, vy) = b1t + battyvy + baus 4 byt v, + O((Jun| + [vn])?),
- at(y + p = 29p7)*(p + 67°T — 2(1 4 p1)) by — 2B/ 7T(y + p = 2ypt)?
) P ) ¢
V(=14 297) ) T (0 = 2927 + (2 = 27))2 VI T (4 = 27T + (2 = 2uT) )2
dat(y 4 p = 29pT)* (4 + 29°T — 29pT) BT(y + = 29p7)*(p + 69°T — 29(1 + p7))

ra4_

as —

7

n(—p+2921+2y(—1+ ut))3 n(=p 42921+ 2y(=1+ p1))3

o TR et 20 () 27Ty R e (14 20)
LB AV Tt 2y (1)) 2 (22t 2y (1 +pT))

by = Jor(rtp 2y (u A 2%t —2qpr) Ty A e 20 (4 6977 — 29(1 4 pT))
B (=1+297) (1 — 29T + (2 — 2u1))*’ n(=1+297)(p — 2927+ 7(2 — 2u7))?

The characteristic equation of the Jacobian matrix of system (17) computed at the
origin is

E—p)é+q(u) =0, (18)
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where
p(u) = — P2 —at) — 2’)’27(2 +a1) + 272+ put(—2+at))
—u+ 2927+ 29(—1+ ut) ’
a() = p(=1+at) +292(7 + 2apt>) + y(—2 + 2ut(1 — 2a71))
—u+ 2921+ 29(—1+ ut) '
The solutions of (18) are
i
G12 = @ 5y 4() = pP(p)- (19)

We then obtain |§7 5| = /g(p). Moreover,

(dlé‘1|) _ (dlé‘zl) _at(1-297)?
= (==l = <0
di’l y:O dl’l ],[:O 4’)/(_1 + ')’T)
Furthermore, it is necessary that @ilz # 1fori=1,2,3,4 when u = 0, which is equivalent

to the condition p(0) # —2,0, —1,2. We verify that

24+ 9T1(2+aT)
B 1+t

p(0) # 2.

It follows that the only condition needed is p(0) # 0, —1. This is equivalent to

1 2
. 2
(e T(1+at)” T(2+a1) (20)
The canonical form of (17) at = 0 is determined using the transformation below:
Br(=14277) 0
Uy 2=yt en
- 2 a2 (4—y1(4+at)) ) @1)
oyt —
Un 277271 _% ! (,1177)27 o

Implementing the transformation defined in (21) yields the following form of system (17):

—2+7(24a1) 1 [ayt?(4—yt(4+a1))
€n+1 —2+277 2 (=1+77)? en X(en/fn)
- + . (22)
fn+1 1 [ayr?(4—yT(4+aT)) —24+7(24+aT1) n Y(en,fn)
2 (—1+771)? —2+297

where

X(en, fu) = 165 + coeufu + caey + caen fu + O((Jen] + | ful)*),

Y (en, fn) = die2 + doen fr + dzed + dge fu + O((len| + | fu))h),

ayt?(4—y1(4+at1))
BT (1 + 297) VA v

;€2 = s
41/ =7 (=14 97)3 41\ 18 (-1 4+ 7)3

BPT2(—1 4 297) (=1 + 3y1) [ 1= UrTliian))

1 — —

(—=1+97)?

C3 =

7

16n(—1+ y1)° 16n7(—1+91)* ’
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apy3 203 (14 297) (=2 + &t + 297) B3/ 212 (—2 + &t + 297)

di = ,dy = —

- (4Tl 4 7 (1 3
VY= AR =T Y S
i — afy? (=1 +297) (=24 at + 297) (=3 + 597)
1617(—1 -+ 7)6 [T ATIC D)

B3 (=14 297) (=24 at + 297)(—1 + 377)
167(—14 91)° '

dy=—

To examine the direction of the NS bifurcation, we compute the first Lyapunov coeffi-
cient, obtained as follows:

— 2
L= ( [—Re(ulf?QTonn) - %|T11\2 — |T02|2 + Re(@zrm)} ) , (23)
1

=0
where
02 = % [Xewew = Xpufo = Do+ i0¥erey =Yg, + 20,1,
1

01 = E [Xe”enen + Xenfnfn + Yenenfn + anfnfn + i(Ye”C”E” + Ye"f”f" o Xe”e”f” - anfnfn )i| ’
The above discussion implies the following result:

Theorem 4. Suppose that condition (5) of Theorem 2 is satisfied. If condition (20) is satisfied and
L provided in (23) is non-zero, then system (5) undergoes NS bifurcation at Eq, if 6 changes in a
close neighborhood of 6, := y(1 + ﬁ) Furthermore, the NS bifurcation at E; is supercritical
for L < 0 and subcritical for L > 0; in each case, a closed invariant curve bifurcates from Eq and is
attracting or repelling, respectively.

4. Numerical Examples

In this section, we illustrate the analytical results obtained in Sections 2 and 3 through
numerical simulations. The purpose of these simulations is to verify the local stability
conditions, PD bifurcation, and NS bifurcation of the positive fixed point of system (5).
Bifurcation diagrams, phase portraits, time series, and maximum Lyapunov exponent
(MLE) plots are employed to reveal the rich dynamical behavior of the discretized fractional-
order predator-prey model. All numerical calculations are done using MATHEMATICA
13.3, whereas graphical illustrations are obtained using MATLAB R2023b. The parameter
values used throughout this section are selected primarily to satisfy the hypotheses of the
theoretical results and to illustrate the various dynamical behaviors predicted by the model.

4.1. Bifurcation Analysis with Respect to Parameter 6

We first examine the dynamics of the system by varying the conversion efficiency
parameter 6. The following parameter set is fixed:

& =257, =142,7=0.18,57 = 0257 =185

with initial conditions xo = 0.2 and yy = 2.5.
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4.1.1. PD Bifurcation

For the above parameters, the critical value for PD bifurcation is d; ~ 1.21804. The
corresponding positive fixed point is E; ~ (0.208209,2.54996). The eigenvalues of the
Jacobian evaluated at E1 are {1 = —1 and ¢, = —0.349279, confirming the onset of PD
bifurcation as stated in Theorem 3. Furthermore, through detailed computations, we obtain
I; = —5.91089 # 0 and I, = 14.0297 # 0, thereby confirming the conditions stated in
Theorem 3. Since I; > 0, it follows that a stable period-2 orbit bifurcates from E;.

Figure 1 presents the bifurcation diagrams and the corresponding MLE plot for
J € [1.15,1.35]. It can be observed that as J increases beyond 7, the system undergoes a
cascade of PD bifurcations.

0.26 T T T 29 T T T

285
0.24
28
0.22 2.75

27
0.2

Ty
Yn

2.65

0.18 26
2.55
0.16
25

0.14 245 1 .
1.15 1.2 1.25 13 135 1.15 1.2 1.25 1.3 1.35

5 s
(a) Bifurcation diagram of x;, (b) Bifurcation diagram of v,

MLE

115 1.2 1.25 1.3 1.35
4

(c) MLE plot

Figure 1. PD bifurcation diagrams and MLE plot of (5) varying é. The fixed parameter values are
o =257,=142,v = 018,57 = 0.25, and T = 1.85, and the initial conditions are xy = 0.2 and yp = 2.5.

From an ecological standpoint, a higher value of the conversion efficiency ¢ implies
that predators are more effective in converting consumed prey into their own biomass. For
moderate levels of J, the system typically supports a stable coexistence of both species.
In contrast, when 0 attains very large values, it leads to excessive exploitation of the prey
population. As a result, the dynamics become oscillatory, with the predator population
increasing rapidly and subsequently declining sharply due to prey depletion. This type
of recurrent boom-and-bust pattern is commonly observed in ecological settings where
predators exhibit an overly strong response to rising prey abundance.
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0.2

4.1.2. NS Bifurcation

For the same parameter set, the critical value for NS bifurcation is J; ~ 0.718922.
The positive fixed point becomes E; ~ (0.288964,2.0888), and the eigenvalues {1, =
—0.186843 4= 0.98239i are complex conjugates with modulus one. This satisfies the condition
for NS bifurcation as per Theorem 4.

In addition, detailed computations yield

Ty = —0.28714 — 1.72081i, 711 = —2.03117 — 1.76539,
Top = —1.74404 — 0.04458i, 7o = 3.46033 + 3.00628i.

Accordingly, we obtain L = —3.66543 < 0, confirming the validity of Theorem 4. Con-
sequently, the NS bifurcation is supercritical, and an attracting closed invariant curve
bifurcates from Ej.

Figure 2 illustrates the bifurcation diagrams and MLE plot for ¢ € [0.665,0.850]. As &
decreases below dy, the fixed point loses stability and an invariant closed curve emerges,
indicating quasiperiodic oscillations.

L
0.68

L L L L L L L L 1.8 L L L L L L L L
0.7 072 074 076 0.78 0.8 082 084 0.68 0.7 072 074 0.76 0.78 0.8 0.82 0.84
d 4

(a) Bifurcation diagram of x;, (b) Bifurcation diagram of y,

0.02

—0.02}

—0.04

—0.06

MLE

—0.08 -

—01f

—-0.12

—0.14

~0.16

068 07 072 074 076 078 08 082 0.84
)

(c) MLE plot

Figure 2. NS bifurcation diagrams and MLE plot of (5) varying . The fixed parameter values are
o =257,6=142,+v =0.18,57 = 025, and T = 1.85, and the initial conditions are xy = 0.2 and yy = 2.5.

https://doi.org/10.3390 /math14132290


https://doi.org/10.3390/math14132290

Mathematics 2026, 14, 2290 15 of 32

The transition from stability to quasiperiodicity is further depicted in Figure 3a—f,
where phase portraits for different values of § are shown. Figure 3g provides a three-
dimensional view, illustrating how the radius of the invariant curve expands as § decreases.

02 0.22 0.24 0.26 0.28 03 0.32 034 02 0.25 03 0.35 o2 0.25 03 0.35
EN EN @,

)6 = 0.72 (b) 6 = 0.71 (¢) 5 =070

2. 2. T T T 25

o (o) (@) )
P . B . F

24

23

22

21

19
0.2 022 024 026 028 03 032 034 036 02 022 024 026 028 03 032 034 03 038 02 0.25 0.3 035 0.4 0.45
£ T

(d) 6 = 0.69 (e) 6 = 0.68 (f) 6 = 0.67

0.72
0.71
0.7

0.69

0.68

0.67 5|
26

0.45

Yn 1.8 0.2 Tn

(g) 3D view of phase portraits

Figure 3. (a—f) Phase portraits of (5) for a few values of § by setting « = 2.57, = 1.42,7 = 0.18,
n =0.251=1.85,xy = 0.2, and yy = 2.5. (g) The 3D view of phase portraits.

Biologically, the parameter J denotes the efficiency of converting consumed prey
biomass into predator reproduction. Numerical simulations show that small-to-moderate
values of § maintain a stable coexistence equilibrium, representing a balanced predator—
prey interaction. Once § exceeds the PD bifurcation threshold J;, the predator response
becomes overly sensitive to prey availability, destabilizing the equilibrium and inducing
oscillatory dynamics. On the other hand, when ¢ falls below the NS bifurcation threshold
07, the equilibrium loses stability through the emergence of quasiperiodic oscillations on
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invariant closed curves. From a biological standpoint, this corresponds to persistent but
bounded population cycles, such as seasonal or multi-year oscillations.

4.2. Bifurcation Analysis with Respect to Parameters , 7y

We now analyze how changes in the intrinsic prey growth rate « and predator death
rate <y affect the system dynamics.

4.2.1. Varying a (Intrinsic Growth Rate of Prey)

From the perspective of ecology, an increase in the growth rate of the prey, denoted by
«, increases the amount of resources provided to the predator population. However, if the
reproduction rate of the prey population is too rapid, it can cause instability between the
predator and prey, leading to a recurring pattern where the prey population increases and is
then followed by a higher rate of consumption by the predator population, echoing real-life
systems where too rapid a growth in resources can cause instability rather than equilibrium
stability. Fixing 6 = 1.25 and other parameters as before, the critical value for PD bifurcation
is & ~ 2.53209. The corresponding positive fixed point is E; ~ (0.205076,2.53947) and
the eigenvalues of J(E;) are {; = —1 and &, = —0.33527. Furthermore, after performing
detailed computations, we obtain [y = —4.75297 # 0 and I, = 13.993016 # 0, thereby
satisfying the conditions of Theorem 3. Since I; > 0, it follows that a stable period-2
orbit bifurcates from E;. Figure 4 shows the bifurcation diagrams and MLE plot for
a € [2.45,2.65]. The system exhibits PD bifurcation as « crosses the critical value 2.53209.

0.28 T T T 29

(a) Bifurcation diagram of x; (b) Bifurcation diagram of v,

2.45 2.5 2.55 2.6 2.65

(c) MLE plot

Figure 4. Bifurcation diagrams and MLE plot of (5) varying a. The fixed parameter values are
6=125p=142,v =018, = 0.25, and 7 = 1.85, and the initial conditions are xy = 0.2 and yy = 2.5.

Note that the parameter « is the intrinsic growth rate of prey. The above analysis
demonstrates that when « is sufficiently small, then prey reproduce at a modest rate,
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and predators can control the prey density through predation and maintain a coexistence
equilibrium that is stable. For large values of «, prey reproduce prolifically, providing
ample supply of food to predators. This abundance in supply triggers overexploitation
cycles of rapid growth of predators followed by depletion of prey and decline of predators,
causing PD bifurcation.

4.2.2. Varying <y (Predator Death Rate)

In this context, the predator mortality rate, denoted by v, plays an important role as
one of the regulating factors for maintaining ecological balance. For example, if the value
of - is high, it controls the unceasing growth of the predator population, which in turn
reduces undue pressure on the prey population. On the other hand, if the value of 7 is
small, then the predators survive for longer periods, thereby increasing pressure on the
prey population, which may cause irregular oscillations, including chaotic behavior, as
discussed above, which can be related to ecological models where predators face minimal
constraints on their mortality rate. For 6 = 1.25, the PD bifurcation occurs at v ~ 0.182161,
with E; =~ (0.206512,2.56474) and eigenvalues of J(E;) are {; = —1 and ¢, = —0.368763.
Moreover, through careful evaluation, we obtain /; = 87.6971 # 0 and I, = 13.8924 # 0,
confirming that the requirements of Theorem 3 are fulfilled. Since I, > 0, it follows that a
stable period-2 orbit emerges from Ej.

Figure 5 shows bifurcation diagrams and the plot of MLE as <y varies from 0.15 to 0.21.
As 7 is reduced, the MLE becomes positive for smaller values and indicates that chaotic
dynamics will occur for smaller values of -y, as can be seen in Figure 5c. Figure 6a—f depict
a sequence of phase portraits capturing the route from periodic cycles to chaotic attractors.
Along with that, time series plots in Figure 6g,h further confirm irregular non-repeating
oscillations in both prey and predator populations.

For 6 = 0.69 (NS case), the bifurcation occurs at ¢ ~ 0.177011. The correspond-
ing positive fixed point is E; ~ (0.293708,2.07209) and the eigenvalues of J(E;) are
C12 = —0.15754 4 0.987513i. Furthermore, detailed calculations yield

Ty = —0.33234 — 1.71678i, 711 = —2.08071 — 1.74897i,
Top = —1.74836 — 0.03219i, p; = 3.45324 + 2.88111:.

Accordingly, we obtain L = —3.81647 < 0, which confirms the validity of Theorem 4.
Hence, the NS bifurcation is supercritical, and an attracting closed invariant curve originates
from Ej.

L
0.15 0.16

L L L L L L L L
0.18 0.19 0.2 0.21 0.15 0.16 0.17 0.18 0.19 0.2 0.21
v v

(a) Bifurcation diagram of x; (b) Bifurcation diagram of v,

Figure 5. Cont.
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MLE

0.17 0.18

0.19

0.2

0.15 0.21
Rl
(c) MLE plot

Figure 5. Bifurcation diagrams and MLE plot of (5) varying y. The fixed parameter values are
o =257,=142,06 =1.25,17 = 0.25, and T = 1.85, and the initial conditions are xg = 0.2 and yy = 2.5.

Figure 7 shows the corresponding bifurcation diagrams and MLE plot for ¢y €
[0.154,0.184], where the system transitions from stable focus to quasiperiodic oscillations
as 7y decreases.

The predator mortality rate 7 plays a stabilizing role in the system dynamics. A
sufficiently large y ensures that the growth of the predator is checked in order to maintain
a stable coexistence equilibrium. Conversely, the smaller the v, the better the survival of
the predator, resulting in more predation of the prey. Chaotic behavior has been simulated
for the PD bifurcations when the 7 is decreased. In the regimes of the NS bifurcations, the
changes in the -y result in quasiperiodic behavior, which can be interpreted as the delayed

response of the predator or the complexity of the predator-prey interactions.
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Figure 6. (a—f) Phase portraits for some values of ¢ by fixing a = 2.57, = 1.42,6 = 1.25,57 = 0.25,
T = 1.85,x9 = 0.2, and yp = 2.5. (g) Time series plot for x,; (h) time series plot for y;.
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Figure 7. Bifurcation diagrams and MLE plot of (5), varying v and fixing « = 2.57, = 142,
6=0.69,1 =025 =1.851x =02,and yy = 2.5.
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4.3. Bifurcation Analysis Varying Fractional-Order o

From a biological perspective, the fractional order o signifies the memory effects’
intensity in the system. As the value of o decreases, the memory effects intensify, implying
that the past population levels significantly impact the current population levels, thus
causing smooth population behavior in the system. This can be described as ecological
inertia, where the memory effects act to dampen sudden population level fluctuations. As
the value of ¢ increases, the memory effects weaken, causing the system to be dominated by
the current population levels. This may lead to destabilization of the equilibrium, causing
quasiperiodic and chaotic population oscillations, which may be attributed to ecosystems
that face rapidly changing environmental conditions.

In this subsection, the impact of the fractional order ¢ on the dynamics of the system (5)
is examined. Even though ¢ appears in the formulation via T = %, it is chosen as
the bifurcation parameter in order to explicitly analyze the impact of ¢ on the system’s
dynamics. This choice of bifurcation parameter allows us to analyze the role of memory in
the transition from the stable stationary state to the oscillatory/chaotic state. Moreover, the
analysis is generalized to the non-commensurate case, where different fractional orders of
the derivative operators are chosen for the prey and predator species populations, providing
a more realistic model of systems with different memory properties. The obtained results
indicate that variations in ¢ (as well as 07 and 07) can trigger NS and PD bifurcations,
ultimately leading to chaotic dynamics.

From an ecological perspective, the non-commensurate formulation represents scenar-
ios in which prey and predator populations possess distinct memory characteristics. For
example, prey species may respond rapidly to environmental variations, whereas predators
may exhibit delayed responses due to biological factors such as gestation periods or learn-
ing processes. The findings suggest that these disparities in memory can strongly influence
system stability and may give rise to oscillatory or chaotic behavior. This emphasizes the
crucial role of heterogeneous memory effects in shaping ecological dynamics.

4.3.1. NS Bifurcation

We consider the parameter set « = 2.57,8 = 142, = 0.18,7 = 0.25,0 = 0.69, and
h = 2.1. For these values, the NS bifurcation occurs at ¢ = 0.647991. The associated positive
equilibrium point is given by E; = (0.297044, 2.06083). Evaluating the Jacobian matrix at
E; yields a pair of complex conjugate eigenvalues ¢;, = —0.104613 & 0.994516i, whose
modulus is unity.

In addition, detailed computations provide

Too = —0.33234 — 1.71678i, 71; = —2.08071 — 1.74897i,
Top = —1.74836 — 0.03219i, 7o = 3.45324 + 2.88111i.

Hence, we obtain L = —3.81647 < 0, thereby validating Theorem 4. Consequently, the NS
bifurcation is supercritical, and an attracting closed invariant curve bifurcates from E;.

Figure 8 illustrates the bifurcation diagrams and MLE plot for o € [0.45,0.85]. As
o increases above 0.647991, the fixed point loses stability and an invariant closed curve
emerges, indicating quasiperiodic oscillations.

As seen in Figure 8, when o < 0.647991, all trajectories converge to the equilibrium
point E;. Additionally, in Figure 8a,b, where bifurcation diagrams for different variables are
shown, a single branch is seen for all values of 0. However, as the value of ¢ is increased to
approach 0.647991, in Figure 8c, where MLE is shown, it is seen that MLE tends to zero.
This is an indication that stability is lost for the equilibrium point. When ¢ > 0.647991,
bifurcation diagrams for different variables are seen to broaden in Figure 8a,b, indicating
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that oscillations have begun in the system. This is an indication of NS bifurcation, where
a stable fixed point loses stability and a closed invariant curve is created, resulting in
quasiperiodic oscillations. Additionally, in Figure 8c, when values of ¢ are increased, MLE
is seen to become positive. This is an indication that the system is transitioning from
quasiperiodic behavior to chaotic behavior, where random fluctuations in both prey and
predator populations can be seen.

0.5 T T T
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(a) Bifurcation diagram of x; (b) Bifurcation diagram of y,
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0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85
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(c) MLE plot

Figure 8. Bifurcation diagrams and MLE plot of (5) varying ¢. The fixed parameter values are
o =257, = 142, = 018,35 = 0.25,§ = 0.69, and h = 2.1, and the initial conditions are
xo =03 and yp = 2.1.

The phase portraits for increasing values of o are given in Figure 9a—j. These phase
portraits confirm the transition from the stable state to quasiperiodic and chaotic states.
In the phase portraits for ¢ = 0.63 and ¢ = 0.64 (Figures 9a,b), it can be seen that the
trajectories converge to the fixed point E;, confirming the stability of this fixed point. In
the phase portrait for ¢ = 0.65 (Figure 9¢), an invariant closed curve around the fixed
point E; can be seen, confirming the loss of stability of the fixed point E; for this value
of ¢ corresponding to quasiperiodic motion. In the phase portraits for increasing values
of o (Figures 9d-i), the size of the invariant curve increases with increasing values of o,
confirming the increase in the level of quasiperiodic motion. Finally, the strange chaotic
attractor for ¢ = 0.85 is given in Figure 9j, confirming the positive maximum Lyapunov
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exponent as given in Figure 8c. A three-dimensional visualization of these phase portraits
is provided in Figure 9k, clearly showing that the size of the invariant curve grows with
increasing o.

The parameter o measures the intensity of memory effects in the predator—prey system.
The lower the value of 7, the higher the memory intensity, meaning that the current growth
and predation processes are significantly affected by the past population levels. This causes
the system to be more stable, allowing it to converge to the equilibrium E;. As the value of ¢
increases, the memory intensity decreases, meaning that the system is more sensitive to the
current state. This causes the delayed feedback loops to destabilize the equilibrium by an
NS bifurcation, resulting in quasiperiodic oscillations along the invariant closed curves. As
the value of ¢ further increases, chaotic motion results from the quasiperiodic oscillations.
The value of ¢ thus acts as a bifurcation parameter in the predator-prey system, causing the
system to transition from a stable state of coexistence to quasiperiodic and chaotic motion.
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Figure 9. (a—j) Phase portraits for some values of ¢ by fixing « = 2.57, = 1.42,y = 0.18,57 = 0.25,
6 =0.69,h =21,xy = 0.3,and yg = 2.1. (k) A 3D view of phase portraits.

4.3.2. PD Bifurcation

We assume o = 2.57, 8 = 1.42,v = 0.18,7 = 0.25,0 = 1.25, and h = 2.1. For this set of
parameter values, the PD bifurcation takes place for o = 0.625725. The positive equilibrium
point for this set of parameter values is given by the point E; = (0.205076,2.57749). The
eigenvalues of the Jacobian matrix for the equilibrium point E; = (0.205076,2.57749)
are {1 = —1 and ¢, = —0.246395, which confirm the occurrence of the PD bifurca-
tion, as discussed in Theorem 3. The bifurcation diagrams along with the MLE plot for
o € [0.45,0.85] are depicted in Figure 10. It is obvious from the figure that for o > 0.625725,
the equilibrium point loses stability via the PD bifurcation. For o < 0.625725, the bifurcation
diagram has a single branch, implying the stability of the equilibrium point. This implies
the convergence of the trajectories to the equilibrium point. Therefore, as the parameter ¢
approaches 0.625725, the eigenvalue ¢ crosses —1, resulting in the creation of the stable
periodic orbit of period 2. The bifurcation diagrams along with the MLE plot for the given
range of o € [0.45,0.85] are given in Figure 10c.

4.3.3. Bifurcation Analysis of the Non-Commensurate Fractional-Order Model

We consider the following non-commensurate fractional model:

2
_ h1 BxnYn
Yntl = Xn T(o+1) (lxxn - x% ”+ 17)'

x5 Yn )
xi+n)

(24)

yn+1—yn+r(gil)(—7yn+

We consider the parameter set « = 257, = 142, = 0.18,5 = 0.25,5 = 0.69,
and i = 2.1. The bifurcation diagrams shown in Figures 11a,b are obtained by varying
op € [0.45,0.85] and 0, € [0.64,0.70], with initial conditions xyp = 0.3 and yy = 2.1.
Furthermore, Figures 11c,d display the bifurcation structure when o7 is fixed at 0.65, while
oy is varied over the interval [0.55,0.85], using the same set of initial values.
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Figure 10. Bifurcation diagrams and MLE plot of (5) varying o. The fixed parameter values are
o =257, = 142,y = 018,y = 0.25,0 = 1.25, and h = 2.1, and the initial conditions are
xp =0.2and yg = 2.5.

As can be seen in Figure 11, different values of non-commensurate fractional orders
can greatly change the bifurcation diagram of the system. If both o7 and o0, are varied,
different dynamic regimes are observed, depending on how the memory of the prey species
(1) and the memory of the predator species (07) are related. Moreover, if 03 is fixed and
o7 is varied, it can be seen that the bifurcation diagram changes significantly, as shown in
Figures 11c,d. This again confirms that changing the memory of the prey species alone can
drive a transition from a stable steady state to oscillatory and more complex.

From an ecological viewpoint, the non-commensurate form allows for the presence of
different memory strengths for the prey and predator populations, giving rise to a more
realistic model since different species can have different responses to past environmental
conditions, success of predation, and availability of resources. The numerical results show
that even small differences in 0q and 0, lead to an extension of the oscillations and the
stability domain of coexistence. Thus, the asymmetric memory effect can lead to increased
instability and more complex behavior in comparison to the commensurate model. The
results emphasize the importance of ¢, 01, and 0 as key bifurcation parameters.
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(a) Bifurcation diagram in (07, 03, X, ) —space (b) Bifurcation diagram in (07, 02, y, ) —space
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Figure 11. Bifurcation diagrams of (24) with respect to 07 and 0y, showing the influence of non-
commensurate fractional orders on system dynamics. The fixed parameter values are « = 2.57, 8 =
142,y =0.18,7 = 0.25,06 = 0.69, and I = 2.1, and the initial conditions are xy = 0.3 and yy = 2.1.

4.4. Two-Parameter Analysis

To further explore the global dynamics, we perform two-parameter bifurcation analysis.
Fixing p = 142,06 = 125,y = 025,71 = 1.85,xp = 0.2, and yo = 2.5, we vary
a € [2.50,2.85] and v € [0.15,0.20]. Figure 12a presents a two-dimensional bifurcation
diagram in the (7, «)-plane where different colors are showing different periodic regions.
Figure 12b presents the corresponding two-dimensional MLE plot in the (7, «)-plane.
Fixing p = 1.42,v = 0.18,7 = 0.25,0 = 0.69,x9 = 0.2, and yp = 2.5, we vary
a € [2.50,2.85] and T € [1.70,1.99]. Figure 13a presents a two-dimensional bifurcation
diagram in the (7, a)-plane where different colors are showing different periodic regions.
Figure 13b presents the corresponding two-dimensional MLE plot in the (T, «)-plane.
Two-parameter bifurcation analysis helps provide a global insight into the interaction
of various ecological factors that influence the dynamics of the system. The two-parameter
bifurcation diagram shows that the system includes regions with various dynamic be-
haviors, namely stable equilibrium points, periodic solutions, quasiperiodic oscillations,
and chaos, emphasizing that the system is quite sensitive to parameter values. Ecological
interpretation shows that ecological systems are characterized by sudden transitions from
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stability to chaos and vice versa with even minute changes in environmental factors. This
evidence is supported by similar patterns in bifurcations and MLE that emphasize regions
with chaos as regions with utterly unpredictable patterns and regions with quasiperiodic
oscillations as regions with complex patterns. This two-parameter bifurcation analysis
provides evidence that discrete fractional models have the capability to capture the complex
but unpredictable nature of actual ecosystems in a much better way compared to traditional

continuous models.
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Figure 12. Two-dimensional bifurcation diagram and MLE plot of (5) varying « € [2.50,2.85] and
v € [0.15,0.20]. The fixed parameter values are p = 1.42,6 = 1.25, = 0.25, and T = 1.85, and initial
values are xg = 0.2 and yy = 2.5.
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Figure 13. Two-dimensional bifurcation diagram and MLE plot of (5) varying a € [2.50,2.85] and
T € [1.70,1.99]. The fixed parameter values are f = 1.42,y = 0.18,7 = 0.25, and J = 0.69, and the
initial values are xg = 0.2 and yy = 2.5.

5. Conclusions

In this work, we examined the dynamical behavior of a discretized fractional-order
predator-prey model incorporating a Holling type III functional response. The discrete
system was derived from a biologically relevant fractional-order continuous model using
the piecewise constant argument method, which allows memory effects to be embedded
into a discrete-time framework. Such a formulation offers a realistic representation of
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predator—prey interactions in ecosystems where historical population levels affect current
dynamics and population changes occur at discrete time intervals.

This analysis begins with the study of the existence and stability of equilibrium points
in the discrete-time model (5). The stability and instability conditions in terms of eigenvalue
restrictions were found by evaluating the Jacobian matrix. The stability and instability
analysis focused on the positive fixed point, where rigorous analytical conditions for the
occurrence of PD and NS bifurcations are established.

Numerical simulations, such as bifurcation diagrams, phase portraits, time series,
as well as MLE calculations, confirmed the findings of the analytical work and showed
the occurrence of bifurcations from stable fixed points to periodic, quasiperiodic, and
chaotic motion. Furthermore, the two-parameter bifurcation diagram offered a global
description of the system’s behavior by locating the regions of the parameter plane where
the system exhibits stability, periodic motion, quasiperiodicity, and chaotic motion. In
addition, the non-commensurate fractional-order case was also examined, where it was
found that different memory indices for the prey and predator populations can enhance
the complexity of the system’s behavior and greatly affect the stability and bifurcation of
the system.

From the ecological perspective, the quasiperiodic and chaotic behavior of the system
may suggest irregular and unpredictable population oscillations, which may possibly lead
to population crashes or outbreaks. The existence of chaos may also suggest sensitivity to
initial conditions, which makes it difficult for such systems to be managed sustainably.

The results also highlight the significant impact of memory effects on the system’s
dynamics. Specifically, it can be seen that higher memory, i.e., smaller values of the
fractional order o, has a dampening effect on the system’s fluctuations, stabilizing the
system’s behavior, whereas lower memory, i.e., higher values of the fractional order ¢, has
a destabilizing impact, leading to complex oscillations and chaotic behavior in the system’s
evolution. Additionally, the non-commensurate formulation indicates that disparities in
memory between species can modify interaction mechanisms and increase the potential
for complex behavior. Although the Holling type III functional response contributes to
stabilization at low prey densities, its combined effect with memory and discrete-time
dynamics can generate a wide range of intricate dynamical patterns.

This study demonstrates that the combined effects of nonlinear functional response,
fractional-order memory (in both commensurate and non-commensurate forms), and
discretization can produce a wide spectrum of dynamical behaviors in predator—prey
systems. The developed framework contributes to a deeper understanding of discrete
fractional-order ecological models and offers a solid foundation for future research that
incorporates additional biological factors and effective management strategies.

Author Contributions: Conceptualization, LM.A. and R.A.; methodology, LM.A. and R.A; software,
N.A.A. and M.T.A; validation, N.A.A. and M.T.A_; formal analysis, R.A.; investigation, LM.A., N.A.A.
and M.T.A.; writing—original draft preparation, LM.A. and R.A.; writing—review and editing, N.A.A.
and M.T.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research work was funded by Umm Al-Qura University, Saudi Arabia under grant
number: 26UQU4281818GSSR02.

Data Availability Statement: No new data were created or analyzed in this study.

Acknowledgments: The authors extend their appreciation to Umm Al-Qura University, Saudi Arabia
for funding this research work through grant number: 26UQU4281818GSSR02.

Conflicts of Interest: The authors declare no conflicts of interest.

https:/ /doi.org/10.3390/math14132290


https://doi.org/10.3390/math14132290

Mathematics 2026, 14, 2290 28 of 32

Appendix A. Constants Appearing in the Nonlinear Part of System (10)
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