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Abstract: This paper develops a nonlinear fractal-fractional predator-prey model that incorporates logistic prey growth
and immigration effects. The predator-prey interaction is characterized by a Holling type II functional response, capturing
the saturation phenomenon in the predator’s feeding rate. Using the Caputo-Fabrizio (CF) fractional operator, the model
integrates memory effects into the population dynamics. Theoretical investigations establish the existence and uniqueness
of solutions by applying Krasnoselskii’s fixed point theorem and Banach’s contraction principle, followed by the stability
analysis of equilibrium points. For the numerical approximation, a modified Adams-Bashforth method adapted to the CF
operator is employed. Simulation results reveal that small yet positive immigration rates promote asymptotically stable
coexistence between prey and predator populations, emphasizing the stabilizing influence of immigration on ecosystem
dynamics. The study demonstrates how fractal-fractional calculus can provide deeper insight into ecological stability and
long-term behavior of interacting species.
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1. Introduction

Eco-epidemiology is an interdisciplinary field that investigates infectious disease dynamics within ecological systems
by examining interactions among hosts, pathogens, and their environments. It connects ecology and epidemiology,
offering insights into how biological and environmental factors influence population-level outcomes. The mathematical
modeling of such systems provides a framework for understanding and predicting complex population dynamics.

The classical Lotka-Volterra model [1] laid the foundation for analyzing predator-prey interactions, later extended
to include features such as interspecific competition, time delays, and nonlinear functional responses [2—5]. These
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developments have significantly advanced the study of ecological systems, including their stability and oscillatory
behavior. In parallel, mathematical models have become essential tools in epidemiology, particularly through compart-
mental formulations such as the Susceptible-Infected-Recovered (SIR) model [6]. Researchers have increasingly
integrated disease transmission mechanisms into predator-prey frameworks, recognizing that infection can alter prey
vulnerability and predator feeding behavior [7-13]. Such eco-epidemiological models capture biologically realistic
features but often rely on classical differential equations, which neglect memory and hereditary effects.

Fractional-order differential equations have emerged as powerful tools for modeling processes influenced by memory
and non-locality. Their applications span various scientific fields, including control theory [14], electrical circuits [15],
robotics [16], materials science [17], and biological systems [18-21]. Recently, there have also been important advances
in numerical spectral methods for fractional dynamics. For example, Youssri et al. proposed an innovative pseudo-
spectral Galerkin algorithm for the time-fractional Tricomi-type equation [22]; similarly, Youssri et al. introduced a
Chebyshev Petrov-Galerkin method for nonlinear time-fractional integro-differential equations with a mildly singular
kernel [23]. Furthermore, Abd-Elhameed et al. developed an orthogonal-Chebyshev spectral scheme for the fractional
Rayleigh-Stokes problem [24]. These recent works illustrate the rapid development of efficient and accurate numerical
tools in the fractional calculus literature.

On the theoretical side, development of fractional operators-such as the conformable derivative [25], the Caputo
difference operator [26], and the Caputo-Fabrizio (CF) derivative [27]-has further enriched the modeling landscape. In
particular, Atangana [28] introduced the concept of the fractal-fractional derivative, a hybrid operator that combines the
local behavior of fractal geometry with the memory properties of fractional calculus. This operator has been successfully
used to describe complex natural processes characterized by self-similarity and memory dependence [29-33], especially
in ecological contexts where heterogeneity and history significantly influence dynamic behavior.

In ecological modeling, several recent studies have incorporated immigration effects to reflect the movement of
individuals across populations. For instance, [34] analyzed a predator-prey model with immigration using classical
differential equations, while [35] extended this formulation through the fractal-fractional CF operator. Although these
models provide valuable insights, they rely on certain idealizations, such as exponential prey growth and linear predation
rates, which may limit their ecological realism-because exponential growth neglects environmental constraints, and linear
predation fails to reflect predator saturation. In particular, exponential growth ignores environmental constraints, and
linear predation fails to capture predator saturation. To address these limitations, the present study develops a nonlinear
fractal-fractional predator-prey model that integrates logistic prey growth and a Holling type II functional response,
thereby introducing both environmental carrying capacity and nonlinear predator behavior. The proposed system is
governed by the fractal-fractional CF operator, defined as:

FECEpX R2.(1) = rb(1) (1 —~ q’ét )) -~ “;qu(’h);(;)) +2(P),
(M
_ bO(1)¥(r)

FFCF k1, K
D L ZlP t) =

—m¥(r) + 2(P).

In this model, ® represents the population size of the prey species, while W corresponds to the population size of the
predator species. The parameter r signifies the intrinsic growth rate of the prey population. The predation rate, denoted
by a, quantifies the rate at which predators consume prey. The parameter b characterizes the predator’s reproductive
efficiency, measuring the number of new predators produced per prey captured. Meanwhile, m represents the natural
mortality rate of the predator population, ¢ is the environmental carrying capacity for the prey population, / is the handling
time per prey item (Holling type II response). In the proposed model, the logistic growth of the prey population account
for environmental carrying capacity and resource competition. While the nonlinear (Holling Type II) functional response
reflects the saturation effect in predation due to handling time. Table 1 provides a summary of all parameter values.
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Table 1. Description and biological interpretation of the model parameters

Parameter Biological interpretation Typical range Source
r Intrinsic growth rate of the prey population 0.1 [35]
a Predation rate coefficient 0.1 [35]
b Predator’s reproductive efficiency 0.3 [35]
m Natural mortality rate of predators 0.2 [35]
S Environmental carrying capacity for prey 1,000 individuals ~ Assumed
h Handling time per prey item (Holling type II response) 0.01 Assumed
X Immigration rate of prey 0-0.01 [35]
z Immigration rate of predators 0-0.01 [35]

The immigration function can be represented by the following two ways [34, 35]:

x, x>0,
2(®) =
x/®, x>0,

where x denotes the prey population influx due to immigrants, and x/® signifies the proportion of immigrants within the
prey population. Similarly,

7,220,
2(¥) =
/¥, >0,

where z denotes the prey population influx due to immigrants, and z /¥ signifies the proportion of immigrants within the
prey population.

The key novel contributions of this study are summarized as follows:

* Introduction of a fractal-fractional predator-prey model with logistic growth and Holling type II response under
immigration influence.

+ Establishment of existence and uniqueness results using Krasnoselskii’s fixed point theorem and Banach’s
contraction principle within the CF framework.

» Examination of stability properties and numerical dynamics using a modified Adams-Bashforth method adapted
for the fractal-fractional operator.

» Demonstration, through simulations, that small positive immigration rates enhance coexistence stability between
predator and prey.

The remainder of this paper is organized as follows: Section 2 explores equilibrium points and their stability.
Preliminary theoretical results are presented in Section 3. Existence and uniqueness of solutions are established in Section
4. Section 5 presents the numerical scheme used for simulations. In Section 6, simulation outcomes are analyzed using
selected parameter values. Final conclusions are provided in Section 7.
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2. Equilibrium points and their stability analysis

The trivial equilibrium of the model does exist in case the immigration terms are not zero. Similarly, the
prey only equilibrium (®*, 0) is not admissible in the presence of predator immigration z > 0. The only admissible
equilibrium is the coexistence equilibrium (®*, ¥*) whose numerical value is calculated for the given parameter values
as (0.641695, 1.146925).

Now, to analyze its stability, we find the Jacobian matrix of the proposed model as below.

dfi dh
0P IY
J= . 2)
of 9P
0D ¥
Taking the partial derivatives, we obtain
(Pdagq) D 1 (®r) (Pa) c (Pa)
@grr KUK T@grn @ @)
J= : 3)
(Pb) (PDbq) (Pb) d
(Pg+1) (Pg+1)2 (Pg+1) W2

Using the parameter values, we obtain the following numerical Jacobian matrix

0.3397 —0.0163|" @

~0.0352 —0.0638]

The corresponding eigenvalues are: —0.0258 +0.1469i, —0.0258 — 0.1469:.
We observe that the real parts of both eigenvalues are negative. Therefore, the coexistence equilibrium point is locally
asymptotically stable.

3. Elementary results

The upcoming section provides essential theoretical foundations and analytical techniques. It includes key concepts
from fractal-fractional calculus.

Definition 1 [28] Let ©(¢) be a continuous function that is fractally differentiable over the interval (a, b) with fractal
order k». The fractal-fractional CF derivative of order k; using an exponential decay kernel is defined by:

FFCFDKI K> 19.

K
(_ — (z—w))dw, relo, TJ, ®)

17 K‘1 da)2 1

where 0 < ki, k» < 1, and M (k) is a normalization function such that M(0) = M (1) = 1.
Definition 2 [28] Suppose ©¥(¢) is continuous and fractally differentiable on (a, b) with order x». Its Fractal-
Fractional Caputo-Fabrizio (FFCF) derivative of order x; with a power-law kernel is given by:
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1 td
FFCF nk, Kk — _ —Ki
DX ®29(1) F(l—iq)/o dwzké(a))(t o) "dw, 1|0, T], (6)

where 0 < k7, k» < 1, and the fractal derivative is defined as:

d 9 - d(w)
dwz"ﬁ(w)_flgg te —@e

(7

Definition 3 [28] Let & € C(0, T). The Fractal-Fractional Riemann-Liouville (FFRL) integral of ©(¢) with an
exponential decay kernel is given by:

FFRL 7k, % k(1 — k)T | Kk [ K —1
1 B(t) = M) +M(K‘])/a 0" Y (w)do. ®)

Definition 4 [28] Let ¥ € C(0, T). The FFRL integral of ¥}(¢) using a power-law kernel is defined as:

K2
I'(x1)

1
FFRL K1, %2 59.(1) / (t— )" o2 1Y (0)do. )

Theorem 1 [36] Let (X, || -||) be a Banach space and B a nonempty, closed, and convex subset of X. Suppose two
operators Q; and @Q, map B into X such that:

* For all x, y € B, the combination Qx4+ Q,y lies in X

* The operator Q; is a contraction;

* The operator Q; is continuous and compact.

Then there exists at least one element z € B such that:

7= Q1z+Q»z.

4. Existence theory of model (1)

In this section, we explore the existence of a solution to the proposed system using a fixed-point technique. Let the
interval [0, 7] be denoted as I, and define the Banach space:

B=C(I,R")xC(LR"),
equipped with the norm:
([0 = max {[®(t)| + [¥(2)]} .

Let

Co iporary Math tics 1204 | Khaled Aldwoah, et al.




&m@@AHmzﬂwﬂQ—¢m)—”””””+ﬁ@x

g 1+hd(r)
(10)
bd(1)¥
&(t, ®(1), P(1)) = H(t}fcb((tt)) —m¥(t)+2(¥).
The system is rewritten compactly as:
FECEpRL R9(1) = O(r, B(1)). (11)
Or
FD1Y(1) = it 'O, (1)), (12)
where the vector ¥ (t) = (P, ¥), and @ is expressed as
g1 (l‘, P, lP)
o, ¥(1) = : (13)
g(t, @, ¥)
D(r) ad(1)¥(t)
o] | #0(1-) - Tiee - 2@
3(t) = = : (14)
w(r) bd(1)¥(r)
T 1) m¥(r)+ 2(¥)
Applying the CF fractional integral to (12), we obtain:
. KQZKZ_I(l—K'l) K1 K> t Ky —1
B(1) = B(0) + = SEE6, 9(0) + s /0 210z, O(1))ds. (15)
Define the operator 2 : B — B by
_ () = Kot (1 - K1) KK [ o
Z(9) = 0 (1) = D(0) T Ol 90+ e /0 2101, O(1))ds. (16)

We assume:
(A1) There exists Lg > 0 such that for all 9, ¥ € B,
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©(1, D(1)) —O(t, B(1))| < Lo[0 —B].

(A2) There exist constants Cg > 0 and Mg > 0 such that

0(t, B(1))] < Col0(r)| + Mo.

Theorem 2 Under the assumptions (A;)-(Az), problem (11) admits at least one solution.
Proof. We express the system as the fixed-point problem ¢ = 2(9). Consider the closed ball:

Qs ={0B:[d] <6},

with

|| + Mot ((l — k)T ! +TK1)
5> M(x))
T LeR (et g7
1_M(K'1)(( _Kl) + )

Define 2 = 27 + 25 where:

(1 -kt 10(t, (1))
210(t) = 17
190) = { oy BUZINE S0 00 (7
and
. K1 K> t Ki—1
%ﬁ(r)_{]mkl)/o 0710, 9(1))do. (18)
Several steps are involved in accomplishing the proof.
Step 1: 279(t) + £20(t) € Qs. Fort € I, ¥ € Qg, with (A2), we have
_ (1= k)l 9(1) | KK IR
12100+ 220 (0] = () + 2T e [[ ot o()d0
K(1—K 1o t, O(t K1 K> t _
< oy 2 RUZ R O S ot o, w0)jao 1
Mpx: _ Cok: _
IO () S s
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Hence Z0(t) + 259(t) € Q5.
Step 2: 2] is contraction.
Fort €1, ¥, ¥ € Q5. Then

12101(0) - 2i02()] = max (101(0) =00+ =2 0, 01(0) - 00 92(0) )

(20)

Kz(l — K'])TKZ*IL@
< (14 BRI Lo 1o, ),

Kz(l — K‘])TKZ_IL@
M(xi)
Step 3: In this step, we will show the relative compactness of Z,. Consequently, we will show that 25 is continuous,
uniformly bounded on Qg and equi-continuous.
% is continuous due to the continuity of @(¢, ¥(¢)).
%5 is uniformly bounded on Qg:
Fort €1, ¥ € Qg, we consider

if 1+

< 1 then %] is contraction.

KK 4 K1
12901 = 3005 |, 07186, v(0)ldo
2y
< (Col8|+Meo) M’(‘;)TKI <s.

Thus 25 is uniformly bounded on Qg.
Next, we need to establish equi-continuity.
Letz,, t, € I with#, < 1. Then

)
229 (1)~ 230 ()] < 30 [T 07! 00, B(@)]do— 5

M(x1) Jo M(k1) /otu 0~ |0(w, ¥(0))|do

Ki
a M (K'l
—0ast, —1,.
We show % is a contraction and %3 is compact and continuous using the Arzela-Ascoli theorem. Therefore, by
Krasnoselskii’s fixed-point theorem, 2 has at least one fixed point in Q5, proving existence.
Remark 1 Ecologically, the existence of a solution ensures that the population dynamics evolve in a biologically

meaningful manner without divergence or unrealistic oscillations.
Theorem 3 If assumption (A;) holds and
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Le

M(x)

(Kz(] — K1>TK271 + K]T’Q) <1,

then by Banach’s fixed-point theorem, problem (11) has a unique solution.
Proof. Forr €1, ¥, ¥ € Q5. We have

1-x
12010) - 20a0)] < k™ 00 91() -0l 0:(0)
K1 K !
Hic Jy @ 1. 91(0) - (. #:(0)do.
Applying assumption (A ), we obtain
(1 - KI)L(*D K—1 KiLeT™
() - Z%0h()| < ———xt™ 7 0 (t) — @)+ ——— — %t
1291(1) = 2 02(0)] < e 91(0) = D20 + T 1901~ Ba()
Taking maximum over the interval I, we have
(1 - K'1>LG) o —1 KiLeT™
_ < A Y 2 _ 207 _
max | 29 (1) — Z70(r)] < max ) [01(t) — 2 ()| + Mxr) [01(2) — 0a(2)|
This implies that
L
|20 — 20, < M(il) (o (1= k) T2 4 1 T |9 — D).

L . . . .
Where W(’i) (K2 (1—xy) TRe-1 1 K1TK2) < 1. The inequality ensures 2 is a contraction on B, hence Banach’s
1
fixed-point theorem guarantees the uniqueness of the solution.

Remark 2 The uniqueness result corresponds to ecological predictability, meaning that similar initial conditions lead
to similar long-term outcomes.

5. Numerical solution

In this section, we aim to find a numerical solution for model (1) under Fractal-Fractional with Caputo-Fabrizio
Derivatives (FFCFDs). To develop the numerical scheme for the proposed model, we use the extended Adams-Bashforth-
Moulton (ABM) methods with Lagrange interpolation as used in [27]. To go ahead, we write the model as:

FECEDRI () = 1ot gy (2, @(1), P(1)),
22)

FECEDRIp (1) = 1ot gy (1, @(1), P(1)).
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Using the CF fractional integral, we have

K2tK271(1 —K‘l) K1 K2

®(1) = ®(0) ) gi1(t, @), ¥())+ ) Jos® g1 (s, @(s), P(s))ds,
(23)
Kzl‘K2 1(1—1('1) K1 K2 _
Y1) =¥(0)+ ) g (t, ®(t), Y1)+ ) Jos® ga(s, P(s), P(s))ds.
Att =t,41, the scheme is given by:
(1 — k)12 g (ta, D, ¥ KK
Patl :(I)(O) + >( l)law(K;g)l( 0 P, P) MEK?) éaquflgl(s7 o, ‘P)ds, 1, €1,
(24)
Ko (1— k)2 g3, @, W) KK
w04 U B B | R e s @ s, nel
Now take the difference between the consecutive terms, we get
(o) 1 UK 0100, @, W) ol R (o, @71 W)
oot M(x1) M(x1)
KK 1, _
M(K]) [i,+l SK] lgl(s7 q)7 lP)dS, ta, ta-‘rl E]Ia
(25)
w(0) + (1 — k)2 g3 (1, D9, P9) B k(11— K1)155183(l‘a—1, N S
ot M (k1) M (k)
KIK2  tay K —1 d. W)d
g, 1, I.
+M(K]) ta N g3(S7 ) ) S, as ta+1 S
Integrating, and employing Lagrangian interpolation for approximating the kernels, we get
o0) + 20K 00, @ 9l g, @ )
M (ki) M(x:)
(I)aJrl —
Kk 3 -1 4 wa oK (Af) 1 a1 g
M(K])Q(At)tcllcz gl(taa qD ) lP )_M(K])Tt:zl gl(ta—h q) la lP 1)7
I, Ig—1 € ]L
(26)
w(o)+ U= ) galta, @4 W) k(1= k) g (e, @, W)
M(K']) M(K'])
\Pa+1 —
KK 3 -1 KK (At 1 . _
S A o 0, ) - 2 e, @ e,
ty, t,1 €L
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Below, we present the numerical algorithm in a more structured pseudocode form.

Algorithm 1 Fractal-Fractional Adams-Bashforth (CF) for model (1)-single order

1. Input: 1, a, b, m, G, h, c, d, g; fractional order k € (0, 1]; fractal dimension s € (0, 1]; normalizing constant M;
step size At; final time T'; initial states ®q, V.

2.SetN=[T/At],t=0.

3. Precompute:

1-x 3xAt 1-x kAt
Alzs( 7), Az—s< —)
M 2M M 2M
adV¥ bOY

4. Define fo(t, ©, ¥) = r®(1 —®/g) — TTho + Z(®) and fy(r, , ¥) = T 7 —-m¥+ 2(¥).

5. Startup (modified euler): compute (®;, ¥;) and (P,, ¥,) with two steps of Euler’s method.

6. fori=3toN—1do

7. tir1 =ti+At

8. D =P +A1 T folty, @i ) —Aoti | foltior, Picr, Wist)

9. Wi =i+A ! fet, @i P) —Aot) | fe(tiog, @i, Pic1)

10. end for

11. Output: {t;, ;, ¥;}Y,,.

Remark 3 The presented algorithm implements a two-step fractal-fractional Adams-Bashforth method formulated
in the CF sense. This approach effectively combines the non-singular exponential kernel of the CF derivative with fractal
scaling factors, enabling a realistic description of systems that exhibit both memory and heterogencous geometric effects.
The initial steps are computed using a modified Euler scheme, ensuring numerical stability and providing accurate starting
values for the multi-step integration process.

Advantages:

» The method is explicit, computationally efficient, and straightforward to implement.

« It avoids the singular kernel of classical fractional derivatives, reducing computational complexity.

* The fractal correction terms allow flexible adjustment to capture irregular biological dynamics.

* The algorithm provides smooth and stable trajectories for both prey and predator populations even under small
immigration perturbations.

Limitations:

* The accuracy of the method is step-size dependent; excessively large may cause local instability.

* Being an explicit method, it is conditionally stable and may require finer time steps for stiff systems.

* The CF derivative’s limited memory horizon may underestimate long-term historical effects.

Overall, this numerical scheme is well-suited for simulating nonlinear systems governed by fractal-fractional
operators.

6. Simulated results with discussion

In this part of the study, we apply the fractal-fractional Adam-Bashforth scheme formulated in the CF framework [37]
to simulate and analyze the behavior of the model given in equation (1). The simulations are carried out using MATLAB-
R2024a software. In population dynamics, the phenomena of persistence and extinction represent two contrasting
outcomes. Traditional predator-prey models illustrate that the oscillatory interaction between predator and prey tends
to persist indefinitely. If the prey species disappears, the predator population inevitably collapses due to the lack of food.
However, the reverse is not necessarily true; prey can survive and even increase in the absence of predators. The classical
models mainly yield cyclic solutions with no tendency towards a stable equilibrium. Despite this, real-world ecological
systems often display stable coexistence between predators and prey. Recent investigations have demonstrated that the
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presence of a small number of migrants-either predators or prey-can lead to asymptotic stability in such systems. These
rare but stable ecological configurations are frequently sustained by limited migration within the predator-prey framework.
In the following discussion, we explore three specific scenarios. For all cases, the initial conditions are set as ®(0) = 5
and W(0) = 5. The system parameters are selected based on the values reported in [34]: r =0.1,a=0.1, b= 0.3, and
m = 0.2. Moreover, we set the carrying capacity ¢ = 1,000.

Here, we mention that all the simulations were performed using MATLAB R2024a on a machine with an Intel(R)
Core(TM) 15-8350U CPU @ 1.70/1.90 GHz and 16 GB of RAM. Using a step size of 7 = 0.01 and a final simulation time
of t = 5,000, the proposed ABM numerical scheme required an average CPU time of approximately 0.6944 seconds per
figure, based on multiple runs.

(@) 14 () 14 ©
12 Predator s
—_— Prey
10 y
g = g 10
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kS S B
B 6 B = 5
E £ 5
~ 4 0.
2 6 J,
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Figure 1. Time-series dynamics of predator-prey populations and the corresponding 2D/3D phase portraits under different fractional orders in the
absence of immigration. (a) The population dynamics of predator-prey system for k; = 0.6, x» = 1.0; (b) 2D phase portrait of the predator-prey system
for k1 = 0.6, k2 = 1.0; (¢) 3D phase portrait of predator-prey dynamics over time for x; = 0.6, k> = 1.0; (d) The population dynamics of predator-prey
system for k; = 0.8, k» = 1.0; (e) 2D phase portrait of the predator-prey system for k; = 0.8, x» = 1.0; (f) 3D phase portrait of predator-prey dynamics
over time for k1 = 0.8, k» = 1.0; (g) The population dynamics of predator-prey system for k; = 1.0, k> = 1.0; (h) 2D phase portrait of the predator-prey
system for k1 = 1.0, k2 = 1.0; (i) 3D phase portrait of predator-prey dynamics over time for k; = 1.0, k» = 1.0

Case 1: To begin our analysis, we numerically solve the model described in equation (1) without considering any
immigration, meaning &?(®) = 0 and 2(¥) = 0, across multiple fractional orders and with a fractal order set to 1.0. The
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outcomes are visualized in Figure 1, which presents the population dynamics of both predator and prey, along with the
corresponding phase portraits, for the given fractional and fractal orders under the assumption of no immigration.

Further insights are illustrated in Figures l1a-c, which correspond to the dynamics and phase space trajectories for
k1 = 0.6 and x, = 1.0. Similarly, Figures 1d-f demonstrate the behavior for k; = 0.8 and x, = 1.0. For the scenario with
both orders equal to one (k1 = k» = 1.0), the resulting dynamics and phase spaces are shown in Figures 1g-i.

From these illustrations, it becomes evident that in the absence of immigration, the system exhibits instability.
However, under fractional and fractal-fractional derivative settings (e.g., in Figures 1a, b), there is evidence of population
stabilization over time. In contrast, the classical derivative model fails to show such stability. This highlights the enhanced
stability and flexibility of fractional and fractal-fractional operators compared to standard integer-order derivatives.
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Figure 2. Time-series dynamics of predator-prey populations and the corresponding 2D/3D phase portraits under different fractional orders and &2 (®) =
0.01. (a) The population dynamics of predator-prey system for k; = 0.6, k> = 1.0; (b) 2D phase portrait of the predator-prey system for k; = 0.6, kK, =
1.0; (c) 3D phase portrait of predator-prey dynamics over time for k3 = 0.6, x» = 1.0; (d) The population dynamics of predator-prey system for
k1 = 0.8, k» = 1.0; (e) 2D phase portrait of the predator-prey system for x; = 0.8, &, = 1.0; (f) 3D phase portrait of predator-prey dynamics over time
for k1 = 0.8, k2 = 1.0; (g) The population dynamics of predator-prey system for x; = 1.0, k» = 1.0; (h) 2D phase portrait of the predator-prey system
for k1 = 1.0, &, = 1.0; (i) 3D phase portrait of predator-prey dynamics over time for k; = 1.0, ko = 1.0

Case 2: In this case, we introduce a constant influx of prey immigrants into the system. Specifically, we set
P (P) =x =0.01, and conduct numerical experiments on the model. The goal is to observe how this addition influences
the dynamics of both prey and predator populations under various fractional orders while keeping the fractal dimension
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constant. The simulation results are presented in Figure 2, which illustrates the time evolution and phase portraits of the
system under these conditions.

An examination of Figure 2 reveals that introducing a constant prey immigration rate, &#(®) = x = 0.01, leads
to gradual asymptotic stabilization of both predator and prey populations under various fractional orders and a fixed
fractal dimension. In contrast, under the classical (integer-order) framework, population stabilization occurs more rapidly,
reaching equilibrium in approximately 700 days.
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Figure 3. Time-series dynamics of predator-prey populations and the corresponding 2D/3D phase portraits under different fractional orders and 2('¥)
0.01. (a) The population dynamics of predator-prey system for k; = 0.6, k> = 1.0; (b) 2D phase portrait of the predator-prey system for k; = 0.6, x, =
1.0; (c) 3D phase portrait of predator-prey dynamics over time for x; = 0.6, x» = 1.0; (d) The population dynamics of predator-prey system for
k1 = 0.8, k» = 1.0; (e) 2D phase portrait of the predator-prey system for k; = 0.8, x» = 1.0; (f) 3D phase portrait of predator-prey dynamics over time
for x1 = 0.8, x» = 1.0; (g) The population dynamics of predator-prey system for x; = 1.0, k, = 1.0; (h) 2D phase portrait of the predator-prey system
for k1 = 1.0, x» = 1.0; (i) 3D phase portrait of predator-prey dynamics over time for k3 = 1.0, x, = 1.0

Case 3: In this case, we introduce a constant influx of predator immigrants into the system. Specifically, we set
2(¥) =x=0.01, and assume no prey immigration, i.e., #(®) = 0. We conduct numerical experiments on the model for
these conditions under different fractional orders and a fixed fractal dimension. Figure 3 illustrates the evolution of both
predator and prey populations, along with their phase space trajectories, under the influence of this low-level predator
immigration.
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Further details are provided in Figures 3a-c, which show the dynamics for the case x; = 0.6 and k» = 1.0. Similarly,
Figures 3d-f present the population and phase space behavior for x; = 0.8 and x; = 1.0. Lastly, the dynamics for the
classical derivative scenario with k; = x» = 1.0 are depicted in Figures 3g-i.

From the analysis of Figure 3, it is evident that introducing predator immigrants at a constant rate, 2(¥) =z =0.01,
leads to asymptotic stabilization of both populations over time under various fractional orders and a fixed fractal dimension-
although this stabilization occurs rather slowly. In contrast, in the classical (integer-order) case, the system achieves
stability in approximately 1,500 days.

The results imply that increasing the number of immigrants in either population can significantly enhance the rate at
which the system stabilizes. Therefore, introducing a sufficient number of individuals into the predator or prey population
can drive the predator-prey system toward asymptotic stability. However, such an outcome is contingent on the habitat
being favorable to immigration-meaning that environmental conditions must support and attract incoming individuals. In
the case of density-dependent immigration (e.g., 2(¥) = z/¥), the number of immigrants decreases as the population
grows, which reflects a realistic ecological constraint, such as carrying capacity. Although these two immigration schemes
differ biologically, both lead to long-term stabilization of the system.

We give the overall significance of numerical results as below:

» Fractional and fractal-fractional derivatives introduce memory that naturally enhances ecosystem stability.

» Immigration, even at very low levels, acts as an ecological buffer preventing extinction events.

* Density-dependent inflows provide a realistic mechanism where stabilization occurs slowly but sustainable.

7. Conclusion and future research

In this work, we developed a novel fractal-fractional predator-prey model incorporating logistic growth and
immigration effects, employing the CF operator to capture memory and hereditary characteristics inherent in biological
systems. The use of a nonlinear Holling type II functional response enabled the model to realistically depict saturation
effects in predator-prey interactions, thereby overcoming the limitations of linear predation assumptions. By applying the
Krasnoselskii’s fixed point theorem and Banach’s contraction principle, we established the existence and uniqueness of
solution for the proposed system.

Numerical simulations based on a fractal-fractional Adams-Bashforth method adapted to the CF framework
demonstrated that small but positive immigration rates play a stabilizing role in predator-prey dynamics. Specifically,
sporadic immigration contributes to asymptotic stability, maintaining coexistence and preventing population collapse.
These findings underscore the ecological relevance of external influxes in sustaining biodiversity and ecosystem resilience.

Despite its effectiveness, the present study has certain limitations. The model assumes homogeneous environmental
conditions and constant parameter values, which may not fully capture spatial heterogeneity, seasonal variations, or
stochastic environmental effects.

Future research could extend the current framework by incorporating stochastic perturbations, time-delay effects,
or spatial diffusion to investigate pattern formation and spatial stability. Additionally, exploring the impact of variable
fractional and fractal orders could provide deeper insights into how memory intensity and geometric complexity affect
long-term ecosystem dynamics. Such extensions would enhance the realism and applicability of the proposed model to
more complex ecological scenarios.
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