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Abstract. The existence of chaos in ecological models is quite obvious due to the presence of
nonlinear terms. Controlling chaotic phenomena in ecological systems remains a difficult task due
to their unpredictability, and thus chaos control is one of the main objectives for constructing
mathematical models in ecology today. Our aim in this paper is to review chaos control strategies
for the tri-trophic food chain models by using various ecological factors. The factors include
additional food, prey refuge, the Allee effect, the fear effect, and harvesting. We establish the
essential conditions for the existence of ecologically feasible equilibrium points in the food chain
ecological systems and their local stability. This paper provides a unified overview of recent
research on the chaos control of ecological systems. The theoretical results suggest a way to
control populations of species in ecological systems for fishing and pest management in farming.
Numerical examples are performed to justify and compare the theoretical findings through phase
portraits and bifurcation diagrams.
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1. Introduction

The study of interactions between living things
and their surroundings has recently received a lot of
attention from theoretical ecologists since it is crucial
in the formation of an ecosystem. Lotka and Volterra
independently developed a pair of first-order or-
dinary differential equations to describe the pro-
cess of interaction between two species in the mid-
1920s. Following on from these pioneering works,
researchers have demonstrated a strong interest in
modeling and studying species interactions in both
theoretical and experimental settings (see [1,2] and
references therein). To make the ecological model
more realistic, a number of real elements have been
incorporated, such as the Allee effect, prey refuges,
stage structure, harvesting, toxic effects, and envi-
On the other hand, chaotic
dynamics are quite obvious when nonlinear terms
are present in ecological systems. Generally, predict-
ing the future evolution of chaotic systems remains a
difficult task due to its sensitivity to the initial con-
dition and system parameters. Chaotic oscillations
may tend toward possible population extinction at
low densities. The authors in [3] stated that chaos
and its control are a more significant and challeng-
ing phenomenon. However, forecasting future pop-
ulations is much more important for maintaining a
healthy ecosystem. Thus, the problem of chaos con-
trol in ecological models has become an important
topic among theoretical ecologists in recent years.

ronmental variations.

Following Hastings and Powell’s [4] work, several
scientists developed numerous chaos control strate-
gies in food chain models by incorporating various
ecological components, (see [5-10]). For example, by
incorporating an omnivore as the top predator, the
chaotic behavior in the food chain model is elimi-
nated, and periodic oscillation is obtained [6]. The
authors in [5] introduced another predator that con-
sumes only basal prey to control the chaos in the
food chain model given in [4]. Gupta and Yadav [7]
used a nonlinear harvesting strategy to keep the food
chain model stable, where the harvesting of middle
predators is a key part. Recently, the dynamics of
the food chain model with an effect of cannibalism
on the middle predator have been addressed in [8].
They concluded that chaotic dynamics in both tem-
poral and spatiotemporal systems can be controlled
by parameters of the cannibalism effect and intraspe-
sific competition. Hossain et al. [9] have investigated
the dynamics of a food chain model with vigilance ef-
fects, which reduce the growth rate of prey and mid-
dle predators. The authors demonstrated that both
the vigilance of prey and the vigilance of middle-

predator parameters are able to stabilize the system.
On the other hand, excessive vigilance can harm the
system and lead to the extinction of one or more
populations.

The appropriate harvesting of prey populations
helps stabilize a predator-prey-parasite system from
chaotic dynamics [11]. In an eco-epidemiological
model, increasing the predator mortality rate can re-
duce chaos [12]. Hossain et al. [13] have considered
the effect of nanoparticles in an aquatic food chain
model. They concluded that the effect of nanoparti-
cles on prey growth can stabilize the system’s chaotic
oscillations. It has also been observed that excessive
exposure to nanoparticles causes the extinction of
one or more species. Additional food for zooplank-
ton can play a significant role in maintaining the sta-
bility of the phytoplankton-zooplankton-fish (PZF)
system [14]. Sajan et al. [15] considered the problem
of chaos control in the PZF system through fear and
additional food, where the system behaves chaoti-
cally when the cost of fear is low and then settles
into a stable state as the cost of fear increases. Also,
existing chaos at low levels of fear can be regulated
through additional food. Dubey and Sasmal [16]
studied a PZF system where fish produced fear and
its carryover effects affected zooplankton growths.
They noticed that for the midrange of the carryover
effect parameters, the system exhibits chaotic be-
havior, and for lower and higher values, the system
develops stable or periodic dynamics. The Allee ef-
fect in prey populations causes chaotic dynamics in
the eco-epidemiological two-species model [17].

The Hasting-Powell (H-P) model assumes that
prey, middle, and top predators are at the bottom,
middle, and top trophic levels; see Fig. 1. It also
assumes that middle predator growth is solely de-
pendent on prey populations and that top predator
growth is solely dependent on middle predators. The
interaction between species in the H-P model is fol-
lowed by the Holling type II function response. The
H-P model exhibits chaotic behavior with respect to
the half-saturation coefficient of prey. Chaos was
found in this study, which suggests that chaotic dy-
namics are probably common in real food chain mod-
els [4]. In this connection, many theoretical ecolo-
gists are right now working on how to control chaos
in ecological systems, but it is a challenging task due
to their sensitivity to the system parameters. Recent
works attempt to control the chaos in the H-P model
by incorporating various ecological features. The
new control methods should be easy to use, not in-
volve chemicals, and not mess up the ecosystem. In
the literature, the H-P model uses the Allee effect
in prey growth [18,19], supplying additional food to
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the predator [20,21], the prey’s refuge from avian
predation [18,22], the fear effect due to predation
risk [23-25], species harvesting [22,26,27], vigilance
behavior [9], gestation delay [28], and the nanopar-
ticles effect [13] to keep chaos under control. Table
1 shows the different characteristics used in the H-P
model (5) to deal with chaos.

Prey

l

Middle Predator

|

Top Predator

Fig. 1. The feeding relationship between the
species in H-P food chain model.

Table 1. Summary of the ecological characteristics
used in H-P model.

Model Ecological characteristics used
[20,21] | Additional Food to predators
[18,19] | Allee effect
[18,22] | Prey refuge
[23-25] | Fear due to predation risk
[22,26,27] | Harvesting of species

[9] Vigilance behavior

[28] Gestation delay

[13] Nanoparticles effect

In this paper, our aim is to review non-chemical
chaos control strategies that have received special at-
tention in recent years for a chaotic H-P food chain
model. The main motivation of this paper is to ex-
amine how ecological control strategies affect the dy-
namics of the H-P model in a unified framework. The
focused control strategies consist of (i) providing ad-
ditional food to middle and top predators; (ii) Allee
effects on prey growth and prey refuge; (iii) fear due
to predation risk; and (iv) species harvesting. We
believe that this review will be useful to researchers
working on the chaos control of ecological systems
to gain an insightful and unified overview of recent
research. Our theoretical findings also provide a way
to protect and control populations of species in eco-
logical systems, which is vitally applicable for fishing
and pest management in farming.

The paper is organizaed as follows. We will
concentrate on chaos control strategies in the H-P
model. In the next section, we describe the nonlin-
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ear dynamic model of the food chain ecological sys-
tems. Section 3 investigates the additional food to
predators. Section 4 addresses the Allee effect and
the prey refuge. Then, the fear effect due to preda-
tion risk is analyzed in Section 5. Species harvesting
is investigated in Section 6. In each section, we will
derive the equilibrium points of the food chain model
and their local stability conditions. Furthermore, we
verify the effectiveness of chaos control method by
performing numerical simulation in each section. Fi-
nally, in Section 7, we give the conclusions and sug-
gest the future research.

2. Food Chain Ecological Systems

The utilization of supplementary food (non-prey
food) is one of the fundamental approaches for bi-
ological control, including species conservation and
pest management, and these foods fundamentally
shape the life histories of many predator species. In
a predator-prey system, the availability of sufficient
supplementary food can significantly affect the dy-
namics of the system. In recent years, many biol-
ogists, experimentalists, and theoreticians have in-
vestigated the consequences of providing additional
food to predators in predator-prey systems. Al-
most all predators will attempt to switch to another
prey when their preferred prey is in low numbers,
and they may also resort to scavenging or an her-
bivorous diet if possible. Many aspects of addi-
tional food were investigated in the literature; con-
trolling chaos through the supply of additional food
was one of them. This technique is one of the non-
chemical methods, and it has no pollution factor or
infection risk for the population system. In their
works [20] and [21], Sahoo and Poria look at the
H-P model with additional food supplies for the top
predator alone and for both predators. The authors
showed that the chaotic behavior of the proposed
models can be controlled by both the quality and
quantity of the additional food that is given. They
also discovered that too much additional food supply
has an impact on the ecosystem’s structure.

The general H-P food chain model is given in the
following form:

AU U\ CLAUV

b 1— =) - ===

ar ~ K> Bi+U '

av AUV _ AVW O
il B +U Y Byt V'

dv _Cavw

dT ~ Byt V 2t

where U,V and W are the respective densities of
prey, middle, and top predators. All the system pa-
rameters are assumed to be non-negative. R and K
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are growth rate of prey and environmental support-
ing capacity. A; (or Ag2) is maximum attack rate of
middle (or top) predator. B; (or By) represents half-
saturation coefficient of prey (or middle predator).
Oyt (or Cy) indicates the conversion efficiencies of
middle (or top) predator. D; (or Ds) are death rate
of middle (or top) predator.

3. Additional Food to Predators

Model (1) is modified by introducing the supply
of additional food to predators as follows:

dU U CL AUV
b 1—- =) - ="
ar R K) Bi+auA+U’
AV _ AU pAV AV
dT ~ Bi+opA+U " BotavA+V’
aw CQAQ(V + I/A)W DoV,

- — D2V,

dr By +avA+V

(2)

where pA and vA are effective additional food
sources for middle and top predators, respectively,
that are constantly supplied by either nature or
an external agency. The parameter a describes the
quality of additional food, which supplied to preda-
tors.

To minimize the complexity of model (2), we de-
vise non-dimensional scheme as follows:

K CoK 1
U=Ku, V=—v W= , I'=—=t (3
U Clv c w 7 (3)
ALK AsCHK K K
and let o = Fg-, 00 = Fgor, b1 = 57, B2 = CiBy”
(51:%752:%7C:%7€:B%{Cl7€:%7
n= ’g;. Then the system (2) becomes
du a1uv
w1l —y) -
i U 1+ af + Biu’
dv  aq(u+c)v aQUW 5 (4)
= _ — v,
dt  1+af+pBiu  l+an+pBov
dw v+ en)w

I

dt 1+ an+ Bsv G
subject to the initial conditions 0 < uy = u(0),vg =
v(0),wo = w(0) < oo. If there is no supply of addi-

tional food (i.e., £ = n = 0) in model (4), then the
system is reduced to the H-P model as follows:

du (1 ) Qa1uv

dt 1+ Bu’

dv a1uv VW

b _ — S
dt  1+pB/u  1+pw
dw QoUW 5

— = — dow.

dt 1+ Bov 2

42

3.1. Equilibrium Points and their Stability
The system (4) have following equilibrium points:

1. The species free equilibrium Ey = (0,0,0) al-
ways exists.

2. The predators free equilibrium F; = (1,0,0)
always exists.

3. The top-predator free equilibrium point Fo =
(ug,v2,0), where

01(1 + af) — arc
U9 =

a1 — 101 ’
(1= u2)(1 + af + Prug)
Vo = .
aq

It is clear that Fs exists only when uo < 1 and
0114 af) > arck, ar > Pid1.

4. The coexistence equilibrium E* = (u*, v*, w*),
where
«  O2(1+am) — azen
B ag — (202 ’
- et ) (o red )
a9 1+ Otf + /Blu* ’

and u* is a positive root of

Bi(ag — B2d2)u? + (a2 — B262) (1 + ok — Br)u
+ a1(02(1 + ) — agen) = 0.

Note that the equilibrium E* exists only when ao >
B202, d2(1 + an) > agen, and % > 0.

To study the local stability of the equilibrium
point, the Jacobian matrix of the system (4) at any

point (u,v,w) is given by:

Jin Jiz O
J(u,v,w) = | jo1 Jo2 Jo3 |, (6)
0 Js2 Jss
where
) a1v(l + af)
=1—-2u— ’
= (1+ of + fru)?
. U . a1v(1 + af — Bicf)
Jig=— """, J21= 5
(14 o€ + Byu) (1+ a& + Bru)
et aw(l+an)

22_1+oz§+ﬁlu_(l+an+ﬁgv)2 b

. agv . apw(1l + an — faen)
Jos =—T—————, J32 = 3
14+ an+ Bov (1 + an + pav)
j _ QZ(U + 677) _ 52
BT  an + By '

In the following theorem, we describe the local sta-
bility of model (4) at the equilibrium points.

Theorem 1. For model (4):
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(i) The equilibrium Ey is always unstable.

(i) The equilibrium E; is stable if %

asgen
and Than < d9.

< 517

(iii) If the equilibrium FEy exists and anf1 < (1 +

af;l— Bruz)? and % < 09, then Ey is
stable.

(iv) The equilibrium E* exists and is locally asymp-
totically stable if Q1 > 0,3 > 0 and Q1Q2s >
Q3, where 1,9 and Q3 are given in the proof.

Proof. (i) The eigenvalues of Jacobian matrix (6) at
Ey are A1 = 1,2 = —6; and A3 = —§o. Clearly,
1 is always positive, and —§; and —do are always
negative. So, Ej is always unstable.

(ii) At the equilibrium FE,, the Jacobian matrix
(6) have following equilibrium points A\; = —1, Ay =
alted)  5oand Ay = 29 _ 5, Clearly, —1

T+a€+h : T4an -
is always negative, and Ay and A3 are negative if

o (14cf)
1Jlra§+51 <91 and f”ﬁi’;
stability of Fj.

(iii) The eigenvalues of Jacobian matrix (6) asso-

ciated with the equilibrium FE5 are Ay = as3 and
— _2 — —
Ao = ARV FREAE L) W, where @,,, are obtained
from jpn replacing (u,v,w) by (ug2,v2,0) in equa-
tion (6). So, the equilibrium FEj is stable if a5 <
+

(14 a& + Bruz)? and % < 0.

(iv) The characteristic equation of (6) corre-
sponding to E* is

< 6§92, which assures the local

)\3 —|—Q1)\2 4+ QoA+ Q3 =0,

where (21 = —a11—a22, 2 = a11a22—a12a21 —azzazs,
Q3 = ai1a93a32. Here, ap,, are obtained from j,,
replacing (u,v,w) by (u*,v*,w*) in equation (6).
Make use of Routh-Hurwitz (R-H) criterion, the
equilibrium point E* is locally asymptotically sta-
ble if 1 > 0,03 > 0 and 2,0 > Q3 holds. O

3.2. Numerical Simulation

The phase portraits and bifurcation diagrams for
the models discussed in this paper are drawn using
the initial populations (0.75,0.15,10). The middle
predator’s bifurcation diagram is only used because
all three species in the system exhibit identical bi-
furcation diagrams. All of the system parameters
of the model (6) are chosen from the reference [4].
First, the numerical simulations of the model (4)
without supply of additional food (i.e. £ = n = 0)
is carried and observed that the dynamics of the
system switches between stable focus, periodic os-
cillations and chaos for varying the parameter (1,
while fixing other parameters as a; = 5, a9 = 0.1,
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Bo = 2,01 = 04,52, = 0.01. In Fig. 2, we plot phase
portrait of the model (5) for 51 = 3.0 and other
parameters given the same as above, which show
chaotic oscillation. Figure 3 represents the bifurca-
tion diagram and fluctuation of the largest Lyapunov
exponent (LLE) of the model (5) with respect to the
parameter 8. The system shows that stable focus
for B < 2.1, limit cycle behavior for 2.1 < 8 < 2.3,
period-doubling oscillations for 2.3 < 8 < 2.38 and
chaotic oscillations for 81 > 2.38. The positive val-
ues of the LLE ensure the existence of chaotic be-
haviours in the system (5); see Fig. 3b.

Fig. 2. The phase portrait of the model (5) for
ﬁl = 3.0 with a1 = 5,0&2 = 0.1, 52 = 2,51 = 0.4,
d2 = 0.01.

Now we investigate the influence supplying addi-
tional food on model (4) by varying respective pa-
rameters and fixing other parameters as a; = 5,
Qg = 0.1, 51 = 3.0, 52 = 2,51 = 0.4,52 = 0.01,
£E=0.1,7=0.1, c = 0.95,e = 0.85. Figure 4 depicts
the bifurcation diagram and fluctuation of the LLE
of the system (4) with respect to the quality of ad-
ditional food parameter « in the interval [0, 12]. It is
noticeable from Fig. 4a that for lower values of qual-
ity of additional food «, the system shows chaotic or
higher periodic oscillations. Then with the increase
of values of « the system enters into stable state from
chaos via periodic oscillations. The positive LLE val-
ues shown in Fig. 4b confirm the chaotic dynamics
that occur in Fig. 4a. Also, it is observed that any
choice of quantity of additional food £ and 7 lead to
negative effects in the ecosystem, that is population
goes to extinction stage. With a proper choice of
supplying additional food parameters (both quality
and quantity) to predators one can control system
dynamics.

4. Allee Effect and Prey Refuge

The Allee effect, a biological phenomenon,
demonstrates a connection between population size
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Fig. 4. For system (4): (a) a bifurcation diagram of the middle-predator with respect to parameter «;

(b) fluctuation of the LLE with respect to «.

and their per capita growth rate when the density
of the population is low. W.C. Allee first intro-
duced the concept of the Allee effect in his pioneer-
ing works [29,30]. The Allee effect among a natu-
ral population is commonly caused by mate restric-
tion, cooperative defense, predator satiation, coop-
erative feeding, dispersal, habitat modification, and
so on. There are two types of Allee effects: strong
Allee effects and weak Allee effects. The strong Allee
effect takes place when population densities fall be-
low a critical threshold, which causes negative per
capita growth rates. In contrast, populations with a
weak Allee effect have lower per capita growth rates
at low densities, but they never reach negative per
capita growth rates and have no critical threshold to
exceed. Numerous natural species have been studied
for experiential evidence of the Allee effect, includ-
ing insects [31], marine invertebrates [32], mammals,
and birds [33]. On the other hand, a refugium is a
place where species can persist due to some special
environmental features. In order to maintain the
biodiversity of the bird populations in the Amazo-
nian river basin, Haffer was the one who first pro-
posed the concept of refugia. Numerous analytical
and experimental studies have been conducted, and

it has been noticed that prey refuges maintain the
stability of the predator-prey model (see [34]). Au-
thors in [18] have employed the Allee effect and prey
refuge strategies to avoid chaotic dynamics in the
H-P model. Recently, Mandal et al. [19] used the
additive Allee effect concept in the H-P model and
demonstrated that chaotic oscillations could be con-
trolled by varying the severity of the Allee effect pa-
rameter.

The Allee effect on prey growth term and prey
refuge are taken into account in the H-P model, and
the non-dimensional version of the modified model
takes the following form:

d—u—u(l—u) u ol =mjuw

dt u+6 1+ 611 —m)u’

dv a1(l —m)uv QoUW

— = - -0 7
dt  14+p1(1—m)u 1+ fav 1o, (7)
dffw _auw i

dt 1 + Bow 20,

subject to the initial conditions 0 < ug = u(0), vy =
v(0),wp = w(0) < co. The term %5 describes the
Allee effect on prey’s growth. m € [0,1) is refuge
coefficient of prey. It is assumed that the m € [0,1)

portion of the prey always avoids middle predators,
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while the remaining (1 — m) portion only interacts
with middle predators.

4.1. Equilibrium Points and their Stability

The model (4) has four feasible equilibrium
points.

1. The species free equilibrium Ey = (0,0,0) al-
ways exists.

2. The predators free equilibrium F; = (1,0,0)
always exists.

3. The top-predator free equilibrium point Fo =
(ug,v2,0), where

Ug = o1
2 "o = Bio) (1 —m)’
_u%(l — ug)

v2 _52(11,2 + 9) ’

It is clear that Fs exists only when uo < 1 and
ag > 3107,

4. The coexistence equilibrium E* = (u*, v*, w*),

where
vt = _ 0
g — (205
1 (u*2(1 — u*)
SR e Sl VA PP
v (52 < u* +9 1o > ’

and u* is a positive root of cubic equation

a1v* a10v*

3 _# 2
! (1 &u—mn>“+/%“+ By

The equilibrium FE* exists only when as > (909,
B1(1 —m) > 1, and u*?(1 — u*) > §;(u* + O)v*.

The Jacobian matrix of the system (7) at any
point (u,v,w) is calculated and given by:

=0.

Jin Jiz O
J(u,v,w) = | jo1 Jo2 jo3 |, (8)
0 Js2 Js3
where
o u (20— 2u® — 30u + u) ai(l —m)v
e (6 +u)? (1+ Br(1 —m)u)>’
. al=mju
Jiz = (14 61(1 —m)u)’

. a(I-m)v

J21 a ¥ Bl — m)u)?’

a(I—-m)u QW

148 0—m)u (14 Bow)?
v . agw

“ 1580 F By’ J32 = 7(1 ¥ Bav)?

Jo22 01,

Joz =
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o Q20U
_1 + 52’0

J33 — 02.
The following theorem derives the local stability of
the equilibrium point from Jacobian matrix (8).

Theorem 2. For model (7):

(i) The equilibrium Ey is non-hyperbolic equilib-
rium point having stable manifold in y — z
plane.

(i) The equilibrium Ey is always stable.

(iii) If the equilibrium Eo ezists and agva < d2(1 +

« —m 2U
Bov2) and (1i§18—m;u22)2 + (i(fi;)é < 1, then

FE5 s stable.

(iv) The equilibrium E* exists and is locally asymp-
totically stable if Q1 > 0,023 > 0 and Q21 >
Qs, where 21, Qs and Q3 are given in the proof.

Proof. (i) The eigenvalues of Jacobian matrix (8) at
Ey are Ay = 0, A9 = —61 and A3 = —d2. Hence, Ey
is non hyperbolic equilibrium point and have stable
manifold in y — z plane.

(ii) At the equilibrium Ej, the Jacobian ma-
trix (8) have following equilibrium points A\ =
—ﬁ, Ao = —61 and A3 = —ds. Clearly, all the eigen-
values are always negative, which implies F5 is sta-
ble.

(iii) The eigenvalues of Jacobian matrix (8) as-
sociated with the equilibrium Fs are A\; = bss and

b1144/b9, +b12b
Ao g = 11 121 12021

)

, where b,,,, are obtained from
Jmn replacing (u,v,w) by (ug,ve,0) in equation (8).
So, the equilibrium Fj is stable if a1 81 < (1 4+ o +

2 az(vaten)
,81u2) and m < (52.

v(t) (] u(t)

Fig. 5. The phase portrait of the model (7) for the
set of parameters given in Fig. 2 with m = 0.04
and 0 = 0.01.

(iv) The characteristic equation of (6) corre-
sponding to E* is

)\3 —I—Ql)\z + QoA+ Q3 =0,
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Fig. 6. For system (7) with # = 0.05: (a) a bifurcation diagram of the middle-predator with respect to
parameter m; (b) fluctuation of the LLE with respect to m.
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Fig. 7. For system (7) with m = 0.04: (a) a bifurcation diagram of the middle-predator with respect to
parameter 0; (b) fluctuation of the LLE with respect to 6.

where €01 = —b11 — bag, 22 = b11b22 — b12b21 — b32bas,
Q3 = b11ba3b3o. Here, by, are obtained from j,,, re-
placing (u,v,w) by (u*,v*,w*) in equation (8). By
utilizing R-H criterion, the equilibrium point E* is
locally asymptotically stable if ; > 0,3 > 0 and
0215 > Q3 holds. ]

4.2. Numerical Simulation

The system (7) exhibits chaotic oscillation for the
set of parameters given in Fig. 2 with m = 0.04 and
0@ = 0.05 so that the effectiveness of the Allee ef-
fect and predator refuge can be investigated, see Fig.
5. In Fig. 6, we draw a bifurcation diagram and
fluctuation of the LLE to examine the behavior of
system (7) with variations of m while keeping other
parameters fixed. From Fig. 6a, it is noticed that
for lower values of prey refuge, the system behaves
chaotically, then is controlled and becomes stable as
prey refuge increases. Additionally, we have seen
that both predators become extinct at a threshold
of m = 0.88. The system becomes stable from its
chaotic dynamics through a period-halving oscilla-
tions with an increase in Allee effect parameter 6,
see Fig. 7a. The chaotic nature of the system (7)

with regard to the parameters m and 6 is confirmed
by the positive LLE values (see Figs. 6b. and Fig.
7b). From Figs. 6 and 7, it is clear that the Allee
effect and prey refuge parameters play an important
role in regulating the chaotic dynamics of a three-
species food chain model.

5. Fear Effect

Predators may affect the population of their prey
indirectly (through fear of predation) or directly
(through killing). Fear has the potential to change
the demographics of the prey and can have a sub-
stantial impact on the dynamics of the predator-prey
system. To reduce the risk of predation, prey always
try to shift their usual habitat to a safe location [35].
Based on the numerous experimental results on the
fear effect, Wang et al. [36] mathematically exam-
ined the effect of fear on prey’s growth and found
that the cost of fear had a significant impact on the
dynamics of predator-prey interactions. Since then,
a number of studies on the effect of fear in predator-
prey interactions have been reported [10,23] and the
references therein. The authors of [23] investigated
the dynamics of a food chain model with the fear ef-
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fect, in which the growth of prey and middle preda-
tors shrinks due to the fear of middle predators and
top predators, respectively. They showed that a suit-
able amount of fear was able to regularize the sys-
tem from chaotic oscillation to stable focus through
period-halving bifurcation. Furthermore, if the cost
of fear for middle predators rises, the top predator
may enter an extinction stage. Shi and Hu [25] con-
sidered and analyzed the three-species food chain
model with fear, where the fear of predation risk
is not instant but rather has some time lags on it.
The authors in [24] discuss the three-species food
chain model, in which fear of the top predator and
middle predator foraging decreases. The dynamics
of a food chain model with a Beddington-DeAngelis
functional response have been examined by Debnath
et al. [10]. They found that not only fear effects but
also mutual interference parameters among species
can control the system dynamics. Thus, fear is in-
troduced in the food chain model (1), and the model
then takes the following form:

U _ _RU_( U\ _CGAUV

dT 1+ RV K B +U"’

v AUV AV W ©)
ar B+U1+F2W LR - NI v
AW _CodaVW

dr BQ+V 2t

in which F; and F5, respectively represent the in-
tensity of fear in prey and middle predator popu-
lation. Model (9) assumes that due to fear of the
top-predator, the growth rate of the middle-predator
reduces, and due to fear of the middle-predator, the
growth rate of prey also reduces. The fear functions
O(K,V) = 1+F v and (K, W) = {5y satisfies
the following characteristics:

1+F

e ®(0,V)=1and ¥(0,W) =

o O&(F1,0)=1and U(F,0)=1,

o limp 400 ® =0 and limp, oo @ =0,
¢ =0,

e limy 00 @ =0 and limypyy_ o

<0, §& <0and JF <0, & <0.

8F1

Using non-dimensional scheme as given in (3)
and then model (9) becomes

du _u(l—w)  aquwv

dt 1+f11} 1+,31u7

dfv_ Q1uv U _sw, (10)
dt ~ 1+ )1+ fow) 1+4pBv
dfwi QoUW ow

dt _1+521) 2
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subject to the initial conditions 0 < uy = u(0),vg =

RKC
v(0),wp = w(0) < oo. Here, fi = “5=2, fo =
%02 and the remaining parameters are same as in

model (5).

5.1. Equilibrium Points and their Stability

The system (10) have following equilibrium
points:
1. The species free equilibrium Ey = (0,0,0) al-
ways exists.

2. The predators free equilibrium F; = (1,0,0)
always exists.

3. The top-predator free equilibrium point Fo =
(ug,v2,0), where

e (o1 = f161)’
vy =1 +v/of + 4o f1(1 —up)(1 + 51u2)
200 f1
It is clear that Fs exists only when ugo < 1 and
a1 > 5151.
4. The coexistence equilibrium E* = (u*, v*, w*),
where
u Br—1++/(1—p1)? —4Pe
261 ’
e=av* +a fiv?—1, v* = 572,
ag — [B202
and w* is the positive root of the following
equation
02)2 a2
1+ ﬁfQU* w' |:1 + Bov* + f251:| v

ou
— | ———— =461 =0.
L + pru* 1]
Note that E* exists only when as > (209, u* >
01
————— and *(1 ).
a1—51517an a1v*(1 + frv*)

For the purpose of investigating the local stabil-
ity of the equilibrium point, the Jacobian matrix of
the system (4) at any point (u, v, w) is evaluated and
given by:

Jiun jiz 0
J(u,v,w) = | jar a2 Jos |, (11)
0 732 Jss3
where
. 1—2u aqv
Jir = - )
L+ fiv (14 Bru)?
. fiu(l —w) a1u
=T A o2 T 14 B

ENGINEERING JOURNAL Volume 27 Issue 9, ISSN 0125-8281 (https://engj.org/) 47



DOI:10.4186/€j.2023.27.9.39

. aqv

PUTUF o)1+ B

L a1u _ QW _5

REAT B+ fow) (L4 Bw)2 0

L aq fauv v

IBZT0F fw)? (L + ru) 1+ Bov
Q2w Q20U

gy =20
J32 (11 Bav)? J33 1+ Byv 2

In the next theorem, we give the sufficient conditions
for local stability of the equilibrium points of model
(10).

Theorem 3. For model (10):
(i)
(i)

(iii)

The equilibrium Ey is always unstable.

The equilibrium E is stable if a1 < d1(1+ S1).

B1—1

oI and

If the equilibrium Ey exists and ug >

Vg < , then FE5 is stable.

2
ag—P202
(iv) The equilibrium E* exists and is locally asymp-
totically stable if Q1 > 0,03 > 0 and Q109 >

Q3, where 1,9 and Q3 are given in the proof.

Proof. (i) The eigenvalues of Jacobian matrix (11)
at Fg are Ay = 1, A2 = —d01 and A3 = —§o. Clearly,
1 is always positive, and —§; and —do are always
negative. So, Ej is always unstable.

(ii) At the equilibrium FE,, the Jacobian matrix
(11) have following equilibrium points \; = —1, Ay =
1i151 — 01 and A3 = —0ds. Clearly, —1 and —d5 are al-

O‘lﬁl < 81, which

ways negative, and A is negative if 15
assures the local stability of Ej.
(iii) The eigenvalues of Jacobian matrix (11) as-
sociated with the equilibrium FEs are A\; = ¢33 and
i o
Ao = w, where ¢,,, are obtained from

Jmn replacing (u, v, w) by (ug,v2,0) in equation (11).

So, the equilibrium F» is stable if ugy > B 21[;1 L and
[
v2 < 042*%252'

(iv) The characteristic equation of (11) corre-
sponding to E* is

N+ U+ A +Q3 =0,

where {1y = —c11 — o2, {02 = c11092 — c12C21 — 3223,
Q3 = cy1c93¢30. Here, ¢, are obtained from j,.,
replacing (u,v,w) by (u*,v*,w*) in equation (11).
Make use of Routh-Hurwitz (R-H) criterion, the
equilibrium point E* is locally asymptotically sta-
ble 1 > 0,Q3 > 0 and if 2;Qy > Q3 holds. O

5.2. Numerical Simulations

To investigate the effect of fear, we fix the sys-
tem parameters as a3 = 5, as = 0.1, 51 = 3.0,

B2 = 2,01 = 0.4,62 = 0.01, so that the model (10) ex-
hibits chaotic oscillations in the absence of fear (f; =
f2 = 0), see Fig. 2. In the absence of top-predator
fear (fo = 0), we first examine the impact of middle-
predator fear on the growth rate of the basic prey.
With the increase of f1, the system becomes into
stable state from its chaotic dynamics via period-
halving bifurcation, see Fig. 8a. We noticed that
the system shows chaotic oscillations in f; < 1.05;
period-doubling oscillations in 1.05 < f; < 1.31;
limit cycle oscillations in 1.31 < f; < 1.80, and sta-
ble behaviour in f; > 1.80. Also, we have seen that
above a threshold value of f; = 2.6, the top predator
goes extinct, whereas prey and the middle predator
show oscillatory behavior. Similarly, we investigate
that fear of the top-predator shrinks the growth rate
of middle predator while the fear of middle-predator
on prey is absent (f; = 0). The system becomes
stable from its chaotic dynamics through a period-
halving oscillations with an increase in fear param-
eter fo, see Fig. 9a. The system shows chaotic dy-
namics in fo < 0.03; period doubling oscillations in
the interval 0.03 < fo < 0.041; periodic oscillations
for 0.041 < f5 < 0.29 and stable focus for fo > 0.29.
The positive LLE values in Figs. 8b and 9b, respec-
tively, confirm the existence of chaotic dynamics in
the system (10) depicted in Figs. 8a and 9a. In the
presence of both fear parameters, we draw a bifurca-
tion diagram in the fi; — fo parametric plane in Fig.
10. We observe that, the system (10) exhibits chaotic
behavior for lower values of fear parameter and then
system becomes stable for higher values. From an
ecological viewpoint, the growth rate of prey and
middle predators reduces as the fear factors f; and
f2 increase, which results in a considerable reduction
in the number of prey and middle predators that are
consumed by middle and top predators. As a result
of the discussion above, it can be concluded that
both fear parameters can control the coexistence of
all three species with other fixed system parameters.

6. Species Harvesting

Species harvesting has a significant impact on
population dynamics. The intensity of this impact
depends on the characteristics of the harvested strat-
egy, which in turn may range from a sudden reduc-
tion to the total preservation of a population. The
exploitation of natural resources and the harvest-
ing of population species are commonly seen in fish-
eries, forestry, and wildlife management. The im-
pact of harvesting on a natural population is one
of the most important topics in population ecol-
ogy. Inspired by this fact, the harvesting of pop-
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Fig. 8. For system (10) with fo = 0: (a) a bifurcation diagram of the middle-predator with respect to
parameter f1; (b) fluctuation of the LLE with respect to f.
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Fig. 9. For system (10) with f; = 0: (a) a bifurcation diagram of the middle-predator with respect to
parameter fa; (b) fluctuation of the LLE with respect to fa.
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Fig. 10. The two parameter bifurcation diagram of model (10) in fi; — f2 parametric space; where the
system exhibits stable behavior, limit cycle, period-doubling, and chaotic oscillations in green, purple,

yellow, and red regions, respectively.

ulations has been incorporated into modeling the
prey-predator system, and some interesting results
with harvesting have been presented in [26,37] and
references therein. Harvesting can lead to a reduc-
tion in the size of the population due to hunting
or capturing species. There are different types of
harvesting strategies used in the literature, includ-
ing constant-yield harvesting, linear harvesting, and
nonlinear harvesting. Nath and Das [27] have inves-

tigated the impact of a linear harvesting strategy in a
three-species food chain model, where they assumed
that all three-species are harvested. They concluded
that harvesting parameters can control the chaotic
dynamics of the system. Raw and Sarangi [22] have
dealt with the dynamics of the three species fishery
model with nonlinear harvesting and prey refuge. By
employing the linear harvesting method in the model
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(1), the model is described as follows:

av U\ AUV
v AU A VW
— = — D,V — — H. 12
& By mrv
AT~ By +V DW= Hs W,

where Hq, Hy and Hg are the harvesting rate of the
prey, middle-predator and top-predator populations,
respectively. Here we assume that H; € [0,1), i =
1,2,3. The non-dimensional version of model (12)
becomes:

du QU
2wl =) — —h
gt u(l —u) T+ ha 1U,
v o uv VW
— = - —&v—h
dt ~ (1+Bru) 14 v 107120 (13)
o _ _aevw dow — haw
dt 1+ pBw 2 3

subject to the initial conditions 0 < uy = u(0),vg =
v(0),wp = w(0) < co. Here h; = %, he = %,hg, =
% and the remaining parameters are same as in
model (5). Note that the harvesting parameters
h1, ho, hg can not exceed their maximum value 1 be-
cause harvesting more than 100% of any individuals
is not at all possible.

6.1. Equilibrium Points and their Stability

The model (10) possesses the equilibrium points
as follows:

1. The species free equilibrium Ey = (0,0,0) al-
ways exists.

2. The predators free equilibrium FE; =
h1,0,0) exists only when h; < 1.

(1-

3. The top-predator free equilibrium point Eo =
(ug,v2,0), where

01+ ha
(ay — 161 — Brha)’
(1 —hy1)(a1r — B101 — Brha) — (61 + ha)
(a1 — P11 — Piho)? '

It is clear that Es exists only when oy — 8101 —
Bihg > 6111_]?12 and hy < 1.

ug =

Vo =

4. The coexistence equilibrium E* = (u*, v*, w*),
where

o — 0o + h3
ag — 3202 — Bah3’
W — (a1 — B161 — Brhe)u* — 61 — he
(g — B2 — Boh3)(1 + fru*)

and u* is the positive root of the following
equation

61w2 + eqw + €3 =0,
with

€1 =B182h3 + 815202 — a2

€2 =z — B1P202 — B1Pohs — az — azfB1hy
+ B202 + Bahs + B18202h1 + B1 820201 hs,

€3 =ag — 202 — B2hg — 102 — arhs — ashy
+ B202h1 + Bahihs.

Note that E* exists only when ag > (205 + [2hg,
(a1 — $161 — Brhe)u* > d1 + he, and any one of the
€ < 0, ¢ = 1,2,3. To examine the local stability
of the equilibrium point, the Jacobian matrix of the
system (13) at any point (u,v,w) is evaluated and
obtained as follows:

Juiu Jiz 0
J(u,v,w) = | jo1 Jo2 Jo3 |, (14)
0 J32 Js3
where
. a1v
=1—-h—2u— ———,
mn T By
. a1y . a1v
N2 == 7T/~ J2l = T o
(1+ Bru) (1 + Bru)?
. a1u (65X 5 h
J22 1t B (4 B2 T
. QU . (e X0
J23 = 1+ B0’ J32 = (1 +ﬁ21})27
. (65X
— — 09 — hs.
J33 1+ Bov 2 3

Theorem 4.
stable.

(i) The equilibrium Ey is always un-

(ii) The equilibrium Ey is stable if 61 + hgy >
ai(1—hq)
(1+,131(1*;11)) ’

(iii) If the equilibrium Es exists and (1 + Brug)? >

a1 B1vy and 6o+ h3 > 1_0;%12’%2, then Eo is stable.

(iv) The equilibrium E* exists and is locally asymp-
totically stable if Q1 > 0,3 > 0 and Q19 >
Qs, where 21, Qo and Q3 are given in the proof.

Proof. (i) The eigenvalues of Jacobian matrix (14) at
E() are /\1 = 1—h1, /\2 = —(51—h2 and /\3 = —(52—h3.
Clearly, 1 — hy is always positive, and —d; — ho and
—d9 — hg are always negative. So, Fy is always un-
stable.

(ii) At the equilibrium E;, the Jacobian ma-
trix (14) have following equilibrium points \; =
hl—l,)\g = %—51—h2 and )\3 = —(52—}7,3.
Clearly, hy — 1 and —d2 — h3 are always negative,
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and ) is negative if §; + hy > (1‘?’23(11(%)1))’

which
assures the local stability of Fj.
(iii) The eigenvalues of Jacobian matrix (14) as-

sociated with the equilibrium Es are A; = ds3 and

d11£+/d?, +d12d:
)\23: 11 121 12021

7 , where d,,,,, are obtained from
Jmn replacing (u, v, w) by (ug, ve,0) in equation (14).
So, the equilibrium FEs is stable if (1 + Bug)? >
a1 B1ve and 99 + hg > 1i25212 .

(iv) The characteristic equation of (14) corre-

sponding to E* is

A+ A2+ Qo+ Q3 =0,

where Q1 = —dy1—da2, Q2 = di1da2—d12d21 —d32da3,
Q3 = di1desdss. Here, d,,, are obtained from j,,
replacing (u,v,w) by (u*,v*,w*) in equation (14).
Make use of Routh-Hurwitz (R-H) criterion, the
equilibrium point E* is locally asymptotically sta-
ble 1 > 0,Q3 > 0 and if 2;Qy > Q3 holds. O

6.2. Numerical Simulations

The model (13) exhibits chaotic dynamics for fol-
lowing set of parameter oy = 5, ap = 0.1, 51 = 3.0,
By = 2,01 = 04,60 = 0.01, hy = 0.01,hy =
0.02, hs = 0.001, see Fig. 11. To explore the impact
of harvesting parameters on the system dynamics,
in Figs. 12-14, we plot the bifurcation diagram and
fluctuation of the LLE with respect to hi, hs, and
hs and fix all other parameters as previously men-
tioned. If we increase the value of hy from 0.0 to
0.2 and keep all the other parameters the same, the
chaotic dynamics of the system change into stable
behavior through period-halving oscillation, which
is represented in Fig. 12a. When the value of h; is
large, the system settles into a stable focus, whereas
when the value of h; is low, the chaotic dynamics in
the system remain the same. We have also noted
that above a critical value of Ay = 3.5, the top-
predator population becomes extinct, while prey and
the middle-predator show oscillatory behavior. Now,
with the increase of ho, the system becomes into
stable state from its chaotic dynamics via period-
halving oscillation, see Fig. 13a. Note that the
density of middle-predator decreases as hs increases,
which leads to density of prey population increase
and top-predator decrease due to unavailability of
food. This phenomena can control chaos. Similarly,
the system becomes stable from its chaotic dynam-
ics through with an increase in harvesting parameter
hs, see Fig. 14a. The chaotic dynamics of the sys-
tem (13) with respect to the harvesting parameters
h1, hs, and hs are confirmed through the positive
LLE values (see Figs. 12b, 13b, and 14b). Accord-
ing to our numerical simulations, by increasing the
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harvesting parameters and fixing all other parame-
ters, the system switches from chaos to a limit cycle
oscillation, then settles into a steady state solution.

w(t)

Fig. 11. The phase portrait of the model (13)
for the set of parameters given in Fig. 2 with
h1 = 0.01, ho = 0.02 and hg = 0.001.

7. Conclusions

Most ecological systems that have been mod-
eled reveal chaotic behavior because they are non-
linear. Chaotic systems always react roughly be-
cause of their sensitive dependency on their system
parameters and initial conditions. Therefore, it must
be controlled in order to predict how the ecological
system will develop in the future. Hastings-Powell
first found chaos in a model of a food chain with
three species. Hastings-Powell first found chaos in a
model of a food chain with three species. This model
has been widely supported by the scientific commu-
nity because of its use in describing the dynamics
of numerous ecological systems. In this review ar-
ticle, we investigate the controlling mechanisms of
chaos in the H-P model through various ecological
factors. The ecological factors used are as follows:
(i) providing additional food to predators; (ii) al-
ley effect in prey growth; (iii) prey refuge; (iv) the
fear effect; and (v) species harvesting. The ecologi-
cally possible equilibrium points and corresponding
local stability are studied for all cases. In Section
3, we showed that the stability of the H-P model
is controlled by the quality and quantity of supple-
mentary food for predators. The interaction between
prey and predator decreases as the predator’s food
supply increases. Also, it has been found that any
amount of food has a negative effect on the ecosys-
tem and can lead to the extinction of a population.
From Figs. 6 and 7, it is clear that the Allee ef-
fect and prey refuge parameters play an important
role in regulating the chaotic dynamics of the H-
P model. As prey refuges expand, the availabil-
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ity of prey to middle predators decreases, causing
all species to maintain positive densities. It should
be noted from Section 5 that as fear parameters in-
crease, the growth rate of prey and middle predators
is limited, which leads to a lower number of prey and
middle predators being consumed by the middle and
top predators in the system. This situation allows
all three species to coexist and maintain a positive
density level. Figures 12-14 show that harvesting
parameters have a stabilizing effect on system dy-
namics. Thus, with the proper choice of harvesting

(@)

0.4

0 0.02 0.04 0.06 0.08 0.1

parameters, one can keep the chaos under control in
the H-P model. So, we can conclude that the intro-
duced chaos control strategies in the H-P model are
non-chemical and easy to implement. The methods
derived in this paper are very helpful for protecting
biodiversity and managing ecosystems. The ideas
discussed in this study can be extended by consider-
ing the H-P model with various functional responses,
which leaves this as future work. The same ecologi-
cal characteristics that have been used in this paper
can be extended to various eco-epidemiological mod-
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Fig. 12. For system (13): (a) a bifurcation diagram of the middle-predator with respect to parameter hy;

(b) fluctuation of the LLE with respect to hj.
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els and fisheries models, which also leaves room for
future work.
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