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Abstract: The interaction of different time scales in predator-prey models has become a common
research topic. In the present article, we concentrated on the dynamics of interactions at two time
scales in a plankton-fish system. To investigate the effects of the two time scales on plankton-fish
dynamics, we constructed a new parameter with a corrected type that differs from the traditional slow
parameter. In addition, zooplankton’s refuge from the predator and phytoplankton mortality due to
competition are incorporated into the model. Positivity and boundedness of solutions were proved. We
then discussed feasibility and stability conditions of the equilibrium. We used a variety of means to
support the existence of chaos in the system. Hopf bifurcation conditions were also obtained. Chaos
control in the plankton-fish model is one of the main motivations for this study. In the slow-variable
parameter case, we explored the control mechanism of gestation delay on chaotic systems, which are
calmed by different periodic solutions. Moreover, under seasonal mechanisms, external driving forces
can stabilize the system from chaos to periodic oscillations. Meanwhile, the sliding mode control
(SMC) approach quickly calms chaotic oscillations and stabilizes it to an internal equilibrium state.
The necessary numerical simulation experiments support the theoretical results.
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1. Introduction

Marine ecosystems are composed of large and complex networks of energy suppliers and
consumers [1]. Plankton models are receiving increased attention due to the need to protect resources
and the environment [2]; their populations are affected by a variety of elements such as illumination
and temperature. Conversely, the influence of plankton on the diversity of marine systems is also
not negligible. Plankton-fish is the most prominent food chain in the marine system, and their
interactions lie at the bottom of the system. These are specific types of interactions in food chain
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models [3]. A number of mathematical models have been constructed on the effects of plankton-fish
interactions [4—7]. Dubey et al. [8] analyzed the rich dynamical behavior of a plankton-fish model
with fear and carry-over effects, including bifurcation behavior after adding a delay. Meanwhile, to
combine the fear effect and refuge, Kaur et al. [9] analyzed the kinetic behavior of a three-dimensional
zooplankton-fish model. Toxic substances may directly or indirectly affect the evolution of species;
Raw et al. [10] demonstrated the kinetic behavior of a three-dimensional ocean model under the
effect of toxicity and nonlinear harvesting. Additional food is also often incorporated into food chain
models. For example, Sajan et al. [11] analyzed the effect of additional food on the plankton-fish
model. However, theoretical research on plankton-fish modeling, especially dynamics and control, is
still essential for the broader development of marine ecological modeling.

Interacting species tend to evolve on different time scales. Incorporating slow parameters into a
mathematical model can greatly change the dynamics of the model and allow to capture some realistic
scenarios. While initially attracting attention owing to the large differences in reaction rates of chemical
reactions, many scholars have recently introduced fast and slow systems into ecological models. The
slow parameter is interpreted as the ratio between predator mortality and prey growth rate [12].
Examples include the use of constant slow parameters and time-varying slow-variable parameters.
Sahoo et al. [13] considered the oscillatory and instantaneous dynamics of a fast-slow model in which
carry-over and fear effects were present. In addition, complete bifurcation analysis of small time-scale
parameters and the fast-slow nature of the attractor were investigated when the predator had a scale-
dependent functional response function [14]. Branches and oscillations of a 1 fast-3 slow dynamical
system were investigated when adaptive change occurred in the diet of a predator population [15].
Nevertheless, few works have introduced fast and slow parameters to model the dynamics of marine
planktonic ecosystems. When the system dimensionality is high, Cortez et al. [16] showed a method
for reducing the dimension of a model by using the fast and slow theory, and investigated system
behavior when predators or prey exhibit fast evolution. Moreover, some literature has suggested that
some parameters vary slowly with time, compared to changes in population [17-19]. However, the
slow parameter is provided as a fixed value in most of the literature, and replacing it with a variant
form can make the model more realistic.

Ecosystem models have very complex dynamical behaviors that sometimes produce chaos. Most
theoretical research has shown that the presence of chaotic ecosystems may affect many critical
characteristics such as predictability, species persistence, and biodiversity [20, 21]. Therefore, it
is significant to identify chaotic behavior in ecosystems. There are a wide range of methods for
identifying chaos in dynamical systems, including the Lyapunov exponent, fractional form dimension,
power spectrum method, Poincaré map, and 0 — 1 test [22-25]. Hastings et al. [26] provided detailed
information about chaos theory and its components, such as the definition of chaos, singular attractors,
and the Lyapunov exponent. When the spatial distribution of species remains regular, Morozov et al.
demonstrated that population oscillations can become chaotic. Moreover, this chaos is the product
of a range of periodic doubling bifurcations, where small variations of parameters cause alternation
between chaotic and regular dynamic behavior [27]. Based on topological horseshoes, Herrera et
al. [28] proved the existence of sufficient conditions for chaos in a model with impulses. Gakkhar
and Sunita investigated the existence of chaos in a food-chain model with nonlinear functional
responses [29]. Chaotic dynamical behavior of predator-prey systems with phase structure, harvesting
gains, and self-cannibalization was analyzed in [30]. Kaur et al. [31] studied the chaos of the system
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when additional food was available to both zooplankton and fish. Chaotic behavior of zooplankton-fish
in the presence of additional food, fear effects, and modified Holling-I'V functional response functions
were discussed in detail in [11]. In addition, competition and refuge are inevitable in real plankton-
fish systems.

Ecological chaos can have many significant effects on population dynamics. Chaos is highly
disorganized and unpredictable, which can lead to the extinction of certain species, plankton blooms,
or anything unpredictable in nature. Therefore, identifying factors that may enhance or suppress chaos
is a challenging problem. Many researchers have proposed and applied chaos control methods, such
as sliding mode control (SMC) [32], delayed feedback control [33], backstepping control [34], and
impulse control [35]. For the chaos control of Chua’s circuit, Kocamaz et al. [36] discussed the
performance of classical sliding-mode, cubic sliding mode, and partial cubic sliding mode, and pointed
out that the partial cubic sliding mode controller is more effective. Nonetheless, there is some literature
on the application of sliding mode control to suppress chaotic behavior in zooplankton-fish systems.
For the discrete time model, Akhtar et al. applied a hybrid control device to control the chaos generated
by the Neimark-Sacker bifurcation [37]. Bounded feedback control to achieve calming of instability in
uncontrolled chaotic systems is discussed in [38]. In addition, external signals can also control chaos,
such as periodic sinusoidal forces or noise signals [31,39]. Kaur et al. [31] analyzed the effect of the
presence of periodic forces and predation delays in zooplankton to weaken the chaos. However, chaos
control of a system in the presence of weak periodic forces in phytoplankton, and gestation delays in
intermediate predators is rarely seen.

Dubey et al. [8] developed a plankton-fish model that takes into account both the fear effect and
the carry-over effect from predators and also analyzed the impact of the delay in the carry-over
effect. Motivated by the above, this paper proposes a fast-slow plankton-fish model with slow variable
parameters. The chaotic behavior of the model is discussed and several control methods are applied
to suppress the chaos of the system. There are several differences compared to [8]. First, fish evolve
at a slower rate compared to zooplankton, so we considered two time scales. Specifically, fish evolve
with a slow time-scale parameter with a correction parameter related to fish density. Second, the soil,
nutrients, and space used for phytoplankton growth are limited and competition for phytoplankton
mortality is considered. In addition, prey in nature hide in places predators cannot easily find to protect
themselves from harm. Incorporating zooplankton refuge into the model can make it more realistic.
Finally, with respect to the chaotic control aspect of the system, we use a gestation delay, a seasonal
force to calm the chaotic system to periodic solutions, and apply a partial cubic SMC to stabilize the
chaos at the internal equilibrium point.

This manuscript is organized as follows. The established plankton-fish model and positivity and
boundedness of the solution are in Sections 2 and 3, respectively. In Section 4, we explore the existence
of biologically feasible equilibrium, stability conditions, and Hopf bifurcations. In Section 3, several
methods are employed to support the existence of chaos in the system. In Section 6, we discuss the
control of chaos in the model. Specifically, we employ competition, refuge, gestation delay, weak
seasonal force, and sliding mode control to suppress or eliminate chaotic behavior in the system. In
Section 7, we discuss the differences between the model established and the existing models. The
mechanisms and benefits of different ways to control chaos are also compared. Finally, we arrive at
our conclusion in Section 8.
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2. Mathematical model

The model in [8] is depicted as

PZ
&€ =rP(1-§)- 252,

dZ _ BPZ 1tz BZF
dt = yP+a l+cZ+wF Z+b 017, (1)
b _ BZE _ 5 F
dt — Z+b 28

The densities of phytoplankton, zooplankton, and fish are denoted as P, Z, and F, respectively. K is
the environmental carrying capacity, r is the maximum intrinsic growth rate, 3, is the net gain rate of
zooplankton with respect to phytoplankton, and 3, is that of fish with respect to zooplankton. ; +l}fg =
defines the fear and carry-over effects of zooplankton-fish interactions. The other parameters have their
own meaning.

Based on the different forms of the slow parameter in fast-slow systems [17-19], the slow parameter
in our system is extended to the form of the variable parameter associated with the variation in
population density. We consider a plankton-fish model with variable slow parameters. In this
model, the slow-variable parameter ye " is used as a time-varying parameter for fish, where 7y is
a positive constant less than 1 and 6 denotes the correction parameter. 6 shows that the change
rate of fish population density decreases with increasing fish density per unit time. In addition,
space for phytoplankton growth, resources, and nutrients are limited, so mortality due to competition
are considered. Refuge is a crucial factor in the predator-prey model [1,9, 48]. Prey in nature
protect themselves from harm by hiding in places that are not easily detected by predators, which
are called refuge. Considering the refuge of zooplankton from fish predation in the model may be a
more realistic scenario. Based on the idea of modeling inter-species interactions [13, 14], this paper
explores how modeling with slow variable parameter scenarios affects the dynamics of the system.
Considering the above assumptions, our proposed phytoplankton-fish model is given by the following
differential equation,

P _ pp(l - £y BEZ _4p2,

& ez Xy PBasmzr

_ B +c _ Ba(l-n _

dt — P+a 1+c,BzJ(rqu )ZF(I—rl)Z+b 012, )
dF _ ., —6F (Ba(1-r)ZF _

@ = v Gionzy — 02F),

where y € (0, 1], and € is a positive constant. The biological meaning and source of all the parameters
are listed in Table 1.
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Table 1. Biological definitions and values of the parameters.

Parameters  Biological meaning Value References

r Intrinsic growth rate of phytoplankton 1.37 [11]

% Environmental carrying capacity of 30 (8]
phytoplankton

Bi Rate of zooplankton attack on phytoplankton 0.9 [8]

g .Half-s.aturatlon constant for phytoplankton 17 Assumed
ingestion by zooplankton

q Competition for resources and space leads to 0.01 3]
phytoplankton mortality

B2 (£ B1) Zooplankton’s net gain over phytoplankton 0.57 [11]

c Carry-over effects parameter 3 [8]

(o Level of zooplankton fear caused by fish 1 [11]

B3 Rate at which fish attacks zooplankton 0.85 [9]

r Rate of zooplankton refuge 0.11 [9]

b Half-saturation constant in fish ingesting 49 (8]
zooplankton

01 Mortality rate of zooplankton 0.055 [11]

0% Exponential feedback coefficient 0.81 Assumed

0 Change rate parameter related to fish density 0.015 Assumed

Ba (£53) Fish’s net gain over zooplankton 0.85 [9]

0> Mortality rate of fish 0.14 [8]

3. Positivity and boundedness

The boundedness of the solution shows that the ecological model is biologically benign.
Meanwhile, it also implies that no single species in the system has experienced unintended growth
for a extended period of time, and the densities of all species are constrained by limited resources. In
this section, positivity and boundedness of solutions in (2) are derived.

Theorem 3.1. Under positive initial value conditions, all solutions of (2) are non-negative. Further,
the setT' = {(P(t), Z(¢), F (1)) € Ri 0< PHY+Z()+F(r) < % + & for any € > 0} is the invariant set for
all solutions inside the positive octant.

Proof. From (2), we get

BoP(s) 1+cZ(s) B3(1=r)F(s)

Z(l) — Z(O)efo’(m T+cZ(s)+@F(s)  (1-r)Z(s)+b _51)‘15’

—0F(s) (Pa1-rZ(s)
(r)( (25 -6)ds )

F(t) = F(0)eh ™

Therefore, under the condition that the initial value is positive, all solutions are always positive.
That is, all solutions of the plankton-fish system (2) are non-negative. Furthermore, we prove that the
above solutions are confined to the octant I'.
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For any F € [0, F(0)], e % is a continuous function in F € [0, F(0)], according to Weierstrass
theorem, e~?F is bounded in [0, F(0)], and if the infimum is m, thenm < e < 1. LetU = P+ Z + F,
then the derivative of the solution along Eq (2) is

daU _dP dz dF
dt — dr dr dt

— P - =) _p
K P+a
BPZ 1+¢Z  Bs(l—r)ZF or (Ba(1 = P)ZF
- _ 67 Pl =2 s F
Pral+cZ+aF (-mz+b 77 \a=mz+p
P Pz (1 = r)ZF
< rP(1 - =)~ (B - — (B — yB)—— T 57— mys,F
< rP( K) B '82)P+a (B3 7ﬁ4)(1—r1)Z+b 1Z — myod,

<rP- 61Z - m762F
For any constant k, we get

dU
E +kU < (r+ k)P - (6, -k)Z - (m762 —k)F

< (r+k)P,
where k = min{d,, myd,}. Based on the definition of environmental carrying capacity, it is obtained

that P < K, then

C;—lt]+kUs(r+k)K.

Noting that A = (r + k)K, after simple deformation, the above formula is obtained
d A A
—(U - =)< —k(U - —).
p t( ) -7 )
Using the theory of differential inequalities for U, there is
A —kt —kt
OSU(P,Z,F)SZ(l—e )+ U0)e™,

where U(0) = (P(0), Z(0), F(0)). In addition, 0 < U < % when ¢ — oo. Thus, all solutions of (2) are
constrained to the region

A
I={(PZF)eR : 0<P+Z+F< = +eforanye >0). O
4. Stability analysis

Now, several biologically feasible equilibria of (2) are computed. Then, the stability of these
equilibrium is discussed. Finally, we prove the existence of Hopf bifurcations with parameter r;.

4.1. Existence of equilibrium states

The feasible equilibrium of the ecosystem is what we are interested in. The system (2) has four
categories of non-negative equilibrium states as follows:
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(i) The zero equilibrium U, (0, 0, 0) and the predators free-equilibrium state U;(K, 0, 0) are always
present.

(ii) The fish free-equilibrium point Us(P,,Z,,0) = (g4, RAEE=b-R009) o) exists when B, >
01 and Kr(B, — 1) > (r + Kg)da.

(7ii) The internal equilibrium U, (P., Z., F.) exists when conditions 0 < r; < 1 — (ﬁf i‘;zzﬁ’ar, 6> < Ba,
and 01a < (52 - 51)P* hold.

According to Eq (2), it is easy to obtain Z, = WM, as r; < 1 and 6, < 4. Substituting Z, into
the first equation of system (2), P.. is the positive root of the below function.
r ar B102b
(P)= (= + QP+ (= +qga—r)P+( —ar),
IR =G r b+ G va (Bs—o(1 — 1)
which has a positive solution, when f(0) < 0,1i.e.,0 <r; <1 — (ﬁf ‘_‘;iﬁ’ar.
Furthermore, F, is the positive root of function (3),
g(F) = AyF? + A|F + A,, (3)

where

Ay = @wfs(1 —ny),
Ay =B3(1 = rp)( + cZ,) + 61a((1 = r)Z. + b),

P,
Ao = (1 +¢cZ)(1 = r)Z. + b)(S, - Ifz+ ).

*

6P,
P.+a’

Thus, under the condition g(0) < 0, i.e., 6; <

(3) has a positive solution.

Remark 1. This implies that fish survival becomes possible when zooplankton mortality is lower than
their population response to phytoplankton.

Biologically, in the absence of these two predators, phytoplankton biomass survival is higher than
in their presence (see Table 2).

Table 2. Comparison of phytoplankton in the absence and presence of predators.

Existence of predators Biomass of phytoplankton
Z(t) and F(r) are absent P =30

Only Z(¢) present P, = 1.8155

Z(t) and F'(¢) both present P, =19.8474

Remark 2. As can be seen from Table 3, in the presence of fish, zooplankton biomass is maintained
at a low level and phytoplankton biomass is high. This coincides with realistic food chain models.

Table 3. Survival of plankton biomass with and without fish biomass.

With fish Without fish
P, =1.8155 P. =19.8474
Z, = 26.5285 Z. = 10.8561
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4.2. Local stability

In the previous subsection, we explored the feasible equilibrium points of system (2). Now, the local
stability of all these feasible equilibrium states is examined. We first compute the Jacobian matrix for
each equilibrium and then establish their stability based on the matrix eigenvalues.

Theorem 4.1. The local stability at the four types of equilibrium points in system (2) is as follows:
(i) The zero equilibrium U is unstable.
(ii) The predators’ free equilibrium U, is locally asymptotically stable (LAS) if K <
(iii) The equilibrium U, is LAS if 55=0% < 6, and r < %Py - 2qPy — 542
(iv) The equilibrium U, is LAS if nin, > 1o, no > 0 and n; > 0, where ny, 1 and n, are provided in
the proof.

d1a
Ba—01"

Proof. (i) Since r is the eigenvalues of M|, (the Jacobian matrix at Uy), the zero equilibrium is
unstable.

(ii) The eigenvalues of M|, are —(r + 2¢gK), —d,y and % — 01, so Uy is LAS when % < 01,
otherwise a saddle point.

(it7) The Jacobian matrix M at U, is

ay ap 0

My, = a1 0 ax |,
0 0 ass

where

2r Biaz, 0181

=r— —P, - 2gP, — ——, =—— <0,

apn =r K2 q1> (P, +a) an 5,
g _ BPt w B -
= P,+al+cz, (1—}"1)Zz+b’
o = praz, 2 0. a 2547(1—7’1)22_
AT Py T Az b

One eigenvalue of M|y, is a3z, and the other two eigenvalues are determined by Eq (4),
/12 - 6111/1 — appdy = 0, (4)

using Routh-Hurwitz criterion, if a;; < 0, each root of the Eq (4) has a negative real part, which implies

U, is locally asymptotically stable when conditions r < %PZ - 2gP, - (ﬁ;ffy and '(814—(11_;212)3 < 0, hold.

(ivy M | v. 1s calculated as

bll b12 0
M |U* =| by bxn by |,
0 by, O
where
,81612* 2r ,81 P*
by=—-———-2gP,— —P.+r, by =— ,
NETP rar M K TR =T
b B.aZ., 1 +cZ. BP.Z,  w(l+cZ) B5(1 = r)Z.
21 23 = — -

~(P.+aPl+cZ +oF. P.va(l+cZ +aF.)? (-r)Z.+b’

AIMS Mathematics Volume 9, Issue 6, 14376-14404.
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by = e (1+cZ*+Cw—)—61— A =) >
(P, +a)1 +cZ, + wF,) 1+cZ, +wF, (1 =r)Z,+b)
by = ye Bab(1 — r)F.

(1 =r)Z. + by

After a simple calculation, the characteristic equation of M |, is
/13 + T]l/lz + 7]2/1 +1no = 0,

where 171 = —(b11 + b)), o = b11b32by3, n2 = —b12ba — b3abys + b 1byo.

(&)

According to Routh-Hurwitz criterion, the roots of (5) have negative real parts when 17, > 19,

no>0,andn; > 0.

O

Therefore, if these conditions in Theorem 4.1 hold, the corresponding feasible equilibrium point is

locally asymptotically stable.

4.3. Global stability

Global asymptotic stability (GAS) in dynamic systems is often proved by constructing Lyapunov
functions. In this subsection, on the basis of the principle of Lyapunov function, the global stability

condition of U, is presented.

Theorem 4.2. The internal equilibrium U.(P.,Z., F.) is GAS when conditions

i+ P) 6 F. < P, 4 PP !

- 5 % % rr D

4k, 142 T Y02 M+al+(c+aM
ymBs(1 —r)F, B P. B3l —r)Z.

> , Yym, > ———————
A-mM+b _a+p, """ br(d-n)z,

o +

hold, where M = % k = min{o,, myd,}. P,, and Z,, are provided in the proof.

Proof. According to Theorem 3.1, there exist 7 and M such that P(t), Z(¢), F(t) < M for t > T. Based

on system (2), we obtain

dP P PZ
—:rP(l——)—'Bl——qu
dt K P+a

M

r 2
Z(V—T)P—(g"'Q)P,

which implies P > - (r - Ay =: P,,. Likewise, we get

dz P, 1-r)M
< 7 B2 B —r) 6, -2
dt M +a)(l+(c+wM) b

which implies Z > gr—fle—o - BEVE 5, = 7,

Then, the Lyapunov function V(P, Z, F)) with respect to U. is defined by

P Z
V:P—P*—P*ln(P—)+Z—Z*—Z*ln(2)+F—F*—F*ln(—

* * *

al
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Thus,
dV_P—P*dP+Z—Z*dF+F—F*dF
d P dt Z dt F dt
r— (L +gpyp—py-PALP)
=(r—-(—= - x)
k1 P+a
P(Z-2Z7, 1 4 1- Z—-7Z)F
+ﬂ2( ) +c _ B —ri)( ) 5(Z -7
P+a 1+cZ+w@F 1-r)Z+>b
_or Bs(1 =r)Z(F - F.)
+ye - 6,(F — F.)),
ye ' ( A-rz+b 2( )
i.e.,
dv r PZ (1-r)ZF
= < (K -P)YP-P)- B - — By = VB
dt_Kl(l )( ) — (Bi ﬁZ)P+a (B3 Y'B4)(1—r1)Z+b
L BIPZ_BP.Z. 1 LBU-rZE
P,+a M+al+(c+oM (A-r)Z,+b
1-r)F.Z
vo,z, - YBA = IRZ o Py S,yF..

(1—r)M +b

where K| = qu’ and g; = ¢ + g. Because of the size relationship 83 > 4, 1 > 2 and y < 1, therefore

d_VS_L(P_K1+P*)2+r(K1+P*)2_rP*
dt Kl 2 4'I<l
ymBs(l —r)F,.  BP. B3(1 —r)Z,
— (6 + - 7 — (ymé, — 22" T0%
Ot T oM+ b axp 20 T S
B2PmZ* 1

+ 012, + Yo, F..
M+al+(c+woM ! 702

It is noted that if

r(K; + P.)? B2PnZ, 1
BT ) 617, + y62F. < rP. +

4K, M+al+(c+woM
s +ym,84( ) S Bi > B3l —ryp)

A= M+b a+p, b+(l—r)Z,’

then % < 0. Following the Lyapunov-Lasalle’s invariance principle, the equilibrium U, can be said to
be the GAS. ]

Biologically, when the system starts at any initial population level, the solution trajectory of the
system eventually reaches the basin where that internal equilibrium is located. That is, if the internal
equilibrium is GAS, then no population can become extinct.

4.4. Bifurcation analysis

In this subsection, we investigate how parameter variations impact the dynamics of (2), i.e., Hopf
bifurcation. Through the bifurcation, the stability of the system can be switched between different
states. Choosing the refuge rate r; as the bifurcation parameter, while keeping the other parameters
constant, we demonstrate that the bifurcation occurs at U.,.
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Theorem 4.3. For the occurrence of Hopf bifurcation around U, at ry = r], the bifurcation
conditions are

(Wi (1)) 20, i = 1,0, 1 (r) 2 (r}) = 1m0 (r7) = 0,
2) (mDmOD) # (o))"
Proof. Holding other parameters constant, we consider the Hopf bifurcation of the system (2) for r;.
First, at the threshold r; = r{, one has
m(r)ma(ry) = no(ry).

Thus, the characteristic equation
/13 + 771/12 + 7]2/1 +1no = 0, 6)

must have the following form at r; = rf,
(ﬁ2(r1*) + nz(rT)) (A +m (7)) = 0, (7)

the Eq (7) clearly has roots —7,(r}), and +i/n,(r}). To compute the transversality condition, we
assume that the roots A; (i = 1,2, 3) are functions of r; such that 4;(r;) = u(r;) + iv(r), (i = 1,2) and
A3 = —n1(rp). Substituting the value of 4; (i = 1,2) into Eq (6), yields

w —3u? + 1y [u2 - vz] +nu+1y =0,
3utv — v = 2muv — v = 0.
Then, deriving the derivative with respect to the parameter r;, we get

{ L/ — Ly + Ly =0, ®

LV + Ly +Ls =0,
where
L =3u®+ 2nu — 3+ 2,
L, = 6uv + 2nyv,
Ly =1 [u2 - vz] + nhu + 1,
Ly = 2njuv + njv.
Taking u(ry) = 0, and v(r}) = /m2(r]), one obtains
Li(r}) = =2ma(r)), La(ry) = 2n1(r)) /ma2(r)),
Ls(r}) = =my(rymar}) + o), La(r}) = 17y v,
Solving (8) for u’(r}), under the assumptions, yields
L) Ls(ry) + Lo(r)La(ry)
L2+ L3
__mGDmOD) = my(rp)
2072(r}) + m7(r)

W () oys =

AIMS Mathematics Volume 9, Issue 6, 14376-14404.
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Thus, the transversality condition holds, leading to a Hopf bifurcation at r; = r}.

Due to the complexity of system (2), the theoretical proof of the stability of the Hopf bifurcation still
needs to be further investigated. However, a numerical approach using MatCont software is described
in detail in [40]. Inspired by this, we plot the limit cycle generated by the Hopf bifurcation, and the
solution curves of P, Z, and F with respect to the bifurcation parameter r;, as shown in Figure 1.
The results show that the system (2) varies from unstable limit cycle to stable equilibrium with the
parameter ry, and thus a subcritical Hopf bifurcation occurs around U,(15.8659, 17.7767, 18.9283) at
r; = 0.45648.

Remark 3. Similarly, the system (2) may undergo Hopf bifurcation for the parameter q.

13 ‘ : : : ' 14 : : ‘ : ‘
0.45 0.452 0454 0.456 0.458 0.46 0.45 0.452 0454 0456 0458 0.46
r1 r1

21¢

16
0.45 0.452 0454 0456 0458 0.46
r1

Figure 1. Limit cycles generated by Hopf bifurcation and solution curves for P, Z, and F
with respect to the bifurcation parameter r;, using Table 1.

5. Chaotic dynamics of model (2)

Through the previous subsection, we know the conditions for the occurrence of Hopf bifurcation
in system (2). Bifurcation and chaos are the most important and fundamental features in nonlinear
dynamical systems. In this section, the chaotic dynamics of (2) are discussed. We apply several
methods to support the existence of chaos in the system (2).

5.1. Dissipativity condition [22]

Dissipation is a general condition for system (2) to manifest chaotic behavior. Thus, let W be the
volume element of the system trajectory flow. To verify the dissipation condition, we consider the
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function
dP dZ dF

dP a’Z dF’
A simple algebraic calculation at U., yields

V(W) =

r BiP.Z,  Bs(1-r)*ZF.
VW) < = (= + g)P, + +
W< g+ P+ o s Y (A =z + b7
ﬁzP Z, coF, <0
P.+a (1 +cZ, +w@F,)? ’

when condition

ﬁlP*Z* i ﬂ3(1 - rl)ZZ*F* +ﬂ2P*Z* C?D'F*
P.+a? ((A-r)Z.+b)? P.+a(l+cZ +wF,)?

r
—+qg)P,. >
(K q)

holds. As time tends to infinity, the volume of the trajectory that contains the system (2) will shrink to
zero with an exponential rate. The asymptotic motion of the attractor in the three-dimensional phase

. ik
”
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Time

20ﬂ

N
o

wW
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o

Figure 2. A time series plot of the chaotic behavior of a given system (2) using Table 1.
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5.2. Sensitivity of initial conditions

Numerous studies have defined chaos as a system that is sensitive to initial conditions, which is
one of the most obvious signs of chaotic behavior. In Figure 3, the phase diagram displays the chaotic
behavior of the state variables. In addition, time series plots with two sets of initial values [(10, 15, 10)
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and (10.1, 15, 10)] are shown in Figure 3. From Figure 3, we notice that the time series plots of the two
sets of initial values follow almost the same trajectory before 200 iterations but, as time proceeds, the
two sets of trajectories deviate from each other, exhibiting chaotic behavior of the system.

30 50 25

25 IC( 0.1,15,10) 7,0 (101,15.10) ——1G:(10.1,15,10)
A n m 40 20
A “\ H /\ | |
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o H M i \ HH‘,H \J\b(\\w
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\ 1
P L H‘ H H U U‘U‘ I ‘H}w‘w\l
0 - 0 0
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Time Time Time

Figure 3. The sensitivity dependence of the initial conditions for the state trajectories P(t),
Z(1), and F(t) of the chaotic system is plotted using the parameter values from Table 1.

5.3. Analysis of Lyapunov exponents

The Lyaponuv exponent expresses the average exponential divergence of neighboring trajectories
in phase space and is one of the most effective methods for detecting chaos in dynamical systems. For
system (2), three Lyaponuv exponents are estimated. The obtained Lyapunov spectrum of (2) is shown
in Figure 4(a). The exponent A3 = —0.8141 indicates an increase in the contraction of the attractor in
the phase diagram, where the maximum exponent 4; = 0.0192 shows an increase in the unfolding of
the attractor. 1, = —0.0013 characterizes the critical nature of the attractor. The complexity of this
singular attractor is expressed in Kaplan-Yorke dimension as

Dynamics of Lyapunov Exponents

02 : ‘ ‘ ‘ 0.02
z I
of S 0.015| ‘\1 |
2 —,=+0.0192 ] H' |“ ”‘r
= ~ | g I U |
202 —A,=0.0013 ° oot | il
g 24=-0.8141 e N H "w “"\ m
W4t g ooos |l ‘H!H“v\
g > 1
2-06 £ 0 i i ~—————
g 3 - \ I —
- g \\,‘"\ W ‘ ‘ “/
-0.8r 8 -0.005 r W‘ y
'y
-1 : : : : -0.01 : ‘ ‘ ‘
0 200 400 600 800 1000 0 001 002 003 004 005
Time q
(a) (b)

Figure 4. Panel (a) denotes the Lyapunov spectrum of system (2), and panel (b) gives the
maximum Lyapunov exponent on variation of ¢, using the other parameters in Table 1.
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Consequently, it can be said that the system (2) exhibits chaos characterized by fractional order
dimensions.

Remark 4. Compared to [8], Figure 4(a) has a larger maximum Lyapunov exponent, indicating a
higher complexity of system (2) [51].

5.4. Alternative characterization of chaotic dynamics

There are several ways to characterize chaos, including Poincaré map, power spectral density (PSD),
and 0 — 1 test. In this subsection, we will give images of these characterization methods to further
underpin the view of the chaos behavior of system (2), with parameter values using Table 1.

To begin with, the 0 — 1 test algorithm is employed to check the chaotic behavior in system (2). The
method is applicable to both discrete and continuous systems, and it does not concern the reconstruction
of phase space. If a time series ¥(k), (k = 1,2,3,...) denotes the data set gained in the plankton-fish
model (2), then the translation variables p, g are defined as [24,25]

i) = > gk cos(@(k)), q(n) = )" (k) sin((k)),
k=1 k=1

where

(k) = je + Zz//(k),k =1,2,.,n
k=1

forn = 1,2,3,.... In general, Brownian (unbounded) trajectories in the (p, q) plane imply that the
dynamics are chaotic, whereas bounded trajectories imply regular dynamics.

Further, a random selection of ¢ from (0, ) allows one to compute the mean-square displacement
M., defined by

1 N
M(n) = lim - Z((pc(k + 1) = pe(k))’ + (gelk + 1) = g (k))*).
k=1

Adopting D, which has better convergence than M.. D, is obtained from the following equation

DL(n) = Mc(n) - (Ew)zl—LS(nC)

b

1 —-cosc

where Ey = Al]im #2?’:1 ¥(j), The asymptotic growth rate D, of D, is then calculated using the

correlation method. Eventually, the values of K corresponding to the different parameter values are
obtained from the median value of D,. Values of K closer to 1 indicate chaotic dynamics and closer to
0 indicate no chaos.

The p — g graph is shown in Figure 5(c), and the diffusion behavior of p and g shows that M, is
linear with respect to time, indicating that the system is in chaos.

The Poincaré map is defined by the motion of the trajectory line in phase space. The main approach
is to choose the proper section for the trajectory, simplify the evolution of the trajectory in space to
the motion of the intersection of the trajectory line with this section, and succinctly determine the state
of the motion based on the trajectory passing over the section. First, we compute a series of discrete
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points of the trajectory line, then choose a suitable plane, compute the intersection of the rail line with
the plane, and finally plot the intersection to obtain the Poincaré cross section. Specifically, the plane
we choose is the P — F plane with Z = 19. The map drawn using the parameters of Table 1 is shown
in Figure 5(a), where dense points with fractal structure appear in the section, indicating the chaotic
state of system (2). PSD is also an effective approach to detect the chaotic behavior of a system. The

PSD curves in Figure 5(b) have no obvious peaks and are in the form of thick bands, signaling that (2)
is chaotic.

20 T T T 50
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(a) (b)

4000

2000
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©
Figure 5. Different chaotic characterization maps for system (2): (a) Poincaré map in P — F

plane with Z = 19, (b) PSD, (c) translation vector p — ¢ map, with remaining parameters
from Table 1.

6. Chaos control

Despite the fact that it is helpful to detect chaos in a system, it is necessary to control chaotic systems
in order to improve their effectiveness. Various active control methods and external signals to control
chaos have been proposed. In this section, how to effectively transform chaos into stable oscillations or
steady states is explored. Adjusting the system parameter values within the feasible interval is one of
the most commonly used methods. We first exploit competition and refuge as chaos control parameters.
Furthermore, the following techniques are applied to maintain the stability of the system: (i) Gestation
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delay control, (ii) weak periodic force control, and (iii) sliding mode control (SMC).

6.1. Chaotic control through refuge and competition of two plankton

Chaos has become an important issue, with numerous studies on chaos and chaos control
techniques. Various active control methods and external signals to control chaos have been proposed.
It is common to control chaos by adjusting the values of system parameters. In this subsection, we
exploit the mortality due to competitive of phytoplankton (¢) and the refuge of zooplankton () as
chaos control parameters.

Remark 5. In Figure 6, the bifurcation maps of the three state variables expose the rich dynamical
behavior, including chaos, in the system (2). The maximum Lyapunov exponent (Figure 4(b)) is also
computed to verify the switching between chaos and steady state in the bifurcation diagram.

Remark 6. The bifurcation diagram in Figure 7 reveals that the refuge parameter r; influences the
dynamical behavior of the system. The maximum Lyapunov exponential spectrum (Figure 7(a)) and
the O — 1 test plot (Figure 7(b)) imply the accuracy of the bifurcation diagram.

Figure 8 illustrates the chaotic system shifting to a stable system as the intra-species mortality
rate (g) of phytoplankton due to competition increases, with other parameters from Table 1.
Specifically, Figure 8(a) shows that the system remains in a chaotic state at ¢ = 0.015. The dynamical
behavior changes from chaotic to bi-periodic orbitals (Figure 8(b)) at ¢ = 0.03 and to a stable limiting
cycle at ¢ = 0.06 (Figure 8(c)). With ¢ still increasing, the system switches to the stable focus at
qg = 0.08 (Figure 8(d)). In ecology, when phytoplankton overpopulation occurs, the chaos of the
system can be effectively weakened by reducing the amount of nutrients or living space available for
phytoplankton growth, which is consistent with reality.

(a) (b) (©

Figure 6. Bifurcation diagram of g with respect to system (2) and values of remaining
parameters from Table 1.
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Figure 7. Panel (a) depicts the maximum Lyapunov spectrum of parameter r;, and panel (b)
denotes the plot of the correlation between K and r;, whereas panels (c), (d), and (e) denote
the bifurcation plots for parameter r; with other parameters from Table 1.

=10 =10
w w
5
5
ol N
40 30 R
~. 2 20 20
20 ~— 15
~__— 10 10 T~ 10
2w 00 P() O
(a) ¢ =0.015 (b) ¢ =0.03
12-
10
10
= _ 8
= 8 =2
w w
6 81 (
4.l -
20 - 20 -
15 ) — 12 15 - < 10
10\\ . —~ —; 10 10\\\\ 6 - 8
Z(t) 56 P(t) Z(t) P(t)
(c) ¢ =0.06 (d) ¢ =0.08

Figure 8. Behavior of the system with respect to the rate of phytoplankton competition for
death ¢, with additional parameters from Table 1.

AIMS Mathematics Volume 9, Issue 6, 14376-14404.



14394

In addition, Figure 9 shows that as the zooplankton refuge rate r; changes, the system switches
from chaotic to periodic orbits, which can eventually be converted to a stable focus. We observe
through simulations that the chaotic dynamics (2) remain chaotic at r; = 0.18 (Figure 9(a)), switches
to triple period at r; = 0.27 (Figure 9(b)), and switches to single period at r; = 0.383 (Figure 9(c)).
Periodic oscillations of the Hopf bifurcation occur at r; = 0.455 (Figure 9(d)). As r; continues to
increase to 0.47, the system switches to a stable focus (Figure 9(e)). Biologically, when there are fewer
zooplankton and too many of their natural enemies, the loss of zooplankton can be effectively slowed
down by increasing the number of refuges. This is equally effective in suppressing chaotic behavior.
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Figure 9. Behavior of the system using Table 1 with respect to the rate of zooplankton refuge
sites ry.

6.2. Chaos control through gestation delay

Delay is an important factor in water ecology models, where the growth of zooplankton after
ingestion of phytoplankton does not occur instantaneously and there is a discrete time delay
representing the gestation period of the zooplankton. A time delay in the adaptation of intermediate
predators to variable environments can make the model inherently more realistic. Meanwhile,
oscillatory dynamics with a specific period and amplitude can be captured by varying the value of
the delay. In this subsection, we explore the control of chaos by the gestation delay in the system. The
delay 7 is incorporated into (2), and we obtain

& = rP(1-£) - 52 —qP?,

% P(t-1)Z(t ez 1=r)ZF
iz _ preorin ham  pionze s o,

(€))

dt ~ P(t—‘z')ga(1 l-)FZC%(l—T)+m'F(Z‘—T) (1-r))Z+b
dF _ —0F (paU—11
ar = e ( (I-r)Z+b 02F).
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Remark 7. With increasing time delay 7, the dynamics appear chaotic, with a periodic solution and a
stabilizing focus [43]. In this paper, we apply the gestation delay to stabilize the chaos of system (2).

Remark 8. Figure 10 bifurcation plot of gestation delay shows that increasing gestation delay in some
ranges can suppress chaos.

We demonstrate numerically that gestation delay can stabilize chaos in the plankton-fish system.
Figure 11 shows that when the time delay is small, the model exhibits chaos at + = 0.3.
When increasing to 0.68, the chaotic dynamics transforms into a multi-periodic one, which exhibits
a second-order periodic solution at 7 = 1.95, and continues to increase up to 7 = 2.15 exhibiting a
stable limit cycle.

(@) (b) (©)
Figure 10. Panels (a), (b), and (c) show the bifurcation maps of 7 for system (9) using
Table 1.

Z(t) 0o P(t) Z(t) 00 P(t)

() =195 d =215

Figure 11. Chaos control via gestational time delay 7.
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Remark 9. It is implied that, all other conditions being constant, the longer it takes to convert to
zooplankton growth after swallowing the plankton, the less phytoplankton is reduced due to predation
for a period of time, which can make the system more stable.

6.3. Chaos control via weak periodic forces

It is important to study cyclically externally driven ecosystems since the various populations are
almost always in cyclically changing environments. In particular, many of the seasonal mechanisms
are inherent in real predator-prey models. In this subsection, we will consider how chaotic dynamics
change when there are periodic fluctuations in phytoplankton growth. A weakly periodic force function
u = A + A, sin(wt) is employed, where A, and w express the amplitude and frequency of the external
weak periodic force, respectively, and A, is a constant deviation.

oA rP(l—B)—'/’;ﬂ—qP2+u,

& mez Xy THazr

_ B +c _ B(d-n _

dt T P+a 1+cﬁzHuF )ZF(I—rl)Z+b 012, (10)
drF _ —OF (pa1—r1 _

o =ve (iozy — 02F).

The chaotic state can be transformed into a stable state by selecting appropriate parameter values
for the weakly periodic force function. We assume that the appropriate parameter sets are [S] : A| =
0.6,A, =0.5,[S2]: A; =0.67,Ay =2 and [S3] : A; = 1.3, A, = 1, with other parameters from Table 1
and w = 5.5. Numerical methods show that weak periodic forces can control chaos. Figure 12(a)
indicates the presence of multi-periodic orbits in the parameter set [S;]. Figure 12(b) exhibits the
double-limit cycle behavior at [S,], and at [S ;] the system is stabilized to the limit cycle, as shown in
Figure 12(c).

30 X - 30
20 20

Z(t) 0o P(t) Z(t) 00 P(t) 2(t) 0o P(t)

(a) A multiple period at [S 1] (b) A double period at [S 2] (c) A single period at [S 3]

Figure 12. Existence of multi-periodic, double-periodic, and single-periodic orbits.

Remark 10. Systems can become chaotic due to seasonal or external cyclical forces [45, 46].
Furthermore, Rajinder et al. presented the effect of seasonal forcing on the control of chaos in marine
populations. They discussed that a given chaotic dynamical system can be controlled as stable, single-
periodic and double-periodic orbits with different seasonal parameters [31].

6.4. Chaos control by sliding mode control

Sliding model control is robust to external perturbations and parameter uncertainties, and has been
widely used in a multitude of applications. When phytoplankton reproduce rapidly, algal blooms can be
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harmful to the marine ecosystem due to the deterioration of seawater quality, hypoxia in the water, and
death of fish, even possibly affecting human health. In this subsection, we utilize the population density
of zooplankton as a feedback mechanism to control phytoplankton growth rates. For example, when
phytoplankton overpopulation occurs, measures that can be taken include harvesting phytoplankton,
using phytoplankton-killing drugs, or increasing zooplankton populations. We apply a partial cubic
sliding mode controller that performs well in chaotic control. By adding the control function, the
plankton-fish model defined by (2) can be written as

Pz
Q—i’P(l—% —%—qP2+u1,

dz _ BoPZ _1+cz  _ B3(-rp)ZF _
it = Pra TrczeoF ~ (omzeh ~ 012 +uy, (11)

dF _ ., —0F (Ba(d=r)ZF
=ve " (Gionzey — 92F),

where u; and u, are the control function, and it will be determined by the theory of SMC.

Remark 11. Sliding model control has been widely used in areas such as power systems, network
communications, circuits, and predator-prey systems. However, the sliding model control of chaotic
states is rarely seen in marine populations.

The purpose is to control chaos and stabilize the system to the point of internal equilibrium
U.(P.,Z.,F,). The error functions are ¢, = P — P,, ey = Z —Z,, e3 = F — F,, and then the error
dynamics of system (11) are stated as:

dey BiPZ: _ Bi(Pute)Ziter)

=rei(1 - %) —qej + -2 +@QP.er +uy,

s paPrreBrer | lreoaen Ptz e hen

aey __ P2 «Te] «ten +c(Zstep _ p3l-n «+en «tes3 _

i~ (Pitenta 17 e on(Fores) (=r1)(Zo+e2)+b 01(Z. + e2) + uy, (12)
ddi; — ,ye—O(F*+e3)(ﬂ4( —r)Ztex)(Fite3) (52(F* + 63)).

(1-r1)(Zi+e2)+b

In the defined error dynamics (12), if e; = e, = 0, then €3 < 0, which means that the error e; will
approach zero (e; — 0) as the time tends to infinity (# — o). Hence, the following SMC signals are

appropriate
S1
$2

where k; and k, are chosen positive constants.

s§ < 0 1s the reachability condition design for sliding mode. In the initial stage of the system, when
the dynamic error is greater than 1, the cubic SMC function has better control. When the dynamic
error is less than 1, the cubic version loses its performance and can be switched to the classical SMC
solution, so the partially cubic SMC exhibits better performance. The partial cubic feedback control
function can be taken as [36]

ey +kes,

ey + kaes,
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P.7Z, P, + Z. +
up =—re(l —ﬂ)quef—ﬁ1 +'81( e €2)
K P.+a (P.+e)+a

_ —O(F,+e3) Bas(1 = r))Z, + ex)(F. + e3) _
e ( T=mZ ren+b 2T

+ 2(% +q)P.ey — kss] — ky sign (s1),
_ PPt e+ &) 1 +c(Z, +e) for s > 1,

= 0,(Z,
"2 (P.+e)+a 1+c(Z*+ez)+w(F*+e3)+ 1Z+ &)
ﬁ3(1 - rl)(Z* + 62)(F* + 63) 3 .
—kaysy — k
P Aoz rep s b T s
3 1 -r)Z. +e)(F,+e3)
_k O(F«+e3) ﬁ4( 1 _6 F* + ,
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! : K e P.+a (P.+e)+a
_ 1 -r)Z. +e)(F,+e3)
_k O(F «+e3) ﬁ4( 1 —6 F* +
rye A—r)Z. +e)+ b 2(Fu+e3)
+ 2+ @P.er —kssy —kasign (1),
P, +e)Z + 1+c(Z + fors < 1.
iy = — Ba(Ps + e)(Z + e2) c(Z. + e) L6I(Z +er)

(P,+e)+a 1+c(Z, +e)+@(F.+e3)
Bs(1 = r))(Z. + e))(F. + e3)
(I-r)Z,+e)+b
—O(Fo+e3) (ﬁ4(1 —r)(Z. + e)(F. + e3)

(I—=r)Z,+e)+b

- k3S2 - k4 sign (Sz)

— kyye

—0(F. + 63)) ,

where k3 and k4 are constant parameters, and a larger value of k3 shortens the time to reach the sliding
surface but causes chattering. Conversely, a smaller value of k4 will reduce chattering but increase the
time. This means that it is neccessary to select the appropriate k3 and ;4.

Maintaining the system on the sliding surface is the primary goal of the control signal. Here, the
control (13) guarantees that the system (11) is on the sliding mode surface s = 0.

Noting that sign(s®) = sign(s), so there is

) —k3s — kg sign(s) s <1,
S =
—k3s® — ky sign(s) s=>1.

We take into account the Lyapunov function V = %sz, and get

. - [—kss* = kys sign(s) s <1,
V==s§= 4 .
—k3s™ — kys sign(s) s> 1.

Since s * sign(s) = |s| > 0, then V < 0 as long as k3 > 0 and k, > 0. This assures that s is
asymptotically stabilized to the zero error point.

Ultimately, the system (11) is controlled by the control function in Eq (13). After repeated
adjustments, when we select the gain parameters as k; = 0.6, k; = 0.5, k3 = 0.05 and k4 = 0.1, the

AIMS Mathematics Volume 9, Issue 6, 14376-14404.



14399

added controller at # = 1000 can control the chaotic orbit to the stabilized internal equilibrium point U,
(Figure 13(a)). The error time series graphs are shown in Figure 13(b). The above results illustrate that
the partial cubic SMC can stabilize the chaos to the internal equilibrium point in a relatively short time.
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Figure 13. (a) P(1), Z(t), F (¢) state trajectories and (b) error time-series plots using SMC at
t = 1000.

7. Discussion

According to the 3D water ecology model [8], phytoplankton are the prey, zooplankton are the
intermediate predators, and planktivorous fish are the top predators. It assumes that the growth of
the three groups takes place at the same time scale. In the literature, many researchers have dealt
with planktivorous fish models with various ecological factors and have obtained interesting results.
Nevertheless, only a few studies have independently explored the effects of phytoplankton competition
and zooplankton refuge on the system where fear and carry-over effects are present. Moreover, it was
shown that the Hopf bifurcation threshold is related to the value of the slow parameter in the fast-slow
system [14]. With the above motivation, we explored the dynamic behavior of the fast-slow system
when variable slow parameters are present in the system. Meanwhile, our plots of the 0 — 1 chaos test,
PSD, and Poincaré map support this view of the existence of chaotic behavior of the system (2). In our
model, the value of the slow variable parameter does not change the feasible equilibrium point of the
system, but it changes the stability of the equilibrium state.

In terms of chaos control in the system, combined with biological significance, we use four control
methods to calm chaos. First, by human control, dispersing or aggregating phytoplankton thereby
alters the competitive death of phytoplankton. The calming of chaos is achieved by artificially
increasing or decreasing the refuge of zooplankton. Second, growth of zooplankton after ingestion
of phytoplankton does not occur instantaneously and there is a gestation delay. The gestation delay
is generally different for different species of zooplankton, and chaos can be controlled by artificially
putting in zooplankton with different gestation periods. In addition, biomes in ecosystems are almost
always in cyclically changing environments, and different classes of phytoplankton have different
abilities to perceive seasonality. Artificially increasing or harvesting phytoplankton of appropriate
seasonality achieves the control of chaos in the system by different seasonal parameters. Finally, when
phytoplankton overpopulation or even bloom occurs, the growth of phytoplankton is suppressed by
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artificially harvesting the phytoplankton or by increasing its natural enemies, so we propose SMC.

The results show that the gestational delay of zooplankton can convert the chaotic behavior of
system (2) into multi-cycle, double-cycle, and single-cycle, as shown in Figure 11. From Figure 12,
when periodic fluctuations in phytoplankton growth occur, the chaotic behavior manifests itself as
multi-periodic, bi-periodic, and single-periodic at [S ], [S,], and [S 3], respectively. Meanwhile, chaos
can be stabilized to periodic solutions and a stable focus by selecting the competition and refuge in a
suitable range. Moreover, a partial cubic SMC is applied to suppress chaos in the plankton-fish system.
Figure 13(a) shows that by activating the controller at = 1000, the original system is stabilized to the
internal equilibrium point U,. The designed controller stabilizes the chaotic system to the internal
equilibrium point of the system, and this result supports that a sliding mode controller can control
chaos in marine biological systems.

8. Conclusions

In this article, we consider a class of ecological models with slow variable parameters to study
the chaos of plankton dynamics. We find that chaos can be controlled by different factors/methods,
including competition, refuge, gestation delay, weak seasonal forces, and sliding mode control.
Analytically, the positivity and boundedness of the solutions are proved, while the existence and
stability conditions of each feasible equilibrium point are discussed. We have also supported the chaotic
behavior of the proposed model using several methods. In the presence of the slow variable parameter
case, we observe that chaos can be stabilized to a periodic solution by suitable parameter (competition
and refuge) ranges, weak periodic forces, and gestation delay, and calmed to an internal equilibrium
point by sliding mode control. Therefore, it can be concluded that the current biological model exhibits
several different intervals of internal parameters and external factors, demonstrating rich dynamical
behavior and multiple chaotic controls in the plankton-fish model.

Use of AI tools declaration

The authors declare they have not used Artificial Intelligence (Al) tools in the creation of this article.

Conflict of interest

The authors declare no conflict of interest.

References

1. R.N. Premakumari, C. Baishya, M. K. Kaabar, Dynamics of a fractional plankton-fish model under
the influence of toxicity, refuge, and combine-harvesting efforts, J. Inequal. Appl., 2022 (2022),
137. http://dx.doi.org/10.1186/s13660-022-02876-z

2. M. Gao, D. Jiang, J. Ding, Dynamical behavior of a nutrient-plankton model with Ornstein-
Uhlenbeck process and nutrient recycling, Chaos Soliton. Fract.,, 174 (2023), 113763.
http://dx.doi.org/10.1016/j.chaos.2023.113763

AIMS Mathematics Volume 9, Issue 6, 14376—-14404.


https://dx.doi.org/http://dx.doi.org/10.1186/s13660-022-02876-z
https://dx.doi.org/http://dx.doi.org/10.1016/j.chaos.2023.113763

14401

10.

11.

12.

13.

14.

15.

16.

K. K. Choudhary, B. Dubey, A non-autonomous approach to study the impact of
environmental toxins on nutrient-plankton system, Appl. Math. Comput., 458 (2023), 128236.
http://dx.doi.org/10.1016/j.amc.2023.128236

C. P. Lynam, M. Llope, C. Méllmann, P. Helaouét, G. A. B. Brown, N. C. Stenseth, Interaction
between top-down and bottom-up control in marine food webs, P. Natl. Acad. Sci. USA, 114 (2017),
1952-1957. http://dx.doi.org/10.1073/pnas. 1621037114

A. B. Medvinsky, I. A. Tikhonova, R. R. Aliev, B. L. Li, Z. S. Lin, H. Malchow, Patchy
environment as a factor of complex plankton dynamics, Phys. Rev. E, 64 (2001), 021915.
http://dx.doi.org/10.1103/PhysRevE.64.021915

B. Mukhopadhyay, R. Bhattacharyya, Role of gestation delay in a plankton-
fish model wunder stochastic fluctuations, Math. Biosci., 215 (2008), 26-34.
http://dx.doi.org/10.1016/j.mbs.2008.05.007

D. Tikhonov, J. Enderlein, H. Malchow, A. B. Medvinsky, Chaos and fractals in fish school motion,
Chaos Soliton. Fract., 12 (2001), 277-288. http://dx.doi.org/10.1016/s0960-0779(00)00049-7

B. Dubey, S. K. Sasmal, Chaotic dynamics of a plankton-fish system with fear and its carry
over effects in the presence of a discrete delay, Chaos Soliton. Fract., 160 (2022), 112245.
http://dx.doi.org/10.1016/j.chaos.2022.112245

R. P. Kaur, A. Sharma, A. K. Sharma, Impact of fear effect on plankton-fish system
dynamics incorporating zooplankton refuge, Chaos Soliton. Fract., 143 (2021), 110563.
http://dx.doi.org/10.1016/j.chaos.2020.110563

S. N. Raw, B. Tiwari, P. Mishra, Analysis of a plankton-fish model with external toxicity
and nonlinear harvesting, Ric. Mat., 69 (2020), 653-681. http://dx.doi.org/10.1007/s11587-019-
00478-4

S. Sajan, S. K. Sasmal, B. Dubey, A phytoplankton-zooplankton-fish model with chaos
control: In the presence of fear effect and an additional food, Chaos, 32 (2022), 013114.
http://dx.doi.org/10.1063/5.0069474

G. Hek, Geometric singular perturbation theory in biological practice, J. Math. Biol., 60 (2010),
347-386. http://dx.doi.org/10.1007/s00285-009-0266-7

D. Sahoo, G. Samanta, Oscillatory and transient dynamics of a slow-fast predator-prey
system with fear and its carry-over effect, Nonlinear Anal.-Real, 73 (2023), 103888.
http://dx.doi.org/10.1016/j.nonrwa.2023.103888

P. R. Chowdhury, S. Petrovskii, M. Banerjee, Effect of slow-fast time scale on
transient dynamics in a realistic prey-predator system, Mathematics, 10 (2022), 699.
http://dx.doi.org/10.3390/math 10050699

S. H. Piltz, F. Veerman, P. K. Maini, M. A. Porter, A predator-2 prey fast-slow
dynamical system for rapid predator evolution, SIAM J. Appl. Dyn. Syst., 16 (2017), 54-90.
http://dx.doi.org/10.1137/16M 1068426

M. H. Cortez, S. P. Ellner, Understanding rapid evolution in predator-prey interactions
using the theory of fast-slow dynamical systems, Am. Nat., 176 (2010), E109-E127.
http://dx.doi.org/10.1086/656485

AIMS Mathematics Volume 9, Issue 6, 14376-14404.


https://dx.doi.org/http://dx.doi.org/10.1016/j.amc.2023.128236
https://dx.doi.org/http://dx.doi.org/10.1073/pnas.1621037114
https://dx.doi.org/http://dx.doi.org/10.1103/PhysRevE.64.021915
https://dx.doi.org/http://dx.doi.org/10.1016/j.mbs.2008.05.007
https://dx.doi.org/http://dx.doi.org/10.1016/s0960-0779(00)00049-7
https://dx.doi.org/http://dx.doi.org/10.1016/j.chaos.2022.112245
https://dx.doi.org/http://dx.doi.org/10.1016/j.chaos.2020.110563
https://dx.doi.org/http://dx.doi.org/10.1007/s11587-019-00478-4
https://dx.doi.org/http://dx.doi.org/10.1007/s11587-019-00478-4
https://dx.doi.org/http://dx.doi.org/10.1063/5.0069474
https://dx.doi.org/http://dx.doi.org/10.1007/s00285-009-0266-7
https://dx.doi.org/http://dx.doi.org/10.1016/j.nonrwa.2023.103888
https://dx.doi.org/http://dx.doi.org/10.3390/math10050699
https://dx.doi.org/http://dx.doi.org/10.1137/16M1068426
https://dx.doi.org/http://dx.doi.org/10.1086/656485

14402

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. J. Shen, Z. Zhou, Fast-slow dynamics in logistic models with slowly varying parameters, Commun.
Nonlinear Sci., 18 (2013), 2213-2221. http://dx.doi.org/10.1016/j.cnsns.2012.12.036

T. Grozdanovski, J. J. Shepherd, A. Stacey, Multi-scaling analysis of a logistic
model with slowly varying coefficients, Appl. Math. Lett., 22 (2009), 1091-1095.
http://dx.doi.org/10.1016/j.aml1.2008.10.002

F. M. Alharbi, A slow single-species model with non-symmetric variation of the coefficients,
Fractal Fract., 6 (2022), 72. http://dx.doi.org/10.3390/fractalfract6020072

V. A. Jansen, Regulation of predator-prey systems through spatial interactions: A possible solution
to the paradox of enrichment, Oikos, 74 (1995), 384-390. http://dx.doi.org/10.2307/3545983

M. Scheffer, Should we expect strange attractors behind plankton dynamics-and if so, should we
bother? J. Plankton Res., 13 (1991), 1291-1305. https://doi.org/10.1093/plankt/13.6.1291

H. Tian, Z. Wang, P. Zhang, M. Chen, Y. Wang, Dynamic analysis and robust
control of a chaotic system with hidden attractor, Complexity, 2021 (2021), 1-11.
http://dx.doi.org/10.1155/2021/8865522

D. Yan, X. Wu, Applicability of the 01 test for chaos in magnetized Kerr-Newman spacetimes,
Eur. Phys. J. C, 83 (2023), 1-17. http://dx.doi.org/10.1140/epjc/s10052-023-11978-x

G. A. Gottwald, I. Melbourne, On the implementation of the 0—1 test for chaos, STAM J. Appl. Dyn.
Syst., 8 (2009), 129-145. http://dx.doi.org/10.1137/080718851

K. H. Sun, X. Liu, C. X. Zhu, The 0-1 test algorithm for chaos and its applications, Chinese Phys.
B, 19 (2010), 110510. http://dx.doi.org/10.1088/1674-1056/19/11/110510

A. Hastings, C. L. Hom, S. Ellner, P. Turchin, H. C. J. Godfray, Chaos in ecology:
Is mother nature a strange attractor? Annu. Rev. Ecol. Evol. S., 24 (1993), 1-33.
http://dx.doi.org/10.1146/annurev.es.24.110193.000245

A. Morozov, S. Petrovskii, B. L. Li, Bifurcations and chaos in a predator-prey system with the
Allee effect, P. Roy. Soc. B, 271 (2004), 1407-1414. http://dx.doi.org/10.1098/rspb.2004.2733

A. R. Herrera, Chaos in predator-prey systems with/without impulsive effect, Nonlinear Anal.-Real,
13 (2012), 977-986. http://dx.doi.org/10.1016/j.nonrwa.2011.09.004

S. Gakkhar, R. K. Naji, Existence of chaos in two-prey, one-predator system, Chaos Soliton. Fract.,
17 (2003), 639—649. http://dx.doi.org/10.1016/S0960-0779(02)00473-3

H. Kharbanda, S. Kumar, Chaos detection and optimal control in a cannibalistic
prey-predator system with harvesting, Int. J. Bifurcat. Chaos, 30 (2020), 2050171.
http://dx.doi.org/10.1142/S0218127420501710

R. P. Kaur, A. Sharma, A. K. Sharma, G. P. Sahu, Chaos control of chaotic plankton dynamics
in the presence of additional food, seasonality, and time delay, Chaos Soliton. Fract., 153 (2021),
111521. http://dx.doi.org/10.1016/j.chaos.2021.111521

J. M. Nazzal, A. N. Natsheh, Chaos control using sliding-mode theory, Chaos Soliton. Fract., 33
(2007), 695-702. http://dx.doi.org/10.1016/j.chaos.2006.01.071

C. Huang, H. Li, J. Cao, A novel strategy of bifurcation control for a delayed
fractional predator-prey model, Appl. Math. Comput., 347 (2019), 808-838.
http://dx.doi.org/10.1016/j.amc.2018.11.031

AIMS Mathematics Volume 9, Issue 6, 14376—-14404.


https://dx.doi.org/http://dx.doi.org/10.1016/j.cnsns.2012.12.036
https://dx.doi.org/http://dx.doi.org/10.1016/j.aml.2008.10.002
https://dx.doi.org/http://dx.doi.org/10.3390/fractalfract6020072
https://dx.doi.org/http://dx.doi.org/10.2307/3545983
https://dx.doi.org/https://doi.org/10.1093/plankt/13.6.1291
https://dx.doi.org/http://dx.doi.org/10.1155/2021/8865522
https://dx.doi.org/http://dx.doi.org/10.1140/epjc/s10052-023-11978-x
https://dx.doi.org/http://dx.doi.org/10.1137/080718851
https://dx.doi.org/http://dx.doi.org/10.1088/1674-1056/19/11/110510
https://dx.doi.org/http://dx.doi.org/10.1146/annurev.es.24.110193.000245
https://dx.doi.org/http://dx.doi.org/10.1098/rspb.2004.2733
https://dx.doi.org/http://dx.doi.org/10.1016/j.nonrwa.2011.09.004
https://dx.doi.org/http://dx.doi.org/10.1016/S0960-0779(02)00473-3
https://dx.doi.org/http://dx.doi.org/10.1142/S0218127420501710
https://dx.doi.org/http://dx.doi.org/10.1016/j.chaos.2021.111521
https://dx.doi.org/http://dx.doi.org/10.1016/j.chaos.2006.01.071
https://dx.doi.org/http://dx.doi.org/10.1016/j.amc.2018.11.031

14403

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

J. Laoye, U. Vincent, S. Kareem, Chaos control of 4D chaotic systems using
recursive backstepping nonlinear controller, Chaos Soliton. Fract., 39 (2009), 356-362.
http://dx.doi.org/10.1016/j.chaos.2007.04.020

M. Lampart, A. Lampartovd, Chaos control and anti-control of the heterogeneous Cournot
oligopoly model, Mathematics, 8 (2020), 1670. http://dx.doi.org/10.3390/math8101670

U. E. Kocamaz, B. Cevher, Y. Uyaroglu, Control and synchronization of chaos with sliding
mode control based on cubic reaching rule, Chaos Soliton. Fract., 105 (2017), 92-98.
http://dx.doi.org/10.1016/j.chaos.2017.10.008

S. Akhtar, R. Ahmed, M. Batool, N. A. Shah, J. D. Chung, Stability, bifurcation and chaos
control of a discretized Leslie prey-predator model, Chaos Soliton. Fract., 152 (2021), 111345.
http://dx.doi.org/10.1016/j.chaos.2021.111345

A. Singh, S. Gakkhar, Controlling chaos in a food chain model, Math. Comput. Simulat., 115
(2015), 24-36. http://dx.doi.org/10.1016/j.matcom.2015.04.001

F. H. I. P Pinto, A. M. Ferreira, M. A. Savi, Chaos control in a nonlinear
pendulum using a semi-continuous method, Chaos Soliton. Fract., 22 (2004), 653-668.
http://dx.doi.org/10.1016/j.chaos.2004.02.047

A. Dhooge, W. Govaerts, Y. A. Kuznetsov, H. G. E. Meijer, B. Sautois, New features of the software

MatCont for bifurcation analysis of dynamical systems, Math. Comput. Model. Dyn., 14 (2008),
147-175. http://dx.doi.org/10.1080/13873950701742754

S. K. Behera, R. A. Ranjan, S. Sarangi, A. K. Samantaray, R. Bhattacharyya, Nonlinear dynamics
and chaos control of circular dielectric energy generator, Commun. Nonlinear Sci., 128 (2024),
107608. http://dx.doi.org/10.1016/j.cnsns.2023.107608

M. N. Huda, Q. Q. A’yun, S. Wigantono, H. Sandariria, I. Raming, A. Asmaidi, Effects of
harvesting and planktivorous fish on bioeconomic phytoplankton-zooplankton models with ratio-
dependent response functions and time delays, Chaos Soliton. Fract., 173 (2023), 113736.
http://dx.doi.org/10.1090/S0894-0347-1992-1124979-1

N. K. Thakur, A. Ojha, Complex dynamics of delay-induced plankton-fish interaction exhibiting
defense, SN Appl. Sci., 2 (2020), 1-25. http://dx.doi.org/10.1007/s42452-020-2860-7

S. Rinaldi, S. Muratori, Y. Kuznetsov, Multiple attractors, catastrophes and chaos
in seasonally perturbed predator-prey communities, B. Math. Biol., 55 (1993), 15-35.
http://dx.doi.org/10.1016/s0092-8240(05)80060-6

S. Gakkhar, R. K. Naji, Chaos in seasonally perturbed ratio-dependent preypredator system, Chaos
Soliton. Fract., 15 (2003), 107-118. http://dx.doi.org/10.1016/s0960-0779(02)00114-5

M. Gao, H. Shi, Z. Li, Chaos in a seasonally and periodically forced
phytoplankton-zooplankton system, Nonlinear Anal.-Real, 10 (2009), 1643-1650.
http://dx.doi.org/10.1016/j.nonrwa.2008.02.005

J. Shen, C. H. Hsu, T. H. Yang, Fast-slow dynamics for intraguild predation models with
evolutionary effects, J. Dyn. Differ. Equ., 32 (2020), 895-920. http://dx.doi.org/10.1007/s10884-
019-09744-3

AIMS Mathematics Volume 9, Issue 6, 14376—-14404.


https://dx.doi.org/http://dx.doi.org/10.1016/j.chaos.2007.04.020
https://dx.doi.org/http://dx.doi.org/10.3390/math8101670
https://dx.doi.org/http://dx.doi.org/10.1016/j.chaos.2017.10.008
https://dx.doi.org/http://dx.doi.org/10.1016/j.chaos.2021.111345
https://dx.doi.org/http://dx.doi.org/10.1016/j.matcom.2015.04.001
https://dx.doi.org/http://dx.doi.org/10.1016/j.chaos.2004.02.047
https://dx.doi.org/http://dx.doi.org/10.1080/13873950701742754
https://dx.doi.org/http://dx.doi.org/10.1016/j.cnsns.2023.107608
https://dx.doi.org/http://dx.doi.org/10.1090/S0894-0347-1992-1124979-1
https://dx.doi.org/http://dx.doi.org/10.1007/s42452-020-2860-7
https://dx.doi.org/http://dx.doi.org/10.1016/s0092-8240(05)80060-6
https://dx.doi.org/http://dx.doi.org/10.1016/s0960-0779(02)00114-5
https://dx.doi.org/http://dx.doi.org/10.1016/j.nonrwa.2008.02.005
https://dx.doi.org/http://dx.doi.org/10.1007/s10884-019-09744-3
https://dx.doi.org/http://dx.doi.org/10.1007/s10884-019-09744-3

14404

48. K. A. N. Al Amr, Q. J. Khan, Combining impact of velocity, fear and
refuge for the predator-prey dynamics, J. Biol Dynam., 17 (2023). 2181989.
http://dx.doi.org/10.1080/17513758.2023.2181989

49.S. Pandey, U. Ghosh, D. Das, S. Chakraborty, A. Sarkar, Rich dynamics of a
delay-induced stage-structure prey-predator model with cooperative behaviour in both
species and the impact of prey refuge, Math. Comput. Simulat., 216 (2024), 49-76.
http://dx.doi.org/10.1016/j.matcom.2023.09.002

50. W. Li, L. Huang, J. Wang, Global asymptotical stability and sliding bifurcation analysis of a general
Filippov-type predator-prey model with a refuge, Appl. Math. Comput., 405 (2021), 126263.
http://dx.doi.org/10.1016/j.amc.2021.126263

51. S. Vaidyanathan, K. Benkouider, A. Sambas, P. Darwin, Bifurcation analysis, circuit design and
sliding mode control of a new multistable chaotic population model with one prey and two
predators, Arch. Control Sci., 33 (2023), 127-153. http://dx.doi.org/10.24425/acs.2023.145117

52. G. C. Sabin, D. Summers, Chaos in a periodically forced predator-prey ecosystem model, Math.
Biosci., 113 (1993), 91-113. http://dx.doi.org/10.1016/0025-5564(93)90010-8

53. T. L. Rogers, B. J. Johnson, S. B. Munch, Chaos is not rare in natural ecosystems, Nat. Ecol. Evol.,
6 (2022), 1105-1111. http://dx.doi.org/10.1038/s41559-022-01787-y

54. A. M. Edwards, M. A. Bees, Generic dynamics of a simple plankton population model
with a non-integer exponent of closure, Chaos Soliton. Fract., 12 (2001), 289-300.
http://dx.doi.org/10.1016/s0960-0779(00)00065-5

©2024 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0)

@ AIMS Press

AIMS Mathematics Volume 9, Issue 6, 14376—-14404.


https://dx.doi.org/http://dx.doi.org/10.1080/17513758.2023.2181989
https://dx.doi.org/http://dx.doi.org/10.1016/j.matcom.2023.09.002
https://dx.doi.org/http://dx.doi.org/10.1016/j.amc.2021.126263
https://dx.doi.org/http://dx.doi.org/10.24425/acs.2023.145117
https://dx.doi.org/http://dx.doi.org/10.1016/0025-5564(93)90010-8
https://dx.doi.org/http://dx.doi.org/10.1038/s41559-022-01787-y
https://dx.doi.org/http://dx.doi.org/10.1016/s0960-0779(00)00065-5
https://creativecommons.org/licenses/by/4.0

	Introduction
	Mathematical model
	Positivity and boundedness
	Stability analysis
	Existence of equilibrium states
	Local stability
	Global stability
	Bifurcation analysis

	Chaotic dynamics of model (2)
	Dissipativity condition tian2021dynamic
	Sensitivity of initial conditions
	Analysis of Lyapunov exponents
	Alternative characterization of chaotic dynamics

	Chaos control
	Chaotic control through refuge and competition of two plankton
	Chaos control through gestation delay
	Chaos control via weak periodic forces
	Chaos control by sliding mode control

	Discussion
	Conclusions

