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Abstract

Dissolved oxygen, phytoplankton, and zooplankton populations represent the
basis of the proposed mathematical model designed to investigate the impact of the
depletion of dissolved oxygen in the plankton ecosystem. The dynamic analysis of
the model is devoted to locating all possible equilibrium points. The analysis
demonstrates that three equilibrium positions are possible. The existence of the
Hopf-bifurcation for the interior equilibrium is investigated using the
phytoplankton's photosynthesis-produced oxygen rate as the bifurcation parameter.
Conditions for stable limit cycles are obtained. In conclusion, a numerical
simulation is shown as evidence to support the analytic results.

Keywords: Food chain model, Prey-predator model, Mutual interaction, Harvesting,
Stability.
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1. Introduction

Since dissolved oxygen dynamics are such an important indication of the overall health of
marine ecosystems. There is a lot of interest in trying to understand them better [1-3].
Phytoplankton is the most plant-like planktonic communities; they produce most of the
oxygen in the seas through photosynthesis that represents the basis of the marine food web. It
is well-known that changes in factors like salinity, temperature, and nutrient availability
greatly affect the quantity of oxygen phytoplankton production. In addition, phytoplankton's
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oxygen production varies significantly between day and night. Therefore, the relationship
between phytoplankton and dissolved oxygen is vital to the survival of most species from the
simplest (a single cell) to the most complex. Changes in the production of oxygen can have
profound effects on marine life [4]. Some environmental factors, such as temperature,
influence the proliferation and biomass of phytoplankton. Oxygen is produced during
photosynthesis during the day and absorbed during respiration at night, so dissolved oxygen
levels in water fluctuate daily. Therefore, phytoplankton communities are useful indicators of
environmental changes [5-7]. There are many studies on this important issue, for instance,
Mondal et al. [8] studied the coupled plankton-oxygen dynamics in the ocean that are affected
by a low oxygen production rate which can result in oxygen depletion and species extinction.
Furthermore, the primary objective of the study of theoretical ecology is to identify the
various dynamical mechanisms underlying interactions between prey and predator [9-15]. The
relationship between phytoplankton and zooplankton is an example of a predator-prey
interaction that reveals numerous aspects of marine ecology. Phytoplankton contributes
substantially to aquatic ecosystems including producing vast quantities of oxygen, managing
natural resources and water quality that can establish numerous food webs [16]. Plankton
dynamics research is a fascinating field of study. Plankton constitutes the building elements of
all aquatic food chains with phytoplankton occupying the first trophic level [17]. Toxins are
produced by phytoplankton which serves an essential environmental function and cannot be
ignored. It has been demonstrated that environmental stress factors, optimal environmental
conditions, nutrient-limited environments, and others. Similar factors are significant
contributors to the release of pollutants. Certain phytoplankton species are notorious for
generating and emitting toxic or allelochemicals which can be detrimental to other
phytoplankton species [18]. For instance, Venturino et al. [19] demonstrated that toxin-
producing phytoplankton acts as a control agent for the cessation of plankton blooms. Baghel
and Dhar [20] examined the effect of dissolved oxygen on the presence of a planktonic
population that interacts. They conclude that the Hopf-bifurcation in the interior equilibrium
is possible if the phytoplankton growth rate is selected as the bifurcation parameter.

This study aims to investigate the oxygen-plankton model's dynamics due to the combined
effects of the phytoplankton refuge and the toxins produced by phytoplankton. In addition, we
assume that the zooplankton consumes both hazardous and non-toxic phytoplankton in our
model. We also consider that certain phytoplankton species can avoid zooplankton predators
by hiding in different bottom strata. These sediments provide a cover for the prey from their
predators. The structure of this work is as follows: In Section 2, we build the structure of the
proposed model. Section 3 explains the feasibility requirements and stability conditions for all
steady states. The prevalence of the Hopf bifurcations is also illustrated in Section 4. In
Section 5, we undertake the MATLAB program for the numerical simulations to validate the
analytical results.

2. Assumptions of the Model

Let u(t) be the phytoplankton population at time t; phytoplankton is expected to come in
two Kkinds, toxic and non-toxic. v(t) is the zooplankton density at time t; assuming that
zooplankton feeds on the preceding two categories. In addition, we believe that some
phytoplankton populations have a low risk of being consumed by zooplankton if they can hide
in the various sediments found on the seafloor. These sediments provide a cover for the prey
from their predators. w(t) represents the dissolved oxygen concentration in an aquatic
environment. The phytoplankton also releases oxygen into the atmosphere since they carry
out photosynthesis throughout the day. The pace of oxygen depletion is also influenced by
several other variables including the breathing of marine creatures, the use of oxygen by
phytoplankton at night, and the progressive decrease in oxygen concentration brought on by
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chemical processes in the water. The following set of ordinary differential equations governs
the structure of the dynamics of the proposed system:

du Tu a ) 8. = f( )
i @t wo—w) au m)v —6;u = fi(u,v,w),
dv  au(l-m)v 1)

i @y T wo—w) —&v—au(l —m)v = fo,(u,v,w),

— =s(wyg —w) +du —yw —yuw — y,ow = f3(u, v, w).
with the initial conditions u(0) = uyy = 0,v(0) = vyo = 0 and w(0) = wy, = 0. In the
first equation of the system (1), (a+:v—uw) represents the absorption of dissolved oxygen from
1 0~
phytoplankton with the growth rate r. The maximum growth rate of the phytoplankton
population is r/a; at w = wy. Moreover, (1 —m) represents the proportion of unprotected
toxic and non-toxic phytoplankton consumed by various zooplankton types. All parameters

for the dissolved oxygen-phytoplankton-zooplankton model are assumed to be positive. The
description of the system (1) parameters is clarified in Table 1.

Table 1: System's (1) Parameters description.

Parameters Biological interpretation
r The growth rate of phytoplankton.
o, The capture rate of the available non-toxic phytoplankton by zooplankton.
me (0,1) The proportion of protected phytoplankton.
a, The conversion rate from phytoplankton to zooplankton.
a The predation rate of toxic phytoplankton by zooplankton.
o1 The phytoplankton's natural death rate.
0, The zooplankton's natural death rate.
a The phytoplankton saturation constant.
a, the zooplankton saturation constant.
Wy The constant concentration of dissolved oxygen that comes from other sources.
s The replenishment rate of oxygen in marine.
d the amount of oxygen produced as a result of the process of photosynthesis carried out
by phytoplankton.
Y the natural depletion rate of oxygen.
Y1 The consumption of oxygen by phytoplankton during the night.
Y2 The consumption of oxygen by zooplankton.

Further, the following Figure illustrates the schematic sketch of the system (1).
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Figure 1: Schematic diagram of the system (1).

In addition, the right-hand side equations of the system (1) are C1(R3), where R =
{(w,v,w),u = 0,v =0, w > 0}. Consequently, they are Lipschitzian. Therefore, the solution
of the system (1) exists and is unique.

3. Existence of equilibria
System (1) has three non-negative steady points, namely:
1. The dissolved oxygen equilibrium point (DOEP) is given by F; = (0,0, w), where w =

SwWo
m.

2. The zooplankton free equilibrium point (ZFEP) is given by F, = (&,0,w), where w =
&[al - —] For « and w to be positive, the following
d yl(a1+wo—5—)

two conditions must be satisfied:

a1+W0—6Ll, and u =

a1+W0——<—<a1 1)
3. The coexisting eqU|I|br|um pomt (CEP) given by F; = (u*,v*,w"), where u=
62(a2+W0 W) _ 51
o ls—atay e’ U = a1(1—m)(a1+w0—w) T ey’ and w is the root of the following
equation:
B()W3 + 31W2 + Bzw + B3 = O, (3)
where

By =aa;(1—m)(s+y) >0,

By = ayaswo[2 — (1 —m)] + dSa; — a1 (s + ¥)(a; — aay) — ajay[a (1 —m) — 2w],
B, = ayaswy(1 — m)(2ay + 3wy) — aywy(1 — m)(s + y)[a, — aa,] — dd,a a, +
a;(1—m)(s +y)[aa,a, — aza; + awd] + ajaywy(1 — m)(a; + wy),

B; = a;swy(1 — m)[aya, — aaja, — aa,wy + a,wy — aa,wy — awi] + dd,aq [a a, +
a,wy + a,wy + wil.

Using Descartes's rule of sign, equation (3) has a unique positive root, say w = w*, if one of
the following sets of conditions hold:

B; > 0and B; <0, 4)
B, < 0and B; < 0. (5)
For u*and v*to be positive, the following two conditions must be satisfied:
a, > ala; +wy—w), (6)
r > 8;(a; + wy — w). (7)
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4. The stability analysis

The feature of the eigenvalues of the Jacobian matrix J(u, v, w) at an equilibrium point is
directly related to the behavior of the system (1) near an equilibrium point. The J(u, v,w) at
any point, say (u, v, w), can be written as follows:

J= (aij)3x3:
J—— . _ Tu .
Where a11 - (a1+W0_W) - alv(l - m) - 61 alz - _al(l - m)u, a13 — —(a1+wo_w)2,
a4y = a(1-mu a(l—m)v;, ay, = (mmu 8, —a(l—mu; ay = zud-myv

(az +W0—W) (a2+W0—W) (a2+W0—W)2’

az; =d —y1W; dz; = —YW; Qg3 = —(S+y + iU+ yv).
Keeping this in mind, we take a look at the system (1) around each equilibrium point:

1. The Jacobian matrix at the F; = (0,0, W) is given as:
r
-0 0 0
J(F) = (a + wo — W) !
1 0 -5, 0
d—yiw —yW —s—Yy

r

Then, J(F;) has the eigenvalues 1,, = G 61, Ap =—6,<0,and ;3 =—s—v.
1 0~

F; is a locally asymptotically stable point if and only if
r < 8;(a; + wyg —w). (8)

2. The Jacobian matrix at the F, = (&, 0, w) is given as:

T —
I(a1+Wo—W) — 0 _alu(l - m) (a1+w0 W)2 -i
J(Fy) = @ud-m) o oeq
2 [ 0 PRI 6, —au(l —m) J
d —yw —Y2W —S—Y—11U

Then, the characteristic equation of J(F,) is given by:

< L= ea(1—m) - ﬂ) [42 = Tr(J(F2))2 + Det(J(F,))]

(az + wy —w)
The eigenvalues of the above equation can be written as follows

_ apu(1-m) _ = _
Ay = —(a2+W0 ) 5, —au(l —m),
Tr(J(F,)) = m =01 — (s +y+yw),

r(s+y+y170) ri (y1w—d)

Det(J(F,)) = 61(s +v + y,10) — @two-1) | (@ two—i)2"

Clearly, F, is a locally asymptotical stable point if and only if the following conditions are
satisfied:

6, +au(l—m) > M (9.1)
(az+wo-w) (9.2)
r<[6; +(s+y+y)](a; + wy —w),

_ i (yaw—d) r(s+y+y. )
S1(s +y + V) + 0 > arweany' (9.3)
3. The Jacobian matrix at the CEP F; = (u*, v*,w*) is given as:

[3] [3] [3]
aiq 12 13

(10)
e = ol a2 o]

[3] [3] [3]
31 Qzp Q33
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(3] _ r e R |1 wrq o~ (3] _ ru* .
Where1 all = —(a1+wo_w*) 61 alv (1 m)! a12 == alu (1 m) a13 - (a1+w0 *)Za
3] _ azvi-m) G A-mpv” 3] _

—av*(1 —m), a£32] =0, a£33] = =d-yw;, az, =

a = a
21 (a2+W0—W*) (a2+W0—W*)2” 31

(3]

_VZW*; Az3 = —S—YV— ylu* - VZU*'
So, the characteristic equation of J(F3) can be written as:
AB+A,2%2+ 4,1+ A4;=0, (11)

where

_ (3] (3]
Al - (all + a33 ),

= —(aql3 [3] (31 [3] (31 (31 _ [3] [3]
AZ 13 31 + 23 732 + 12 **21 11 "33 )'

[31 .[3] .[3] [3] .[3] .[3] [31 .[3] .[3] [31 (31 ,[3]
Az = ajy 05303, + 07,05, 033 — Q13051035 — Ay, 053037,

A= Arh, — As = (af + oY) (alf ol - alflaly)) + alflalf ol + al¥lallald +
ool + afablaf
Now, from the Routh-Hurwitz criteria, F5 is a LAS point, under the following condition
A; > 0,43 > 0and A> 0.
In the following theorem, adequate conditions for the global stability of the CEP which is
given by F; = (u*, v*,w") are identified by the Lyapunov method.
Theorem 1. Assume that

[s+y)+yu+y,v](w—w*)>[d+w]lu—u)+w (- v*)} (12)

a, >a '

Then CEP is globally asymptotically stable in R3.

*\ 2
Proof:- Define G; = ¢ (u —u*—u*ln ui) + ¢, (v —v*—v*In vi) + ¢4 (W_ZW ) , Where
c1, ¢, and c3 are positive constants to be specified and G;(u,v,w) is a positive definite
function about CEP. Thus,
dG; ci(u—u)du c,(v—v*)dv . aw
dt u dt v dt
By choosing the constants ¢, = c¢; =1, ¢; = @ 21 and using model (1) with some algebraic

manipulations, we get:

dG

d_t3 < —[(s+y)+yu+yv]lw—-—w"D?+[d+w]u—u)(w-—w*)
+w*(v—v)(w—w").

Then, < 0 under condition (12). Hence, G5 is a Lyapunov function. Therefore, CEP is

globally asymptotlcally stable in R3 if u, v and w are controlled by condition (12).

dG3

5. The Hopf bifurcation analysis

The Hopf bifurcation refers to the local birth or death of a periodic solution from
equilibrium as a parameter crosses a critical value. In a differential equation, the Hopf
bifurcation typically occurs when a complex conjugate pair of eigenvalues of the linearised
flow at a fixed point becomes purely imaginary. Hopf bifurcation threshold and its conditions
are clarified in the following theorem.

Theorem 2:- Under the following assumptions:

A;>0,i=1, (13.1)
a1203 — ay345(d") # 0, (13.2)
d* >0, (13.3)
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where Ai's are the coefficients of the characteristic equation given in equation (11) with
d = d* and the formula for d* is shown in the following proof. Then, there exists a Hopf
bifurcation for CEP at d = d".
Proof:- The value of the bifurcation parameter can be found if we set A;(d*)A,(d") —
As;(d™) = 0inequation (11). This gives:
d* = all(a33—a12a21+a§3)—a23(a32a33+a12a31)+a13a21a32)
(ai1+asz)ass

Clearly, d* > 0 if condition (13.3) holds. Now, at d = d*, equation (11) can be written as
A+ A4)(A*+ 4,) =0.

According to condition (13.1), the above equation has three roots, the negative root A; = —A4;

and two purely imaginary roots 4,3 = ii‘/fg. In a neighborhood of d*, the roots have the

following forms: 4; = —A;,4,3 = p;(d) * ip,(d).

Clearly, Re( A33)la=q* = p1(d*) =0 indicates that the first condition for the Hopf

bifurcation has been met at d = d*. Now to confirm the transversality condition, we substitute

p1(d) £ ip,(d) into equation (11) and then compute its derivative with respect to d*,

Od)HY(d*) +Ir'(d*)p(d*) + 0, where the form of O (d*), ¥(d*),'(d*) and ¢p(d*) are

W(d) = 3pi(d) + 241(d)p1(d) + A,(d) — 3p3(d),

d(d) = 6p1(d)p,(d) + 24,(d)p2 (1),

6(d) = p7(d)A; '(d) + Ay '(d)p,(d) + A3 '(d) — Ay "(d)p3(d),

r(d) = 2p,(d)p2(d)Ai(d) + A3(d)p2(d).

Now at d = d*, substitution p; =0 and p, = \/A—Z into equation (11), the following is

obtained:

+ywr.

Y(d") = —24,(d"),
¢(d*) = 2A1(d*)\/ Ay(d¥),
0(d") = A3(d") — A1(d")Az(dY),

r(d*) = A3(d*)yAz(d"),

where

Hence, condition (12) gives
O@d)P(d") + I'(d")p(d") = —24,(d")[ar2a23 — a1341(d")] # 0.
That means the Hop bifurcation has occurred at d = d* then the proof is completed.
From Theorem 3, the stability condition of the stable limit cycle in R$ is presented using the
coefficient of curvature of the limit cycle. For a detailed discussion, we refer to [26].

Theorem 3 The system (1) has a stable limit cycle in Rfu,v,w) if the following condition is

true:

r t (uy +u) (1-m) (14)

(a1+wo—uz—w*)? * (az+wo—uz—w*)?’

Proof:- By using transformations u =u; +u*, v=u, +v*, w=uz+w", the CEP
equilibrium point shifted to (0,0,0), and the system (1) becomes
du r(u, +u*
dtl s \Evol— ” )_ el ay(uy +u)(uy + v)A—m) — (ug +u*)é,
du, a,(uy +u”)(u, +vH)(1—m)

dt B (a2+W0—u3—W*) _52(u2+v)_a(u1+u)(u2+v)(1—m)
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dus
ar slwo — (ug + w)l +d(uy +u*) —y(uz + w*) —y;(ug + u”)(uz +w”)
—¥2(uy + v")(uz + w),
where the nonlinear part of the above system is presented in the following matrix is
r(u, +u”)

— 1 —

0, (a; +wo —uz —w?) (= mht,

U= (Uz> = | ay(uy + u)(u, + v*)(1 —m)
U, -

a(l—m)uu
(az + wo —uz —w*) ( stz
) _ o —Vi1liUz — YaUzUs
We derive the following characteristic quantities from the nonlinear part:

0 _ 1{6201 _ 020, 12 920, . (6202 _ 920, _ 92U, )} _ 1{ a,(1-m)
920 4 ou? ou ou,0u, ou? ou’ ou,0u, 2 Waz+wo—uz—w*)
a;(1— m)i},
1 (9?0, , 020, , . (03%U, , 92U,
911 =Z{au§ + EDY +l(au§ + aug)} =0,
61010 _ l{ 020, 020, ( 220, _ 020U, )} _ l{ r ay(u+u*)(1-m)
2 l0u0uz  Ouydus duq0uz Ouydus 2 W(a1+wo—uz—w*)2 = (a+wo—uz—w*)?2

i (az(uz+17*)(1—m) )}1

(az+wo—uz-w*)?
GO — l{ 6201 _ 6202 . ( 6202 6201 )} — l{ r _ az(u1+u*)(1—m)
101 2 l0u0uz  Ouydus duqduz Ouydus 2 W(a1+wo—uz—w*)2  (az+wo—uz—w*)?2

i (az(uz+17*)(1—m) )}1

(az+wo—uz-w*)?

1 0205 , 0%03

W = — ( )=0

11 423(aq(k*) \ ou? + ou? ’
WO — _ 1 %03  0%U3 ey 9203 \ _ 0

20 — * 2 2 ]

4A3(a,(k*) \ duy ouj ou,0u,

o _ 1(8%0; 23U, 230, 230, . (030, 230, 23U, RO _

621__ 3 7 T s T 53 + st 2 3 5.2 =0,
8 Ldu3 ou,0uj ou; duiou, oJuj duq0u; Ju; Jujou,

Thus, the coefficient of the curvature of the limit cycle is given by
0 0 0 0 0

0_10 — Re {9204911i + G{)10W101 + Gz1+G;01W20}’

0 _ 1 r _ ay(ug+u*)(1-m) . az(ux+v*)(1—-m) _ r
01 = Re 4{(a1+wo—u3—w*)2 (az+wo—uz—w*)?2 ((a2+w0—u3—w*)2)} - (aq+wo—uz—w*)2
az(u+u*)(1-m)
(az+wo—uz-w*)2’
Thus, condition (14) guarantees that system (1) has a stable limit cycle; the proof is
completed.

6. Numerical analysis
To validate our theoretical conclusions and get insight into the many possible dynamics of
the system (1), we conduct a numerical simulation here using MATLAB 2019b program to
create all figures, while the numerical solution to our system was found using the ode45
solver. Our primary objective is to examine the dynamics of the depletion of dissolved
oxygen for the phytoplankton-zooplankton interaction. For the specified variables:
r=0.36,a; =0.25a, =0.18, §; =0.1,6, =0.1,m =
0.26,a, = 0.2,a, = 0.2,w, = 3,a =0.02,s = 2.85,y; = (15)
0.18,y, = 0.2,y = 0.2,d = 0.4,
and with different initial values, it is observed from Figure (2) that F; = (0.63,2.12,2.41) is
a globally asymptotically stable point.
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(@) (b)

w(t)

4—u v(t)

Populations

v 100 200 300 400
Time

Figure 2: Phase diagram of system (1) with the data set given by (15) with different initial
values.

To examine the effect of varying one parameter at a time on the behavior of system (1), it
has been numerically resolved for the data in (15). In light of this, Figure (3) investigates the
effect of change in the phytoplankton's growth rate (r), on the stability behaviour of system
(1). The simulation shows when r < 0.1, the system (1) has no CEP, and the solution settles
down to DOEP, F; = (0,0,2.81), in the w- axis. While for r > 0.1, the solution converges

asymptotically to CEP, F; = (0.85,4.27,2.19).

(a) ()
u
Bell
=)
=
E .............. e |
=
o
L= T S ——
(=R
S00 1000
Time
L4
& {.}
u W W
u
=
L= . R I I I
= :
= :
g_ :
Dz .L ......................
a ;
ul :
o S0 1000
Time

Figure 3: Dynamics of the system (1) (a) time series with » = 0.9; (b) phase portrait of (a);
(c) time series with r = 0.1; (d) phase portrait of (c).

Further, Figure (4) investigates the effect of change in the replenishment rate of oxygen in
the marine (s) on the stability properties of the system (1). It shows for s > 0.45, the solution
settles down to CEP. While for s < 0.45, the solution shows a periodic attractor behaviour.
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Populations

o 200 400 00 800 1000 L
Time e u

Pupulatiuns

o 1000 1500 2000 o o

Populations

1 0.8 . ﬂﬁ

Time v u
Figure 4: Dynamics of system (1) (a) time series with s=0.9; (b) phase portrait of (a); (c) time
series with s=0.45; (d) phase portrait of (c); (e) time series with s=0.44; (f) phase portrait of
().

Now the effect of changing the concentration of dissolved oxygen that comes from several
sources (wg) is explored in Figure (5). The Figure shows that the solution settles
asymptotically to the F; = (0.97, 3.36, 1.87), for w, > 1.39. Further, the solution approaches
a periodic attractor for wy, = 1.39. While for w, < 1.39, the solution faces an unstable limit
cycle.

u

=

=

o

i

=

=3

o g 200 400 600 800 1000 o o
Tlme N u

s

=

g “LJA‘"M&HM‘HL

=

=

= 5

=3

& o,

mu@@@kﬁ )

Figure 5: Dynamics of system (1) (a) time series with w, =2; (b) phase portrait of (a); (c)
time series with w, = 1.39; (d) phase portrait of (c); (e) time series with w, = 1.38; (f)
phase portrait of (e).

Populations

Next, the influence of changing the amount of oxygen produced by phytoplankton (d) is
investigated in Figure (6). The simulation illustrates that for d < 0.77, the solution stabilizes
at its CEP level, while for d > 0.77, the solution follows a periodic attractor. The latter result
confirms the one obtained in Theorem (2) and Theorem (3), respectively, which establishes
the existence of Hopf bifurcation at d = 0.78 and the stability of the obtained limit cycle.
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(b)

Populations

Populations

Populations

o 200 400 GO0 BOo0 1000
Time

Figure 6: Dynamics of system (1) (a) time series with d=0.01; (b) phase portrait of (a); (c)

time series with d=0.77; (d) phase portrait of (c); (d) phase portrait of (c); (e) time series with

d=0.78; (f) phase portrait of (e).

Finally, for varying the rest parameters given in (15), the solution approaches CEP in the
interior of R3. For example, Figure (7) shows different values of y, and the solution stabilizes
at its CEP level.

(a) [b}:

o

Populations

Populations

Time
Figure 7: Dynamics of system (1) (a) time series with y = 0.9; (b) phase portrait of (a); (c)
time series with y = 0.01; (d) phase portrait of (c).

8. Discussions and conclusion

This paper modifies the dissolved oxygen-plankton model by considering that the
zooplankton feeds on both available toxic and non-toxic phytoplankton. The idea is to figure
out how this kind of interaction affects the dynamics of an aquatic environment. The system
underwent theoretical and numerical analysis. The theoretical results detect three steady
states; the dissolved oxygen equilibrium point DOEP, the zooplankton-free equilibrium point
ZFEP, and CEP. The three steady states show stable or unstable behavior depending on
specific conditions. The necessary conditions have been found to ensure the happening of a
Hopf bifurcation around CEP.
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Nonetheless, the numerical simulation deduced that system (1) always sways about the
CEP when the stability criteria are met. Further, by changing the replenishment rate of oxygen
in the marine (s), the solution faces extinction for both plankton species or the stability of all
components. Moreover, the changing in the value of wy,s and d leads to the system (1)
showing limit cycle behaviour. Finally, the solution is stabilized at the CEP when the
remaining parameters are changed. For future work, we suggest considering the impact of
climate change on the oxygen-plankton dynamics in the ocean.
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