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DYNAMIC ANALYSIS OF A FRACTIONAL
ORDER PHYTOPLANKTON MODEL

Mohamad Javidi®" and Nemat Nyamoradi?

Abstract The fractional order phytoplankton model (PM) can be Writ—
d*pPs _ vPs Py — vPb —
ten as 4le = rP(1 — L) — =0 + P, i = — BPin, Gt =

dte

B1Py — 6P, Ps(€) = 00, Pi(€) = 01, Pin(€) = oo, “where P, and'P; be
the population densities of susceptible and infected phytoplankton respective-
ly and P;, be the population density of population in incubated class. In
this paper, stability analysis of the phytoplankton model is studied by using
the fractional Routh-Hurwitz stability conditions. We have studied the local
stability of the equilibrium points of PM. We applied an efficient numerical
method based on converting the fractional derivative to integer derivative to
solve the PM.

Keywords Phytoplankton model, Routh-Hurwitz stability conditions, nu-
merical simulation.
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1. Introduction

Phytoplankton are microscopic plants that live in the ocean. These small plants are
very important to the ocean and to the whole planet! They are at the base of the
food chain. Many small fish and whales eat them. Then bigger fish eat the little
fish, etc. The food chain continues and at some point in time we (people) come
into it when we eat the fish. So the energy of plankton becomes our energy too!.
It has a major role in stabilizing the environment and survival of living population
as it consumes half of the universal carbon-dioxide and releases oxygen. So far,
there is a number of studies which show the presence of pathogenic viruses in the
plankton community [7,13]. A good review of the nature of marine viruses and their
ecological as well as their biological effects is given in [14]. Some researchers have
shown using an electronic microscope that these viral diseases can affect bacteria
and phytoplankton in coastal area and viruses are held responsible for the collapse
of Emiliania huxleyi bloom in Mesocosms [10, 15]. Baghel et al. [3], proposed a
three dimensional mathematical model of phytoplankton dynamics with the help
of reaction-diffusion equations that studies the bifurcation and pattern formation
mechanism. They provide an analytical explanation for understanding phytoplank-
ton dynamics with three population classes: susceptible, incubated, and infected.
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In 2010, Dhar and Sharma [5] investigated the stability of the phytoplankton system
dPs(t) P,

=rP1 - =] —vP,P; + P,
d]gét) K (1.1)
———~ =vP,P;, — P,
a b

where P, P; are the population densities of susceptible and infected phytoplankton
at any instant of time ¢. r is the intrinsic growth rate of the population of sus-
ceptible phytoplankton, K is the carrying capacity of the population of susceptible
phytoplankton, v is the disease contact rate of the disease phytoplankton popula-
tion, § is the removal rate of the disease phytoplankton population, out of which
fraction of infected phytoplankton rejoin the susceptible phytoplankton population.
Also the same system investigated by applying a frequency domain approach with
time delay by Xu [18]. He use the delay as a bifurcation parameter; as it passes
through a sequence of critical values, Hopf bifurcation occurs. A family of periodic
solutions bifurcate from the equilibrium when the bifurcation parameter exceeds a
critical value. Ghosh [9], proposed the interrelationship of latency period in viral
infection and overall infection process in host community are of critical importance
in context of pest control program. Both of them regulate the overall system stabil-
ity as they are dynamically linked to predation by natural enemies in the system.
In 2010, Dhar and Sharma [5], proposed the role of viral infection in phytoplankton
dynamics without and with incubation population class is studied. It is observed
that phytoplankton species in the absence of incubated class are unstable around
an endemic equilibrium but the presence of delay in the form of incubated class has
made it conditionally stable around an endemic equilibrium.

The authors of [16] proposed a prey-predator model for the phytoplankton-
zooplankton system with the assumption that the viral disease is spreading only
among the prey species, and, though the predator feeds on both the susceptible
and infected prey, the infected prey is more vulnerable to predation as is seen in
nature (see references quoted earlier). The dynamical behaviour of the system is
investigated from the point of view of stability and persistence. The model shows
that infection can be sustained only above a threshold of force of infection. Gakkhar
and Negi [8] investigate the dynamical behaviour of toxin producing phytoplankton
(TPP) and zooplankton. The phytoplanktons are divided into two groups, namely
susceptible phytoplankton and infected phytoplankton. The conditions for coexis-
tence for the populations are presented. Chattopadhyay et al. [4], deals with the
problem of a nutrient-phytoplankton (N-P) populations where phytoplankton pop-
ulation is divided into two groups, namely susceptible phytoplankton and infected
phytoplankton. Conditions for coexistence or extinction of populations are derived
taking into account general nutrient uptake functions and Holling type-II functional
response as an example.

2. Preliminaries

Definition 2.1. The Riemann-Liouville fractional integral operator of order a > 0,
of function f € LY(R") is defined as

I <t>=ﬁ / (t — )21 f(s)ds,
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where I'(+) is the Euler gamma function.

Definition 2.2. The Riemann-Liouville and Caputo fractional derivative of order
a>0,n—1<a<n,n €N is defined as

D2 (1) = F(n{_a)(;i)"jCQt—-@"“1f@»d&

and

e ppy — L ARG
aDtOf(t) - F(n—a)/a (t_s)a-i-l—nds’

where the function f(t) have absolutely continuous derivatives up to order (n — 1).

The initial value problem related to Definition 2.2 is

{D"‘x(t) = f(t,x(t)), (2.1)

x(t)|i=o+ = o,

where 0 < o < 1 and D® = Dg.
Now, some stability theorems on fractional-order systems are introduced.

Theorem 2.1 ( [12]). The following autonomous system:

d%x

T = Az, z(0) = zo, (2.2)

with 0 < o« < 1, x € R™ and A € R"™", is asymptotically stable if and only if
|arg(A\)| > < is satisfied for all eigenvalues of matriz A. Also, this system is stable
if and only if |arg(\)| > &F is satisfied for all eigenvalues of matriz A with those
critical eigenvalues satisfying |arg(\)| = ¢ having geometric multiplicity of one.
The geometric multiplicity of an eigenvalue X of the matriz A is the dimension of

the subspace of vectors v for which Av = \v.

Theorem 2.2 ( [6]). Consider the following commensurate fractional-order system.:

d%x

T = (@), 2(0) =, 23)

with 0 < o < 1 and x € R™. The equilibrium points of system (3.1) are calculated
by solving the following equation: f(x) =0. These points are locally asymptotically
stable if all eigenvalues \; of the Jacobian matriz J = % evaluated at the equilibrium
points satisfy: |arg(X;)| > &F.

3. Mathematical Model

Let Ps and P; be the population densities of susceptible and infected phytoplankton
respectively. The population of susceptible phytoplankton is assumed to be growing
logistically with intrinsic growth rate r and carrying capacity K. Now let P;, be
the population density of population in incubated class. Here, we will use nonlin-
ear Holling Type II functional responses for disease spreading because the disease
conversion rates become saturated as victim densities increase. Let v be the disease
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contact rate and it is volume-specific encounter rate between susceptible and in-
fected phytoplankton, which is equivalent to the inverse of the average search time
between successful spreading of disease. The coefficients § and [ are the total re-
moval of phytoplankton from the infected and incubated class because of the death
(including recovered) from disease and due to natural causes respectively. Again, v,
be the fraction of the population recovered from infected phytoplankton population
and joined in the susceptible phytoplankton population and S is the fraction of
the incubated class population which will move to the infected class. Therefore,
quantitatively § > v; and 8 > ;. Using these assumptions the dynamics of the
system can be governed by the following set of differential equations:

dP, Py vP, P,
@ PR Tt
dPin ’UPSH
= - Pina
@ " Pt1 P (3.1)
dP;
dtz = B1 Py, — 0P

P;(0) >0, P;i(0)>0, Py,(0)>0.
The Holling type-1I the functional response ’}Rﬁi is used [11] and many other re-
searchers. In this paper we investigate the following fractional order phytoplankton
model with initial population; i.e., Ps(§) > 0, P;,(§) > 0, P;(§) > 0 and the total
population at any instant ¢ is N(¢) = Ps(t) + P, (t) + Pi(t):

d*P, P, vP P
die rPs( K) P, +1 +mPb;,
dapin UPSPZ‘
dte P+1 BPin, (3.2)
d*P;
preaiallel

Ps(g) = Qo, Pl(g) = 01, PZ (6) = 02.
where the parameters 0 < a < 1, and C;% is in the sense of the Caputo fractional
derivative defined in (2.2) with the initial time ¢ = &.

4. Stability of equilibria

In this section we deal with the stability local dynamics of system (3.2). Let

dozPS daPm dOéPi
=0 =0 =0. 4.1
dte T dte ’ (4.1)

Solving (4.1) for its roots, we can get that system (3.2) has three equilibria points
as follows

O = (Oa0a0)7 El = (K707O)7 E2 = (P*aQ*7R*) (42)
where
pro 0B e _rPUPEDOCR) L rP P )
VB — B vP* =y (Pr+1) 7 Bi(vP* — i (P* +1))
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If the Jacobian matrix of system (3.2) at the equilibrium point O is

r Y1 0
JO)={ 0 0 -—p [, (4.3)
0 =0 5

with the characteristic equation
Q\) =det(A—J(0) =N+ (=1 —=B1)N + (=68 +rBi) A+ rdB.
The eigenvalues corresponding to the equilibrium O are

)\1 =T,
Ny« — B/ BEi+453
23 = 7 2 -

s

Then we have A\; > 0, Ao > 0 and A3 > 0. Whence it follows that the equilibrium O

of system (3.2) is unstable. Thus the stable manifold of the origin W*(O) is one-

dimensional and the unstable manifold of the origin W*(O) is two-dimensional.
The Jacobian matrix of (3.2) at equilibrium point Fy = (K, 0,0) is

vK
T Mg O

JE)={| 0 -5, (4.4)
0 - B

with the characteristic equation

Q) = det(A — JE1) = A’ + B1A* + By + Bs,

vK _ BvK vK

Bl’UK
_ B, — — 58—
B By = gy — 08 =1

K+1

+B1), Bs=r( — ).

Let D(Q) denote the discriminant of a polynomial Q(A). Then
D(Q) = 18B1ByBs + (B1B»)? — 4B3B} — 4B3 — 27B3.

Using the proposition given in [17], we have the following result by using Routh-
Hurwitz conditions.

Theorem 4.1. The equilibrium point Ey of the system (3.2) is asymptotically stable
if one of the following conditions holds for polynomial Q:

(Z) D(Q) >0,B1 >0,B3 >0 and B1 By > Bs.
(ii) D(Q) <0,B1 >0,By >0,B3 >0 and o < 2.
(iti) D(Q) < 0,B; <0,By <0 and o > 2.

The Jacobian matrix of (3.2) at equilibrium point Ey = (P*,Q*, R*) is

rP* Q* vP*
T — 2 174 _*UW Y1 — W 0
J(EQ) - U(P*QW 1:1)}*5’1 _B ’ (45)

0 -4 B1



348 M. Javidi and N. Nyamoradi

with the characteristic equation

Q) =det(\— JEy) = X3 + A1 \% + Ao\ + Az,

where
rP* Q* vP*
M=t = v ) ey
B ’UP* TP* Q* 9 (Q*)Q
A= —pr P Y ) T e
Ag:ﬂlv (—r+2T—+U7Q )—56(—7‘+2L+U7Q ).

P41 K (P*+1)2 K (P*+1)2

Using the proposition given in [17], we have the following result by using Routh-

Hurwitz conditions.

Theorem 4.2. The equilibrium point Es of the system (3.2) is asymptotically stable
if one of the following conditions holds for polynomial Q:

(Z) D(Q) >0,A; > 0,43 >0 and A1 As > As.
(ii) D(Q) <0,A1 > 0,43 >0,A3 >0 and o < 3.
(iii) D(Q) < 0,A; <0,43 <0 and o > 2.

5. The numerical decomposition method

In order to solve (3.2), we shall use a numerical method introduced by Atanackovic
and Stankovic [1] to solve the single linear fractional differential equation (FDE).
Also the same authors [2] developed the method to solve the nonlinear FDE. In [1]
it was shown that for a function f(¢), the fractional derivative of order a with
0 < a <1 may be expressed as

N 1 fOt ~Tp—1+a
PO g —a>{ CERYE e
=t (5.1)
G 1 T(p—14a) ft) V()
+p§; (a(p1 G )1) e 1)+(a))]}’
where .
GO == 1) [ 2 fr)dr =23 (5.2)
0
with the following properties
V(D) =~ )P0, p=23, (5:3)

We approximate D f(t) by using M terms in sums appearing in Eq. (5.1) as follows

e 1[I0 KT —1+a)

(5.4)

o1, +Z Lp-ira) S0, B,

1 ) to tp—1+a
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We can rewrite Eq. (5.4) as follows

M
D7 £1) =~ Qo t. M)FO ) + Blat, M) (1) + Y Alent.9) 22D (5.5
p=2
where

M T(p—1l4«a
1+ 33, R

r'2-aye-t
_ 1l-a _ I'p—1+a)
toT(2—a)’ Alet,p) = T2 —a)(a—1)p!

2 Aoy t,p)

We set

©1(t) = Ps(t), @M+1( ) = Bi(
O2nrr+1(t) = Pin(t), O,(t) = Vo (Ps)(
Op+m(t) = Vu(F5)(t), O2nr4p(t) = Vp(Pin) (1),

forp=2,3,---
We can rewrite system (3.1) as the following form

O, (1)
tp—1+a

M
Qa, t, MO, () + @(a,t, M)O4(t) + ZA(a t,p)

®)© ( )
t) +

t
Qo t, M)Ohy 1 () + ®(cr,t, M)Opry1 (t) + ZA (a,t,p tfﬁ(a) 50

O:1(t). O,

= rO:(t)(1 - 7 )—wv 1? +71On41(2),

_ . Omi(H)6n(t)
= UW—B@2M+1(75)7

M
Qa,t, M)Oyy 4 (1) + ®(ayt, M)Oonr 11 () + Y Al t,p)

p=2

@2M+;D (t)
tp—1+01

= P1Oanr41 — 0O p41,
where
¢
0,(t) = ~(p—1) [ 7007y,
0

Omp(t) = —(p— 1)/0 720041 (8) (T)dr, (5.7)

t

Oanrp(t) = —(p — 1)/ 772050141 () (7)dr,
0

p:2a37"' aM'



350 M. Javidi and N. Nyamoradi

Now we can rewrite (5.6) and (5.7) as the following form

O4(t) Onr11(t)O1(2)

01(t) = W(TG) 1(H)(1 = K )—v Or(t) + 1 +71O0n41(1))

M
— ®(a, t, MO (¢ Z2A P 1(?&)

o

@;(t) = _(p_ l)tp 2@1( )7 p= 2737"' 7M7

/ _ 1 Om+1(4)O1 (1)
O (t) = Qe t, M) (v O1(t) 1 1 — BOanr11(1)
— ®(a,t, M)Onr 11 (1) ZA o t,p tm{?), (5.8)
@/]W+p()__( _1) (-)M-‘rl() :2a37"'aMa
1
O (t) = m(ﬂﬂ%Mﬂ —0On41)
(a1, M)Oanrai (1) ZA 1p) 220

@/2M+p(t):_( _1)tp 2@2M+1( ) _2 3 ’M’

with the following initial conditions

91(5) = 0o,
91’(5):07 p:2737"'7M7
On+1(§) = o1,

(5.9)
@M"rp(g)zoa p:273a"'7M7

O2nr+1(§) = 02,
@2M+P(§):O’ p:273a"'7M'

Now we consider the numerical solution of system of ordinary differential equations
(5.8) with the initial conditions (5.9) by using the well known Runge-Kutta method
of order fourth.

6. Numerical Simulation

To verify the effectiveness of the obtained results, some numerical simulations for
the fractional-order system (3.2) have been conducted. All the differential equations
are solved using the method proposed in the previous section. In all numerical runs,
the solution has been approximated at £ = At = 0.005. Now we set r = 0.1,v =
== =0=0.1and K =1,. In figure 1-3 we plot the numerical solution of
system (3.2) at o = 0.80(0.02)0.96.

Now we set r = 5,0 = 0.5,7, = 0.1, =0.1,5; = 0.01,§ = 0.4 and K = 100,.
In figure 4-6 we plot the numerical solution of system (3.2) at oo = 0.80(0.02)0.96.

In Figs. 7-9, we display the phase plane of PM respectively for a = 0.85,0.9, 0.95.
The parameters have been set to K = 50,v = 50,7 = 8,4, = 0.002, 8 = 0.04, 5; =
0.005,9 = 0.02 and M = 5.
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7. Conclusion

In this work, we analyze the dynamic behavior of the fractional-order phytoplankton
model. Firstly, we study the existence of extinction equilibrium and boundary
equilibria, furthermore give stability criteria of the model from local point of view
by using the fractional Routh-Hurwits criterion. The corresponding results are
illustrated by the numerical simulation. Simulation results show the effectiveness of
the method. Further, it has been shown that the supply rate a play an important
role in shaping the dynamics of the system. A stable limit cycle is observed in
Figs.7-9.
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Figure 1. The numerical solution of system (3.2) at a = 0.80(0.02)0.96
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Figure 2. The numerical solution of system (3.2) at o = 0.80(0.02)0.96
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Figure 3. The numerical solution of system (3.2) at o = 0.80(0.02)0.96
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Figure 4. The numerical solution of system (3.2) at o = 0.80(0.02)0.96
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Figure 5. The numerical solution of system (3.2) at o = 0.80(0.02)0.96
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Figure 6. The numerical solution of system (3.2) at o = 0.80(0.02)0.96
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Figure 7. Phase plane of PM at K = 50,v = 50,r = 8,4; = 0.002,8 = 0.04, 51 =
0.005,5 = 0.02, o = 0.85 and M = 5.

PO ° P

Figure 8. Phase plane of PM at K = 50,v = 50,r = 8, = 0.002,5 = 0.04, 3, =
0.005,0 = 0.02,a =0.9 and M = 5.
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Figure 9. Phase plane of PM at K = 50,v = 50, = 8,6, = 0.002,8 = 0.04, 5; =
0.005,8 = 0.02, o = 0.95 and M = 5.



