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Abstract

Preserving dynamic behaviors of a continuous system in its corresponding dis-
crete system is a difficult task and it becomes more difficult if there is a delay in the
continuous system. Here we discretize the interaction between prey and predator
represented by continuous-time nonlinear differential equations and then analyze
it in presence and absence of a time delay. It is shown that the dynamics of the
discrete model in presence and absence of delay is consistent with that of the con-
tinuous model. Numerical simulations are provided to substantiate the analytical
findings.
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1 Introduction

Researchers are frequently interested to construct discrete model which are dynamically
consistent with its continuous counter part. Conventional discretization schemes, such
as Euler method, Runge—Kutta method, show dynamic inconsistency and exhibit dy-
namic behaviours which are not observed in the corresponding continuous system [16].
For example, Euler forward method, the most frequently used discretize technique, pro-
duces spurious solutions which are not observed in its parent model and its dynamics de-
pend on the step-size. Another important drawback of the conventional discrete model
is that positivity of its solutions do not hold for all positive initial values. Any finite-
difference scheme that allows negative solutions will have numerical instabilities [22].
One alternative to remove these drawbacks is using of non-standard finite difference
(NSFD) method to discretize a continuous-time model [8,9]. It is to be mentioned that
NSFD method shows dynamic consistency with its continuous counterpart [19]. This
means that all the dynamic properties of the continuous system are preserved by the
NSFD system. Moreover, the dynamic properties are preserved for all step-size as op-
posed to conventional discretization techniques. Nonstandard finite difference scheme
has been successfully used to discretize a continuous system in different fields of phys-
ical and biological sciences [1,3-5,9,11,20,21,23-25]. However, dynamics preserving
discretization of a delay-induced continuous system is rarely observed in the litera-
ture. Here we discretize a continuous-time predator-prey model and then analyze it in
presence and absence of a time delay. We prove that all the qualitative behaviors of the
continuous system in absence and presence of delay are preserved in the discrete model.

The Lotka—Volterra predator-prey model is represented by the following system of
nonlinear differential equations:

% = Q(P)-R(P,Z), (1.1)
iz
— = rR(P.Z)-5(2),

where P and Z represent, respectively, the densities of phytoplankton and zooplankton
populations at time t. Here (Q(P) is the intrinsic growth rate of prey, R(P, Z) is the
predator’s feeding rate, ~ (0 < x < 1) is the conversion efficiency of predator and S(Z)
is predator’s natural death rate. In planktonic ecosystem, zooplankton feeds on the
primary producer phytoplankton. There are many examples that some phytoplankton
species liberate toxic chemical to escape or reduce predation pressure of zooplankton
[2,12,13]. These toxin producing phytoplankton (TPP) may cause additional death
to zooplankton and supposed to be one of the regulatory mechanisms in planktonic
dynamics [14, 15]. Assuming that T'(P, Z) is the TPP-dependent additional death rate
of zooplankton, system (1.1) then can be represented by

dpP
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dz

— = KR(P,Z)=5(2) - T(P, 7).

P
Considering Q(P) = rP <1 - E) R(P,Z) = aPZ, S(Z) = uZ and T(P, Z) =

= Chattopadhyay et al. [7] proposed the following mathematical model for the in-

Y

teraction of toxic phytoplankton (Noctilucca Scintillans) and zooplankton (Paracalanus):
dpP P
— = rP({l1—— ) —-aPZ 1.
& = P(1-7)-arz (1.3
dz OPZ
— = BPZ—pul — ——
dt & H v+ P’

where § = ko and all other parameters are positive. For further illustration of the
model, readers are referred to [7]. Liberation of the toxic substances by phytoplank-
ton species is not an instantaneous process but mediated by some time lag required for
the maturity of species. There are also several reports that zooplankton mortality due
to the bloom of toxic phytoplankton bloom occurs after some time lag. In laboratory
experiment. Chattopadhyay et al. [6] observed that the abundance of Paracalanus (zoo-
plankton) population reduces after some time lags of the bloom of toxic phytoplankton
Noctilucca scintillans. Assuming that 7 be the time required for the maturity of toxic
phytoplankton, the model (1.3) can be extended to a delay differential equations model

as follows:
dP P
i rP(l — E) —aPZ, (1.4)
dzZ OP(t—T1)Z
— = BPZ—puf — ——— .
a =~ PP R

It is shown that the system (1.4) produces oscillations around the interior equilibrium
point depending on the length of delay and thus mimics the cyclic nature of the phyto-
plankton-zooplankton system [6]. In this study, we first discretize the phytoplankton-
zooplankton model (1.3) by nonstandard finite difference method and compare their dy-
namic properties with the corresponding continuous-time model. We show that NSFD
model preserves positivity of solutions and other dynamic properties of the continuous-
time model. In the second part, we discretize the delay-induced continuous model (1.4)
and study its dynamic properties to show that the delay has no effect on the dynamics
of trivial and semi-trivial fixed points. However, the stability of the coexistence fixed
point depends on the length of delay and the results are shown to be consistent with that
of the delay-induced continuous system.

The rest of the paper is organized as follows. Section 2 is devoted for the discretiza-
tion of the non-delayed continuous model. Its dynamic consistency is also proved there.
In Section 3, we discretize the delay-induced continuous-time system and present its
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stability results. Comprehensive simulations of both non-delayed and delayed models
are performed to validate our analytical results in Section 4. The study ends with a
discussion in Section 5.

2 Nondelayed Discrete Model

Here we propose and study the dynamic behaviors of the discrete model correspond-
ing to the continuous system (1.3) formulated by nonstandard finite difference (NSFD)
technique [18].

2.1 Nonstandard finite difference model

For convenience, we express system (1.3) as

dP rP?
e Y 4 2.1
7 r w ol 2.1
dz P
— = BPZ—pul - ——Z7.
dt p . v+ P
With nonlocal approximations, we write the continuous-time system (2.1) as
P, — P,
L = Py o PaPos = i Za, (2.2)
T — Zn, 0P,
% = BPu1Zn — plny1 — 7+—;112n+17
n+
where h (> 0) is the step-size. This system can be expressed as
P,.1 =F(P,,7Z,), (2.3)
Zn+1 = G(Pn+17 Zn)a
1+4+rh)P, 1+ hBP, P.i1)Z,
with F(P, Z) = (1+rh) and G(P,Z) = (1+hBPu1)(y + Poia)

[1+ 2P, + haZ,) [(1+ hp)(y + Poga) + hOP, 1]
Note that solutions of the discrete-time system (2.3) will remain positive for any step-
size if it starts with positive initial values.

2.1.1 Existence and stability of fixed points

At the fixed point, we have P, ; = P, = P and Z,,,, = Z,, = Z. The discrete-time
system (2.2) has three fixed points. One trivial fixed point £y = (0,0), one semi-
trivial fixed point £y = (K,0) and one interior fixed point £* = (P*,Z*), where

Br—pu—=0)+(By—p—02+4pw ., P
25 AR a<1 K)' Observe that

the first two fixed points always exist and the interior fixed point exists if # < 6" and
1
P* < K, where 0" = E(K +7)(BK — p).

I
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Definition 2.1 (See [9]). A finite difference method is called elementary stable if for
any value of the step size, the fixed points of the discrete system are those of the corre-
sponding differential system and the linear stability properties of each fixed point being
the same for both the differential and discrete systems.

Definition 2.2 (See [10]). Let X* be a fixed point of the discrete system (2.3) and .J(X™)
be the Jacobian of the system (2.3) at X™. If A\; and A, be two eigenvalues of J(X™),
then the fixed point X is called stable if |\;| < 1, |A\2] < 1 and a source if |A\;| > 1,
|A2| > 1. Tt is called a saddle if |\| < 1, [A2] > Lor [A]| > 1, |\ < 1 and a
nonhyperbolic fixed point if either |A\;| = 1 or |\y| = 1.

Theorem 2.3 (See [10]). Let Ay and A\, be the eigenvalues of the 2 x 2 matrix J = (a;;).
Then |A\i| < 1 and |X2| < 1 iff the following conditions holds:

(1) 1 —det(J) > 0, (ii) 1 —trace(J)+det(J) > 0 and (iii) 1 +trace(J)+det(J) > 0.
We have the following theorem for the stability of different fixed points of (2.3).

Theorem 2.4. (i) The fixed point Ey = (0,0) is always a saddle. (ii) The fixed point
Ey = (K,0) is stable if 0 > 0" and it can not be a source. It is a saddle point if 6 < 0.

1
(iii) The coexistence fixed point E* is stable if 6 < 0, where 0 = E<K +7)(BK — ).

Proof. The variational matrix of system (2.3) evaluated at an arbitrary fixed point (P, Z)

18
J(P,Z) = ( e ) ,

Q21 (22
where
( (rh) (L4rh)P(E
TN Py haz] L+ %P+ haZ]’
(1+7h)Pha
a2 = — h )
1+ %P+ haZ)?
o | (hBy+1+2h8P) (14 hBP)(v+ P)(1+ hu+ hﬁ)]a 7 (2.4)
7 UL+ hu)(y + P) + hOP] [(1+h)(y + P) + P2
o (1+ hBP)(y+ P) [ (hBy+1+42h8P)
7 [(L+ hp)(y + P) + hoP] " H(1+ hy)(y + P) + hoP]
(1+hBP)(y+ P)(1 + hu + he)}a
[+ k(v + P)+ PP T

It is easy to check that the eigenvalues at Ejy are \y = 1+1h, Ay = T and therefore
1

the fixed point Fj is always saddle.

At the fixed point E, eigenvalues are evaluated as A\ = 1 —

(1+hSK)(y+ K)
(1+hu)(y+ K) + hOK"

r
dX\ =
1+7“han 2

Here )\, is always less than unity for any step size h > 0
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(K +7)(BK — 1) and

therefore F is stable. In this case, however, £* does not exist. Since \; is always less

K K —
than unity, £; can not be a source. On the other hand, Ay > 1if 6 < (K +)(5 ) .

and )\, is always positive. Thus, forany A > 0, Ay < 1if 0 >

Therefore, existence of the interior fixed point implies that the axial fixed point is saddle.
At the interior fixed point E*, elements of the variational matrix J(P*, Z*) are

) rh P* haP* h1By +2BP* — pu— 0] 7
app = 1— — |, = ———— Q9] = a ,
H 1+rh )\ K ) ™" 1+rh’ 20 T (1 +hBP*)(y+ Pr) M

h 20P* — u— 6
g = 1+ By + 28 a ]ang *. Clearly, aq; is positive and less than unity.

(L+ hBP)(y + P)
Simple algebraic computations show that det(J) = ay;. Therefore, 0 < det(J) <

1. After some algebraic computations, one can show that 1 — trace(J) + det(J) =

h[By + 26P* — u — 0] .. .. .
— a19Z2*. As ay2 < 0, condition (ii) of Theorem 2.3 will hold
(11 hBP ) (7 + P) 12 12 (i1)

0 —
it P* > [H_Q—B,Y One can easily verify that this last inequality is always satisfied

whenever P* exists. Straight forward calculations show that 1 + trace(J) + det(J)=

hBP* rh P\ [ By +28P*—pnu—10
N Pl T T

terms in each first bracket are positive and less than unity. Thus, condition (iii) of Theo-
rem 2.3 is satisfied. Therefore, following Definition 2.2, E™ is stable whenever it exists.
This completes the proof of the theorem. 0

It is noted that above analysis shows that the fixed points of the discrete system (2.3)
are those of the continuous system (1.3) and the stability properties of each fixed point
for both the continuous and discrete systems are identical. As the solution of the discrete
system always remain positive if it starts with positive initial values, the discrete model
(2.3), following Definition 2.1, is therefore positive and elementary stable.

3 Delay-Induced Discrete Model

In this section, we first discretize the delay-induced continuous system (1.4) and then
analyze its dynamic properties. We here want to analyze the stability of each fixed point
of the discrete system by considering 7 as the bifurcation parameter. Following [1,24],
we consider P(t) = z(t7) and Z(t) = y(t7) so that the continuous system (1.4) can be
transferred to

d

d—f = TT’QJ(l—%)—TOé:Ey, 3.1
dy By — __bx(t—-1)y

at T TR T T =)
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We employ the following nonlocal approximations termwise to discretize the system
(3.1):

( % N Tpny1 — Tp @ Yn+1 — Un
dt h dt h 7
T —> Tnp, Y = Yn+1, (3 2)
TY — YnTn41, TY —7 Tn+1Yn+1, '
T2 = TpTngt, ot =y _y TnomYnil
L y+zt—1) v+ Tpom

. 1 . o
Here the step-size is of the form h = —, where m is a positive integer. x,, and y,, are
m

numerical approximations of z(to + nh) and y(ty + nh), where n = 0,1,2,.... The
initial conditions are assumed to be x,, = ¢, and yo = y(to), where ¢,, = ¢(t,,), for
m=—i,—i+1,—i+2,...0.

Using (3.2) in (3.1), we obtain the discrete system

1+rhr)x,
Tpy1 = <rhT ) , (3.3)
1+ 52, + hatyy)
(1 + hTﬁxn—H)(’Y + xn—m)yn

(14 uht)(y + Toem) + h70x, 0]

Yn+1

It is to be noted that all terms in the right hand side are positive and hence all solutions
of the delay-induced discrete system (3.3) remain positive for all positive initial values.

3.1 Existence and stability of fixed points

As before, one can compute the fixed points of the system (3.3). It is to be mentioned
that the fixed points of all three systems (1.3), (2.3) and (3.3) are the same. For stability
analysis, we linearize the system (3.3) about an arbitrary fixed point (Z,7) by substitut-
ing x, ==+ u, and y, = y + v,, where u,, << 1 and v,, << 1. The linearized system
is then given by

Upt1 = QA11Up + A12Un, (3.4)

Unt1l = Q21Uy + Q22U + A23Up_m,
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where
( (1+rh7) (14 rhr)2rz
aj; = — ,
UM+ 2T+ hray)  [1+ 2ET + hrag)?
(1 + rh1)TTha
G2 = — rht— —127
[1 4+ %7 + haty)?
a1 = hpr(y + ) w117 3.5)
(14 ph7)(y +7T) + hroz]
v — (LA HATT)(y +7) hBT(y +7) e
27 (14 pht)(y+7) + hr0z]  [(1+ phr)(y +T) + h707] 1y,
e — (14 hpTT) (1 4+ hB1T) (v + T)Y[1l + hut + hoT]
([ + ph7)(y + T) + hrb7] (14 ph7)(y +T) + hr67)2
System (3.4) can be expressed as
U1 = MU,, (3.6)
where U, = (Upn, Un—1, . - ., Un—m,Vs)" and M is a (m + 2) x (m + 2) matrix given by
[ a1 O --- 0 0 a12 1
1 0 -~ 0 0 0
o 1 .--- 0 0 O
M= . : :
o 0 -~ 1 0 O
| Q21 0 -+ 0 ag a2z |
The characteristic equation of the matrix M is
NP2 L AN L BT - C =0, (3.7)
where A = —(an + a22)7 B = aj1a32 — aipaz, C = —ajzass.

We now prove the following theorems for the stability of different fixed points.

Theorem 3.1. (i) The fixed point Ey = (0,0) is always a saddle. (ii) The fixed point
Ey = (K,0) is stable if 0 > 0" and it can not be a source. It is a saddle point if § < 0",
(K +7)(BK — p)

where 0% = .

K
Proof. At the fixed point £y, (3.7) becomes

MAZ — (1 + thr +

A+ (1 + thr)

| =0

1+ hut 1+ hut

It is easy to check that the eigenvalues are A\; = (1 + th7), Ay = and k— fold
1+ hut

roots A = 0. Since all eigenvalues are positive but one is greater than unity and others
are less than unity, the fixed point £ is always a saddle point.
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At the fixed point F/;, the characteristic equation (3.7) becomes

)\k[)\Q - (a11 + a22))\ + CL11CL22] =0,

rhr 1+ htBK)(v+ K .
where a;; = 1 — T and a9y = i jE hru)(f+)f(g) n hT>9K' The eigenvalues are
rhr (1+ hrBK)(y+ K)
A= =1- , Ay = = d k— fold root
1 a1 1+ rhr 2 22 (1 n hTu)('y n K) oK an old roots

A = 0. Observe that, for any step size h > 0, \; is always less than unity and Ay < 1 if
K K- K K -
g~ EEVOK =1 1y o the fixed point 2, is stable if § > J”)}(f H.
In this case, however, £* does not exist. Since \; is always less than unity, so F; can
(K +7)(BK — )

not be a source. On the other hand, Ay > 1if 0 < , which is the

existence condition of E*. In this later case, F; is a saddle. Hence the theorem is
proven. [

It is to be noted that the stability properties of E, and F; remain unchanged in
presence of delay and the results are consistent with that of the delay-induced continuous
system (1.4).

Now we observe whether stability of the coexistence fixed point E* is altered in
presence of delay. First we state the following lemma.

Lemma 3.2 (See [25]). Suppose that B C R is a bounded, closed and connected set
and f(\, 7) = N+ (T)NTH(T) + ..+ pi(7) is continuous in (N, 7) € C x B, where
7 > 0 is a parameter, T € B. Then as T varies, the sum of the order of the zeros of
f(X\, 7) out of the unit circle {\ € C : |\| > 1} can change only if a zero appears on or
crosses the unit circle.

Theorem 3.3. There exists a critical value T of T such that for 0 < 7 < T, the
coexistence fixed point E* is stable whenever it exists.

Proof. When 7 = 0, the characteristic equation (3.7) at E* is
A2 N AR =, (3.8)

This equation has £— fold roots A = 0 and double roots A = 1. Consider the root
A(7) such that |[A(0)| = 1. This root depends continuously on 7 and is a differentiable

A
function of 7. Note that o satisfies the following equation

-
dA\°  rhz* [dX
“n il h2 ¥k . 3
(d7>+K(d7—)+ afx*y 0 (3.9)
Thus, whenever, rz* = 4K (K — z*) is satisfied, we have
d rha*
— = — < 0. 3.10
dr 7=0, =1 K ( )
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Then all the roots of (3.7) lie inside the open unit circle for sufficiently small 7 > 0 and
the existence of maximal 7* follows. Hence the theorem. 0

A Neimark—Sacker bifurcation occurs when a complex conjugate pair of eigenvalues
of the matrix M cross the unit circle as 7 varies. Let A = ¢'“ be the root of (3.7) when
7 = 7*. Substituting A = €' in (3.7), we have

e(m+2)z’w + A*e(m—i-l)iw + B*emiw L0 = 07 (311)

where A*, B*, C* are the values of A, B, C evaluated at the interior fixed point £* with
T = 7*. Separating real and imaginary parts, we have

cos(m + 2)w* + A* cos(m + 1)w* + B* cosmw™ + C* =0, (3.12)
sin(m + 2)w* + A*sin(m + 1)w* + B*sinw* = 0.
Thus, there exists an infinite sequence of 7 suchthat 0 < 74 < 7» < ...7; < ... and
satisfies (3.12). From (3.7), one can calculate
d\ 2N
_— = — 3.13
dr D’ (3.13)
where
(N =X+Y(1-cosw),
D =|(m+2)C+ AN 2|
= (m+2)°C* + A +4B* — (m +2)A* + 2(m + 2) BA,;
+ (2AB - (m+2)A(B+1)+2(m+2)A) cosw,
A 2AB  A(B+1) 2A1dC
X = 2 — — — | —
[(m+ )C+C+ c c +C’}d7
dB
+ 2B+ (m+2)A1+ (m+2)AB+ A|—
dr i (3.14)
+|A—(m+2)A— (m+2)(B+1)+QB}E,
A’ 4+ (B—-1)*-C?
A, =(1-B
1 ( " 25 dA | dB
Yy =- QB—(m+2)(B—I—1)]d—+ [(m+2)AB+A}d—
T T
% B A(B+1) @
L B C dr

A(B+1)+ /(B —1)%(A2 — 4B) + 4BC?
4B

and cosw = . Here D is always positive

and

A—o rhrz* B h2r%aBx*y* Bo1_ rhrx*
B (1+rhr)K (1 + hfra*)(1+rhr)’ B (1+rhr)K’
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Ri*r2ax*y*[Ba* — p — 0]
(14 hfra)2(1+rh7)(y + 27)°

% B rha* hiraBz*y*[2 + hrBx* + rhr]
dr (14 rh7)2K [(14+7rh7)(1+hBT)2
d_B B rha*

dr (1 +rhr)2K’
dC _ RraxY*(Ba* — p—0)[2 4+ rht + hBTa"]
dr (L+rh7)2(1 + hfB1a*)%(y + x*) '

Note that all A, B, C are actually A*, B*, C* which satisfy equation (3.12). Substituting

all these values in NV, one has to show that e is positive at 7 = 7*. Analytically it is
T
. e dA . .
very difficult to show the positivity of T In numerical section we however show that
T

d
. > 0 at 7 = 7". Thus, we have the following theorem assuming that e > 0.
T T

T=T*

Theorem 3.4. Assume that the equation (3.12) is satisfied. There exists a sequence of
values of the delay parameter 7,0 < 7" < 11 < 79 < ...T; < ..., such that the interior
fixed point E* of the system (3.3) is asymptotically stable for T € [0, 7*) and unstable
for T > 7. A Neimark-Sacker bifurcation occurs around E* at 7 = 75,1 = %,1,2, . ...

4 Numerical Simulations

In this section we will validate and illustrate our theoretical results with the parameter
values as in [6]. The same parameter set r = 0.2, « = 0.9, 8 = 0.3, v = 0.06,
= 0.02, 0 = 0.9, except K = 60, is considered for the numerical simulations of
both the nondelayed and delayed systems. Initial point I = (0.6, 0.2) is kept fixed for
all simulations [6]. It is to be mentioned that this parameter set satisfies the condition
of Theorem 2.3(iii) with §* = 17.9980. To observe the dynamic consistency about the
interior equilibrium E*, we plot phase portraits of both the continuous system (1.3) and
discrete system (2.3) in Figure 4.1 with 6 = 0.9. It shows that trajectory in each system
reaches to the interior equilibrium £* = (3.0080, 0.2111) and therefore the systems are
dynamically equivalent. Figure 4.2 shows that time series solutions of the continuous
system (1.3) and the discrete system (2.3) converges to the predator-free equilibrium FE;
for § = 18(> 6*), following Theorem 2.3(ii). It again shows dynamic consistency of
both systems.
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Zooplankton
Zooplankton

T s 6
Phytoplankton

3 4 5
Phytoplankto

Figure 4.1: Phase portraits of the continuous system (1.3) (a) and NSFD system (2.3)
(b). These figures show that solution starting from = (0.6, 0.2) reaches to the interior
fixed point E* = (3.0080,0.2111) for both systems. Parameters are r = 0.2, « = 0.9,
8 =0.3,v=0.06, u =0.02, K =60,60 = 0.9. Step-size is h = 0.1 for the NSFD
system.

(@) (b)

Populations
= 8 s s
Populations

oplankton
1000 20

3000 4000
Time

Figure 4.2: These figures show that phytoplankton population reaches to its carrying
capacity and zooplankton population goes to extinction, indicating stability of the equi-
librium FE, for the continuous system (1.3) (a) and the NSFD system (2.3) (b). All
parameters and initial points are as in Figure 4.1 except 6 = 18.

It is interesting to observe that the corresponding Euler-discrete system

P,
P,y = P,+hrP,(1-=-2)—aP,Z,], 4.1)

k
0P, Z
+1 + h[B H 7+Pn]

behaves differently. To compare the behavior of the Euler discrete system (4.1) and
NSFD discrete system (2.3) of the same continuous system (1.3), we present bifurcation
diagrams of both discrete systems with step-size h as the bifurcation parameter (Figure
4.3). It shows that the dynamical behavior of the NSFD system is independent of the
step-size (Figure 4.3 (a)) but the dynamics of the Euler system depends on the step-size
h (Figure 4.3 (b)). Thus, the NSFD system is dynamically consistent with its continuous
counterpart, but the Euler system is dynamically inconsistent.
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Phytoplankton
Phytoplanton

Figure 4.3: Bifurcation diagram of phytoplankton population of the NSFD system (2.3)
(a) and that of the Euler system (4.1) (b). The first figure shows that phytoplankton
population is stable for all step-size h.The second figure shows that phytoplankton pop-
ulation is stable for small values of h and unstable for higher values. Parameters and
initial value are same as in Figure 4.1.

Now we show that our delayed NSFD system (3.3) is dynamically consistent with
the delayed-continuous system (3.1). We consider the same initial point and parameter
set as before. Figure 4.4 compares the time evolutions of the delayed continuous system
(3.1) (Figure 4.4 (a)) and delayed discrete system (3.3) (Figure 4.4 (b)). These figures
show that both the systems are stable for lower delay 7 = 5. However, the systems are
unstable for higher value 7 = 15 (Figures 4.4 (c) and (d)).
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Figure 4.4: (a) and (b) show stable behavior of the delayed continuous system (3.1) and
the delayed discrete system (2.3) for 7 = 5. (c) and (d) show the unstable behavior of
these systems for 7 = 15. All parameters and initial point are same as in Figure 4.1
except m = 500 (i.e., h = 0.002), z,_,, = 0.6 forn = 1,2,3,...500,501 and other
parameters are as in Figure 4.1.
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We compare our delayed continuous system and delayed NSFD system with the
delayed Euler system

Tp+1 = In + h[TT‘xn(l - %) - Taxnyn]a (42)
Unt1 = Yo+ h[TBTYn — THY, — T——]

Y+ Tom'

where h and m have the same meanings as before. The delayed Euler system (4.2)
has been constructed following [1]. In Figure 4.5, we give bifurcation diagrams of
the delayed continuous system (3.1), delayed NSFD system (3.3) and delayed Euler
system (4.2) with 7 as the bifurcation parameter. Figures 4.5 (a) and (b) show that
the continuous system and the NSFD system are stable around £* for 7 < 14.52 and
unstable for 7 > 14.52. Therefore, a Neimark—Sacker bifurcation occurs at 7 = 7° =
14.52. This result supports Theorem 3.4 and also proves the dynamic consistency of the
delayed NSFD system (3.3) with that of the delayed-continuous system (3.1). However,
the delayed Euler system (4.2) is unstable around the fixed point E* for significantly
lower value of 7, depicting its inconsistency with the continuous system.

Phytoplankton

Phytoplankton
3

o

o
05 1

Figure 4.5: Bifurcation diagrams of phytoplankton population of the delayed continuous
system (3.1) (a), delayed NSFD system (3.3) (b) and delayed Euler system (4.2) (c) with
7 as the bifurcation parameter. (a) and (b) show that the phytoplankton population is
stable for 7 < 14.525 and unstable as 7 crosses 14.52. (c) shows that phytoplankton
population is stable for 7 < 1.78 and unstable for all 7 > 1.78. Parameters and initial
point are same as in Figure 4.4.
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S Summary and Discussion

In this paper, we discretized a continuous-time phytoplankton-zooplankton (respec-
tively, prey and predator) model studied in [6] where phytoplankton produces some
harmful chemical which is toxic to zooplankton. We first discretized the continuous
time nondelayed model following nonstandard finite difference scheme so that the dis-
crete model shows dynamic consistency with its continuous counterpart. Considering
that the negative effect of toxic chemical on zooplankton is not instantaneous, we in-
corporated a delay in the system which measures the delayed negative effect on the
zooplankton. The delay-induced NSFD discrete system is then analyzed to show that
the delay has no effect on the dynamics of trivial and zooplankton-free fixed points.
However, the stability of the coexistence fixed point depends on the length of delay.
There exists some critical length of the delay parameter such that the system is stable if
the length is smaller than it and unstable if it is higher. A Neimark—Sacker bifurcation
occurs at that critical value of the delay. We numerically show that the critical value
of the delay parameter is same with that of the delay-induced continuous system. It
is also shown that solutions of both the nondelayed and delayed discrete systems are
always positive with all feasible initial points. Our simulations results show that the
corresponding delayed Euler system is dynamically inconsistent and exhibits unstable
behavior for significantly lower value of delay.

Acknowledgements

A part of this work was completed when N. Bairagi visited Beijing Technology and
Business University during first week of November 2016 as a visiting professor. Authors
are thankful to the reviewer for helpful comments.

References

[1] R. Alawia, I. Darti, A. Suryanto, Stability and bifurcation analysis of discrete
partial dependent predator-prey model with delay, App. Math. Sc. 7 (2013), pp.
4403-4413.

[2] D. M. Anderson, et al., Marine biotoxins and harmful algae: A national plan,
Woods Hole Oceanographic Institution Technical Report WHOI (1993). Available
at DOI: 10.1575/1912/614 .

[3] N. Bairagi, M. Biswas, A predator-prey model with Beddington-DeAngelis func-
tional response: a non-standard finite-difference method, J. Differ. Equ. Appl. 22
(2016), pp. 581-593.



16 M. Biswas, X. Lu, X. Cao, N. Bairagi

[4] N. Bairagi, M. Biswas, Dynamic consistency in a predator—prey model with habi-
tat complexity: Nonstandard versus standard finite difference methods, Int. J. Dif-
fer. Equ. 11 (2016), pp. 139-162.

[5] M. Biswas, N. Bairagi, Discretization of an eco-epidemiological model and its
dynamic consistency, J. Differ. Equ. Appl. (2017), pp. 1-18.

[6] J. Chattopadhyay, et al., A delay differential equation model on harmful algal
blooms in the presence of toxic substances, J. Math. App. Medicine and Bio. 19
(2002), pp. 137-161.

[7] J. Chattopadhyay, R. R. Sarkar and S. Mandal, Toxin producing plankton may act
as a biological control for planktonic blooms: A field study and mathematical
modelling, J. Theoret. Biol. 215 (2002), pp. 333-344.

[8] D. T. Dimitrov and H. V. Kojouharov, Nonstandard numerical methods for a class
of predator-prey models with predator inference, Elec. J. Diff. Equ. Confer. 15
(2007) pp. 67-75.

[9] D. T. Dimitrov and H. V. Kojouharov, Positive and elementary stable nonstandard

numerical methods with applications to predator-prey models, J. Comput. Appl.
Math. 189 (2006), pp. 98—108.

[10] S. N. Elaydi, Discrete chaos with applications in science and engineering ,Chap-
man & Hall/CRC, New York, pp. 203.

[11] G. Gabbriellini, Nonstandard finite difference scheme for mutualistic interaction
description, Int. J. Differ. Equ. 9 (2014), pp. 147-161.

[12] J. D. Lves, Possible mechanism underlying copepod grazing responses to levels of
toxicity in red tide dinoflagellates, J. Exp. Mar. Biol. Ecol. 112 (1987), pp. 131-
145.

[13] T. Kamiyama and S. Arima, Lethal effect of the dinoflagellate (Heterocapsa circu-
larisquama) upon the tintinnid ciliate (Favella taraikaensis), Mar. Ecol. Prog. Ser.
160 (1997), pp. 27-33.

[14] K. 1. Keating, Algal metabolite influence on bloom sequence in eutrophic freshwa-
ter ponds, E.P.A. Eco. Monograph Series (1976), pp. 148.

[15] K. Kirk, J. Gilbert, Variation in herbivore response to chemical defences: zoo-
plankton foraging on toxic cyanobacteria, Eco. 73 (1992), pp. 2208.

[16] J. D. Lambert, Numerical methods for ordinarry differential systems: The initial
value proble, Wiley, Chichester (1991).



A Delay-Induced Discrete Predator-Prey Model 17

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

R. E. Mickens, A SIR-model with square-root dynamics: An NSFD scheme, J. Diff.
Equ. Appl. 16 (2010) pp. 209-216.

R. E. Mickens, Dynamic consistency: a fundamental principal for constructing
NSFD schemes for differential equations, J. Diff. Equ. and Appl. 11 (2005), pp.
645-653.

R. E. Mickens, Exact solutions to a finite-difference model of a nonlinear reaction-
advection equation: Implications for numerical analysis, Numer.Method Partial

Differ. Equ. 5 (1989), pp. 313-325.

R. E. Mickens, Numerical Study of a non-standard finite difference scheme for the
Van Der Pol equation, J. Sound and Vibration, 250 (2002), pp. 955-963.

S. M. Moghadas, M. E. Alexander, B. D. Corbett and A. B. Gumel, A Positivity-
preserving Mickens-type Discretization of an Epidemic Model, J. Differ. Equ.
Appl. 9 (2003), pp. 1037-1051.

A. Serfaty de Markus, R. E. Mickens, Suppression of numerically induced chaos
with non-standard finite difference schemes, J. Computa. Appl. Math. 106 (1999),
pp- 317-324.

R. J. Spiteri, M. C. MacLachlan, An efficient non-standard finite difference scheme
for an ionic model of cardiac action potentials, J. Differ. Equ. Appl. 9 (2003), pp.
1069-1081.

A. Suryanto, A Nonstandard finite difference scheme for SIS epidemic model with
delay: Stability and bifurcation analysis, App. Math. 3 (2012), pp. 528-534.

C. Zhang, Y. Zu, B. Zheng, Stability and bifurcation of a discrete red blood cell
survival model, Chaos, Solitons and Fract. 28 (2006), pp. 386—-394.

Y. Zhou, Z. Ma, F. Brauer, A discrete epidemic model for SARS transmission and
control in China, Math. Comput. Model. 40 (2004) pp. 1491-1506.



