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Abstract

In this paper we have studied the dynamical behaviors of three species prey-predator system. The
interaction between prey and middle-predator is Crowley-Martin type functional response. Posi-
tivity and boundedness of the system are discussed. Stability analysis of the equilibrium points is
presented. Permanence and Hopf-bifurcation of the system are analyzed under some conditions.
The effect of discrete time-delay is studied, where the delay may be regarded as the gestation
period of the super-predator. The direction and the stability criteria of the bifurcating periodic so-
lutions are determined with the help of the normal form theory and the center manifold theorem.
Extensive numerical simulations are carried out to validate our analytical findings. Implications of
our analytical and numerical findings are discussed critically.
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1. Introduction

In the last few decades, the study of ecological modeling has become most interesting to theoret-
ical biologists and mathematicians due to its rich dynamics, and it contributes important realiza-
tions into complex biological systems. Earlier, single species models ( Ricker (1954), Vandermeer
(2010)) and two species models such as predator-prey, plant-pest or plant-herbivore were studied
extensively (Arditi et al. (1989), Berreta and Kuang (1998), Berrymem (1992), Hsu et al. (2001),
Xiao and Ruan (2001)). Biomathematicians almost remained silent on the dynamical behaviors of
three species systems for a long time. The explanation may be the lack of mathematical equip-
ments to handle the increasing number of differential equations. However, urge for including more
species had been noticed day by day and hence more emphasis should be made to review the com-
plex behaviour presented by deterministic models consists of three or more tropic levels. In fact,
different tritropic models have become issue of significant attention in their own right. Some math-
ematical models for tritropic food chains have been developed and analyzed in recent past but still
theoretical studies on such systems are mostly inadequate. Some theoretical works on food chain
models may be found in the works of many researchers (Freedman and Waltman (1977), Gard
and hallam (1980), Freedman and Ruan (1992), Takeuchi et al. (1992), Ruan (1993), Boer et al.
(1999), Kuznetsov et al. (2001), Hsu et al. (2001), Maiti et al. (2005, 2006), Pathak et al. (2009)).

The crucial element in prey-predator interaction is “predator functional response on prey popu-
lation”, which describes the number (biomass) of prey consumed per predator per unit time. De-
pending upon behavior of populations, more suitable functional responses have been developed
as a quantification of the corresponding responsiveness of the predation rate to change in prey
biomass at various population of prey. Functional response has a vital role on the stability and
bifurcation dynamics of the underlying system. Several functional responses have been developed:
Volterra functional response (Holling type-1), Michaelis- Menton type (Holling type-II), Holling
type-III, Holling type-IV, Ratio dependent, Beddington - DeAngelis, Crowley-Martin (Berreta and
Kuang (1998), Haiyin and Takeuchi (2011), Hsu et al. (2001), Liu et al. (2010), Oaten and Murdoch
(1975), Ruan and Xiao (2001), Upadhyay and Naji (2009)). Holling I, II, III and I'V type functional
responses are prey dependent (i.e. functional response is a function of only prey’s biomass) while
Ratio dependent, Beddington - DeAngelis, Crowley-Martin response functions depend on prey
and predator both (i.e. functional response is a function of both the prey’s and predator’s biomass).
Mathematicians and ecologists have studied extensively on the dynamical behaviour of predator-
prey models with Holling type-1, II, III and IV functional responses. Sklaski and Gillian (2001)
explains in their work that predator- (and prey-) dependent functional responses can produce better
description of predator feeding over a range of predator-prey abundance. It is observed through
experiments that decrease in feeding rate of consumers (middle-predators) per unit consumer is
due to mutual interference among predators (Hassell (1971), Tripathi et al. (2015)).

The prey-predator system with Beddington-DeAngelis functional response approve that handling
and interference are complete activities (Dong et al. (2013), Haiyin and Takeuchi (2011), Tripathi
et al. (2015)). According to Crowley and Martin (1989) when predator biomass is high, predator’s
predation rate decreases (interference among the predator individuals), in spite of prey biomass
is high (in presence of handling or searching of the prey by predator individual). There are very
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few literatures available on prey-predator model with Crowley-Martin functional response (Dong
et al. (2013), Crowley and Martin (1989), Sklaski and Gillian (2001), Upadhyay and Naji (2009),
Upadhyay et al. (2010)). The Crowley-Martin (C-M) functional response is predator dependent.
The instantaneous per capita feeding rate is given by

axr

(1+bx)(1+cy)’ M

flz,y) =

where the positive parameters a,b, ¢ are considered as effects of capturing rate, handling time
and magnitude of interference among predators respectively on the feeding rate. Compare to
Beddington-DeAngelis functional response, C-M response has an additional term that models mu-
tual interference among predators. Moreover, C-M type functional response allows for interference
among predators nevertheless whether an individual predator is directly handling prey or searching
for prey. Thus, the ecological model with C-M functional response gives momentum to Michaelis-
Menton model and Beddington-DeAngelis model.

It is generally understood that the introduction of time delay into the population model is more
realistic to model the interaction of the prey. In reality, time delays occur in almost every biological
situation so that to ignore them is to ignore reality (Gopalsamy (1992), Hassard et al. (1981), Kuang
(1993), Macdonald (1989)). It has been accepted that delay can have very complex impact on the
dynamics of a system. Time delay due to gestation is a common example and it represents the time
duration for conversion of prey biomass into predator biomass. The reproduction of predator after
consuming prey in not instantaneous, but takes some discrete time (lag) required for gestation.
The presence of gestation delay in predator growth affects the abundance of predator. Because the
growth rate of predator species depends upon the amount of biomass added in predator population
biomass as affect of prey killing. Thus, the main objective in studying delay differential equations
is to assess the qualitative or quantitative differences that arise from including time-delays in an
explicit way compare to the results with their non-delayed counterpart (Berreta and Kuang (1998),
Celik (2008), Chen et al. (2007), May (1974), Qu and Wei (2007), Wangersky and Cunnigham
(1957)).

In this work we have developed a mathematical model with a three-dimensional food-web sys-
tem consisting a prey population (X), a middle-predator (V') feeding on the prey and a super-
predator (Z) feeding only on Y species. Here it is assumed that the interaction of the prey species
(X)) with the middle-predator (Y') is governed by Crowley-Martin functional response. A Holling
type-II functional response is taken to represent the interaction between middle predator (Y') and
super-predator (Z). It is assumed that there is no interaction between prey and super-predator. The
construction of our model system is sketched in Section 2. The rest of the paper is organized as
follows. In Section 3, positivity and boundedness of the basic deterministic model is discussed.
Section 4 deals with the existence and stability of equilibria. Permanence of the system is studied
in section 5. Hopf bifurcation around the interior equilibrium has been analyzed in Section 6. The
effect of discrete time-delay is studied in Section 7. Direction and stability of the Hopf Bifurcation
is discussed in Section 8. In Section 9, computer simulation of a variety of numerical solutions of
the system is presented. Section 10 consists of the general discussions on the obtained analytical
results and biological implications of our mathematical findings.
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2. The Mathematical Model

Before introducing the mathematical model, let us perform brief sketch of the construction of the
underlying model which indicates the biological relevance of the model.

1. Consider three species, namely the prey with population density (biomass) X at time 7', the
middle-predator with population density (biomass) Y at time 7' and the super-predator having
population density (biomass) Z at time 7.

2. Behavior of the entire community is assumed to arise from the coupling of the following interac-
tions: Z preys only on Y and Y preys on X (see below). A distinctive feature of such a community
is the so called ‘domino effect’: if one species dies out, all the species at the higher trophic level
die out as well.

species X

1

species Y

I

species Z
The feeding relationship in the food chain

3. It1is assumed that in the absence of predator the prey population biomass grows according to a lo-
gistic curve with carrying capacity K (K > 0) and with an intrinsic growth rate constant r (r > 0).

4. It 1s also assumed that the prey-predator interaction is governed by Crowley-Martin (simply
written as C-M) response function of the form:

By
(14 Az)(1+ By)’ 2

which was first proposed by Bazykin (1988). It is very important in theoretical ecology on its own
right. Here /3, A and B are positive parameters that describe the effects of capture rate, handling
time, and the magnitude of interference among middle-predators on the feeding rate, respectively.
This is a function of the biomass of both prey and predator due to predator interference. If the
prey biomass is high, then also predator feeding rate can decrease by higher predator biomass.
Therefore, the effects of predator interference on feeding rate remain important all the time whether
an individual predator is handling or searching for a prey at a given instant of time (Zhou (2014)).
This represents the per capita feeding rate of predator.

Depending on parameters A and B, the following cases arise:

(1) When A = 0, B = 0, the C-M functional response reduces to the Holling type-I (or Volterra)
functional response.

(i1)) When A > 0, B = 0, the C-M functional response reduces to the Holling type-II functional
response.

https://digitalcommons.pvamu.edu/aam/vol13/iss2/8
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(ii1)) When A = 0, B > 0, it expresses a saturation response of the middle-predator.

5. On the other hand, Holling type-II functional response is considered for the interaction of species
(Y, 2).

These considerations lead to a food chain model under the framework of the following set of
nonlinear ordinary differential equations:

X (X)) _ XY

ar ~ K) (1+AX)1+BY)

ay /XY - Yz 3)
dT — 1+ AX)1+BY) " M+Y’

Az mYZ

ar Mty D

with

X(0) = Xo > 0,Y(0) =Yy > 0,2(0) = Zy > 0.

The model parameters 3, v, 81, 71, D1, D1 and M are all assumed to be positive with following
biological meanings:

B: Capturing rate (or predation coefficient) of middle-predator,

~: Capturing rate (or predation coefficient) of super-predator,

B1: Conversion rate of prey into middle-predator after predation,

~1: Conversion rate of middle predator into super-predator after predation,
D;: Per capita death rate of middle-predator,

D»: Per capita death rate of super-predator,

M Half saturation constant for middle-predator.

To reduce the number of parameters, we use the following scaling (non-dimensionalization):

Y Z
?, ? and t=rT.

®
Il

Then, the system (3) takes the form (after some simplifications):

Published by Digital Commons @PVAMU, 2018
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dz a1y
—=z(l—-z)— )
dt ( ) (14 agz)(1 + asy)
dy asxy d asyz @
it~ Tt+awa)dtay) Y T+agy
dz aryz
7 — dgz,
dt 1+ agy
with
z(0) =20 >0, y(0) =yo >0, 2(0) =2z >0,
where
ﬁK ,31K ’yK K ’le D1 D2
= — =AK,a3 = BK,a4 = — = = =1 d = dy = ==
ay r , A2 , a3 , A4 r , a5 Mraaﬁ Maa7 Mra 1 r s W2 r

3. Positivity and Boundedness

Positivity and boundedness of a model guarantee that the model is biologically well posed. For
positivity of the system (4) , we have the following theorems.

Theorem 3.1.

All solutions of system (4) that start in R remain positive forever.

Proof:

From the first equation of system (4), we get

(1) = 2(0) exp [/Ot {1 ~al0) - 7 m(‘;lﬁ((fl T } d@} ~ () > 0.

From the second equation of system (4), we get

_ ox ! asz(0) o asz(0)
ot) =0 exp | [ { o — - g 0] = >0

From the third equation of system (4), we get

2(t) = 2(0) exp Uot {% - dQ} de} = 2(t) > 0.

This proves the theorem. n

Theorem 3.2.

All solutions of system (4) that start in R are uniformly bounded.

https://digitalcommons.pvamu.edu/aam/vol13/iss2/8
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Proof:
Since
d
d—f <z(l—ux),
we have
lim sup z(t) < 1.
—00
Suppose
Wi=x+ ﬂy—% a1a5z
aq aqay
dW, ardiy  arasdaz
So——=z(l—2x)— -
dt aq asay
dW1 < . aldly . a1a5d22
dt — aq aqay
AW .
Wl < 2z — RW1, where R = min{1,d,d2}.
dWi . .
Hence, — + RW; < 2x <2, for large t, since lim supz(t) < 1.
dt t—o0

Applying a theorem on differential inequalities, we obtain

2 | Wi(=(0),4(0).2(0))

0§W1(33;ya2’)§ R Rt = - R

Thus, all solutions of system (4) enter into the region:
2
B = {(a:,y,z) 0< W < R—I—e, fOI'any6>0}.

This proves the theorem.

4. Equilibria and their Stability

System (4) may have the following equilibrium points.

(A) The trivial equilibrium point E(0, 0, 0): It always exists.

2
=0<W; <—=ast— oo.

715

(B) The axial equilibrium point (1,0, 0): This predator free equilibrium exists unconditionally.

(C) The boundary equilibrium point FE (&, 7, 0) of system (4) is given by

b2 + bod? + bsd + ardy = 0,

Published by Digital Commons @PVAMU, 2018
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and
a?(a4 — agdl) — d1
dl(ag + a2a3.@)

gy =

where

b1 = a2a3a4, b2 = a3a4(1 — a2) and b3 = a1a2d1 + (14(@1 — ag).

(D) The interior equilibrium point E*(x*, y*, z*) of system (4) is given by

2
a2—1 a2—1
*: b,
x 2%, +\/< 2a2> + 04

. dy
¥y = a7 — d2a67
and
. 1+agy* { asx* }
z = — d1 5
as (14 azz*)(1 + asy*)
where

a1dy

by=1-— .
4 a7 + da(as — ag)

This interior equilibrium exists only when

(1) a7 > daag, (i) ag > a1 and (4i7) agx™ > di (1 + agx™)(1 + azy™).

Now we study the local stability behaviour of the equilibrium points by computing corresponding
variational matrix:

v11 vi2 0
V(xayvz) = | V21 V22 V23 | ,
0 wv32 v33
where
V11 = 1—2x— ny V12 = — aw
(1+azx)?2(1+ aszy)’ (1 + asz)(1 + asy)?’
asy aqsx d asz
v21 = ) U2 = —dy — ——
(1 + a22)?(1 + azy) (1 + azz)(1 + azy)? (1+ azy)?
asy arz ary
Vg3 = —— V3 = —————, vz = ————— —d
27 (U + aey) 27 (1+ agy)? BT (U taey)

https://digitalcommons.pvamu.edu/aam/vol13/iss2/8
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At Ey, the variational matrix V' (Ej) becomes

1 0 O
V(E)) = |0—di 0
0 0 —do

The corresponding eigenvalues are 1, —d;, —dy and hence, we have the following theorem:

Theorem 4.1.

Ey is unstable.

At E,, the variational matrix V(E}) is given by

-1 - ajjrl 0
V(Ey)=1| 0 g —di 0
0 0 —dy
The corresponding eigenvalues are —1, ﬁ — dyjand — ds.
Theorem 4.2.
E; is locally asymptotically stable if
Q4
ds.
as + 1 < 02

At E», the variational matrix V' (Es) is given by

1 =2 — e (Trag) e A 0
Qaq 4 as
V(Ez) = i) (T ad)Fai? ~ 4~ Tres
0 0 11312@/ —dy

If the corresponding eigenvalues are A1, \; and A3, then A; and A9 are roots of the quadratic equation

N4+ CN+Co =0,

and
ary
A3 = —
3 1+ agh 2
where
. a1a2y azas i
C =T — N N + ~ ~ )
' (1+a22)2(1 + a3) (1 + a22)(1 + azp)?
and

aza4Zy a1042yY

Cy = = — + - —
T I+ ad)1+a39)? | (1+ asd)3(1 + azg)

311 — azaziy}.
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If azas(1 + as®) > ajaz(1l + 9) and asa3zy < 1, then Cy and Cy are positive. Therefore, all roots of
A2 + C1 ) + Cq = 0 are negative or having negative real parts. Also, if a7 < da(1 + ag)9, then Es is
locally asymptotically stable. Hence, we have the following theorem:

Theorem 4.3.
Es is locally asymptotically stable if

a3a4(1 + agi‘) > a1a2(1 + Q), asaszty < 1 and a7y < dz(l + aﬁ)g).

At E*, the variational matrix V' (E*) is given by

mi1 miz2 0O

*
V(E ) = | M21 ™22 M23 | ,
0 ma9 0
where
. ajaox™y* arz*
mi = —r + mi2 = —

(1+ azy*)(1 4 agz*)?’ (1 + agx*)(1 + azy*)?’

asy” azasx*y* asagy*z*

y M22 = — )
(14 agx*)?(1 + asy*) 22 (14 asy*)?(1 +agz*) (14 agy*)?

ma1 =

*

asy arz”
Moy =~ 5y M32= 5.
(14 agy*) (1+ agy*)?
The corresponding characteristic equation is given by

A3+ DA + DoX+ D3 =0,

where

Dy = —(mq1 +ma2), D2 = (mi1mag + magmaz — migmer) and D3 = myymaozmsa.

By Routh-Hurwitz’s criterion, all eigenvalues of V(E*) have negative real parts if
(Z) Dy >0, (27,) D3 > 0, and (ZZZ) D1Dy — D3 > 0.
Thus, we have the following theorem.

Theorem 4.4.
E* 1s locally asymptotically stable if D; > 0, D3 > 0 and D; D2 — D3 > 0.
Theorem 4.5.

a5a6a7d2x*y* — a3(a5d22* + a7d1y*)
asagardix*y*

Let E* exists and D = {(x, y,2) €R3 1y > } , then the equi-

librium point E£* is globally asymptotically stable in D.

https://digitalcommons.pvamu.edu/aam/vol13/iss2/8
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Proof:

Let us consider the following positive definite function about E*:

V(x,y,z)zM(x—x*—a;*ln%) + <y—y*—y*lny*> +N(z—z*—z*lni*>,
x Y z

where M and N are positive constants to be specified later on. Differentiating V' with respect to ¢
along the solution of (4), a little algebraic manipulation yields:

d * N — 1 *
V:—M{l— a1a2y }(x_x*)2+{a7 as +a6y)}
dt (1 + agx)(1 4 agz*)(1 + asy*) (1 + agy)(1 + agy*)
. . agagardir*y*y — asagardex™y* + ag(asdaz™ + ardiy*)
Y=y )(z—2") - ” ; .
(1 +azy)(1 + azx*)(1 + azy*) (1 + aey) (1 + ay*)
{ as(1 +azy™) — Mai(1 + azz™)
(14 agz)(1 + azx*)(1 + azy)(1 + azy*

a0,

Let us choose M = % and N = “5(1273“‘) It is noted that the existence of E* implies
1- 3 +W)(1‘f;gjgi) o) > 22— > 0. Therefore, %7 is,. negative definite in.D. Consequ.ently, by
the LaSalle Theorem (Harrison (1979), LaSalle (1976)) is globally asymptotically stable in D. u

5. Permanence of the System

To prove the permanence of the system (4), we shall use the Average Liapunov functions (Gard
and Hallam (1979)).

Theorem 5.1.

Suppose that the system (4) satisfies the following conditions:
a4

; d
(Z) a2‘|j1> 1,

(ZZ) 117;2?; > do.

Then the system (4) is permanent.

Proof:

Let us consider the average Lyapunov function in the form V(z,y,2) = 2%y%2% where each
0; (i = 1,2,3) is assumed to be positive. In the interior of R3, we have

v a1y
v ’(ZJ(SU,Z/,Z) 1 |:( ZE) (1 —|—a2.’L')(1+a3y):|
a4 a5% ary
40 —d — + 0- —da| .
|0+ ae) 1 +agy) 1+a6y} ’ [1 +asy 2]

Published by Digital Commons @PVAMU, 2018
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To prove permanence of the system we shall have to show that ¢ (x,y,z) > 0 for all boundary
equilibria of the system. The values of ¥(z, y, z) at the boundary equilibria Ey, E1, and E; are the
following:

Ey : 01 — 02d1 — 03da,

By 0x(; 57 — di) — Osda,
E2 . 03 {117;”;@ - dQ} .

Now, (0,0,0) > 0 is automatically satisfied for some 6; > 0 (i = 1,2, 3). Also, if the inequalities
(1)-(i1) hold, ¢ is positive at E; and E,. Therefore, the system (4) is permanent. Hence the theorem.g

Remark.

The conditions

Ey -2 —dy >0

1 az+1
L_ary o
Es: TFash do > 0,

guarantee that the boundary equilibrium points £; and E> are unstable.

6. Hopf Bifurcation at E*(x*, y*, z*)

The characteristic equation of the system (4) at E*(z*, y*, z*) is given by

A 4 Dy (a4)\* 4 Do(ag)\ + D3(aq) = 0, )

where

Dy(as) agasxr*y* asaey™ 2 g ayasx*y*
a pr - X - )
BT 0 ey 2(1 4 aser) (1 + agy*)? (1+ azy*) (1 + aza*)?

asa7y*z* azasz*y* arasasagr Yy 2"

Do (ay) = + +
2(a4) (1+agy*)? (14 asy*)(1+azz*) (14 azy*)(1 + agx*)?(1 + agy*)?

ajz*y* arasazasx*>y*> asagx*y*z*

+ ,
(14 agy*)3(1 + agx*)? (14 agy*)3(1 + agx*)? (1 + agy*)?

and

Dyfas) = UV E Mty .
(14 agy*)3 \ (1 + asy*)(1 + agx*)? '

In order to see the instability of system (4) let us consider a4 as bifurcation parameter. For this
purpose let us first state the following theorem.

Theorem 6.1 (Hopf Bifurcation Theorem (Murray (1989))).

If Di(as4),i = 1,2,3 are smooth functions of a4 in an open interval about a} € R such that the
characteristic equation (5) has

https://digitalcommons.pvamu.edu/aam/vol13/iss2/8
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(1) a pair of complex eigenvalues A\ = «(aq) + ifay (With a(ayg), B(as) € R) so that they become
purely imaginary at a; = a} and 4% |,,—q; # 0,

(11) the other eigenvalue is negative at a4 = aj, then a Hopf bifurcation occurs around E* at a4 = a}
(i.e., a stability change of E* accompanied by the creation of a limit cycle at a4 = a}).

Theorem 6.2.
System (4) possesses a Hopf bifurcation around E* when a4 passes through a} provided
Dq(a}), Da(a}) > 0 and Dy(a})D2(a}) = Ds(a}).
Proof:
For a4 = aj, the characteristic equation of system (4) at E* becomes
(A2 + Dy)(A+ Dy) =0,

providing roots Ay = iv/Ds, A2 = —iy/Dy and A3 = —D;. Thus, there exists a pair of purely
imaginary eigenvalues and a strictly negative real eigenvalue. Also D;(i = 1,2,3) are smooth
functions of a4.

So, for a4 in a neighbourhood of a}, the roots have the form A\ (as) = pi(aq) + ip2(as),
)\2(0,4) = pl(a4) — ipz(a4), )\3 = —pg(a4), where pi(a4),i = 1, 2, 3 are real.

Next we shall verify the transversality conditions:

d .
E(Re(Ai(a4)))|a4:“3 #£0,i=1,2.

Substituting A = p;(a4) + ip;(a4) into the characteristic equation (5), we get

(p1 +ip2)® + D1(p1 + ip2)* + Da(p1 + ip2) + D3 = 0. (6)

Now, let us take derivative of both sides of (6) with respect to ay:

3(p1+ip2)? (P1-+ip2) +2D1 (p1-+ipe) (P1+ip2)+ D1 (p1+ip2) 2 +Da (P +ips) + D2 (p1+ip2)+ D3 = 0. (7)

Equating real and imaginary parts from the both sides of (7), we get

Bipy — Baps + B3 =0, (8)

and

Bopy + Bips + By = 0, )

where

By = 3(p} — p3) + 2D1p1 + D2, By = 6pips + 2D1po,

Bs = Dy(p? — p2) + Dap1 + D3 and By = 2D1p1p2 + Dapo.
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From (8) and (9), we get

. ByB, + B1Bs
_ 10
Now,
Bs = D1(p? — p3) + Dap1 + D3 # D1(pi — p3) + Dap1 + D1Da + DaDy.

Atay =aj:
Case I:

p1 = 0,p2 = /Do,

By = —2Ds, By = 2D1+/ D2, B3 # DyD1, By = D2/ Ds.
Therefore,
BysBy + B1Bs3 75 2D1D2D2 — 2D1D2D2 =0.

So, BoB4 + B1B3 7& Oatayq = CLZ, when p1 =0,p2 =+/Ds.
Case II:

p1 = 0,p2 = —/ Do,

Bi = —2Dy, By = —2D1\/Ds, B3 # D1 Do, By = — Do/ Do.
Therefore,
ByB4 + B1Bs 75 2D1D2D2 — 2D1D2D2 = 0.
So, BoB4 + B1B3 #0atay = CLZ, when p1 = 0,p2 = —/Ds.
Therefore,
d ByB, + B1Bg
TM(RG()‘Z'(CM))”MZGZ == B% T B% ‘a;;:aj{ # 0,
and
—pg(aj;) = —Dl(aZ) < 0.

Hence, by theorem (5), the result follows. -
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7. Effect of time-delay

In recent years, it is well understood that many of the processes, both natural and manmade, in
biology, medicine, etc., involve some of the past histories which lead to introduce time-delays in
the underlying model system. Time-delays occur so often, in almost every circumstances, that to
ignore them is to ignore reality. The time-delay or lag can represent gestation time, incubation
period, transport delay, or can simply lump complicated biological processes together, accounting
only for the time required for these processes to occur. Kuang (1993) clearly mentioned that ani-
mals must take time to digest their food before further activities and responses. Hence, any model
of species dynamics without time delay is an approximation at the best. In the last few decades,
mathematical models based on delay differential equations (DDEs) have become more popular,
appearing in many areas of mathematical biology. In general, delay differential equations (DDEs)
exhibit much more complicated dynamics compare to ordinary differential equations (ODEs). A
time-delay could cause a stable equilibrium to become unstable and cause the population to fluc-
tuate. Detailed explanation on importance and usefulness of time-delay in realistic models may be
found in the classical books of Macdonald (1989), Gopalsamy (1992), and Kuang (1993). Let us
consider the model (4) with a discrete time-delay as follows:

dr _ x(1—z)— nry

dt ~ (1+ asa) (L + asy)’

dy a4y asyz

— = —diy (1)

dt (14 agz)(1+ azy) 1+agy’

dz  ary(t—r7)z

de _ WOV TT)E 4
dt 14 agy(t —7) 2%

with

z(0) =x0 > 0,y(0) =yo > 0,2(0) = 29 > 0.
System (11) has same equilibrium points as in system (4) mentioned in section 4. The
eigenvalues corresponding to the variational matrix of the boundary equilibrium points

Ey(0,0,0), E41(1,0,0), Es(z,9,0) are same as in the case without delay. Consequently, the boundary
equilibrium points of (4) and (11) behave alike with respect to local stability.

We now study the stability behavior of E*(z*, y*, z*) in presence of delay (r # 0). Let us linearize
system (11) using the following transformations:

r=x"4+u,y=9y"+v,2=2"+w.

Then, the linear system is given by

= AV + BV 7), (12)

with

V= [u,v,w]T,
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ciiciz2 0 0 0 0
A= |ecaecs|, Bi=|0 0 0],
0 0 0 0 d32e™* 0
where
- ajasx*y* a1 x”
Cl] = —X y €12 = — ’
1 (14 agy*)(1 4 agx*)? 12 (14 agx*)(1 + azy*)?
- asy” oy — azasx*y* asagy*z*
(14 agx*)2(1 + asy*)’ (14 asy*)?(1 + agx*) (1 + agy*)?’
asy* d arz*
Coy3 = ———— = .
2T T A +aey) T (1 + agy)?

Let us choose solution of (11) in the form: V() = pe*, 0 # p € R3. Then, the characteristic
equation is

A 4+ PIA2 + PoA+ Py(A + Py)e ™ =0, (13)

where

Py = —(c11 + ca2), P2 = cr1e22 — ciaca1, Py = —co3dss and Py = ciic23d3s.
The system (11) is asymptotically stable in presence of delay if (i) equation (13) has no purely
imaginary roots and (ii) it is asymptotically stable for 7 = 0. Otherwise, there exists 7 = 7y, where
change of stability occurs. For 7 = 0, E* is asymptotically stable if conditions of Theorem 4.4.
are satisfied. Now we want to determine if the real part of some roots increases to reach zero and
eventually becomes positive as 7 varies or vice versa (that is, real parts of all roots decrease and

become negative). For this we substitute A = n+iw in (13) and separating real and imaginary parts,
we get

n® = 3nw? + P (* — w?) + Pan + P {(n + Py) cos wr +w sinwr} e =0, (14)
and

3n*w — w4+ 2nwP; + Paw + P3 {w cos wr — (n+ Py) sin wt} e = 0. (15)

Now, we check whether equation (13) have purely imaginary roots or not. So, we set n = 0. Then,
(14) and (15) become

—Pyw? + P3 {Pycos wr + wsin wr} =0, (16)

and

—w3 4 Pow+ Py {wcos wr — Pysin wr} = 0. (17)

Eliminating 7 from (16) and (17), we get the equation for determining w as

Wl 4 (p? — 2Py w* 4 (P} — P})w? — PiP? = 0. (18)
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Substituting w? = « in (18), we get a cubic equation given by

o+ Ria® + Rya+ Ry = 0, (19)

where

Ry = (P? —2P,),Ry = (P} — P}), R3 = —P}P%.
Since R3 < 0, so equation (19) has at least one positive root.
Theorem 7.1.
Equation o+ R1a?+ Rya+ R3 = 0 has exactly three positive roots if 37 —443 < 0, Ry < 0 and Ry >
0, otherwise it has only one positive real root, where 5y = R% — 3Ry, and 81 = 3R15y — R‘i’ + 27R3.
Proof:

Since % — 443 < 0, so the equation (19) has three real roots. Now R3 < 0 implies that it has at least
one positive root. Other two roots are real and positive or real and negative. Let oy be a positive
real root of equation (19). Then, other two roots of the equation (19) are obtained from

o + (Ry 4+ ap)a + Ry + Riag + a2 = 0. (20)
Now we prove that equation (20) have two positive roots if Ry < 0. If possible, let Ry > 0. Then,

sum of two positive roots is equal to —(R; + «p) < 0, which is impossible. Hence, R; < 0. So by
Decartes’ rule of sign equation (20) has three positive real roots if Ry > 0. Hence, the theorem. u

Theorem 7.2.

Let ag be a positive real root of equation (19). Then, (19) has

(i) exactly one real positive root, two imaginary roots if y(cg) > R} — 3Ra,

(i1) one positive, two negative real roots if v(ag) < R} —3R2, Ra+ Riag+ad > 0and Ry +ag > 0,
(

iii) three positive real roots if y(ap) < R? — 3Ry, Re + Riag + a2 > 0 and Ry + o < 0, where
y(a) = 3a® + 2aR; + Ro.

Proof:
Since R3 < 0, so it has at least one positive real root « (say).
Other two roots of (19) are obtained from
o + (Ry + ag)a + Ry + Riag + o = 0.
Then,

o — —(Rl + Oé()) + \/R% — 3R2 — 'y(ao)

- 2
Thus, if (7) holds, then equation (19) have one real positive root, two imaginary roots. If (iz) holds,
then it has one positive, two negative roots. Finally, if (ii7) holds, then (19) has three positive real
roots. m
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Now we state a lemma which was proved by R Ruan and Wei (2003).

Theorem 7.3.
Consider the exponential polynomial:

Q()\, e—)\’Tl’ - e—)n'm) —\" + QSO))\n—l + .+ Qg],)l)\ + leo)
N RCTAobo
et [N L QA QU] e,

where 7; > 0 (i = 1,2,..,m) and Qg.i) (t=0,1,....m; j =1,2,...,n) are constants. As (71, 72, .., T
vary, the sum of the orders of the zeros of Q(\,e ™, ...,e~*™) on the open half plane can change
only if a zero appears on or crosses the imaginary axis.

Then, we show the existence of Hopf bifurcation near £* by taking 7 as bifurcation parameter.

Theorem 7.4.

Let E* exists and the equation (19) has exactly one positive root, say g = wg. Then, there exists a
7 = 7% such that £* is asymptotically stable when 7 € [0, 7%) and unstable when 7 > 7*, where

w%(w%+P1P4 —Py) 2w

f= = 2i=0,1,2 21
T = g Arecos Py(? + PD) + o) (21)
and 7 = m>161 75 . In other words, system (11) exhibits a supercritical Hopf bifurcation near E* for
JZ
T="T"
Proof:

For 7 = 0, the real parts of all the roots of the characteristic equation (13) are negative. Now, the

equation (13) has exactly one pair of purely imaginary roots when 7 = 77.

It is easy to see that when 7 # 75§ =0,1,2,--, equation (13) has no root with zero real part, and
it has exactly one pair of purely imaginary roots when 7 = 7. Now, 7* is the minimum value of
T for j =0,1,2,--- and so, by Lemma 7.3., we conclude that all roots of (13) have negative real
parts when 7 € [0, 7*). That is, E* is stable for 7 < 7*.

When 7 = 7*, the characteristic equation (13) has a pair of purely imaginary roots and the under-
lying system loses its stability. It is noted that

m - apy(e) _ wiy(wi)

dr - A2+ B A3+ BY
where
Az = —3w(2) + Py + P3(1 — Py7™) coswor™ — P3woT™* sinwot™,
Bs = —2Pjwg + P3(1 — Pym*) sinwor™ + PswoT* coswot™.
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Since equation (19) has only one positive root «, therefore, other two roots of the equation are
either negative or complex conjugates. Now we prove that, in both cases, v(w3) > 0.

First we assume that other two roots of (13) are negative, say —as, —ay (so that ag > 0, a4 > 0).
Then,

fla) = o’ _|_R1a2 + Roa+ Ry = (o — o) (a + a3) (o + o),

'y(wg) = f/(ozo) = 30&% + 2R + Ry = (Oéo + Oég)(Oé(] + Oé4) > 0. (22)

Next we assume that other two roots of (13) are complex conjugates, say as + ic. Then,

fla) = a4+ Ria® + Ry + Ry = (a0 — ap){(a — a5)2 + a%},

’Y(wg) = f/(Oéo) = 306% +2R100 + R2 = (a0 — a5)2 + a% > 0.

So by Rouche’s Theorem, when 7 > 7*, the characteristic equation (13) will have at least one root
with positive real part, then the underlying system becomes unstable. That is, system (11) exhibits
a Hopf-bifurcation near £* for 7 = 7*. n

Theorem 7.5.

Let E* exists with D; > 0, D3 > 0 and D1 Dy — D3 > 0. Let the equation (19) has three positive
real roots g = wi, a1 = w?, ag = w3 such that w? is lying between w3 and w3. Also let
(@ _ 1 wi(wi + PPy — Py) | 257

T, = — arccos
J Wi Ps (w? + P42) Wi

7,5.:07172;].:071727"'7

7']:_ = min{Tlgi) :1=0,1,2}, 7, = T]gl), T = maX{T]gi) :1=0,1,2}, k=0,1,2,....

(@) frf <7g <7t <7 <. <7f <7 <7, then E* is asymptotically stable when
T E [O,TS_), (TO_,T1+), cee (Tk__l,T]:_) and unstable when 7 € [T(T,TO_), [T1+,7'1_), e [T,:__l,Tk,__l),
T > T]j.

(i) ry <79 <7 <7 <--- <75 <7 <75 <7, then E* is asymptotically stable
when 7 € [0,7), (75,7 ), -+, (T4 ), (7, 7¢) and unstable when 7 € [7), 77), [ )y
[TQ',T,;),TZTS‘.

(iii) 7 <75 <7 <7 <--- <75 <7, <7, then E* is asymptotically stable when
T C [0,76"), (T()_,Tf'), cee (TI;I,TJ), and unstable when 7 € [TS_,TO_), [Tl+,7'1_), cee [7':71,7,;1),
T > le'.

Proof:
For 7 = 0, real parts of all roots of the characteristic equation (13) are negative (see Theorem 4.4.).

Now the equation (19) has exactly three positive roots. In other words, equation (13) has purely
imaginary roots when 7 = T]:_,T =7,,7T="1,k=0,1,2,---. Since le_ <7, <T,by Lemma, we
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conclude that real parts of all roots of the characteristic equation (13) still remain negative when
7 < 7;". That is, E* is stable in [0, ;). When 7 takes any one of the values among 7,, 7, , 7}, the
system loses its stability.

Now, we have the following two possible cases:

a) dn _ aoy(o) _ wiy(ws) dn _ azy(oz) _ wiy(w3)
dr| T AEH+BI() T ARH+BI(RS) T [dr | AS(r)+Bi(ry) T AS(ro)+B3(ry)”
T=T, T=T}
or
b) dn _ azy(az) _ wiy(w3) dn _ __ooy(x)  _ _ wiy(wy)
dr L ARTH4BE() T AREDH+BE(R) | dT . A()ABR(T) T AR(m)+Ba ()
T=1, T=Tk
Also
[dn] _ oyl wiy(ed)
dr].—.—  Ai(m))+ Bi(ry)  Al(r,) + Bi(7y,)
Here,
Ai(r) = —3wz~2 + Py + P3(1 — Py7) cosw;T — Paw;Tsinw;7,i = 0,1, 2,
and

Bi(1) = —2Piw; + P3(1 — Py7) sinw;T + Psw;T cosw;T,7 = 0,1, 2.

Since, w? (i = 0,1, 2) are roots of (19), so we rewrite the left side of equation (19) as

2
f(a) =a®+ Ria® + Rya + Ry = H(a — w?).
i=0
Then,
daf 2 2 2 2 2 2 2
v(a) = e 3a” +2R1a + Ry = (@ — wi) (@ — wi) + (@ — wi) (@ — w3) + (@ — wi) (e — ws3).
So,

7(wg) >0, (i) <0, y(wi) > 0.

Hence, real part of at least one root of equation (13) becomes positive when 7 > 7, and 7 < 7. and
all roots of (13) have negative real part when 7 € (r,_,, 7). Hence, if the conditions of (i) hold,

then system is stable when 7 € (r;", "), -, (7,_;, 7" ) and unstable when 7 € [7, 7;), [7F, 71),
s T
It is easy to see that, [ZZ] is positive. Also [ZZ} is positive. So the system is unstable
7':7',9+ T=T5

when 7 > T,j .
Hence, (i) is proved.

In an analogous manner, (ii) and (éi7) can be proved. n
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8. Direction and Stability of the Hopf Bifurcation

In the previous section, we obtained the conditions under which the Hopf bifurcation occurs. In
this section, we shall derive the direction of the Hopf bifurcation and sufficient conditions of the
stability of bifurcating periodic solution from the positive equilibrium E* of the system (4) at the
critical value 7 = 7*. We will utilize the approach of the normal form method and center manifold
theorem introduced by Hassard et al. (1981).

Letx; =x—a*, 20 = y—y*, 23 = 2—2*, 7 = 7"+ u, where 7* is defined by (21) and i € R. Dropping
the bars for simplification of notation, system (11) can be written as functional differential equation
(FDE) in C = C([-1,0],R?) as

2(t) = Ly () + f(u, ), (23)

where z(t) = (z1,72,23)7 € R3, and L, : C —» R, f : R x C — R are given, respectively, by

ci1 ez 0 ¥1(0) 00 0] [¥i(-1)
Lu(¥) = (7" +p) | carcazcaz | [¥2(0) | + (7" + ) [0 0 O [9a(-1)], (24)
0 0 0| |v3(0) 0ds2 0| | 23(—1)

2 ll1’1/11 (O)wZ(O)
—¥1(0) — [ O+ 0E0)

% a411(0)2(0 as2(0)3(0
Fw ) = (7" +p) (1+a2w1(o>>(<1)+a§<ong(o>>( N o | (25)

az2(—=1)93

(I4as¥2(—1))

By the Riesz representation theorem, there exists a (3 x 3) matrix, n(f,u)(—1 < 6 < 0), where
elements are bounded variation function such that

0
Lo = [ dn6,)0(6), for v € C. (26)
-1
In fact, we can choose
ci1ci2 0 000
N0, ) = (7" +p) | ca1 caa co3 | 6(0) = (7" + ) |0 0 0] 0(0+1), (27)
0 0 O 0dss 0

where ¢ is the Direc delta function defined by

0
5(0) = {(1) e (28)

For v € C1([-1,0],R3), define the operator A(y) as
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#(0) 6 €[-1,0)
A(p)e(0) = { o Y (29)
f 1 dn(:uv S)¢(S)a 0= 07
0, 0e[-1,0),
R(p)y(0) =
Then, the system (23) is equivalent to
i(t) = A(p)ze + R(p)ze, (30)

where x,(0) = z(t + ) for § € [-1,0]. For ¢ € C([0, 1], (R?)*), define

—dg(s) _
A%(3) ={ R SO, G
f_l d"? (tv 0)¢(_t)> s = 07
and a bilinear inner product
— 0 9 —
< @(s),1(0) >= ¢(0)¥(0) — /_1 - P(§ — 0)dn(0)v(&)dE, (32)

where 7(0) = 1n(0,0). Then A(0) and A* are adjoint operators. we know that +i7* are eigenvalues
of A(0). Thus, they are also eigenvalues of A*. We first need to compute the eigenvalues of A(0)
and A* corresponding to +iT*wy and —iT*w, respectively.

Suppose that ¢(6) = (1,q1,q2)" e, is the eigenvector of A(0) corresponding to it*wp. Then,
A(0)q(0) = it*wpq(0). It follows from the definition of A(0) and (24),(26) and (27) that

’in + C11 C12 0 0
T* co1 dwo+ e 23| q(0)=]0]. (33)
0 d3267iw°7—* wo 0
Thus, we can easily obtain
Q(O) = (17 q1, QQ)Ta (34)
where
iwo + c11 dso .. P
¢ = ——and g2 = —=(iwp + c11)e” 07 .
C12 C12
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Similarly, let ¢*(s) = D(1, ¢}, ¢5)Te™“o7" be the eigenvector of A* corresponding to —iwy7*. By the
definition of A*, we can compute

* x % iSwoT* —iwp + ¢ d . —iwoT*
016 = Dy =0 (1 CEEL B e )69

In order to assure < ¢*(s),q(¢) >= 1, we need to determine the value of D. From (32), we have

< q*<3>7 q(g) > = D(17(T1k7q_§>(17q17QQ)T - fi)l fg:O D(17 qrv QS)einT*(gia)dn(e)(lu q17q2)T6iWO£T*d§

B —% —% 0 —x  —k jwoOT*
= D{1+qaf + @235 — [, (1,41, 35)0e™ " dn(6) (1, a1, 42)"}
=D{1+ q1q} + 23 + T g3q1dzae ™7}
(36)
Thus, we can choose D as
D= 1
{14+q137 +9235+7 g3 qrds2e 107" } 37
D= L

1+li1q*+(qu*+T*q§q1d32€7‘“’07* } '

In the remainder of this section, we use the theory of Hassard et al. (1981) to compute the condi-
tions describing center manifold Cj at . = 0. Let z; be the solution of (30) when x = 0.

Define

z2(t) =< q*,x¢ >, W(t,0) = 21(0) — 2Re{z(t)q(0)}. (38)

On the center manifold Cy, we have

W(ta 9) - W(Z(t)v E(t), 9)7 (39)
where
42 52 3
W(z,2,0) = Wao(0) 5 + Wi1(0)22 + Woz(0) - + W30(9)€ + (40)

z and z are local coordinates for center manifold Cy in the direction of ¢* and ¢*. Note that W is
real if z, is real. We only consider real solutions. For solution z,Cy of (30). Since . = 0, we have,

2(t) = iwer* 2z + ¢ (0) f(0,W (2, 2,0)) + 2Rezq(0) —def otz + §* (0)f(z,2). 41

We rewrite this equation as

2(t) = iwot*2(t) + g(z, 2), 42)
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where

9(z,2) = q°(0) fo(2, 2) ) )
=g20% + 91122 + 9025 + 905 + ...

We have z;(0) = (x14(0), z2:(0), z3:(0)) and ¢(0) = (1, q1, g2)" e so from (38) and (40) it follows

that
x1(0) = W (t,0) + 2Rez(t)q(t)
= Wzo% + Whizz + W02% + (Lqi, )" e ™ 2+ (1,41, @) e ™7 2+ ..

and then, we have

210(0) = 2+ 2+ W5 + Wf})zz W4+
2(0)=qz+ @z + WQ(O) 2 + Wl(l)zz + Wé )

%
23¢(0) = g2z + 2Z + Wz(o) + W1(1)Z + Wéz)%

211(—1) = ze~ 0™ 4 zeom LA 4 Wﬁ)zﬂ WPEZ+ .,
xu(—1)=q ze WoT" g ZeiwoT" 4 WQ(O) 2 + Wl(l)zz + Wé

23¢(—1) = qze T 4 Goze™0T + Wz(o) >+ W(f)22+ WO(

)

)5t
It follows from together with (25) that
9(2,2) = ¢°(0) fo(z,2) = ¢°(0) f(0, z¢)

a1$1t(0)$2t(0)
] r1e0) e Oy
=7D(,q", ¢@") (1+0«2$41t(16))(1‘2:a312t(0)) ) )(olj;w;(fo))

(1+a5x2t( 1)

= 7*D[(1 — a1q1 + aagiq1 — asqiq1q2) + argsqrgae 7 22

+(2 — 2a1 Re(q1) + 2a4q7 Re(q1) — 2a5q] Re(q1G2)) + 2a4q5 Re(q2q1) 22
+(1 — ardi + aagian — asqi @) + argidige” T 2 + {(Wh (0) + 2w, (0)
~ 5@ (0) = S (0) — axaa Wi (0) = ar WP (0) + arangs + 2a1a3 | 1 P
20z Re(qn)araz?) + i (5 Wi (0) + T WL (0) + aaWiy (O)as + as W7 (0)

a a
—asa4q1 — azasqi — 2a2a4Re(qr) — 2azasqi Re(q1) — ?561_2W2(§)(0) = ‘1W2(0)( 0)

—a5q2W1(%)(0) - a5Q1W1(f) (0) + asae | @1 |* g2 + 2as5a6q1 Re(q162))

@ (5 Wi (0@ ™ WD (1)@ + arW (P (0)q1e™™™ + arWi (<1
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1 goe™ ™" — 2aga7q1 Re(qad)) } 22 2). (45)

—agar | q1 |© qoe

Comparing the coefficients with (43) that, we get

twoT™* ]

20 = 27*1:7[(1 —a1q1) + @*(aaq1 — asq1q2) + @*arqigee”
gn = 27" D[(1 — a1 Re(q1)) + ¢1" (asRe(q1) — asRe(q142)) + 2" a7 Re(q142)]]
go2 =27*D[(1 — a1q1) + G1*(asi — asi2) + G2 arq1gae™™™

g1 =T D2 — arg@) W (0) + 2(1 — aaq)) WP (0) — ar (WY (0) + 2w (0))
+2a1ax(q1 + 2Re(q1)) + 2a1a3(63 + 2 [ a1 [} + @ {as 211 (0)a1 + Wig) (0)di + W (0)
+2W2(0) — as(WE2(0) @ + 2W 2 (0)gs + W (0)di + 2w 2 (0)di)
— 2asa4(q1 + 2Re(q1)) — 2azas(qi + 2q1 Re(q1)) + 2asa6(| q1 |* g2 + 21 Re(q12)) }
+ @ ar(Way (—1) @ +2W5) (—Dga + Wi (0)gie™ ™)

—2agaz(| 1 > €77 4+ 2q1 Re(q21))].-
(46)

Since these are Wy (6) and W11(0) in g21, we still need to compute them. From (30) and (38), we
have

R s R VL
By definition = AW + H(z, z,0), where
H(z,%0) = HlO(G)Z; + Hi(60)2% + H02§ o 48)
Substituting the corresponding series into (47) and comparing the coefficients, we obtain
(A — 2iwgT*)Waoo = —Hoo(0), AW11(0) = —Hi1(0). (49)
From (47), we know that for 6 € [-1,0),
H(z,%,0) = —q"(0) foa(0) — ¢"(0) foa(0) = —g(z,2)a(0) — 3(=, 2)q(0). (50)
Comparing the coefficients with (48) ,we get
Hso(0) = —g20(0)a(0) — go2(0)a(0), (51)
Hui(0) = —g11(0)a(6) — 911 (0)a(0). (52)
From (49) and (51) and the definition of A, it follows that
Hao(0) = 2iwom*Wao(0) + g20(0)q(0) + 6o2(0)3(0). (53)
Notice that ¢(0) = (1, 8,7)Te™°7 % hence
Wao(6) = 1920 g(0)c=o™0 4 1920 o omiont0 4 im0, (54)

woT* Swotau*
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where E1 = (E{, E?, E}) € R3? is a constant vector.

Similarly, from (49) and (52), we obtain

Wii(0) = — 1911* q(())e"“”*e + tg11 *q—oe—ionW + B, (55)
woT Swotau

where Ey = (EL, E2 E3) € R3 is also a constant vector.

In what follows, are will seek appropriate £; and F> .From the definition of a A and (49), we obtain

0
/ A (0)Wan(6) = 2T Wan(0) = Fia 0), (56)

0
/ dn(0)W1i (0) = —Hiy (0), 57)

-1
where 7(0) = n(0,0). By (47), we have

—1+ (1+a23€i+a2)

HQO(O) = _920(](0) — 962% + 2% (1+a:§8+a3) - af_ig? 7 (58)
MB—inUT*
(14a¢)

a1 Re(q1)
;1 + (e
Hy1(0) = —g119(0) — g11do + 27" (IJ‘:‘;Z)E((I‘IJIF)GS) _ % 11(21;612) ' (59)
arRe(q142)
(1+as)

Substituting (54) and (58) into (56) and noting that

0
(iwoTr™I —/ einT*edn(O))q(O) =0, (60)

-1

0 —_
(—iwor*T — / ey (0))g(0) = 0

we obtain
- B
(mof*f - / eiwo” 9d77(0)> B =2r| B? |, (61)
where
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B(l) - 14+ ai1qi ,B(Q) _ a4q1 B GSQ1q2,B(3) _ w1192 e 2iwoT”
! (1+a3)(1+ag)” ! (1+a2)(1+a3) 1+ag * (1+ ag)

This leads to
21w — €19 —C19 0 Bg)
C21 ino — C22 —(C23 E1 =2 B§2) . (62)
0 —d32€iw°7—* 21w B§3)

B%l) —C12 0
E% = Z B?) ino — C22 —C23 |
Big) —d32€2iw07* 21wq

9 2in — C11 Bgl) 0
E} = 1 —C21 B§2) —C23 | 5
0 BY 2i

9 QiWO — C11 —C12 B%l)
B3 = T1oen 2w —ex B®|, (63)
0 _d3262iwo‘r* B§3)

where

2iw0 — C12 —C12 0
A= C21 QiWO — C22 —C23 |- (64)
0 _d32eiw07—* 21wq

Similarly, substituting (53) and (59) into (57), we get

2iwg — 12 —C12 0 Bél)
21 2iwg — ca2 —ca3 | B2 =2 352) ; (65)
0 —dggeinT* 21w Bég)

where

aiRe(qr) B _ asRe(qq) asRe(q1q2)

(1+a3)(1+az)’ ! (14+a2)(1+a3)  1-+ag
_ G7R€(Q1Q2)672¢w07*
(1 +CL6) '

B = -1+
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9 Bél) —C12 0
E21 = B Bg) 2iwg — cog —ca23 | »
B —dy 0
9 2’in — C11 Bél) 0
B3 = B —C21 Béz) —C23 | s
o BY o
9 2in — C11 —C12 Bél)
Ej = B —c21  2iwp — C22 Béz) ; (66)
0 —ds; BY
where
inO — C11 —C12 0
B = co1 24wy — c99 —Ca3 | . (67)
0 —d32 2in

Thus, we determine Wy (#) and Wi, (6) from (54) and (59) into (58). Furthermore, g2, in (46) can
be expressed by the parameters and delay. Thus, we can compute the following values:

ca(0) = szT* (920911 — 2 | g1 |2 —M) + a4

_ PHiao)
72 - Re{é(T*)}’ , (68)
ﬁZ = 2R€{Cl(0)}’T2 = _Imcl(o):)rg’?rz*fmﬁ(r )

which determines the qualities of bifurcating periodic solution in the centre manifold at the critical
value 7*.

9. Numerical Simulation

Analytical studies can never be justified without numerical verification of the derived results. In
this section, we present computer simulation of different solutions of system (4) using MATLAB.

First let us take the value of the parameters of system (4) as a; = 0.2,a2 = 0.3,a3 = 0.17,a4 =
0.4,dy = 0.38,a5 = 1.9,a6 = 1.5,a7 = 0.09,ds = 0.3. Then, the conditions of Theorem 4.2.
are satisfied and consequently F1(1,0,0) is locally asymptotically stable (see Figure 1). Also we
take the parameters of the system as a; = 0.2,as = 0.3,a3 = 0.17,a4 = 04,d; = 0.25,a5 =
0.2,a6 = 0.2,a7 = 0.3,ds = 0.2. Then, the conditions of Theorem 4.3. are satisfied and conse-
quently Es(z,7,0) is locally asymptotically stable (see Figure 2). Next, we take the parameters as
a1 =0.2,a2 =0.1,a3 = 0.05,a4 = 0.45,d; = 0.25,a5 = 0.2,a6 = 0.2,a7 = 0.3,dy = 0.2. Then, con-
ditions are satisfied, and hence E*(0.8791,0.7692,0.5778) exists. Also the conditions of Theorem
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4.4. are satisfied. Consequently, E* is locally asymptotically stable. The phase portrait is shown
Figure 3. The stable behaviour of x, y, z with ¢ is presented in Figure 4.

It is noted that the conversion rate (a4) of the prey populations has a great influence in the dynamic
of system (4). It undergoes a Hopf-bifurcation around E* at a = 1.9890. Figures 5 and 6 show
stable phase portrait and stable behaviour of x,y, z in time of system (4) respectively when the
value of the parameter a4 is less than its critical value a}, i.e. when as = 1.2 < aj = 1.9890. Figures
7 and 8 depict the unstable phase portrait and unstable behaviour of z, y, z in time respectively of
system (4) when a4 = 3.5 > aj = 1.9890, values of other parameters remain same. Conditions of
Theorem 6.2. are fulfilled.

It has already been mentioned that the stability criteria in absence of delay (7 = 0) will not neces-
sarily guarantee the stability of system (11) in presence of delay (7 # 0). If we choose the value
of the parameters of system (11) as a; = 0.15,a2 = 0.1,a3 = 0.05,a4 = 0.45,dy = 0.25,a5 =
0.2,a6 = 0.2,a7 = 0.3,d2 = 0.2, then equation (19) has one positive and two imaginary roots, and
Hopf-bifurcation occurs at 7 = 75 = 1.79 . For 7 = 1.6 < 7 , we see that £%(0.8791,0.7692,0.5778)
is asymptotically stable (Figures 9 and 10 ). Clearly the phase portrait is a stable spiral converging
to E*. If we gradually increase the value of 7 (keeping other parameter fixed), it is observed that
E* loses its stability at 7 = 75 = 1.8998. For 7 = 2.1 > 7, E* is unstable and there is a bifurcating
periodic solution near £*, which is shown in Figure 11. The oscillations of z, y, z with ¢ is shown
in Figure 12.

If we choose the value of the parameters of system (11) as a; = 2.5;a2 = 1;a3 = 1.0;a4 = 2;d; =
0.2;a5 = 2;a6 = 0.2;a7 = 1.5;ds = 0.2, then equation (19) has three positive real roots: 0.8821,
0.6183, 0.0084. The equilibrium point E* is (0.8359, 0.1370,0.3020) and 7, = 0.4070,7, =
2.5542, 73 = 13.8021, 7" = 7.1046, 7, = 10.5448, 7" = 18.5334. It is noted that the equilibrium E*
is stable for 7 € [0,0.4070), (2.5542,7.1046), (10.5448,13.8021) and unstable for 7 € [0.4070, 2.542),
[7.1046,10.5448) and 7 > 13.802. Figure 13 depicts the stable phase portrait of the system when
7 = 0.39. Stable behavior of z, y, z with time is shown in Figure 14, when 7 = 0.3. Also Figure 15
depicts the unstable phase portrait of the system when 7 = 1.4. Unstable behavior of z,y, z with
time is shown in Figures 16 when 7 = 1.55.

10. Conclusion

In this work, we have formulated a mathematical model with a three-dimensional food-web system
consisting of a prey population (X ), a middle-predator (V') feeding on the prey and super-predator
(Z) feeding on only Y species. Here it is assumed that the interaction of the prey species (X) with
the middle-predators (Y') according to Crowley-Martin response function. Also middle predator
(Y) is predated by the super-predator (Z) according to Holling Type-II response function. The
details of the construction of the model is presented in section 2. Positivity and boundedness of the
system are shown in section 3. In deterministic situation, theoretical ecologists are usually guided
by an implicit assumption that most food chains observed in nature correspond to stable equilibria
of the models. From this viewpoint, we have presented the stability analysis of the coexistence
equilibrium point E*(z*, y*, z*). The stability criteria provided in Theorem 4.4. are the conditions
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for stable coexistence of the prey, the middle-predator and the super-predator. The conditions for
permanence and Hopf-bifurcation around interior equilibrium of the system are analyzed under
some conditions. In this context it is mentioned that if fur seals are assumed as super-predator
(Z) and commercial fishes as middle-predator (Y'), then numerical simulations Figure 1, Figure 2
and Figure 4 are in good agreement with the experiments (using field data) performed by Yodzis
(1998).

We have also investigated the effect of discrete time delay on the underlying model, where the de-
lay can be regarded as a gestation period or reaction time of the super-predator. We have presented
a rigorous analysis of the stability and bifurcation of the coexistence (interior) equilibrium point.
Our analysis shows that the value of delay in certain specified range could guarantee the stable
coexistence of the species. On the other hand, the delay could drive the system to an unstable state.
Thus, the time-delay has a regulatory impact on the whole system. The normal form theory and
center manifold reduction have been used and we have derived the explicit formulae which deter-
mine the stability, direction and other properties of bifurcating periodic solutions. The theoretical
investigation which have been carried out in this work will definitely help the experimental ecolo-
gists to do some experimental studies and as a result the theoretical ecology may be developed to
some extent.

Our model is not a case study and so it is difficult to choose parameter values from quantitative
estimation. The hypothetical sets of parameter values are used to verify the analytical findings
obtained in this work. In future work, it would be interesting to expand on simulations by using
realistic data to estimate the parameters.
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Figure 1. Here a; = 0.2,a2 = 0.3,a3 = 0.17,a4 = 0.4,d; = 0.38,a5 = 1.9,a6 = 1.5,a7 = 0.09,d2 =
0.3 and (z(0),y(0), 2(0)) = (0.5,0.5,0.5), E1(1, 0, 0) is locally asymptotically stable.
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Figure 2. Here a; = 0.2,a2 = 0.3,a3 = 0.17,a4 = 04,d; = 0.25,a5 = 0.2,a6 = 0.2,a7 = 0.3,d2 =
0.2 and (z(0),y(0), 2(0)) = (0.5, 0.5,0.5), Eq is locally asymptotically stable.

Figures 3 and 4. Here a1 = 0.2,a2 = 0.1,a3 = 0.05,a4 = 0.45,d; = 0.25,a5 = 0.2,a¢ =

0.2,a7 = 0.3,dy = 0.2. It shows that E*(z*, y*, z*) is locally asymptotically stable, where
z* =0.8791,y* = 0.7692, z* = 0.5778.
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1.4

1.2

Figure 3. Here a; = 0.2,a2 = 0.1,a3 = 0.05,a4 = 0.45,d; = 0.25,a5 = 0.2,a6 = 0.2,a7 = 0.3,d2 = 0.2. It
shows that E*(x™*, y*, 2*) is locally asymptotically stable, where z* = 0.8791,y* = 0.7692, z* = 0.5778.
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Figure 4. Here a; = 0.2,a2 = 0.1,a3 = 0.05,a4 = 0.45,d; = 0.25,a5 = 0.2,ag = 0.2,a7 = 0.3,ds = 0.2. It
shows that E*(x™*, y*, 2*) is locally asymptotically stable, where z* = 0.8791,y* = 0.7692, z* = 0.5778.

Figures 5 and 6. Here a; = 0.2,a0 = 0.1,a3 = 0.05,d; = 0.25,a5 = 0.2,a6 = 0.2,a7 =
0.3,d2 = 0.2 and ag = 1.2 < a} = 1.9890 depicts the phase portrait stable behavior and also
stable behavior of z, y, z with time ¢ respectively.
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Figure 8
Figures 7 and 8. Here a; = 0.2,a2 = 0.1,a3 = 0.05,a4 = 3.5,d; = 0.25,a5 = 0.2,ag =
0.2,a7 = 0.3,d2 = 0.2 and a4 = 3.5 > a} = 1.9890 depicts the Phase portrait of the system

showing a limit cycle which grows out of E* and Oscillations of z,y, z in time ¢ respec-
tively.
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Figure 9. Here a1 = 0.15,a2 = 0.1,a3 = 0.05,a4 = 0.45,d; = 0.25,a5 = 0.2,a6 = 0.2,a7 = 0.3,d2 = 0.2, 7 =
1.6 < 75 and z(0) = 1.01, y(0) = 0.77, 2(0) = 1.25. It shows that E* (2™, y*, z*) is locally asymptotically
stable, where ™ = 1.0101, 3™ = 0.7692, z* = 1.2432.
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Figure 10. Here the parameters are same as in Figure 5.
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Figure 13. Here a; = 2.5;a2 = 15a3 = 1.0;a4 = 2;d; = 0.2;a5 = 2;a6 = 0.2;a7 = 1.5;d2 = 0.2, 7 = 0.39 <
TS_ = 0.4071 and z(0) = 1.14,y(0) = 0.14, 2(0) = 0.41 the equilibrium E* for the system is stable.
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Figure 14. For the choices of parameters as in Fig. 13 and 7 = 0.3 < T0+ = 0.4071, the equilibrium E* for the system
is locally asymptotically stable.
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