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A third-order system of ordinary differential equations, modelling two predators
competing for a single prey species, is analysed in this paper. A delay term modelling
the delayed logistic growth of the prey is included. Fixed points of the system are
identified, and a linearized stability analysis is carried out. For some parameter
regime, there exists a continuum of equilibria and these equilibria may undergo a zip
bifurcation. The main results presented herein are that this zip bifurcation is
‘unsustainable’ for certain ranges of values of the time-delay parameter. Finally,
spatial diffusion is incorporated in the delay differential equation model, and it is
shown that the zip bifurcation remains unsustainable.

1. Introduction

In a recent study of a model describing the interactions of two predator species
competing for one prey [6], under certain natural assumptions, it was observed
that the system admits a one-dimensional continuum of equilibria, leading to what
is described as a zip bifurcation phenomenon. In this model, a predator that has
relatively low growth rate and survives at low carrying capacity K is identified as a
K-strategist, while the other predator, which exhibits high growth rate, is identified
as an r-strategist. Clearly, the model is not structurally stable. However, it serves
as an illustration of the intuitively evident fact that at low values of the carrying
capacity K both predators might survive, but as K grows the K-strategist loses
ground and only the r-strategist may survive with the prey. Subsequently, a whole
class of models that show this phenomenon were proposed and analysed in the
literature (see [2,10,11,13,18]). Interestingly enough, in all the above studies the
zip bifurcation is sustainable even in the presence of diffusion. Also, as observed in
the earlier studies, for low values of the carrying capacity K both predators may
coexist with the prey, but if K increases only the r-strategist may survive. This
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fact may seem against the biological considerations, as coexistence of species is a
common phenomenon. Thus, a switch in the stability behaviour of the continuum of
the equilibria is highly desirable, as it will facilitate coexistence among the species,
especially when the K-strategist loses ground. Also, time delays are natural in any
biological process. Accordingly, in this paper we consider the system of ordinary
differential equations involving a discrete time delay given by

oS- 5(1) 5(1)
S(1) = 7(1 - K)S(t) =20 = ma St
(1) = mw) din (1), (L1)
£y(0) = 22 s (0) - daaa(t)

as a model to describe the dynamical interactions of two predators competing for
a single regenerating resource. In (1.1) x1, 22 and S are the population sizes of the
two predators and a single prey species, respectively. In this model K > 0 denotes
the carrying capacity of the environment with respect to the prey, v > 0 is the
intrinsic growth rate of the prey, m;, d;, a; for i = 1,2 are non-negative parameters
and represent the maximum birth rate, the death rate and the ‘half saturation
constant’, respectively, of the ith predator. The predator functional response is
saturating according to Michaelis—-Menten kinetics.

A delayed logistic growth of prey is assumed when no predators are present and
7 2 0 represents the time delay. It has been suggested by Hutchinson that a delay
logistic equation (the first equation of (1.1) when z; = 22 = 0) can be used to
model the dynamics of a population growing towards a saturation level K with
a constant reproduction rate y. The term (1 — S(¢t — 7)/K) denotes a density-
dependent feedback mechanism, which takes 7 units of time to respond to changes
in the population density represented by S in this equation. There are a number
of articles on these delayed single species population models (see [15,17] and the
references therein).

The model (1.1) when 7 = 0 has been a focus of extensive investigations in
the last few years and there is a large literature on this subject. For a detailed
account of these results we refer the reader to [19]. In [6, 7] Farkas observed that
at low values of the carrying capacity K of the ecosystem (1.1), when 7 = 0 with
respect to the prey, a line of equilibria exists, which is an attractor of the system
representing stable coexistence of the three species. If K is increased, the equi-
libria are continuously destabilized, and above a certain value of K the system
has no stable equilibria representing coexistence. In [18], Sdez et al. considered a
three-dimensional competition model with a generalized Holling type III functional
response and established that the system admits a one-dimensional continuum of
equilibria leading to zip bifurcation. In subsequent studies, variants of these models,
with and without diffusion, have been studied by several researchers and in all these
situations the occurrence of the phenomenon of zip bifurcation has been confirmed
(see [6-10,12,13]).

This paper has the following structure. In §2 we discuss the equilibria and local
stability analysis following the linearization procedure. In § 3 we study the linearized
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problem and establish conditions for the unsustainability of zip bifurcation in the
model. Generally, diffusion is a process that helps maintain the state of dynamics
of a system. In §4 we consider a model where time delays render the zip bifurcation
unsustainable, and the effect of the introduction of diffusion in such time-delay
models. A discussion follows in §5.

2. Equilibria and local stability analysis

In this section, we determine the equilibria of system (1.1) and study the local
stability analysis. The equilibria of (1.1) satisfy the equations

’y(l - M)su) i —20 1)~ — ) =0,

K a1+ S(t) Zag + S(1)
mlS(t) _
mQS(t)

.’bQ(t) - dgl'g(t) =0.

az + S(1)

Following the arguments given in [6,7,12,13], we conclude that the equilibria of (1.1)
are

(S,-Tl,l’Q):(0,0,0), (S,LL’l,IL'Q):(K,0,0)

and the points on the straight line segment

L = {(S,$1,$2) eR3: S=X\ 21 >0, 22 >0 and

S S A
2 a=~(1-2 2.2
m1a1+5x1+mza2+sxz 7( K)} (2.2)

in the positive octant of (.S, 1, x2)-space, provided we assume that

. aid; azds
;> d; f =1,2 d = . 2.
m; > or i an i (2.3)

With the previous hypotheses and the notation

\ = a1d1 o a2d2

m1—d1 ’/7’L2—d27

system (1.1) can be written as

50 = (1= 250 0 10— e E G )
20 = h 2 1), (24
Ty(t) = ﬁzi(i;(j)@(t),

where /81 =m; — di7 1= 1,2
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In what follows, we assume that (2.3) holds. The numbers a1d;/(my — dy) and
asds/(me — dg) correspond to the threshold quantities of the prey species for the
predators x; and xs, respectively. If a1dy/(m1 — d1) # aada/(me — d2), it follows
that (2.1) has only the axial equilibria given by (5,21, z2) = (0,0,0), (S, z1,22) =
(K,0,0).

We now study the stability of the equilibria for system (1.1), that is, (S, z1,z2) =
(0,0,0), (S,x1,22) = (K,0,0) and equilibria on Lx and of the set Ly, where
A =a1dy/(my—dy) = aada/(ma—ds). To study the local stability of those equilibria,
we let B = (S*, 27, 23) be an equilibrium solution of system (2.4).

The variational system of (2.4) corresponding to E is given by

!’

S(t)
l‘l(f)
z2(t)
Y oox _ miay ® maa2 * _ mi * _ m2 *
K KS (a1 —|—S*)2m1 (a2+S*)2x2 CL1—|—S*S CL2+S*S
a A S*— A
= Bl 1* Q:ET /61 * 21‘;‘1K ’81 * 0
(a1 +S*) (a1 + 5%) a, + S
Baas . B2 . S* — A\
(a2+S*)2$2+ (a2+5*)2x2 0 IBQangS*
sw] [ 0 0] [se-n
X |z1(t)| + 0 0 0| |za(t—7)]. (2.5)
:L‘g(t) 0 0 0 $2(t_T)

For the equilibrium E = (0,0,0), we have from (2.5) that

s ! 0)\ 0 S(t) 00 0] [St—7)
nw| =0 P 0 @]+ lo 0 o] |meE-n|. (@26
xo(t) 0 0 _ﬁ2i xo(t) 0 0 0f [z2(t—1)

The characteristic equation associated with (2.6) is given by

(=) (u+ﬂ1A> <u+ﬂzA> =0,
a1 as

and it is easy to see that the equilibrium is unstable, since ~y is a positive root of
the above equation.
When F = (K,0,0) we have that

0 . le _ MQK
K K
sH1 arneT ST =y 0 0] [S(t—7)
:L'l(t) =10 61 K 0 £E1(t) + 0 0 0 xl(t—T)
s(t) a1+ oy | Le® 0 0 0 |aa(t—7)
0 0 i
(2.7)
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Thus, the characteristic equation of (2.7) is given by

o - K-\ B
(1 +ye ™ )(ﬂla K u) <ﬂ2a2+K—u> =0,

or, equivalently,

1+ op® + Bp = He "T[p® + ap + f, (2.8)
where
K-\ K-\
=B —— = = — b =ab d H=-~. (29
a ﬁlal+Ka ﬁZa +K (6% (a+ )7 ﬁ a an Y ( )

We can write (2.8) in the form
P(p) +e "7Q(u) =0

where P(p) = p* + ap® + B and Q(p) = —H(p* + ap + B).
We now set u = 0 + iv in (2.8). Separating real and imaginary parts, we have
that

83 = 30607 + (6 — V) + 56

= He "[(B+ ad + 62 — v*) cos(v7) + (v + 26v) sin(v7)], (2.10)
2.10
— 13 4+ 36%v + 2adv + fr

= He °7[(20v + av) cos(vT) — (62 — 12 + ad + B) sin(v7)].

REMARK 2.1. It is important to note that when 7 = 0 both predator species may
survive only if 0 < A < K (see [6]). Hence, when 7 = 0 it is easy to see that F
is unstable for system (1.1) since the characteristic equation associated with the
linearized system of (1.1) has two positive roots (see [6] for details). Clearly, all
these characteristic roots will continue to have positive real parts for sufficiently
small 7 > 0.

We now study the possibility of a stability switch for F, examining the sign of
the derivative of the real parts of the eigenvalues associated with the characteristic
equation (2.8) with respect to 7, as the roots cross zero. That is, we analyse d§(7)/dr
where §(7) = 0. If the derivative is positive (negative), then clearly stabilization
(destabilization) cannot take place at that value of 7 (see [14]).

At 7 =7, u(7) = 6(7) +10(7) = i0(7) since §(7) = 0, and (2.10) becomes

ai? = H(9? — B) cos(i7) — Hozf/sin(ﬁf-)} 211)
—% 4 B = Haw cos(07) + H(D? — () sin(7).
Squaring and adding the equations in (2.11), we have that
VO 4 (@ — 26 — H*)v* + (6% + 2H?B — H*o?)v? — H*32 = 0. (2.12)

Differentiating system (2.10) with respect to 7, substituting r =7, § =0, v = ¥
and using (2.11), we get the equations for dé(7 )/d’l’ and dv(7)/dr as

dé d

AT (F) + B (7) = C,

i T (2.13)
dd . dv .

—BE(T) + AE(T) =D,
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where

A= -30%+ 3 — tap?® — Hacos(07) — 2H D sin(07),
B = —2ap + 2H cos(07) + 7(0% — ) — Hasin(97), (2.14)
C = o(—i®+ Bp), '
D = ai’.
Solving the equations in (2.13), we get that
ds,.. AC-—BD
T =" (2.15)

and the sign of dd(7)/dr depends upon the sign of AC — BD. From (2.14), after
some simplifications, we obtain

AC — BD = *(30" — 480 + B + 2a0® — H*o? — 20° H? + 2H?3).

So, stabilization (destabilization) cannot take place if AC—BD > 0 (AC—BD < 0).
Let

F(z) =2+ (a® — 28— H*)2* + (8* + 2H?B — H*a?)z — H*$?,

which is the left-hand side of (2.12) with #? = 2. Then, F(??) = 0 and we note that

dF , , A2+ B%2du
&=
We write F(z) as
F(2) =234+ A12% + Ayz + As, (2.16)

where
A1 :a2—2ﬂ—H2,
Ay = % +2H?3 — H?o?, (2.17)
Ay = —H?*32.

We note that the real roots of (2.12), which are precisely the positive roots of (2.16),

are of interest to us, as these roots determine the change in the stability of E.
Note that from (2.9) we have that

B (K —\)? (K —\)?

Ay —ﬁ%m‘i'ﬁzzm -,
_ (K - N* (K —=))? (K —))?
B (K —\)*

Az = _pYQﬁ%ﬁ; (ar + K)2(as + K)Q'

Letting
N = 184, Ay Ay — 4A3 Ay + ATAZ — 4A3 — 27AZ

https://doi.org/10.1017/50308210512000212 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210512000212

A predator—prey model involving discrete delay 1215

we observe that Az < 0. Thus, using Descartes’s rule of signs, we see that (2.16)
has one positive root if any of the following conditions holds:

(HD) (1) A1
(

(iv

We observe that (2.16) has three positive roots if any of the following conditions
holds:

A1<O Ay >0and N <O.

(H2) A; <0, A2 >0 and N > 0.
We summarize the above discussion in the following theorem.
THEOREM 2.2.

(i) Assume that the conditions in (H1) hold. If the equilibrium E = (K,0,0) is
unstable for T =0, then it remains unstable for all T > 0.

(ii) Assume that the conditions in (H2) hold. Then, stability of E = (K,0,0)
cannot be preserved. As T increases, stability switches may occur and, fur-
thermore, there exists a T* such that E is unstable for all T > 7*. As 7 varies
from 0 to 7*, at most a finite number of stability switches may occur.

We now study the stability of the equilibria E = (A, &1,&2) on Li. Observe that,
in view of (2.2), we have that

2 2
m;aq m;aq m;ay
’Y(l—K)—ZWfi:;W&—;( 2&_/\2 25“

and hence the characteristic equation associated with (2.5) at (A, &1, &2) is given by

_ )\i m; 5 i Ee*’rﬂ m1>\ m2>\
K (0, + 02T K Gt A ast A
Bi&1 _
_ 0 =0.
aq + )\ H
B282
- 0
as + A H
Thus, the characteristic polynomial is given by
P(u) = | —Afj WHZ Zﬁl mﬁe Ml (219)
(a; + /\ K

i=1

We defer the study of the stability of the equilibria on the line Lx and of the set
Lg where A = a1dy/(mq — dy) = asds/(msy — da) to the next section.
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3. Stability analysis of non-isolated equilibria

In this section we discuss the stability analysis of the non-isolated equilibria, which
in the present case lie on the line Lx. We first discuss the case for 7 = 0 in
system (1.1). For 7 = 0, system (1.1) reduces to

- S S S
S’Y<1K)Sm1a1+5’xl 7m2a2+SI2,

ry — di2, (3.1)

T =my
a

1+ S5

l‘.g = M2 XTo — dgxg.

as + S

The system (3.1) describes the competition of an ‘r-strategist’ and a ‘K-strategist’
for a single regenerating prey species. We note that an r-strategist is a species
that tries to ensure its survival by having a relatively high growth rate and a K-
strategist is a species that consumes less, has a lower growth rate and is able to
raise its offspring on a scarce supply of food. The parameters in (3.1) have the
same meaning as in (1.1). In the following we present a very brief summary of
the results in [6] for system (3.1). System (3.1) admits the following equilibria:
(S,z1,22) = (0,0,0), (S, z1,22) = (K,0,0) and the points on the straight line L.
Tt is easy to see that the trivial equilibria (0, 0,0) and (K, 0,0) are unstable provided
that 0 < A < K (see [6,8] for details). It is clear that all equilibria on L are stable
for all K that satisfy the inequality A < K < ag + 2. This means that if food is
scarce, both the r- and K-strategists may live together in the long run in a steady
state that depends on the initial values of the species. When as +2X\ < K < a1+ 2\
(i.e. when a; > az) the family of equilibria on the line Ly undergoes a split and a
part of Ly is unstable, that is, there exists a point (A, &1 (K),&(K)) on Lk such
that the equilibria on

Ly = {(A\&1,&) on Li: & < &i(K)}

are unstable for the flow of (3.1), and the equilibria on

Ls = {(A,&, &) on Lig: & > &(K)}
are stable. The point (&1 (K),&2(K)) is obtained by solving the system

m1&1 mas (K —\)
ay+A  ax+ A n K ’
mi&1 ma&a _
(a1 =+ )\)2 (CLQ + )\)2 - K

(3.2)

As K takes on the value a; + 2), the equilibrium that exists in the (S, z1)-plane
is stable, while all other equilibria on Lk lose stability. When K > a; + 2\ all
equilibria on Ly become unstable.

Note that as K increases from as + 2 to a3 + 2X the point (A, & (K), &2 (K))
moves along Ly continuously from (), 0,&3(K)) to (A, & (K),0), so the points left
behind become unstable. This phenomenon has been termed zip bifurcation (see [6,
8]). From the point of view of the competition, as the quantity of available food
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increases, the K-strategist loses ground and those equilibria where the relative
growth of the K-strategist is high compared with the growth of the r-strategist are
the first to be destabilized. When K reaches the value a; + 2\ all interior equilibria
become destabilized and the only stable equilibrium remaining is the endpoint of
L in the (S, z1)-plane. This means that at this value of the carrying capacity the
K-strategist dies out. One may prove that if K is increased further, then even the
equilibrium in the (S, z1)-plane gets destabilized, but the prey and the r-strategist
continue to coexist in a periodic manner due to the occurrence of Andronov-Hopf
bifurcation.

It is interesting to observe that the line Lk (grey line in figure 1) represents the
line of non-isolated equilibria in the positive octant of R3. This line connects the
points Pk in the (S, z2)-plane and Qk in the (S, x1)-plane. Note that there exists
a point Mg on Lx with the property that the equilibria on Lx between Py and
My are unstable, while those between Mg and Qi are stable in the case where
ay > ag, or vice versa in the case where a; < aq (figure 1(a)).

Also, when a1 = as it is clear that all equilibria on Ly are stable for all K that
satisfy the inequality A < K < as + 2\. Furthermore, when K crosses a + 2\ all
equilibria on Ly lose stability, and at K = a + 2\ the segment L bifurcates into
a cylinder, that is, there exists a § > 0 such that, for a + 2XA < K < a + 2\ + 6,
system (3.1) has an invariant topological cylinder C' that is the union of closed paths
and is an attractor of the system. Furthermore, it has a ‘neighbourhood’ in which
the trajectories with initial condition in this ‘neighbourhood’ tend to C' as t tends
to oo (figure 1(b)). In other words, we observe that the zip bifurcation that shows
up for all a; # as vanishes when a; = as. This is an interesting scenario in the
dynamics of system (3.1), and henceforth we term this phenomenon a degenerate
zip bifurcation.

We simulate system (3.1) with the following values of the parameters (figure 2(a)):
my = 0.6, mo = 0.77 dl = 0.3, d2 = 0.2, ﬂl = 0.3, ﬁg = 0.57 Y = 0.8, a; = 0.16,
az = 0.4, A\ = 0.16 and K = 0.6. Clearly, figure 2(a) explains the occurrence
of zip bifurcation of the equilibria on the line Lx with the unstable part initiat-
ing near the (S, z)-plane, and also on the line Lg (the straight grey line) and
directed towards the (S, zs)-plane with the stable part lying near this plane. We
note that the transition from instability to stability occurs at (A, &1 (K),&(K)) =
(0.16,0.1137777778,0.2986666667) on L.

Similarly, choosing the parameter values m; = 0.6, mo = 0.7, d; = 0.2, ds = 0.4,
61 =04, 6 =03, v=08, a; =08, a; =04, A =04 and K = 1.35 leads
to figure 2(b), which explains the occurrence of zip bifurcation of the equilibria
on the line Lx with stable part initiating near the (S, x;)-plane, and also on the
line Lk (the straight grey line) and directed towards the (S, z2)-plane with the
unstable part lying near this plane. We note that the transition from instability
to stability occurs at (A, &1(K),&(K)) = (0.3,0.4909090909, 0.2545454546) on Lk
(figure 2(b)).

In what follows, we consider model (1.1) in the case 7 # 0. The characteristic
equation associated with (2.5) at (X, &1,&2) € Lk is given by

2 2
; iBi Ay o
Q—AE Mg )\E b it e M| =
M[N P (ai+>\)2§u+ — (ai—|—)\)25 tRe 0
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Figure 1. (a) Zip bifurcation for the case a1 # az: the part of Lx between Px and Mg
is unstable and that between Mg and Qg is stable if a1 > a2, or vice versa if a1 < as.
(b) Degenerate zip bifurcation for the case a; = ao: in this case a + 2A < K < a+2\+§
and all equilibria on Lx are unstable with an invariant topological cylinder around L,
which is a local attractor for system (3.1).

(a)

0359
0.30
0.25 -

x(2)

0.20 4

0.15 -

010

S

Figure 2. Phase portrait where (a) the grey curve is an unstable orbit initiating near the
(S, z1)-plane and the line Lk, directed towards the (S, z2)-plane with the stable part
lying in it, and the black curve is a stable orbit initiating near the (S, z2)-plane and the
line Lk, directed towards the (S, x1)-plane with the unstable part lying in it, and (b) the
phase portrait has the same meaning as in (a), but with directions reversed.

or, equivalently,

plp? — ap + e+ be Hu] =0, (3.3)
where , ,
m; Ay m; B
=2y g b=t d e=2y" 22 ¢
SNSRI SO VT

We now study the stability of the equilibria (A, &1,&2) on Lk for a fixed K in the
interval (ag + 2, as + 2X). In this case, the family of equilibria on L undergoes a
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split and there exists a point (X, &1(K),&(K)) on Lk such that the equilibria on
Ly are unstable for the flow of (3.1) and the equilibria on Lg are stable in view
of the case when 7 = 0. It is important to observe that, for 7 = 0, an equilibrium
point is stable (respectively, unstable) for the flow of system (3.1) if the following
condition is satisfied (see [6, p. 1301]):

a+b>0 (respectively, a +b < 0). (3.4)

In the remainder of this section, we confine ourselves to the study of the possible
stability switches for those equilibria (A, &1,&) on Ly or Lg when 7 varies, since a
stability switch leads to the unsustainability of the zip bifurcation for system (1.1).

Equation (3.3) for 7 # 0 has infinitely many roots. By Rouche’s theorem and
continuity in 7, the expression in the brackets of (3.3) has roots with negative real
parts if and only if no pure imaginary root exists. Therefore, to obtain a stability
switch one needs to have a pure imaginary root for

G(u, ) =p? —ap+c+be " =0. (3.5)
In the following, we investigate the existence of pure imaginary roots u = iw (w > 0)
for (3.5).
Defining
Pi(p) = p* —ap+e (3.6)
and
Q1(p) = by, (3.7)
the characteristic equation (3.5) is equivalent to
Py(p) + Qi(p)e™ " =0. (3.8)

We now have the following.

PROPOSITION 3.1. The functions P1(u) and Q1(u) are analytic functions of p in
a right half-plane Rez > —4§, § > 0, and satisfy the following.

(1) P1(0) + Q1(0) = ¢ # 0, that is, u = 0 is not a root of the characteristic
equation (3.8).

(ii) If p = iw, w > 0, then
P (iw) + Q1(iw) #0, 7€ R. (3.9)
This implies that Py(p) and Q1(p) have no common imaginary roots.
(iii) We have that

Q1(p)
Py ()

limsup{‘ 5 ] = oo, Reu20}<1,

that is, there are no roots bifurcating from infinity.
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Proof. Clearly, the functions P; (1) and Q1 (), being polynomials, are analytic func-
tion of p. Thus, part (i) of the proposition is obvious.

To prove part (ii), note that P; (iw) + Q1 (iw) = w? — ¢ +i[b — aJw # 0. Evidently,
(A, &1, &) is stable (unstable) in view of (3.4).

To prove part (iii), observe that

@l el Bl _
[Pl |w? —ap+c  p—a+c/pl ~ |ul—la| —lc/p|
for |u| large. So, |Q1(w)|/|P1(p)| — 0 when |u| — oo and Re i > 0. O

Define the auxiliary function F(w) = |P;(iw)]? — |Q1(iw)|?, that is,
F(w) = w* — [b* + 2¢ — a?Jw? + 2. (3.10)

Observe that F'(w) = 0 has at most a finite number of real zeros, so there are only
a finite number of ‘places’ for roots to cross the imaginary axis.

From now on, we drop the index 1 from P; and )q; furthermore, we denote by
PRr, Qr the real parts of P and @, respectively, and by Pj, Q1 the imaginary parts
of P and @), respectively.

A necessary condition for the change in stability of each equilibrium (A, &7, &2)
on L is the existence of wy > 0 such that F(wg) = 0.

We examine the possibility that p = iw (w > 0) is a root of the characteristic
equation (3.5). Observe that w is a root of (3.5) if and only if |P(iw)| = |Q(iw)| and

PI(iw)QR(iw) — PR(IW)QI(ILU)

sin(wT) = : |
|Q(iw)|?
cos(wt) =  Pi(iw) Q1 (iw) + Pr(iw)@r (iw) (3.11)
|Q(iw)|? )

where P(iw) = Pg(iw) +iP(iw), Q(iw) = Q1(iw) +iQ1(iw) and |Q(iw)|? # 0 in view
of assumption (ii) of proposition 3.1 (since G(iw,7) = Q(iw, 7) = 0 together imply
that P(iw,7) = 0). Equation (3.11) can be written in the equivalent form as

2

sin(wTt) = ww; C, cos(wT) = %. (3.12)
If w satisfies (3.12), and consequently (3.5), then w must satisfy
|P(iw)[* = 1Q(w)[%, (3.13)
that is, w must be a positive root of
F(w) = |P(iw)]* — |Q(iw)|* = 0. (3.14)

The zeros of F(w) are roots of the equation
wh = [V 4+ 2c—a?}w? +c* =0

and are given by

2:

“ (3.15)

(IR N

[(0* + 2¢ — a®) — \/(b2 +2c—a?)? - 402],}

w? = 1[(0% + 2¢ — a®) + /(b2 + 2c — a?)? — 4c2].
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We now have the following.

PROPOSITION 3.2. The number of different imaginary roots of (3.5) with positive
(negative) imaginary parts can be zero, one or two only.

Proof. If a®> = b2, the equation F(w) = 0 has only one positive root. But this is
not possible since we are considering equilibria on Ly or on Lg, which implies that
2 32
a®+ b #0.
On the other hand, the following cases arise.
(I) Since 4c? > 0, the equation F(w) = 0 has two positive roots w_ and w, , with
0 < w_ < wy, provided that the following inequalities hold:
(i) v* +2c—a® >0,
(ii) (b% + 2¢—a?)? > 4c%
In this case, (3.5) has two imaginary roots.

II) The equation F'(w) = 0 has two negative roots, w_ < wy < 0, provided that
q g + p
the following conditions are true:

(i) b% +2c—a® <0,
(i) (b* 4 2c—a?)? > 4%
In this case, (3.5) has no imaginary roots with positive imaginary part.
(III) The equation F(w) = 0 has no roots if the following condition holds:
(V% 4 2¢ — a?)? < 4c2.

In this case, (3.5) has no imaginary roots.

Thus, applying [17, theorem 3.1, p. 77], we have the following.

THEOREM 3.3. The number of different imaginary roots with positive (negative)
imaginary parts of (3.5) can be zero, one or two only.

(I) If there are no such roots, then the stability of each equilibrium (X, &1,&2) on
Ly does not switch for any T > 0.

(II) If there is one imaginary root of (3.5) with positive imaginary part, an unstable
solution (X, &1,&2) on L never becomes stable for any 7 > 0. If the solution
is asymptotically stable for T = 0, then there exists a 79 > 0 such that for all
T < 1o this solution is uniformly asymptotically stable, and is unstable for all
T>1T0.

(III) If there are two imaginary roots with positive imaginary part, wy, w—, such
that 0 < w_ < wy, then the stability of each equilibrium (\,&1,&) on Lk
can change at most a finite number of times, as T increases, and eventually
becomes unstable.

Proof. Since the first statement is proved in proposition 3.2 we need only prove the
statements (II) and (IIT).
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(I) Observe that if condition (IIT)(ii) of proposition 3.2 is satisfied, then (3.5) has no
imaginary roots. Hence, there is no switch in stability of any equilibrium (X, &, &2)
on Lg.

(IT) Note that if a®> = b2, then, from proposition 3.2, (3.5) has only one imaginary
root u = iwg, where wy is the only positive root of (3.10); therefore, the only crossing
of the imaginary axis at iwg is from the left to the right as 7 increases and passes

through 7y, where
1 wE—c
0= — tan~! < 0 )
wo woa

Clearly, this is not possible since a # b.

(III) Finally, from (I)(i) and (I)(ii) of proposition 3.2, the equation F(w) = 0 has
two positive real roots, such that 0 < w_ < wy only if conditions given in (I)(i)
and (I)(ii) are satisfied. Therefore, (3.5) has two pure imaginary roots y = iw_ and
p = iwy. Thus, in view of [17, theorem 3.1, p. 77] the stability of each equilibrium
point (X, &1,&2) on Lk can change at most a finite number of times as 7 increases,
and eventually becomes unstable. O

We now present a few corollaries of theorem 3.3.

COROLLARY 3.4. Suppose that E = (X, &1,&) on Li is an equilibrium point of
system (1.1) or, equivalently, of system (3.1). The following statements then hold.

(i) If E is stable (or unstable) for system (1.1) when T = 0, then stability switches
may not occur for all T = 0.

(ii) If E is stable for system (1.1) when 7 = 0, we may have a 79 > 0 such that
E loses its stability when T passes through .

(iii) If E is stable (or unstable) for system (1.1) when T = 0, we may have a finite
number of stability switches for E as T increases.

Proof. The proof is an immediate consequence of theorem 3.3. O

COROLLARY 3.5. For any fixred K satisfying as + 2\ < K < a1 + 2\ there exists
an equilibrium point (\,&1(K), &2(K)), which splits Ly into two parts LY and L3,
(one of which may be empty); for T =0, the equilibria of (1.1) on the set

L ={(\&,&) on Li: & < &(K)}
are unstable and the equilibria on the set
Ly ={(X\&,&) on Li: & > &(K)}

are stable. Furthermore, depending on the values of the parameters of system (1.1),
the zip bifurcation phenomenon may or may not be preserved. In other words, the
zip bifurcation is unsustainable.

Proof. Suppose that corollary 3.4(i) holds. In this case the zip bifurcation phe-
nomenon is preserved, since for as + 2\ < K < a1 + 2\ neither the stable part nor
the unstable part of the line of equilibria Ly changes for all 7 > 0. On the other
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hand, if corollary 3.4(ii) holds, then the zip bifurcation is not sustained since for
as 42X\ < K < ay + 2 the unstable part of the line of equilibria L remains unsta-
ble for all 7 > 0, whereas the stable part becomes unstable for 7 > 3. Furthermore,
if corollary 3.4(iii) holds, a similar argument shows that the zip bifurcation is not
sustained and in this case the switch can be from instability to stability. O

REMARK 3.6. The above result is surprising since it shows that the zip bifurcation
phenomenon cannot be sustained in the presence of a discrete delay in system (3.1).
In [10,13] it was concluded that in a delay-free system the sustainability of the zip
bifurcation is achieved in the presence of diffusion.

REMARK 3.7. From the results of § 3 we know that if a1 > as and A < K < as+2),
all points on Ly are stable for system (3.1), and this means that both the - and
K-strategists may coexist. If time delay is introduced in this system for a fixed K,
then, in view of corollary 3.4, there exists a 79 > 0 such that for 7 > 7¢ all stable
points on L become unstable. On the other hand, if K > a; + 2\ all points on Lx
are unstable for system (3.1) and these points may become stable as 7 increases
from zero. This means that if the delay increases, the r- and K-strategists may live
together again in the long run near a steady state, which is quite natural. Also,
if a1 > ag and as + 2\ < K < a3 + 2], the family of equilibria for system (3.1)
on the line Ly undergoes a split resulting in unstable and stable parts. In this
case, if time delay is introduced in the system for a fixed K, then corollary 3.4
guarantees that there exists a 79 > 0 such that the stable part of Lx may become
unstable for 7 > 7, and hence all points on Ly are unstable. On the other hand,
the unstable part of Lx may become stable as 7 increases from zero, and hence
all points on Lk are stable. This implies that if the time delay increases, the r-
and K-strategists may come back to live together again. Finally, we know that if
K = ay + 2), then all interior equilibria are unstable for system (3.1) and the only
stable equilibrium is the endpoint of Lk in the (S, z1)-plane, which means that at
this value of the carrying capacity the K-strategist dies out. However, increasing
7 from zero may yield that the unstable part of Lx becomes stable, implying that
the r- and K-strategists may come back to coexistence again.

THEOREM 3.8. Suppose that (3.5) has a pair of simple and conjugate pure imagi-
nary roots pu = tiw(ry), w(ro) real, for 19 € R, where

1 2
o= — tan~! <°"0 c). (3.16)
wo woa

(i) If w(mp) = wi(70), then

since

2wE 4 a? + b? — 2¢ = 20 + \/(b% — a2)? + 4¢(b? — a?) > 0.
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(i) If w(mp) = w—_(70), then

>0 ifb® > 5/(02 —a?)? + 4e(b? — a?)

and

<0 ifb? < 3/(02 —a?)? + 4c(b? — a?).

p=wy (7o)

dr

Proof. To calculate dRe p/dr, where pu(r) = n(r) + iw(r), we use the implicit
function theorem to determine the derivative of the function u(7). Let p = pu(7)
and consider that G(u,7) = p? — ap + ¢ + be "7 . Thus, we have that

A 9G(ur)for bu(r) e

ar — 0G(w7)/op (- p(r)r)be—nO7 + 2u(1) —a (3.17)

or, similarly,

dp bw? cos(wT)(bcos(wT) — brwsin(wr) — a)

dr  (beos(wt) — brwsin(wr) — a)? 4+ (2w — bsin(wT) — brw cos(wT))?

bw? sin(wT) (2w — bsin(wT) — brw cos(wT))

(bcos(wT) — brwsin(wT) — a)? + (2w — bsin(wT) — brw cos(wT))?

bw? cos(wT) (2w — bsin(wT) — brw cos(wT))

(bcos(wt) — brwsin(wt) — a)? 4+ (2w — bsin(wT) — brw cos(wT))?

bw? sin(wT)(bcos(wT) — brwsin(wr) — a)

(bcos(wT) — brwsin(wT) — a)? + (2w — bsin(wT) — brw cos(wt))? |’
(3.18)
Therefore,
(r) = bw?(b — a cos(wT) — 2wsin(wT))
T = (becos(wT) — brwsin(wT) — a)? + (2w — bsin(wt) — brw cos(wT))?
B (a® +b2)/b—2(c—wd)/b
~ (bcos(wT) — brwsin(wT) — a)? + (2w — bsin(wT) — brw cos(wT))?
1 2w? +a? +b% - 2¢
b (beos(wT) — brwsin(wT) — a)? + (2w — bsin(wT) — brw cos(wT))?’
(3.19)
where the last equality follows from (3.12).
Using (3.15) in (3.19) we see that (7o, ) > 0, since
2wE +a® 4+ 0% — 2¢ = 20% + /(b2 — a2)2 + 4c(b? — a2) > 0.
On the other hand, n/(ro_) > 0 if
b > 13/(0% — a2)? + 4c(b? — a?) (3.20)
and n'(m9_) < 0 if
b < L\/(62 — a2)? + 4c(b? — a?). (3.21)
O
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REMARK 3.9. We can define the angle 6(7) € [0,27) as the solution of (3.12):

wZ

sinf(r) = w; C, cosf(r) = %. (3.22)

Also, the relation between the arguments 6(7) in (3.22) and 7w(7) in (3.12) must
be

Tw(T) = 6(1) + 2n,

and then we obtain the following two sets of values of 7, for which there are imag-
inary roots:
01 2nm 02 2nm

Tag = —+— and Tpo=—+ —, (3.23)
w_,. (.AJ_;,_ w_ w_

with 01,0, € [0,27), n=0,1,2,....

REMARK 3.10. In part (II) of theorem 3.3, only 791 need be considered, since the
equilibrium (A, &1,&2) on Lk that is stable for 7 = 0 remains stable up to 791 and
is unstable thereafter.

REMARK 3.11. In part (III) of theorem 3.3 if the equilibrium (X, &1,£2) on Lk is
stable for 7 = 0, then it follows that 791 < 79,2, that is, the multiplicity of roots
with positive real parts cannot become negative, since n’(m) > 0.

REMARK 3.12. With the notation 79, = 79,1 and 79_ = 70,2, if (3.5) has a pair of
simple and conjugate pure imaginary roots p = £iw (7. ), w(1p. ) real, at 7o, € R,
then crossing from left to right as 7 increases occurs at 7 = 79, and crossing from
right to left occurs at 7 = 79_, corresponding to w_ if inequality (3.20) (respectively,
for left to right, (3.21)) is satisfied, in view of [1, theorem 4.1, p. 1157]. Furthermore,
if we treat (A, &1,&) on Lk as an isolated equilibrium, then each such equilibrium
in Lg undergoes a Hopf-like bifurcation at o, .

REMARK 3.13. Observe that

27 27

Tn+1,1 Tn,1 = W < w_ Tn+1,2 Tn,2- (324)
Therefore, if the equilibrium (X, &1, &2) on L is stable for 7 = 0, there can be only
a finite number of switches between stability and instability. However, there exists
a value of 7, say 7 = 7, such that at 7 = 7 a stability switch occurs from stability
to instability, and for 7 > 7 the solution remains unstable. On the other hand, if
the equilibrium (X, &;1,&2) on Lk is unstable for 7 = 0, then a similar argument as
before can be made. As 7 increases, the multiplicity of roots for which Rep > 0
increases by two whenever 7 passes through a value 7,,;, and decreases by two
whenever T passes through a value 7, ».

REMARK 3.14. When the equilibrium (A, &;1,&) on Ly is stable for 7 = 0, k
switches from stability to instability, and vice versa, can occur when the parameters
satisfy the inequality

70,1 <702 <T1,1 <0 < Tp—1,1 < Tp—12 < Tkl < Tht1,1 < T2,
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or k switches from instability to stability, and vice versa, may occur when the
parameters are such that

702 <701 <T12 < " < Tp-12 < Th—1,1 < Th,1 < T2 """ -

REMARK 3.15. Consider system (1.1) restricted to the (S,z1)-plane, which we
denote by
2 = {(S,l‘l,l‘g) S R3 | To = O}

Let E7 = (A &1,0) on Lk be an isolated equilibrium solution of system (2.4) on
£21. Note that (A, &;,0) satisfies the equation

miay A
=vyl1-——=. 2
e = (1- %) (3.25)
In view of (3.25), the variational system that corresponds to (E7) is given by
mq mi
A— - A
st (a1 + >\)2§1 ar+ A | [S() ~Tx 0 S(t—7)
= +| K
1 (t) B1é1 0 71(t) 0o ol l.t—-7)
ai + A

and the characteristic equation associated with the isolated equilibrium (FE;) on

LK is
mi&; m1B1&1 Ay
A A
a2 T M e TR

u? =\ e Hu=0

or, equivalently,

p—ap+c+be P =0, (3.26)
in which ¢ \ it
mic1 Y mi181
=\ b= — d c=\—""T5.
a (@ + V)2 7 and ¢ N

Analysing (3.26), as has been done in §4, one can obtain similar results for the
isolated equilibrium E; = (A,&1,0) on Lg. Accordingly, we may conclude that
the equilibrium FE; undergoes a Hopf bifurcation when 7 increases and passes
through 7p_. Similar results can also be derived with respect to the equilibrium
Es = (A, 0,&) on Lk belonging to the set

.QQ = {(S,Ilfl,l'z) S Rs | xr1 = 0}

The following simulations conducted in MATLAB highlight the analytical results
obtained for system (1.1) in the case where the zip bifurcation is unsustainable.

We first present a few simulations that illustrate the dynamics of the time-delay
system (1.1). We choose the following values for the parameters in system (1.1):
my = 0.6, my = 0.3, dy = 0.3, d2 = 0.2, 81 = 0.3, B2 = 0.1, v = 46, a2 = 1,
ap = 2, A = 2 and K = 5.5. Using (3.16) and corollary 3.5, we find that the
stable equilibrium (A, &1,&2) on the line Ly is stable for all values of 7 satisfying
0 <7 <71 =0.04163939054 and is unstable for 7 > 7y (figure 3). This confirms the
unsustainability of the zip bifurcation when 7 > 7. It is clear from figure 3 that
7 = 0.03 (black line) represents the stable behaviour of S and that for 7 = 0.04
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Figure 4. Hopf-like bifurcation: there exists an € > 0 such that any solution (black line)
that stays in an e-neighbourhood of the equilibrium line Lx (grey line) for all positive or
negative times (or possibly both) converges to a single equilibrium on L.

(grey line) S loses stability, since this value of 7 is nearer to 71. Also, for 7 = 0.05
and 0.06, S increasingly tends towards instability (dotted and dash-dotted lines,
respectively).

REMARK 3.16. We remark that, for 7 = 0.01, the choice of m; = 0.6, mo = 0.7,
d1 = 03, d2 = 02, ﬂl = 03, /62 = 05, Y= 08, ay; = 016, as = 04, A = 0.16
and K = 0.6 leads us to figure 4, in which all non-equilibrium trajectories starting
sufficiently close to the equilibrium line Ly (grey line) are heteroclinic between
equilibria on opposite sides of (X, & (K), & (K)). From figure 4 it is clear that Hopf
bifurcation takes place, that is, there exists an € > 0 such that any solution (black
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line) that stays in an e-neighbourhood of the equilibrium line Lx (grey line) for
all positive or negative times (or possibly both) converges to a single equilibrium
on L. This numerical experiment confirms the presence of another interesting
phenomenon not discussed earlier for this model. Accordingly we have the following.

CONJECTURE 3.17. In view of remark 3.16, we conjecture that for system (1.1)
when 7 = 0.01 the equilibria on the line Lx undergo a Hopf-type bifurcation. That
is, all non-equilibrium trajectories starting sufficiently close to Ly are heteroclinic
between the equilibria on the stable and unstable parts of L.

In figure 4 we see that the orbits emanating from the unstable part of the line L g
move to the stable part. It appears that the K-strategist loses its ground during
the competition and this strengthens the survival of the r-strategist.

4. The model with diffusion

Spatial ecology addresses the fundamental effects of space on the dynamics of indi-
vidual species and on the structure, dynamics, diversity and stability of multi-
species communities. Essentially, this subject is designed to highlight the impor-
tance of space in the areas of stability, patterns of diversity, invasions, coexistence
and pattern generation. The mathematical formulation of the ideas dealing with the
spacial aspect of species leads to reaction—diffusion models. For a more interesting
account of various aspects and examples in population ecology we refer the reader
to [20]. We are particularly interested in the study of the stability of isolated equi-
librium populations, wherein we assume that the prey and predators are diffusing in
a domain 2 C RN (N = 1,2,3), an open, connected and bounded set with smooth
boundary 0f2. So as to ensure that the equilibrium is isolated and corresponds to
that of the related ordinary differential equation model, we invoke the Neumann
boundary conditions. Due to the limited resources, the growth rate of population
will slow down, and the population may saturate to a maximum level. Thus, it
is natural to use a density-dependent growth rate per capita, that is, the logistic
growth rate. Other studies for this kind of model can be found in [3-5, 16, 21].
Together with the diffusion of the species, the reaction—diffusion model studied
in this section is represented by the following partial differential equation (PDE)

system:
%—f(m,t) = 0pAS(t,z) + 7(1 - W)S(t,x)
2
— ;mifi(S(t,x))ui(t,x) on 2 x (0,00), (4.1)
aui
i=1,2, on 2 x (0,00),

where we assume that the functions S and w; satisfy the Neumann boundary con-

ditions
8£ -0 aui
v v

=0, i=1,2, on 912 x (0,00), (4.2)
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v = v(z) denotes the outer unit normal to 92, A = Ef’:la/axj is the Laplacian
operator, S is the population density of the prey, u;, « = 1,2, are the population
densities of the ith predator competing for prey and é; > 0, ¢ = 1,2, are the
diffusion rates. Here, K represents the carrying capacity of the environment that
depends on the state x. In this case the environment is regarded as homogeneous.
The remaining parameters are the same as in system (1.1). Positivity and global
existence of the solutions for (4.1) and (4.2), when 7 = 0, have been studied in [13].

Following the arguments of §2, we may conclude that the constant solutions
of (4.1) and (4.2) are

(S,’I,Ll,U/Q):(0,0,0), (Sau17u2):(KaOaO)7

and the points on the straight line segment
Ly = {(S,ul,ug) eR? S=X\u; >0,us >0and

S S A
mlmu1 +m2a2+su2—’y(1—K>} (43)

in the positive octant of (.S, u1,uz)-space are equilibria, provided we assume that

ads asds

m; >d; fori=1,2 and R ———

To study the stability of these equilibria, let E = (S*, u}, u3) be a constant solution

of (4.1) and (4.2). Thus, the variational system of (4.1) and (4.2) corresponding to
F is given by

85(@‘?”:5@5%%1—) Zmz +S*2z]5(”)

_ . LY T 44
Zaz-i-S* (t,2) = 7St = 7,2), 44
8ui(x, t) ﬁiu* .
at 61 ul + a,q/ + S* uz(t7 1‘)7 Z b b On X (O’ m)

Let 0 = po < p1 < po < -+ — oo and {¢x}72, be the eigenvalues and eigen-
functions, respectively, of the Laplacian operator in {2 with Neumann boundary
conditions on 942:

Ay, = Aty in 02,

Oy, (4.5)

ey =0 on Of2.

Without loss of generality, we suppose that {¢3}72, is an orthonormal basis for
L?(92).
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Let w = (S, u1,us), let D = diag(dg, d1,92) and let J be the matrix

2
m; . ST myS* moS™
A Mtk TV o
; (ai—&—S*)QuZ K ¢ a + S* as + S*
J = Brul 0 0
a + S*
Bauy
0 0
as + S*

Then, (4.4) can be written as

%;} = DAw + Jw;

hence, the solution of (4.2) and (4.4) with initial condition w(-,0) = wy is given by

we,t) = 3 7P (g i) (), (4.6)

k=0

o0

where

(wo, V) Z/Qwo(x)z/}k(x)dx.

It follows from the linearization principle that a ‘non-trivial’ homogeneous solu-
tion of (4.1) and (4.2) is asymptotically stable if all the eigenvalues of the matrix
J — uiD have negative real parts, and if there exists a & > 0 such that J — uxD
has an eigenvalue with positive real part, then the solution is unstable.

(1) At E = (0,0,0) the linearized system has the form

WD soas(t, ) +8(t,),
0 ,t A
% = i (t,7) — B~ (t, ), (4.7)
Oua(w, 1) = 6oAus(t, z) — QQAuQ(t,x) on {2 x (0,00),
ot as

with boundary conditions (4.2).
Thus, the characteristic equation is given by

by A
(v — v+ pdo) (M + 51;1 +,uk51) </~L + 51671 + l‘k52> =0.

Note that for k = 0 we have po = 0; therefore, system (4.4) has the same coefficient
matrix at (0,0,0) as system (2.5), which has an eigenvalue with positive real part.
Hence, the equilibrium (0,0, 0) is unstable.
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(2) At E = (K,0,0) the linearized system has the form

oS (x,t) mi K mo K
T doAS(t, ) o +Ku1(t, x) o +KuQ(t,ac) vS(t—17),
K —
W = 61Auy(t, ) + P I)\(Ul(ta$)7 (4.8)
1
OQua(x,t) K-
— = daAus(t, x) —|—ﬁ2a2 n KuQ(t,x) on 2 x (0,00),

with boundary conditions (4.2).
Thus, the characteristic equation is given by

K-\ K-\
(v+ve " + urdo) <51 w1 K — pior —U> <ﬁ2 . — b2 — U) =0

or, equivalently,
U3+ (0 — prdo)v? + (B — aurdo)v — ppdo3 = He " [v? 4+ awv + 3] (4.9)
Now, proceeding as in § 2, we find the following coefficients for F'(z) given by (2.16):

Ay = (o — pubo)® — 2(8 — apido) — H?,
Ay = (B — apdo)? + 2H*(B — aprdo) — H*(B — aprdo)?, (4.10)
Ag = —ppdo — H* %
Letting N = 18A4; 4343 — 4A3A3 + A2A3 — 4A3 — 27A3, consider the following
hypotheses:
(Hl) (1 Al > 0, Ay > 0, Ag > 0,
A; >0, Ay <0, A3 > 0 and & > 2p3/2,
A1 <0, A2 <0,
(iv) A3 >0and N <0,
here k = 2A3 — 9A; Ay + 27A3 and p = A2 — 3A,. Note that (H1) gives conditions
for no change in the stability of £ = (K,0,0), that is, if E is stable (unstable) at

7 = 0, then it remains stable (unstable) for all values of 7 > 0 whenever (H1) holds.
Consider the following;:

(H2) (i) A1 >0, Ay >0, A3 <0,
0, A2 <0, A3 <0,
0, A2 <0, A3 <0,
(iv) 41 <0, A3 >0and N <O0.

>
<

These conditions imply that, if £ = (K,0,0) is unstable for any 7 = 7* > 0, then
it will be unstable for all 7 > 7*.
Consider the equation

ZS+A122+A22+A3 = 0,
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when N > 0 and any of the following conditions hold:
(H3) (i) A; >0, A3 <0 and A3 >0,
(ii) A1 <0, A2 >0 and A3 > 0,
(i) Ay <0, A3 <0,
(iv) A1 <0, A3 <0 and A3 > 0 and
(H4) (i) A; <0, A3 <0, A3 <0and N > 0.

If either (H3) or (H4) holds, following the arguments in [14], we see that the stability
of E = (K,0,0) cannot be preserved. Thus, we have the following theorem.

THEOREM 4.1.

(i) Assume that the conditions in (H1) hold. If the equilibrium E = (K,0,0) is
stable (unstable) at T =0, then E remains stable (unstable) for all T > 0.

(ii) Assume that the conditions in (H2) hold. Then E = (K,0,0) is unstable for
all™>0.

(iii) Assume that the conditions in either (H3) or (H4) hold. As T increases, sta-
bility switches may occur.

(3) At E = (A, &1,&) on Li the linearized system has the form

oS(z,t) A - L a _
o doAS + {'Y <1 K) ;ml (a; + /\)2&} S(t,z)
2
s A A (4.11)
;ai_’_)\uz(t,x) KS(t T, ),
Oui(w,t) _ o\ Bi& -
Y = 0;Au; + o )\ul(t,x), i=1,2, on 2 x (0,00),

with boundary conditions (4.2). In the following we study the stability of E =
(A &1, &), when 7 =0 and 7 > 0.

4.1. Stability of the equilibrium points in the case 7 =0

Note that in the case of no delay the corresponding PDE model with different
diffusion coefficients was first studied in [13], and it is described by the system

S
S (@) = 6AS + 7(1 -

S(;;x) > S(t,x) — ; m; fi(S(t, x))ui(t, x)

on §2 x (0,00), (4.12)

%(x,t) = §;Au; + (mifi(S(t,x)) — di)u;, i=1,2, on 2 x (0,00).

The characteristic polynomial Py (v) of J — gD, where J is the Jacobian matrix
of (4.12) evaluated at E = (X, &1,&2), is given by

Pk(l/) =3 + Akl/Q + Bklj + C’k, (413)
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where
Ay = (b0 + 61 + 02) — a,
By, = p2 (6001 + 6002 + 0102) — app (81 + 02) — bd — ec,
Cl = 13606102 — auid10s — px(ecdy + bdds),

Z 252 E B: /8151 = 6262
— (a; +N)? K’ a1+ M\ as + X\’
m1/\ o= mg/\

- a1+)\’ - a2+)\'

IfA< K <as+2)\ a<0,bd<0andeé<0, then A, > 0, B, > 0 and Cy > 0
for all k > 0. Hence, the polynomial Py (v) is stable independently of the diffusion
matrix D = diag(dp, d1, d2). The following result may be found in [13].

THEOREM 4.2. Suppose that E is an equilibrium of (4.2)-(4.12) independent of x.
If E is stable for the flow of (3.1), then E is stable for the flow of (4.2)-(4.12)
independently of D = diag(do, 01, d2).

As a consequence, if A < K < ag + 2], the line of equilibrium points Lx of (3.1)
is asymptotically stable for the flow of (4.2)-(4.12). If as + 2\ < K < ay + 2, let
(&1(K), & (K)) be the unique solution of the system consisting of [6, (3.1), (3.4)].
Then, the following theorem due to Ferreira and Oliveira [13] also holds.

THEOREM 4.3. For any K satisfying as + 2XA < K < a1 + 2\, the point given by
(A, &1(K), &(K)) splits Ly into two parts LY and LS, ; the equilibria of (4.2)—(4.12)
in the set

Ly ={(\&,&) on Li: & < &(K)}
are unstable, and those in the set
Ly ={(A\&,&) on Li: & > &(K)}
are stable, independently of the diffusion matriz D = diag(dp, d1,d2).

Therefore, the result given in theorem 4.2 shows that the zip bifurcation phe-
nomenon may be preserved by the introduction of a diagonal diffusion matrix D in
model (3.1), independent of the domain f2.

4.2. Stability of the equilibrium points in the case 7 # 0

To study the stability of the equilibria on Lg, we consider A < K < ag + 2\,
with a fixed K. The quasi-polynomial for E has a similar structure to that given
by (4.13) for the case T # 0 and, accordingly, we have that

P(v) = P3y(v,7) + Qa(v, 7)™, (4.14)
where

Ps(v,7) = Pp(v) = v* + Dpv? + Epv + G, (4.15)
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and
Q2(v,7) = %( 2+ [01 + So]v + 61024u) (4.16)
are analytic functions in the right half-plane and satisfy the following conditions:
(1) P5(0,7) + Q2(0,7) #0 for all 7 € R,
(2) If v = iw, w > 0, then Ps(iw,7) + Qa(iw,7) # 0, T € R,
(3) limsup{|Qa(v,7)/P3(v,7)|; |v| = 0o, Rev >0} < 1,
(4) F(w,7) = |Ps(iw, 7)|> — |Q2(iw, 7)|* has a finite number of zeros.

As we know from §3, for a stability switch one needs to examine the existence of
real roots of the equation F'(w,7) = 0, in which

F(wv7_> = |]53(iw77—)‘2 - ‘Q2(iw77)|2

6 2 » VAN n 7N 2| 2
= W +<Dk_2Ek_ K2 )w + |:Ek+26152,uk},{2—((51 +52) w
242
A
= wl + Aw* + Bw? + C,
(4.17)
where
22
_ _ 42
A - Di - 2Ek - W,
_ 72/\2
B=F;+ 251(52#]@7}{2 - (51 + 52)27
242
_ v A
=Gt - Lo skt
Applying the change of variable z = w?, we can write (4.17) in the form
F(z,7) =2+ A2’ + Bz + C. (4.18)

Then, to obtain a stability switch one has to examine the existence of positive real
roots of the equation F'(z,7) = 0. A stability switch may occur only if F'(z,7) has
a positive real root.

Proceeding again as in §2 and defining the coefficients for F'(z) as

Al = A, Ay = B, As =C,
we have the following.
THEOREM 4.4.

(i) Assume that the conditions in (H1) hold. If the equilibrium E is stable (unsta-
ble) at T =0, then E remains stable (unstable) for all 7 > 0.

(ii) Assume that the conditions in (H2) hold. Then E is unstable for all T > 0.

(iii) Assume that the conditions in either (H3) or (H4) hold. As T increases, sta-
bility switches may occur.
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REMARK 4.5. Note that if theorem 4.4(i) holds, then the zip bifurcation phe-
nomenon sustains. On the other hand, if (iii) holds, the phenomenon may not
sustain.

5. Discussion

We have studied a three-dimensional predator—prey model in which two predator
species compete for a single prey. In the absence of predation the prey species
population follows logistic growth dynamics with carrying capacity K. A discrete
delay is considered for the predator population. The functional responses of the
predators are of Holling II type, that is, the increase in the prey population leads
to an increase in the predator efficiency for relatively low prey abundance.

It is observed that, in the absence of time delay, the trivial equilibrium is unsta-
ble, whereas the non-trivial isolated equilibrium is stable for a certain range of
values of the carrying capacity, and for other values it is unstable. Furthermore,
there exists a continuum of equilibria in the interior of the positive octant that
exhibit the phenomenon of zip bifurcation. Now, for the time-delay model, the triv-
ial equilibrium is unstable, and the non-trivial isolated equilibrium may change its
stability depending on the value of the delay parameter and the carrying capacity.
There also exists a continuum of equilibria in the interior of the positive octant,
and it is observed that though these equilibria undergo a zip bifurcation, surpris-
ingly, the zip bifurcation is unsustainable. More interestingly, even the introduction
of diffusion in the time-delay model does not change the unsustainability of this
kind of zip bifurcation. The numerical studies of the delay model reveal that the
non-isolated interior equilibria, for certain specific values of the parameters of the
model, undergo a Hopf-like bifurcation. However, this fact remains to be estab-
lished from a mathematical point of view. This is an interesting phenomenon and
needs more intensive scrutiny. Our assumptions create an abstract ideal situation in
which two predators of equal prey thresholds compete, one achieving this threshold
by being an r-strategist and the other by being a K-strategist. Also, bifurcation
of a stable periodic solution representing coexistence can be established using our
assumptions. The situation with regard to the presence of non-isolated equilibria
may be viewed as a consequence of overfeeding of the species (not necessarily due to
competition), leading to the suspension of all biological activities, which, of course,
is justifiable in reality.

In the real world a number of factors will confound understanding of the inter-
actions among the competing species; simplified models such as the one presented
in this paper may seem like a toy model. However, the present study shows that
even simplified models exhibit rich and complicated dynamics. From this point of
view, the present study provides scope for the development of increasingly realistic
models.
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