Nonlinear Analysis: Modelling and Control, Vol. 24, No. 3, 387406 ISSN: 1392-5113
https://doi.org/10.15388/NA.2019.3.5 eISSN: 2335-8963

Stability and Hopf bifurcation of a delayed
reaction—diffusion predator-prey model
with anti-predator behaviour*

Jia Liu®, Xuebing Zhang"'!

#Department of Basic Courses,

Huaian Vocational College of Information Technology,
Huaian 223003, China

kela3344@126.com

bCollege of Mathematics and Statistics,

Nanjing University of Information Science and Technology,
Nanjing 210044, China

zxb1030@163.com

Received: March 25,2018 / Revised: November 14, 2018 / Published online: April 19, 2019

Abstract. In this paper, we study the dynamics of a delayed reaction—diffusion predator—prey
model with anti-predator behaviour. By using the theory of partial functional differential equations,
Hopf bifurcation of the proposed system with delay as the bifurcation parameter is investigated.
It reveals that the discrete time delay has a destabilizing effect in the model, and a phenomenon
of Hopf bifurcation occurs as the delay increases through a certain threshold. By utilizing upper-
lower solution method, the global asymptotic stability of the interior equilibrium is studied. Finally,
numerical simulation results are presented to validate the theoretical analysis.

Keywords: delay, stability, Hopf bifurcation, anti-predator.

1 Introduction

The predator—prey model first proposed by Lotka [11] and Volterra [25] is considered
to be one of the basic models between different species in nature. Based on different
settings, various types of predator—prey models described by differential systems have
been proposed, and rich dynamics of these system have been investigated extensively
[10, 21, 26, 27, 35]. It is noted that most of these models regard predator as winner.
However, in real world, prey can sometimes inflict harm on their predators, which was
called anti-predator behaviour [9]. Ives and Dobson [7] proposed a predator—prey model
to describe anti-predator behaviour. Their results shows that more efficient anti-predator
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behaviour leads to increase in the density of the prey population, reduction in the ratio
of predator-to-prey densities and damped oscillations. Peter and Hiroyuki [1] proposed
a two-prey—one-predator system to investigate how these two consequences are changed if
the prey exhibit adaptive anti-predator behaviour. The results show that the predation rate
on a particular prey often decreases as the prey’s density increases, and the predator then
usually exhibits “negative switching” between prey. However, the presence of adaptive
anti-predator behaviour does not change the short-term mutualism between prey. In this
case, as a prey becomes less common, it achieves a larger growth rate by reducing its
anti-predator effort.

Recently, Tang and Xiao [22] proposed a predator—prey model to describe anti-predator
behaviour as follows:

. T Bry . pBzy
(1) m( k) P y(t) penpe Rl /i

where 2(t) and y(t) are the densities of the prey and the predator at time ¢, respectively.
r is the intrinsic growth rate of the prey, k is the carrying capacity of the environment,
[ is the capture rate of the predator, . is the conversion rate of prey into predator, d is the
natural death rate of the predator population, and 7 is the rate of anti-predator behaviour of
prey to the predator population. The studies showed that anti-predator behaviour not only
makes the coexistence of the prey and predator less likely, but also damps the predator—
prey oscillations. Therefore, anti-predator behaviour helps the prey to resist predator
aggression. Similar results on the predator—prey system with anti-predator behaviour were
obtained by [6,8,13,18,19,24].

However, we noted that few of these model about anti-predator consider the factor of
delay and diffusion. It is well known that delays, which occur in the interaction between
predator and prey, play a complicated role on a predator—prey system. It can cause the
loss of stability and can induce various oscillations, periodic solutions [4, 5, 29, 30, 32].
Therefore, more realistic models of population interactions should take into account the
effects of delays.

On the other hand, in real life, the species is spatially heterogeneous, and hence,
individuals will tend to migrate towards regions of lower population density to add the
possibility of survival [28]. For this reason, diffusion cannot be ignored in studying the
predator—prey system. There have been many excellent papers with diffusion in a predator—
prey system (see, for example, [2,3,12,20,23,33,34,36]).

Motivated by the above discussions, let u(z,t) and v(z, t) represent the populations
of prey and predator at time ¢, respectively. Assume that the predator needs a gestation
period 7 to give birth. Then in this case, the corresponding model with homogeneous
Neumann boundary conditions is as follows:

ot K a+u’

v au(t —T)v
5= dy Av + a—l—(u(t—)T) —rov? —nuu,  (z,t) € 2 x (0, +00),

Ou _ dlAu+r1u(1 - “) _ B (z,t) € 2 x (0, +00),
(1)
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u(w,t) = up(x,t) =0, wv(x,t) =vo(x,t) =0, (x,t)€ 2 x[-T,0],
1

8ugfq;m)8vgq;m)07 >0, 7€ 00, (1)
where A denotes the Laplacian operator, namely, A = 92 /02, dy,dy > 0 denote the dif-
fusion coefficients associated to v and v. {2 is a bounded domain with a smooth boundary
012, and ¢ is the outside normal vector of 9f2. The homogeneous Neumann boundary
conditions indicate that there is no population flux across the boundaries. Population
densities of prey and predator are respectively given by u and v. r; is the intrinsic growth
rate of the prey, K is the carrying capacity of the environment. Here we use Holling II
response function function, and (3 is the capture rate of the predator, a measures the extent
to which environment provides protection to prey u, « is the conversion rate of prey into
predator, ro stands for predator density dependence rate. With the same idea of [22],
we use the term nuv to model anti-predator behaviour, and 7 is the rate of anti-predator
behaviour of prey to the predator population.

In the initial conditions, we assume that

ug(x,t),vo(x,t) €C = C’([—T, 0]7X),
and X is defined by

ou
_ 2,2(()). _
X—{ue W==2(02): 9 Oon@()}

with the product(-, -).

To the best of our knowledge, few authors deal with the research of delayed diffusive
predator—prey system with anti-predator behaviour. Here we aim to shed some light on
the dynamics of system (1) by trying to answer the following questions: What kind of
conditions can ensure the occurrence of the stability and bifurcation? How the delay affect
the dynamics of system (1)?

The structure of this paper is arranged as follows. In Section 2, we consider the
existence of equilibrium points of system (1), the local stability and the existence of
Turing bifurcation, and the Hopf bifurcation. In Section 3, we use upper-lower solution
method to derive sufficient conditions for the global asymptotic stability of the positive
equilibrium of system (1). In Section 4, some numerical simulations are given to support
our theoretical predictions. In Section 5, a brief discussion is given to conclude this work.

2 Local stability and bifurcation of system (1)

2.1 Existence of equilibrium points

In this section, we will find all possible non-negative equilibria.
Obviously, Fy = (0,0) and E; = (K,0) are always equilibria. Other equilibria

satisfy
U Bu au
m( K) Pyl parviake L/l 2
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Figure 1. The blue curves are the prey-nullclines, and the red lines are the predator-isoclines. The three figures
are the possible plots of predator-nullcline for three different values of r1 and n: (a) For 1 = 0.1 and n =
0.015, there is one equilibrium; (b) For 71 = 0.1 and 7 = 0.025, both the nullclines cross two times, suggesting
there are two equilibria; (c) For 71 = 0.15 and n = 0.018, both the nullclines cross three times, suggesting
there are three equilibria. The other parameter values are a = 0.8, 8 = 0.5, a = 0.32, ro = 0.15, K = 15.
(Online version in color.)

By the first equation of (2), we have

sz(l—}é)(a—Fu). 3)

Substitute Eq. (3) into the second equation of (2), we obtain

Aju® + Asu® + Agu+ A, =0, 4
where
1 2a  TT9
A = = A, = 2= 2=
1 K7 2 K ﬁ n?
2 2
Ag,:%—l—oz—Za—an, A4:—%

Then, Eq. (4) has at least a positive root u*. Therefore, the following result is obvious.

Lemma 1. Ifu* < K, then system (1) has at least a positive equilibrium E* = (u*,v*),
where v* = (r1/8)(1 — u*/K)(a + u*).

The possible number of equilibria can be better analysed by studying the intersections
of the nullclines, which is one of great feature of planar systems. Let f(u,v) = 0 and
g(u,v) = 0, we show the existence of non-negative equilibria in Fig. 1.

Remark 1. From Fig. 1 we obtained that system (1) may have one, two or three equi-
libria with different parameter value. However, we can not discuss the stability of the
equilibrium respectively, for that there is no actual formulas of the equilibria.
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2.2 Stability of nonnegative equilibria

In this section, we discuss the local stability of nonnegative equilibria. Before developing
our argument, let us set up the following notations.

Notation 1. Let 0 = pg < pg < pg < -+ < py, < --- — oo are the eigenvalues of —A
on {2 under homogeneous Neumann boundary condition. We define the following space
decomposition:

(i) S(ur) is the space of eigenfunctions corresponding to p, forn =0,1,2,...;
(i) X;; = {c- ¢ij: ¢ € R?*}, where {¢;;} are orthonormal basis of S(y;) for
j=1,2,...,dim[S(u;)];
(iii) X := {u = (u,v) € [C}(2)]?: du/On = dv/On = 0}, and so X = P;°, X;,
where X; = @?E[S(“i)] X,j.

The linearization of (1) at a constant solution E* = (u*, v*) can be expressed by
u; = (DA + Jy)u+ Jou,, %)

where D = diag(dy, d2), u = (u(z,t),v(x,t))T, and u, = (u(z,t — 7),v(z,t — 7))T,

2 * aBv™ Bu*
Iy = ry — A atu)? ~atur Ty = ) 07AT 0
- au _ 9p ik k| av”ae 0/
nv X% nu (aFu*)?

at+u*

In view of Notation 1, we can induce the eigenvalues of system (5) confined on the
subspace X;. If X is an eigenvalue of (5) on X, it must be an eigenvalue of the matrix
—unD + J* for each n > 0, where

_ 2riu’ afv* Bu*
J* - T1 + K + a+u*)2 atu*
- * av*ae 7 au™ * |-
nv — (a+u*)2 _a+u* —|—27”2’U +77U

For Ey = (0,0), the corresponding characteristic equation is

()\ + dlﬂn - rl)(A + dZMn) =0.
Clearly, we obtain
A1 =71 — dipn, Ay = —dafin.
Hence, Ej is unstable, that is both species will never be lead to extinction simultaneously.

For Fy = (K, 0), the corresponding characteristic equation is

aK

A+ dypn A+ dopin, + 0K — =0.
A+ dipin +7r1) (A + dopin, + 1 a+K)
Obviously,
aK
M = =11 — difin, Ao = —dopiy, + —— —nK
1 1 14 2 2/ +a+K n

Consequently, if o < n(a + K), then Ey = (K, 0) is locally asymptotically stable.

Nonlinear Anal. Model. Control, 24(3):387-406
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For E* = (u*,v*), the corresponding characteristic equation is
A? + BinA + Bay + Bge N =0, 6)
here
Bin = dipin + a1 + dapin + az,
Ban = (dipin + a1)(dapin, + az) — nv*ag,

*
Tu
By = aaciaz, a1 = —pua; + K 2= rov” + nu’,
v* pu*
o) = —— ay = .
(a4 u*)?’ a+ u*

2.3 Turing bifurcation

In this subsection, we mainly focus on the effects of diffusive on Turing instability for
model (1) with 7 = 0. Let us consider the spatially homogeneous system corresponding
to model (1)

du I Buv dv  auwv o — 7
_— = u —_ — —_ —_— = T — V.
e ! K a+u’ at  atu K

According to the work by Turing, a positive equilibrium E* is Turing instability,
meaning that it is an asymptotically positive equilibrium of model (7), but is unstable
with respect to the solutions of spatial model (1). Given this, denote

B d2a1 + d1a2 — \/(dgal —+ d1a2)2 — 4d1d2(a1a2 — T]’U*CYQ -+ aaalag)

k
! 2y dy ’
by — doay + dias + \/(d2a1 + d1a2)2 — 4d1d2(a1a2 — nu*ag + OzCLOqOQ)
2 — )
2dds

we can obtain the following results.

Theorem 1. Assume that the following conditions are true:
a; +as >0, airas — NU*ag + aaayag > 0. )
then model (1) is Turing instability if 0 < k1 < p; < ko for some ;.

Proof. According to the above discussions, the characteristic equation of model (7) at
positive equilibrium is as follows:

A2+ (a1 + a2) A + araz — nurag + aaaay = 0.
Obviously, as conditions (8) hold, the positive equilibrium of model (7) is locally asymp-

totically stable.
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For spatial model (1), we have
Boy, + Bs = didap? + (daay + dias)pn, + aras — nu*as + aaos as.

If there exists a u; such that 0 < k1 < p; < ks, then By; + B3 < 0, which means that
Eq. (6) has a positive real part eigenvalue, then the positive equilibrium is unstable when
diffusion is present. Thus, Turing instability occurs. O

2.4 Hopf bifurcation

In the following part, we analyze the stability and Hopf bifurcation about the positive
equilibrium E*(u*, v*). We make the following assumptions:

H1) r1/K — Bag > 0;
H2) aac; — nv* > 0;
(H3) ai1as — aacyas — agnu® > 0;
(H4) ai1a2 — aacjas — asnu® < 0.

Lemma 2. If (H1) and (H2) hold, then the positive equilibrium E* = (u*,v*) is locally
asymptotically stable with T = Q.

Proof. As T =0, Eq. (6) is equivalent to the following equation:
)\2 + BipA + Bap + B3 = 0.
Obviously, if (H1) and (H2) hold, then

riu*
Bip = diptn, — Bu*ay + 17 + daofin + V™ + nu* > 0,

K

+ aaaias — asnu™ > 0.

riu®*
Bop + B3 = (dMn — pu*ay + 1) (dapin + 120" + nu’)

According to the Routh-Hurwitz conditions, E* is locally asymptotically stable with
7=0. [

Now we discuss the effect of the delay 7 on the stability of the positive equilibrium
of system (1). Assume that iw is a root of Eq. (6). Then w should satisfy the following
equation for some n > 0:

—w? +iB1pw + Bay, + Bs(cos(wr) — isin(wr)) =0,
which implies that
w? — By, = Bjcos(wr), Bi,w = Bysin(wT). )
From (9), adding the squared terms for both equations yields

w* + (B}, — 2Bs,)w® + B3, — B} = 0. (10)

Nonlinear Anal. Model. Control, 24(3):387-406
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Let z = w?, Eq. (10) becomes

2>+ (B}, — 2Bay)z + B3, — B3 =0, (11)
where
riu* 2
B%n — 2By, = (dlun + lK — ﬂu*al) + (doptn, + rov™ + nu*)z,
= <B2n + BS)(B2n - B3) (12)
* Tlu* * * *
= ((dl,u" — Bu*aq + K> (dopin, + rov™ + nu*) + cacae — agnu )

riu®
x ((dl,un — Buraq + 1K

Theorem 2. If (H1), (H2) and (H3) hold, then all roots of Eq. (6) have negative real
parts for all T > 0, i.e., the positive equilibrium E* of system (1) is asymptotically stable
forall T > 0.

Proof. From Eq. (12) we know that
B}, — 2By, > 0.
From Lemma 2 we get Bog,, + B3 > 0. Obviously, if (H1) and (H3) hold, then

)(dgun + rov® + nu*) — asayag — agnv*).

riu*
Bs, — B3 = (dmn — pu*ay + 1K> (daptn + r2v™ +nu*)

— aaaiag — agnu®
>0
for any n > 0.
These imply that Eq. (10) has no positive roots, and hence, the characteristic Eq. (6)

has no purely imaginary roots. Combined with Lemma 2, last observation implies that all
roots of Eq. (6) have negative real parts as 7 > 0. O

Remark 2. In Section 3, we will prove that if system (1) has only a unique positive
equilibrium, then this positive equilibrium is indeed globally asymptotically stable for
any 7 > 0.

Denote

. a11dy + andy + \/(a11ds + axdy)? — ddydy(ar1azn — asnu* — Bs)
B 2d1d> ’

where
riu®

ail = (5’&*041 - K

Thus, there must exist some N* € Ny such that p* = py+ or un» < p* < pIN*+1.
Hence, we have following lemma.

>, ayg = —(rov™ + nu*).
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Lemma 3. If (H1), (H2) and (H4) hold, then Eq. (6) has a pair of purely imaginary roots
+iw,(0 < n < N*) at

; 291 .
==+ 20 jeNy:={0,1,2,3,...}
Wn
where
1 w2 —B
70 = — arccos ———2"
Wn, A

\/ 2B, — B2, 4+ \/(B}, — 2B2,)? — A(B2, — B3)
Wy =
2

Proof. From hypothesis (H3), we know that B,, + C' > 0.

riu*
K

Bon — By = didop? — ((Bu* oy — )da + (rov* 4 nu*)dy ) pn + (Bu*ay

rlu*

K
Hence, Eq. (11) has no positive roots for n > N*, and 0 < n < N* is the necessary

condition of Eq. (11) having positive roots. For 0 < n < N*, a unique positive root 2,
of Eq. (11)is

)(rov* 4+ nu*) — agnu® — Bs.

o 2827L - B%n + \/(B%n - 2327!)2 - 4(B§n B Bg)
= 5 ,

Zn

and

\/QBQ,L — B2, +./(B?, —2B3,)? — 4(B2, — B?)
Wy =
2

is the imaginary part of the purely imaginary root, at

; 27 1 _B 27
T:T£:T£+£=—arccos%+£, J € Np. (13)
Wn Wn 3 Wn

Equation (6) has a pair of purely imaginary roots +iw, (0 < n < N*).
It is clear from Eq. (13) that 77! > 7J. The following lemma shows that

e 2T =271 >,
and hence, we have a complete ordering of the bifurcation values 7. O
Lemma 4. [f (H1), (H2) and (H4) hold, then

e 2T 22 >0

for j € N.

Nonlinear Anal. Model. Control, 24(3):387-406
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Proof. From the above analysis we know

+_ 2Bou— BY + /(BE, — 9B, ~ W(B3, ~ BY)
" 2
_ 2
T [(B?,—2B5,)? 2 B2 —2Bs,
VB + B R

Obviously, B2 — B3, is decreasing in n, and B?, — 2B, is increasing in n. We obtain
that

Wy Swy+—1 < - S wy < wo.
Notice that B, is strictly increasing in n for 0 <

n
is strictly decreasing in n for 0 < N < N*. Thus 77
247 Jwy, is strictly increasing in n. Namely,

< N*. Then we obtaln - B,/C
= (1/wy,) arccos((w? )/C) +

T ZThe_q 227 >7, JjEN.

From Lemma 4 we know that 7§ = min{r/: 0 < n < N*, j € Ng}. O

Lemma 5. Let A, () = ay(7) £ iwn(T) be the root of (6) near T = TJ satisfying
an(1]) = 0 for w,(7]) = wy. Then the following transversality condition holds:

forj=0,1,2...and0 < n < N*.
Proof. Differentiating the two sides of Eq. (6) with respect to 7 yields

dA

5 (22 + B — Byre” AT) = Bgle

Hence,

dA\\ 7" 20+ By, — Byre M 2o B T
dr o ng\e*” - Bs B3\ A

Substituting 7 into the above equation, we obtain

i : ;
(. (7))"" = Re <d)\> _ 2cos(wnTy) N By, Slll(wnTn).

dr B3 ngn

Since Bs cos(w, 7)) = w2 — By, and Bssin(w, 7)) = Bi,w,. Then we have

dA \/(B2n 232”)2 - 4(B2n — BQ)
(o/n(T)) = Re(dT)T Lo 1 B 2 2> 0. O
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From the above analysis, we have the following conclusion.

Theorem 3. If (H1), (H2) and (H4) hold, then the following statements are true:

(i) The positive steady state is asymptotically stable when T € [0, 7y), and unstable
when T > Tg;

(ii) Hopf bifurcation occurs at T = 7. That is, system (1) has a branch of periodic
solutions bifurcating from the positive steady state near T = 7'8.

Remark 3. According to the above discussions, we can conclude that with different con-
ditions, the system may appear different dynamic behaviours. Under certain conditions,
the system may be stable or unstable (Hopf bifurcation occurs) with different delay 7,
which means that the delay 7 has great effect on the dynamics of the system, and it may
affect the survival of the populations.

3 Global stability

In this section, we prove that when (H1)-(H3) hold, the positive equilibrium is indeed
globally asymptotically stable. To achieve this, we utilize upper-lower solution method
in [16,17].

Lemma 6. (See [31].) Assume that u(z,t) is defined by

ou u

— =di1A 1—— 0}

5 dq u—I—ru( K)’ €2, t>0,
0

—u:O, r e, t>0,

v

u(z,0) = up(z) >0, z€ £,
then limy_, o u(z,t) = K.

Theorem 4. Assume that (H1)-(H3) hold, then for any initial value (uo(z, t), vo(x,t)) >
(0,0), the corresponding nonnegative solution (u(x,t),v(x,t)) of system (1) uniformly
converges to E* = (u*,v*) as t — +o0. That is, the unique positive equilibrium
E*(u*,v*) is globally asymptotically stable.

Proof. From the first equation of system (1), we have

ou U Buv U
- = - — — < - —
o diAu +rq (1 ) P diAu+ 1 (1 F')’

then from the comparison principle of parabolic equations and Lemma 6, for an arbitrary
€ > 0, there exists t; (> 0) such that for any ¢ > ¢4,

u(z,t) < ¢, (14)

Nonlinear Anal. Model. Control, 24(3):387-406
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where ¢; = K + €. This implies

limsupmax u(.,t) < K.
t—+oo xE2

Therefore, from the second equation of system (1) and Eq. (14) we have

ov ou(t —T)v 9
= vt ————— —1v® — nuw
ot at+ult—71) 7 K

<d2Av+av(1— a4 _7“2U>
a—+u Qo

for ¢t > t; + 7. Hence, there exists to > ¢; such that for any ¢ > ¢,
v(z,t) < &g, (15)

where ¢; = ¢1a/(r2(a + ¢1)) + €. Again, this implies

li (<
im sup maxv(., _
t—>+oop zeR = ro(a + K)

On the other hand, from the first equation of system (1) and (15) we have

ou U Bu
Z_dA T
ot d u+u<r1+ K onru)

for t > t5. Since (H1)—(H3) hold, then for small enough 5 > 0,

K—@—€2>0.
ary

Hence, there exists t4 > t3 such that for any ¢ > 14,

u(x,t) > ¢, (16)
where
= K- @ — &9.
ary

Then we apply the lower bound of « to the second equation of system (1), and we
have

v au(t —T)v 9
P dorw LTV,
ot 2 v+a—|—u(t—7') e
>d2Av+w(l_G_m_W),
+u o o
> vt an(1- =201
a+c¢ « e}
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for ¢t > t4. Then there exists t5 > t4 such that for any ¢ > t5,
v(z,t) > ¢, (17)
where
LG )
= —ncy — E.
ro\a—+ ¢
From (16) and (17) we can easily obtain that
lim inf max u(.,t) > ¢, lim inf max v(.,t) > ¢,.
t—+4oco e t—=+o0 zef
It is easily obtained that
¢y < u(w,t) <ep,c <v(w,t) < e,
and ¢, €1, Cy, Co satisfy
_ C1 Beicy ) B o
rici(l — =) — <0< re =) K ,
all = 3) = e S “( K) ate (18)
ac, G i _ QC1Cy 2 _ =
—19Cy —Nc1Ca <0< — T9C5 — NC1Co.
ato 2Cy — 1)€1C2 Saxa 262 — 1]C1Co

Inequalities (18) show that (1, ¢2) and (¢q,c,) are a pair of coupled upper and lower
solutions of system (1) as in the definition in [14, 15].

In addition, we have the following inequality:

rug (11— L) — o _ rus(1— 2 ) - bua
i K a+ uy 12 K a+ us

(T_;(ul—i-uz)(ul_“?)_( T )‘

a + uq a + uo
2

< (7“ - [gcl>(m —ug) — aﬁfl (v1 — v2)
2r By

<| (- Fee ) lom - oml 2

Then there exists a positive constant M such that

run (1 22 - for (a1 22) - fus
1u1 K ot 1U2 K @t U

g M(‘Ul 7U2‘ + |’l)1 7’02‘).

N

Similarly, we have

auy [0475))
U1 — U1 —NuUuyp | — V2 — V2 — Nu2
a+up a + ug

< M(\ul 7’[1,2‘ + |1)1 71)2‘).

Nonlinear Anal. Model. Control, 24(3):387-406



400

We now construct two sequences (aﬁ”% Eé”)) and (an) Qé

_(n— 1)) ﬂé(n_l) (n—l))
K ) agdr v )

tion process:

&M — =) 1
1

_ 1
Egn) _ Egn 1) +

a+an

with initial data (&9, ¢
quences (¢, ") a

J. Liu, X. Zhang

")) from the following itera-

B néén—l)ggn—l)

bl

19)

(n— 1)) - an—l)één—l))
n—1 ’

K a+g§ )
_(n—1) (n—1)
c & n—1)y2
e D)

n n— 1 n— =
RN (r1c§ 1)<1_

(ggnJrl)

négn—l)cgn—l)>

¢1,6)) and (9, 9) = (¢, ¢,). It is readily seen that se-
( €1, & €1,C y
nd (c §”> ”)) possess the following property:

Then there exists (¢, ¢2)) and (¢1, é2) such that

(glag2) < (51752) < (51752) < (61762)7

Therefore,
lim & = ¢
n—-+oo 1 ’
lim c(1 ) ¢1,
n—-4oo

Hence, from (19) and (20) we have

1 Béa
1-—=] - =0
< K) a+c ’

Bé
a+ ¢

— 7‘262 — T]Cl = 0,

) < )
n=12....
n=12,....
lm & =&,
7L£ng2 -
(-3)- e
) ata @1)
501

= —7‘252—1’}61:0.
a+c

From (21) we can easily obtain that ¢; = ¢; and ¢ = ¢5. Then from the results in [14,15]

the solution (u(zx,t), v(z,

i o) =

t)) of system (1) satisfies

lim ov(z,t) =
t—+oo

uniformly for z € 2. So the positive equilibrium (u*,v*) is globally asymptotically

stable for system (1).

O
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4 Numerical simulation

In this section, we present numerical simulations of some examples to illustrate our theo-
retical results.

4.1 Global stability of the positive equilibrium for all 7 > 0

Consider system (1) with the parameters d; = 0.2, dy = 0.3,71 =0.1,a = 0.8, 3 = 0.1,
a = 0.32, r = 0.15, K = 15 and n = 0.01. Calculation reveals that system (1) has
a positive equilibrium E* = (13.8852,1.0914). According to Theorem 4, system (1) has
global asymptotically stability at the unique positive equilibrium E* for all 7 > 0 as
shown in Fig. 2. This means that the prey and predator coexist at the steady state with the
parameters above for all 7 > 0.

4.2 Stability and Hopf bifurcation of system (1)

Consider system (1) with the following parameters: ;1 = 0.1, a = 0.8, § = 04,
a = 0.32, 7 = 0.15, K = 15 and = 0.01. Choosing {2 = (0, ) and the diffusion
coefficients d; = 0.2, do = 0.3, by a direct calculation, we obtain that system (1) has
a positive E* = (0.0962,0.2226) and the critical value is 79 = 7.8613. Obviously, the
parameters satisfy the conditions of Theorem 3. According to Theorem 3, system (1) is
locally asymptotically stable at E* for 7 = 7 € [0,79) and unstable for 7 = 8 > 79
as shown in Fig. 3. Figure 3(b) shows that the spatially homogeneous periodic solutions
emerge from the positive equilibrium E*, which implies that the prey and the predator
coexist In the form of periodic oscillations.

If we let 71 = 0.15 and other parameters be same as above, then system (1) has three
equilibria: E7 = (0.1679,0.3589), E5 = (5.4953,1.4959) and E§ = (10.4034, 1.2874).
Simple calculation reveals that Ej is locally asymptotically stable for all 7 > 0, E3 is
unstable and E% is locally asymptotically stable for 7 € [0,4.4484) and unstable for
T > 4.4484 as shown in Figs. 4 and 5. However, as 7 increases further,with the same
initial values, the limit cycle disappears, and the solution converges to E3 as shown in

predator v

10 12 14 16 18 20 22 24
prey u
Figure 2. System (1) is globally asymptotically stable for all 7 > 0.
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(@) (b)

Figure 3. (a) As 7 = 7, the positive equilibrium E* is stable; (b) the periodic solutions emerge form the
positive equilibrium E* with 7 = 8.

6 6
04 4
51 51
0.38 B EY
o> 4r 036 — 05
g 8
‘5 sl 0.34 2_“. sl o
@ 0.32 E 0 0.5 1 B
a Sl 0.1 0.15 0.2 0.25 a N
Ey
' / EY 1 M
o ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 0 2 4 6 8 10 12
prey u prey u
Figure 4. Ej and EZ are locally asymp- Figure 5. Hopf bifurcation occurs at E}
totically stable with 7 = 2. with 7 = 5 and EJ is yet stable.

predator v

1500

Figure 6. System (1) is stable at E5 with 7 = 10.

Fig. 6. It is shown that the delay 7 can affect the stability of the system and with different 7
the population can exist at different amounts.
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predator v
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0 100 200 300 400 500 600 700 800 900 1000 o 100 200 300 400 500 600 700 800 900 1000

t t

Figure 7. The positive equilibrium E* of the ordinary differential equation is stable with 7 = 0.

predator v

4000 4000

Figure 8. Turing bifurcation of system (1).

4.3 Turing bifurcation

We choose parameters as d; = 0.02, de = 6, 1 = 0.05,a = 0.6, 8 = 0.4, a = 0.2,
ro = 0.3, K = 10,7 = 0.01 and 7 = 0. By calculation, we obtain that system (1) has
a positive equilibrium E* = (0.0922, 0.0857). By theoretical analysis, the corresponding
ordinary differential equation is stable at the positive equilibrium E* as shown in Fig. 7.
However, the positive equilibrium E* of system (1) is unstable. Thus, Turing instability
occurs, as shown in Figure 8. It shows that the prey and predator are unevenly distributed
in time and space, which is caused by the Turing instability.

4.4 The effect of anti-predator behaviour

In order to investigate the effect of anti-predator behaviour, we choose parameter as d; =
0.1,d2=0.2,r1 =0.1,a=0.8,8=0.8, a =0.32, 72 = 0.15, K = 15 and 5 varies in
[0, 0.02]. The positive equilibrium varies with increasing 7 are shown in Fig. 9. It is shown
that system (1) has only a positive equilibrium. As 1 increases and passes through a critical
value, system (1) undergoes a static bifurcation giving rise to two positive equilibria.

Nonlinear Anal. Model. Control, 24(3):387-406
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15 0.55
0.5
0.45
10 0.4
0.35
s >
0.3
5r One interior equilibrium Two interior equilibria 0.25 One interior equilibrium Two interior equilibna’
0.2
0.15
Y 0.1
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
n Y

Figure 9. The positive equilibrium of system (1) varies with 7 increasing.

7.6

751 Hopf bifurcation curve

74F

Il Unstable domain
731

70

721
| Stable domain
71r

7L

6.9 L L L L L L L L L
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

n

Figure 10. The stable and unstable domains vary with 7 increasing: I is stable domains, II is unstable domain.

Figure 10 shows that with increasing 7 the stability range is decreasing. It means that
the rate of anti-predator behaviour of prey to the predator population has an effect on
stabilizing positive equilibrium of system (1).

5 Conclusions

In this paper, by considering delay and diffusion, a delayed diffusive predator—prey model
system with anti-predator behaviour is established to investigate the effects of gestation
delay and the rate of anti-predator behaviour on the dynamic behavior of the system. The
theoretical analysis and numerical simulation reveal that the discrete delays are respon-
sible for the stability switch of the system, and a Hopf bifurcation occurs as the delays
increase through a certain threshold.

The diffusion can induce Turing bifurcation, and the corresponding facts are obtained
from Sections 2.3 and 4.3. All these means that the diffusion has important influence on
survival of the species.

In addition, numerical simulations obtained in this paper suggest that the rate of anti-
predator behaviour cannot only cause the static bifurcation occurs, but also change the
stability of the system (see Section 4.4), which will contribute to the persistence and
sustainable development of the system.
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