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A delayed predator-prey system with Holling type II functional response and stage structure for both the predator and the prey
is investigated. By analyzing the corresponding characteristic equations, the local stability of each of the feasible equilibria of the
system is addressed and the existence of a Hopf bifurcation at the coexistence equilibrium is established. By means of persistence
theory on infinite dimensional systems, it is proved that the system is permanent. By using Lyapunov functions and the LaSalle
invariant principle, the global stability of each of the feasible equilibria of the model is discussed. Numerical simulations are carried

out to illustrate the main theoretical results.

1. Introduction

The predator-prey system is very important in population
modelling and has been studied by many authors (see, e.g.,
[1-6]). A predator-prey model generally takes the form

X =xf(x)-px)y, "
y=kpx)y-yg9(y),

where x(t) and y(t) are the densities of prey and predator
populations at time ¢, respectively. The function f(x) repre-
sents the growth rate of the prey; g(y) represents the death
rate and intraspecific competition rate of the predator; p(x)
denotes the predator response function. In 1965, Holling [7]
used the function p(x) = mx/(a + x) as one of the predator
response functions. It is now referred to as a Holling type II
functional response. We note that in the models mentioned
above, it is assumed that both the immature and the mature
predators have the same ability to attack prey individuals.
However, in the real world, almost all animals have stage
structure of immature and mature, and only mature predators
can attack prey and have reproductive ability. Stage-struc-
tured models have received great attention in recent years

(see, e.g., [2-6]). In [2], Wang proposed a predator-prey sys-
tem with Holling type II functional response and stage struc-
ture under the assumptions that the predator is divided into
two groups, one is immature and the other is mature, and that
only mature predators can attack prey and have reproductive
ability, while immature predators do not attack prey and have
no reproductive ability.

It is generally recognized that some kinds of time delays
are inevitable in population interactions and tend to be des-
tabilizing in the sense that longer delays may destroy the
stability of positive equilibria (see [8]). Time delay due to
gestation is a common example, because generally the con-
sumption of prey by the predator throughout its past history
governs the present birth rate of the predator. Recently, great
attention has been received and a large body of work has been
carried out on the existence of Hopf bifurcations in delayed
population models (see, e.g., [5, 6, 8, 9] and references cited
therein).

Motivated by the work of [2, 6], in the present paper, we
are concerned with the combined effects of stage structure
for both the predator and the prey and time delay due to
the gestation of the predator on the global dynamics of
a predator-prey model with Holling type II functional
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response. To this end, we consider the following differential
system:

() = 13y () - (ry +dy) %, (B) — ax (£) - %
1
Xy () = 1) (8) — dyx, (B)

ax, (t=1)y, (t—1)
1+mx, (t-1)

y (f) = —(ry+d;) » (t),

V(&) =1y () —dyy, (1),
(2)

where x, (f) and x,(f) represent the densities of the immature
and the mature prey at time ¢, respectively; y,(t) and y,(t)
represent the densities of the immature and the mature
predators at time t, respectively. The parameters a, a, a,, d;,
d,,ds, dy, v, 7, and r, are positive constants, in which r is the
birth rate of the prey; a is the intraspecific competition rate of
the mature prey; d;, d,, d;, and d, are the death rates of the
immature prey, mature prey, immature predators, and mature
predators, respectively; 7, and r, are the transformation rates
from the immature individuals to mature individuals for the
prey and the predators, respectively; a, is the capturing rate
of the predators; a,/a, is the conversion rate of nutrients into
the reproduction of the predators; 7 > 0 is a constant delay
due to the gestation of the predators. It is assumed in (2) that
the mature individual predators feed on immature prey and
have the ability to reproduce.
The initial conditions for system (2) take the form

Xy 0) = (/)z 0) =0,
¥2(0) =, (0) >0,
0 € [-1,0),

x,(0) = ¢, (0) 20,
71 0)=¢,(0) =0,

¢, (0) >0, ¢, (0) >0, ¢, (0) >0,

(61 (6), ¢, (0),9,(0),9,(6)) € C([-7,0],RY,),

(pZ (0) > 0)

(3)

where R4+0 = {(x1, x5, X3, %4) 1 x; > 0,0 = 1,2,3,4}.

It is well known by the fundamental theory of functional
differential equations [10] that system (2) has a unique
solution (x; (t), x,(t), ¥, (t), y,(t)) satistying initial conditions
(3). It is easy to show that all solutions of system (2) corres-
ponding to initial conditions (3) are defined on [0, +00] and
remain positive for all ¢ > 0.

The organization of this paper is as follows. In the next
section, we investigate the local stability of each of the feasible
equilibria of system (2). The existence of a Hopf bifurcation
at the coexistence equilibrium is studied. In Section 3, by
means of persistence theory on infinite dimensional systems,
we prove that system (2) is permanent when the coexistence
equilibrium exists. In Section 4, by using Lyapunov function-
als and the LaSalle invariant principle, we show that both the
prey and the predators go to extinction, if both the predator-
extinction equilibrium and the coexistence equilibrium are
not feasible, and that the predator-extinction equilibrium is
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globally asymptotically stable when the coexistence equilib-
rium does not exist, and sufficient conditions are obtained for
the global asymptotic stability of the coexistence equilibrium
of system (2). A brief discussion is given in Section5 to
conclude this work.

2. Local Stability

In this section, we discuss the local stability of each equilib-
rium of system (2) and the existence of a Hopf bifurcation.
It is easy to show that system (2) always has a trivial equi-
librium E;(0,0,0,0) and a predator-extinction equilibrium
E,(x],x;,0,0) when rr; > d,(r; +d,), where

+_”’1—d2(71+d1) +
x| = ——=—— %, x, =

ry[rry —dy (ry +4d))]
ad, ’

ad;
(4)
Furthermore, if the following holds:

(Hy) (rry—dy(r,+d,))/ad, > d,(r,+d;)/(ayr, —md,(r, +
ds)) > 0,

then system (2) has a unique coexistence equilibrium E*(x},
X5, ¥1> Y5 ), where

X* _ d4 (”2 +d3) * r—lx*
b oayry—mdy(ry +ds) Pody
«_dy s
N = r_4y2’ (5)
2

o (L+mx))[rry - d, (r +d,) - adyx]]
;=

ad, '
The characteristic equation of system (2) at the equilib-
rium E;(0, 0, 0, 0) is of the form

[Az +(ry+d,+dy)A+d,(r, +d)) —rrl]
(6)
X [/\2+(r2 +d, +d4)/\+d4(r2+d3)] =0.

It is readily seen from (6) that if rr; < d,(r, + d,), then E; is
locally asymptotically stable; if rr; > d,(r; + d,), then E,, is
unstable.

The characteristic equation of system (2) at the equilib-
rium E, (x], x;, 0, 0) takes the form

[/\2 +(rp+dy +dy+2ax] )A+rr —dy (r; + dl)]

< [\ + pd+ py + qoe_)”] =0,

7
pr=rtds+dy, po=dy(r, +d;), @)
_anx]
Q=777 mx;’

It is easy to show that roots of A> +(r, +d, +d, +2ax} ) A+rr; —
d,(r,+d,) = 0 have only negative real partsifrr; > d,(r,+d,).
If (H,) holds, we have p, + g, < 0; thus (7) has at least one
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positive real root. Therefore, E, is unstable. If 0 < (rr,—d,(r,+
d)))/(ad,) < d(r, + d3)/(a,r, — md,(r, + d5)), we have p, +
qo > 0; then the equilibrium E, is locally asymptotically stable
when 7 = 0. It is easy to show that p> — 2p, > 0, pg — g5 > 0.
Therefore, if 0 < (rry —d,(r; +d,))/(ad,) < d,(r,+d5)/(ayr,—
md,(r,+d;)), by Lemma B in Kuang and So [1], we see that the
equilibrium E, is locally asymptotically stable for all T > 0.

The characteristic equation of system (2) at the equilib-
rium E* is of the form

A4 A+ p A%+ A+ py + (qz)tz +q A+ %) e =0,

where
ps=a+d,+r,+d;+d,,
pr=(a+dy)(r,+dy+d,)+d,(r, +d;) +ad, —rr,
pr = (ry+ds+dy) (ady =) +d, (r, +d;) (a +d,),

po=dy(r,+d;) (ad, —rry), qy = ~dy (r, +d;),

ay;
Q1=d4(”2+d3)[ 12*2_(“‘”12)]’
(1+mxy)
d *
= Ty + %), +rr;—ad, |,
qo =dy(ry +d; 2 1 2
(1+mx7)
(x:r1+d1+2axf+L2.
(1+mx})

)

When 7 = 0, (8) becomes

At +p3A3 +(p» +‘12)A2+(P1 +q) A+ py+qo=0. (10)

By calculation we derive that

adyy;

p3>0’ \2
(1+mx})

Po+qo=dy(r,+d;) >0. (1)
Hence, by the Routh-Hurwitz criterion, we see that if the

following hold:

(H,) ps(py + ;12) ; (p1 + a41)s p3(py + @)y + q1) >
(p1+q1)” + p5(Po + 90)>

then the equilibrium E* is locally asymptotically stable when
T=0.

If iw (w > 0) is a solution of (8), separating real and
imaginary parts, we have

(q2w2 - qo) COSWT — qwsinwt = w' — p,w’ + py,
(12)
(q2w2 - qo) SiN T + g, COS WT = py” — .

Squaring and adding the two equations of (12), it follows that

w® + hyw® + hyw* + hw® + hy = 0. 13)

It is easy to show that

h, :p§—2p2 :ocz+d§+(r2+d3)2+di+2rr1 >0,
hy = P5+2py = 2P, ps — 4
= (ad, —rr))’ + [df1 +(ry + d3)2] (oc2 +di+ 2””1)
>0,

hy = P% —2pop, + 2909, — Qf
= (ad, — rrl)2 [d?1 +(ry + d3)2] + di(r2 + d3)2

a1y, a1y, ]
(1+mxt)?

m |:2(1"1 + dl) + 40}6’; +
1

> 0,
ad,y,
1+mxt)

ayd,y; ]

2
(1+mx})

hy = Pé - qg = di(rz + d3)2

X [2 (ady —rry) -
(14)

If2(ad, — rry) > ayd, y; /(1 + mx})?, that is,

(H3) (rry—d,(ry+d,))/ad, < 2d,(r,+d3)/(ayr,—md,(r,+
dy)) +d,(ry +ds)/(ayr, + md,(ry + d3)),

then (13) has no positive real roots. It is easy to check that
(H,) holds when (H,) holds. Accordingly, by Theorem 3.4.1
in Kuang [8], we see that if (H,) and (H;) hold, then E* is
locally asymptotically stable.

If the inequality in (Hj) is reversed, then (13) has a unique
positive root wy; that is, (8) has a pair of purely imaginary
roots of the form +iw,. Denote

Tk
N
Cw,  w,
(%“’g - %)(“’3 - Pzwg + Po) + ‘h“"g (P3“’g - P1)
X arccos )

(%‘Uo)2 + (qr0f — ‘10)2

k=0,1,2....
(15)
By Theorem 3.4.1 in Kuang [8], we see that E* remains stable
for T < 7.
We now claim that
d (Re (1))
_— > 0.
i - (16)

This will show that there exists at least one eigenvalue with
a positive real part for T > 7,. Moreover, the conditions
for the existence of a Hopf bifurcation [10] are then satisfied



yielding a periodic solution. To this end, differentiating (8)
with respect to 7, it follows that

<@)'1 4l +3p A+ 2pd 4 py
dr ) (A + psA3 + pyA2 + piA+ py)

17)
29,A + 4, B

T
+ —.
Ma A +qA+q)) A

Hence, a direct calculation shows that

. { d(Re ) }
& dr A=iw,

wlu(2]

- sgn { (3P3w§ _Pl) (P3w§ _Pl) + 2(2&)3 _PZ) (wg - P2w(2) +p0)

wg(pr ~ Ps“’g)z + (wp = ppi + Po)2

A=iw,

L 0t 200 — 2035 }
2 2 -
(qr)” + (g5 ~ o)

(18)
We derive from (12) that
2 2
“-’é(Pl - P3“’§) + (wg - Pzwg + Po)
, (19)
2
= (qwp)” + (‘12“’(2) - ‘10) .
Hence it follows that
son {d (Re ) }
8 dr A=iw,
(20)

45 + 3hywy + 2h,w] + hy
= sgn > ; 5
(qrwp)” + (%“’o ~qo)

Therefore, the transversal condition holds and a Hopf bifur-
cation occurs at w = wy, T = 1.
In conclusion, we have the following results.

Theorem 1. For system (2), one has the following.

(i) If rry < dy(ry + d,), then the trivial equilibrium
E;(0,0,0,0,) is locally asymptotically stable; if rr; >
d,(r, + d,), then E, is unstable.

(ii) If 0 < (rry — dy(ry + dy))/ad, < dy(ry + d3)/(a,r, —
md4(r,+ds)), then the predator-extinction equilibrium
E,(x],x;,0,0) is locally asymptotically stable;
if(rry—d,(r,+d)))/ad, > dy(ry+ds)[(ayr,—md,(r,+
d;)) > 0, then E; is unstable.

(iii) Let (H;) hold. If (H;) holds, then the coexistence
equilibrium E* (x], x5, y;, ¥; ) is locally asymptotically
stable for all T > 0; if (H,) holds and the inequality
in (H;) is reversed, then there exists a positive number
7y, such that E* is locally asymptotically stable if 0 <
T < 1, and is unstable if T > 7. Further, system (2)
undergoes a Hopf bifurcation at E* when T = 1,.
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We now give an example to illustrate the main results in
Theorem 1.

Example 2. In (2),leta = 16,a, = 16,a, = 3,d, = 1/8,
d, =1/2,d, =1/8,d, = 1/8,r =51, =1,r, = 1,and
m = 1/10. It is easy to show that (rr; — d,(r, + d,))/ad, =
0.5547 and d,(r, + d5)/(a,r, — md,(r, + d;)) = 0.0471; that
is, the condition (H,) holds. Hence, system (2) has a unique
coexistence equilibrium E*(0.0471,0.0942, 0.0637,0.5100).
By calculation, we have p;(p,+q,)—(p; +q,) = 177.6328 > 0,

23(P+ @) (1 +a1) = (p1+91)> = P (P + ) = 193.0344 > 0,
2(ad, — rry) — ayd,y, [(1 + mx;‘)2 ~ -3.3262 < 0 and
7, ~ 2.3729. By Theorem 1, E* is locally asymptotically stable
if 0 < 7 < 7, and is unstable if T > 7, and system (2)
undergoes a Hopf bifurcation at E* when 7 = 7,. Numerical
simulation illustrates this fact (see Figure 1).

3. Permanence

In this section, we are concerned with the permanence of
system (2).

Definition 3. System (2) is said to be permanent if there
are positive constants m;, m,, M;, and M,, such that each
positive solution of system (2) satisfies

my < liminf x; (t) <limsupx; (t) < M;, i=1,2,
t=+oo t—+00
(1)
m, < ltiminfy,- (t) <limsup y; (t) < M,, i=1,2.
— +00

t — +00

Lemma 4. There are positive constants M, and M,, such that,
for any positive solution (x(t), x,(t), ¥, (t), y,(t)) of system (2),

limsup x; (1) < M,, limsupy;(t)<M,, i=1,2.
t

t — 400 — +00

(22)

Proof. Let (x,(t), x,(t), y,(t), ,(t)) be any positive solution
of system (2) with initial conditions (3). Define

r+d,

V(t)=x,(t-7)+ 7

X, (t—1) + Z—;yl () + %yz (t).
(23)

Calculating the derivative of V'(t) along positive solutions of
system (2), it follows that

V(1) = ~dyx, (t - 7) — dyx, (t — 7) — %dm )

a rr
- —1d4y2 () + —lx1 t-1)- axf (t-1)
a d,

rr )2 . (rrl)2 (24)

<-dv(t) - a(x1 t-1)- od tod?
2 2

(”’1)2

4ad3”’

<-dv(t)+
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Time t
— x1(1) -== )
‘‘‘‘‘‘ x,(t) 0

()

FIGURE I: The temporal solution found by numerical integration of system (2) with 7 =

(0.1,0.1,0.1,0.1).

where d = min {d,,d}/(r + d,), d;, d,}. This inequality yields
limsup, , ., V() (rrl)z/(4add§). If we choose M, =
(rr))*/(4add,(r + dy)) and M, = a,(rr,)*/(4aa,dd3), then
(22) follows. This completes the proof. O

In order to study the permanence of system (2), we refer to
persistence theory on infinite dimensional systems developed
by Hale and Waltman in [11].

Let X be a complete metric space with metric d. Suppose
that T : [0,+00] x X — X is a continuous map with the
following properties:

T,oT, =T, ts=0, To(x)=x, xeX, (25)
where T, denotes the mapping from X to X given by T,(x) =
T(t, x). The distance d(x,Y) of a point x € X from a subset
Y of X is defined by d(x,Y) = infer d(x, y). Recall that
the positive orbit y*(x) = [Jo{T(t)x}, and its w-limit set
is w(x) = (yo UtZS{T(t)x}. Define W*(A), the strong stable
set of a compact invariant set A, to be W*(A) = {x : x €
X, w(x)+ @, w(x) C A}l

(A1) Assume that X° is open and dense in X and
X'UX, = X, X" X, = @. Moreover, the C° semigroup
T(t) on X satisfies
(26)

T®): X" — X° T (t): Xy — X,

Let T,,(t) = T(t)ly, and A, be the global attractor for Tj(t).
Define A, = Usea, @(x).

Lemma 5 (Hale and Waltman [11]). Suppose that T'(t) satisfies
(A1) and the following conditions:

(i) thereis aty > 0 such that T(t) is compact for t > t;

Solutions

14

12

0.1 and 7 = 3, respectively; (¢, b, ¢, ¢,) =

(ii) T(t) is point dissipative in X;
(iii) Ab is isolated and has an acyclic covering M, where
—{MI,MZ,.. M}

(iv) WS(Mi)ﬂXO =g fori=12,...,n

Then X, is a uniform repeller with respect to X°; that is, there
is an e > 0 such that, for any x € X°, liminf, _ . d(T(t)x,
Xo) =&

We are now able to state and prove the result on the per-
manence of system (2).

Theorem 6. If (H,) holds, then system (2) is permanent.

Proof. We need only to show that the boundaries of R},
repel positive solutions of system (2) uniformly. Let

C*([-, 0],Rio) denote the space of continuous functions
mapping [-7,0] into R} . Define
Ci = {(¢1: ¢ 91,92) € C" ([-7,01, RS, ) : ¢;(6) =
0 €[-7,0],i=1,2},
(27)
Cy = {(¢1: 92 91,9) € C" ([-7,01, R, ) : 1(6) > 0,

@, (0)=0,0¢€[-7,0],i=1,2}.

Denote C, = C; |JC, and C° = int C*([-7, 0], R},).

In the following, we show that the conditions in Lemma 5
are satisfied. By the definition of C° and C,, it is easy to see
that C° and C,, are positively invariant and the condition (ii)
in Lemma 5 is clearly satisfied. Using the smoothing property
of solutions of delay differential equations introduced in



Kuang [8] (Theorem 2.2.8), it follows that condition (i)
in Lemma 5 is satisfied. Thus, we need only to show that
the conditions (iii) and (iv) hold. Clearly, corresponding to
x;(t) = y;(t) = 0and x,(t) = x|, x,(t) = x;, y;(t) = 0,
respectively, there are two constant solutions in C, : E, € C,
and E; € C, satisfying

E, = {(¢1’¢23‘P1)‘P2) eC’ ([_T> 0] ’Rio) 14 (0) =0,

¢ (0)=0,0¢[-7,0]},
E1 = {(¢1’¢2"P1a§0z) eC’ ([_T> 0] ’Rio) ¢y (0) = xir)

¢, (6) = x3, 9;(6) =0, 6 € [-7,0] }.
(28)

We now verify the condition (iii) in Lemma 5. If (x, (), x,(¢),
¥, (1), ¥,(t)) is a solution of system (2) initiating from C,, then
9,(t) = =(d; + )y, () and p,(t) = ry,(t) — d,y,(t), which
yields lim, , o y;(t) = 0,i = 1, 2. If (x; (), x5 (1), ¥, (1), ¥, (1))
is a solution of system (2) initiating from C, with ¢;(0) > 0,
then it follows from the first and second equations of system
(2) that x,(t) = rx,(t) — (ry +dy)x, () - axf(t) and x,(t) =
r1x; (1) = dyx, (). I rry > dy(ry +d,) holds, then x, () — x|,
x,(t) — x; ast — +oo. Noting that C, [|C, = @, we see
that the invariant sets E, and E, are isolated. Hence, {E,, E, }
is isolated and is an acyclic covering satisfying the condition
(iii) in Lemma 5.

We now verify that W*(E,) (N C° = @ and W*(E,) (C° =
@ . Here, we only prove the second equation since the proof of
the first equation is simple. Assume W*(E,)(C° # @. Then
there is a positive solution (x; (t), x,(t), y,(t), y,(t)) satistying

Jim (%1 (0,5 (0,5 (10,2, 0) = (x1,%3,0,0). (29)

Hence, for ¢ > 0 sufficiently small, there is a ¢, > 0 such that,
ift >ty x] —e<x,(t) <x| +e.

Since (H,) holds, we can choose ¢ > 0 sufficiently small,
such that

ayry (x] —¢)

m > d4 (1’2 +d3). (30)

For € > 0 sufficiently small satisfying (30), it follows from the
third and the fourth equations of system (2) that, for t > ¢,+1,

a, (x] —¢) v, (t—1)=(ry, +d;) y, (t),

), (t) > ———
n® 1+m(x] —¢) 31)

V() =1y () —dyy, ().

Define
a (x] —¢)
_ d v %)
A = (r2 +dy) l+m(xf-¢) |- (32)
[§) —dy

Since A, has positive off-diagonal elements, by the Perron-
Frobenius theorem, there is a positive eigenvector # for the
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maximum eigenvalue y of A . Noting that (30) holds, a direct
calculation shows that ¢ > 0. Using a similar argument
as that in the proof of Theorem 2.1 in [2], one can show
that lim, ,, »;(t) = +oo (i = 1,2). This contradicts
Lemma 4. Hence, we have W*(E,)(C® = @. By Lemma 5,
we conclude that C,, repels positive solutions of system (2)
uniformly. Therefore, system (2) is permanent. The proof is
complete. O

4. Global Stability

In this section, we are concerned with the global stability
of each of the feasible equilibria of system (2). The strategy
of proofs is to use Lyapunov functionals and the LaSalle
invariant principle.

Theorem 7. If rry < d,(r, + d,), then the trivial equilibrium
E;(0,0,0,0) of system (2) is globally asymptotically stable.

Proof. Let (x,(t), x,(t), y,(t), ,(t)) be any positive solution
of system (2) with initial conditions (3). By Theorem 1, we
see that if rr; < d,(r; + d,), then E,, is locally asymptotically
stable. Define

d
Vi () = x, (£) + dizxz ) + Z_lyl () + %yz (t)
‘a Jt x1(s) ¥, (s)
V) 1+ mx, (s)
(33)

Calculating the derivative of V; () along positive solutions of
system (2), it follows that
(ry+ds)

Vi, (8) = %, () + dixz 0+ %5 @0+ 2 3, (1)
2 a,

272

ayx; (t) y, (£) _ X (t-1)y, (t-7)

1+ mx, (t) 1+mx, (t-1)
rry—dy (r; +d;)
=1 =21 U zdzl Y, (t) - ax (t)
ad, (r, +d
B 1dy (1 3)y2(t).
10

(34)

If rr, < d,(r, + d,), it then follows from (34) that V,(t) < 0.
By Theorem 5.3.1 in [10], solutions approach M, the largest
invariant subset of {V; (t) = 0}. Clearly, we see from (34) that
V,(t) = 0 if and only if x,(t) = 0, y,(t) = 0. Noting that M is
invariant, for each element in M, we have x, (t) = 0, y,(¢) = 0.
It therefore follows from the second and fourth equations of
system (2) that

0=x(t) =rx, (1), 0=yp,t) =19, (1), (35)

which yields x,(t) = 0, y,(t) = 0. Hence, V,(t) = 0 if and
only if (x,(t), x,(£), ¥,(t), ¥,(t)) = (0,0,0,0). Accordingly,
the global asymptotic stability of E, follows from LaSalle’s
invariant principle. This completes the proof. O
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Theorem 8. The predator-extinction equilibrium E,(x],x;,
0,0) of system (2) is globally asymptotically stable provided that

(Hy) 0 < (rry — dy(ry + dy))/ad, < dy(ry, + d3)/(ayr, —
md,(r, + ds)).

Proof. Assume that (x,(t), x,(t), y;(t), y,(¢)) is any posi-
tive solution of system (2) with initial conditions (3). By
Theorem 1, we see that if (H,) holds, then E, is locally
asymptotically stable. System (2) can be rewritten as

%10 = 75 [0 0 (0 0 - x) +x0 (0 (% (0 - )]
1

a;x; (t) y, (f)

+x, (1) [-a (x, (t)—x;)] - Lt mx, ()

X, (1) = % [=21 (1) (x5 () = 23) + %, (8) (x, (8) = x7)]
2
ax, (t—1)y,(t-1)

1+mx; (t—1) = (ry+d5) y (1),

¥ (t) =
V(&) =1y () —dyy, ().
(36)
Define

Vo () = x; —x] —xirlnx—}r +q (xz—x;'—lenx—i>
X X3
+koy +kyy,,
(37)
where ¢, = rx; /(r;x)), k; = a,(1 + mx|)/a,, and k, = (r, +

ds)k,/r,. Calculating the derivative of V,,(¢) along positive
solutions of system (2), it follows that

Vi (t)

G- x0)
x7x ()
X [, (1) (21 () = x7) + 2, (£) (x5, () — x;)]

(2, () = x7) ayx, (£) y, (8)

"2
—a(x; (t) - x))" - x; (t) (1 +mx, (b))

r(x, (1) = x3)
X7 x, ()

X [=2; (1) (55 () = x5 ) + 25 (£) (31 (8) — x7)]

. akyx, (t—1) ¥, (t - 1)

—kyd,y, (t
1+mx, (t—1) 242 (1)

- _L[\sz ®) (%, () = x)) - \jxl ® (2, (1) - x;)]

X7 x (t) x, (t)

2

~a(x, (1) - %))’

7
N[ X Oyt xE-1)y,E-1)
—a1(1+mx1) 1+ mx, (t) B 1+mx, (t-1)
+(a,x] —kyd,) y, (t).
(38)
Define
V, (t) =V, () + a; (1 + mx]) J %ds (39)
t—T 1
We derive from (38) and (39) that
. t N
ho=— N’; B (=)
2
t . (40)
- \/2 Et; (3, (1) _xz):|

—a(x; () - x;)z - (kydy —ayxy) y, (8).

If (H,) holds, it then follows from (40) that V,(t) < 0.
By Theorem 5.3.1 in [10], solutions approach M, the largest
invariant subset of {V,(t) = 0}. Clearly, we see from (40) that
V,(t) = 0 with equality if only if x, = x, x, = xJ, and
y, = 0. It follows from the fourth equation of system (2) that
0 = y,(t) = r,,(t), which yields y, = 0. Hence, V,(t) = 0
ifonly if x; = x|, x, = x5, y; = 0, and y, = 0. Using the
LaSalle invariant principle, the global asymptotic stability of
E, follows. This completes the proof. O

Theorem 9. The coexistence equilibrium E*(x;, x,, ¥, ¥ ) of
system (2) is globally asymptotically stable provided that

(Hs) x; > (rry = dy(ry + dy))/ad, — d,(r, + d3)/(ayr; -
md,(r, + ds)).

Here, x, is the uniform persistency constant for x, satisfying
liminf, |  x,(t) > x,.

Proof. Let (x,(t), x,(t), y,(t), y,(t)) be any positive solution
of system (2) with initial conditions (3). Since (H;) holds,
thereisat; > 0, such that

X (1) > rry —d, (r +d,) B dy (ry +ds) (41)
ad, ayr, —mdy (r, +d;)
forall t > t,. Accordingly, we have
-d d d d
X rry = dy (r +d,) _ 4(ry +d5) . (42)
ad, ayr, —md, (r, +d;)

In this case, it is easy to show that (H,) and (H;) hold. By
Theorem 1, E* is locally asymptotically stable for all 7 > 0.



System (2) can be rewritten as

X (1) = — [—x2 () (x; () = x7) + x1 (£) (3, (8) = x3)]
!
+x (t) [-a (x, () - x7)]
1)’2* ayx, (t) y, (t)
1+mxikx1 - 1+ mx, (t) ’
%,(0) = = [0, (1) (x5, (0= 3) + 3, () (5, () - )],
2
. _ale(t—r)yz(t—r)_
y (b)) = 1+ mx, (¢ — 1) (ry+d3) y, (1),
V() =1y, (8) —dyy, (1)
(43)
Define
Vi () =x, — xl—xlln§1+c1< xj—leni—i)
+k; <J’1 _)’; —yfln%)
+k, (J’z_)’z )’2 In y2>
s
(44)

where ¢, = rx; [(rx)), ky = a,(1 + mx))/ay, ky = ki(r, +
d;)/r,. Calculating the derivative of V;,(t) along positive
solutions of system (2), it follows that

Vi (t)
X (t) - xl x, (t) -
- xy (t) LOra x, (¢ ) 0
)’1(t)—)’f. ¥, (1) - )’2
+k; . (@) » @)+ 7, ® 7, (@)
_ r(x, () —x7)
x7x, (t)

X [, (8) (3, (8) = x7) + %, () (%, (1) — x3)]

a2, @ys (0 () - %)
—a(x, () - %)t ¢ 2 T2
! ! 1+ mx;

r(x, () — x3)
x7 %, (t)

@) () (x, (t) = x7)
1+ mx, (t)

X [=x1 (£) (35 (£) = x3) + %, (£) (1 (8) = x7)]
ky ()’1 (t)_)’f)xl t-1)y,(-71)
y1 () (1 +mx, (t - 1))

+k,r 2}/1 ()’2 t) - )’2)

-k (72 + ds) (3 () = 1) —kydy (3, (1) = y5)
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__r[[m0, 0 .
) Yx (t—1)y, (t—1)
yi () (1+mx (t - 71))

. )y, (t
(i) BORO

2

—a; (1+mx

X, t-1)y, (t-1)
1+mx, (t-1)

1

*)’1(t)
212), 3, (@)

—a(x, (t) - x;‘) +ky (ry+d;) y1 +kydyy;.

1)’2
1+m

(xl ) - 1) kyr

(45)
Define
V3 (t)
X19)

X () () xy
1 +mx]

1+mx;(s) 1+mx]

t
= V3 (8) + ayk, J; [

s (L+mx))x; (s) y, (s)]ds

x}yy (1+mx, (s))
(46)

We derive from (45) and (46) that
Vs (t)

__r x, (t) ) xq (t)
} ermt) Ger () =21) sz(ﬂ
lnyz*yl(t)]

1y, ()

2

- <t>—x;)]

* *|:y2*y1(t)
—a,x 2271
1y, ()

ok yi (1+mxy)x, (t—1) y, (t — )
hr [ xiysy () (1+mx, (t - 1))

1-In 2 (l+mx1)x1(t—r)y2(t—r)]
X1 Y N (t)(l + mx, (t_T))

(1 t
—ax; *[xl( +mx1())—1—ln

x; (1+mx, (t))]
x; (1) (1 +mx7)

x; () (1 +mx})

%\ 2 alyZ*
~0=x) [a_xl(t)(HmXT)]'

(47)

If (H;) holds, for t sufficiently enough, we have a >
a,y, [(x,()(1 + mx7)). This, together with (47), implies that
V;(t) < 0, with equality if and only if

X, = xr, Xy = x;;
B ® _yi(ame)xt-nye-o 4
iy (1) xtysy () (1+mx, (t 1)) .
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We now look for the invariant subset M within the set

% %
M= {(xl’xz’)’pyz) X T X, Xy =Xy,

mn 1T+mx))x; (t—1) y, (t—7) _ 1}

yin®)  xiyiy () (1+mx, (t-1))
(49)

Since x, = x; and x, = x, on M and consequently 0 =
x,(t) = x| [rry/dy — (ry + dy) — ax] — a;y,(t)/(1 + mx])],
which yields y,(t) = y,, it follows from the fourth equation
of system (2) that 0 = y,(t) = r,y,(t) — d,y,, which leads
to y; = y,. Hence, the only invariant set in M is M =
{(x], x5, y,>,)}. Using the LaSalle invariant principle, the
global asymptotic stability of E* follows. This completes the
proof. O

We give an example to illustrate the result in Theorem 9.

Example 10. In (2), leta = 160,a, = 5,a, = 3,d, = 1/8,
d, =1/4,d; =1/8,d, = 1/8,r =22,r, = 1,1, = 1, and
m = 1/10. It is easy to show that (rr; — d,(r, + d,))/ad, =
0.0480 and d,(r, + d5)/(a,r, — md,(r, + d;)) = 0.0471;
that is, condition (H,) holds. Hence, system (2) has a unique
coexistence equilibrium E*(0.0471,0.1884, 0.0035,0.0281).
Hence, by Theorem 6, system (2) is permanent. From the
proof of Lemma 4, we have limsup, ,  y,(t) < M, :=
a2r2 / (4aa1dd§) =~ 1.4520. Hence, for € > 0 sufficiently small,
there is a t; > 0 such that, if t > ¢, ,(¢) < M, + . It follows
from system (2) that, for t > t,,

% () > rx, () = (ry + dy) x, (£) = ax] ()
—ay (M, +e)x, (1), (50)
%, () = 1%, () — dyx, (£),
which yields

rry —dy (M, + 1, +d,) x
ad, Ry

liminf x, (¢) > (51)
t— 00

By calculation, we derive that x; = 0.0026 and (rr, — d,(r; +
d\))/ad, - d,(ry + d;)/(a,ry, — md,(r, + d;)) = 0.00087. By
Theorem 9, E* is globally asymptotically stable. Numerical
simulation illustrates this fact (see Figure 2).

5. Discussion

In this paper, we have incorporated stage structure for both
the predators and the prey into a predator-prey model with
time delay due to the gestation of the predator and Holling
type II functional response. By using Lyapunov functionals
and the LaSalle invariant principle, we have established
sufficient conditions for the globally stability of each of the
feasible equilibria of the system. As a result, we have shown
the threshold for the permanence and extinction of the
system. By Theorems 7-9, we see that (i) if rr; < d,(r; +d,),

Solutions
(=)
=

0 200 400 600 800 1000 1200

--- n®
== )

FIGURE 2: The temporal solution found by numerical integration of
system (2) with 7 = 3.

then both the prey and the predator population go to
extinction; (ii) the prey species is permanent but the predator
becomes extinct if and only if 0 < (rr, — d,(r, + d,))/ad, <
d,(ry +ds)[(ayry — mdy(ry + dy)); (iii) if x; > (rr; —d,y(r; +
d,))/ad, —d,(ry +d;)/(a,r, —md,(r, + d5)) holds, then both
the prey and predator species of system (2) are permanent.
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