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1 Introduction

Hibernation allows small mammals to minimize metabolic energy costs at a time when a
scarcity of food and cold environmental temperatures endanger normal life. By hibernat-
ing, animals can reduce their energy requirements by at least ninety percent and survive
for many months while slowly catabolizing body lipid reserves [1]. Hibernation consti-
tutes an effective strategy of animals in order to survive cold environments and limited
availability of food [2].

Biological resources are renewable resources. Clark [3] considered the economic and
biological aspects of renewable resources management. In recent years, the optimal man-
agement of renewable resources, which has a direct relationship to sustainable develop-
ment, has been studied extensively by many authors [4-8]. Especially, the predator-prey
models with harvesting have been investigated by many papers [9-14]. Li and Wang [14]
considered dynamics of an Ivlev-type predator-prey system with constant rate harvesting

% =x(t)1 -x(t - 1)) —y(t)(l _ (0 _ h),

(1.1)

DO = By(t)(a —1—ae™™0),
where x(t) denotes the density of the prey population at time ¢. y(¢£) denotes the density
of the predator population at time . The biological meanings of the parameters can be
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found in [14]. There is a vast amount of literature on the applications of impulsive dif-
ferential equations to investigate predator-prey systems and SI system [15-22]. Jiao et al.
[20] also considered a three-dimensional predator-prey model with impulsive diffusion
and harvesting on predator as follows:

0 x(t)(a - ba(t)) - Br(t)yi(2),

D0 = kBN (t) - ay(8), t#(m—-1+0t,t#n,
D20 — o (t)(az ~ baya (1)),

Ax(t) = _Plx(t);

Ayi(t) =0, t=(n-1+Dt,n=12,..., (1.2)
Ays(t) = —paya (1),
Ax(t) =0,

Ay (t) = D(ya(t) — y1(2)), t=nt,n=12,...,
Ayy(t) = Dn(t) - y2(2)),

where they suppose that system (1.2) is composed of two patches connected by diffusion
and occupied by species x(¢) and y;(¢) (i = 1,2). x(¢) and y,(¢) (i = 1,2) represent the density
of prey species in Patch 1 and the density of predator species in Patch i (i = 1,2), respec-
tively. The biological meanings of the parameters can be found in [20].

The hibernation constitutes an effective strategy of animals in order to survive cold en-
vironments and limited availability of food, it is a universal phenomenon in biological
world. However, there are few papers considering and investigating mathematical models
with winter hibernation. In this paper, we introduce the phenomenon of hibernation and
focus on a periodic impulsive switched predator-prey system with hibernation and birth
pulse.

The organization of this paper is as follows. In the next section, we introduce the model
and background concepts. In Section 3, some important lemmas are presented. In Sec-
tion 4, we give the globally asymptotically stable conditions of a prey-extinction periodic
solution of system (2.1) and the permanent condition of system (2.1). In Section 5, a brief
discussion and the simulations are given to conclude this work.

2 The model
In this section, a periodic impulsive switched predator-prey system with hibernation and
birth pulse is modeled by the nonlinear impulsive differential equation

D) x(t)(a — bx(t)) - Prx()y (D),
DO _ o Bty (e) — diy(e),
Ax(t) =0,

Ay(t) = y(t)(ay — biy(t)),
0 _ _,x(t) - Brx(D)y(8),
DO _ o Borx(E)y(t) — day(e),
Ax(E) = —px(t),
Ay(t) = —pay(8),

} te(nt,(n+10r],
t=(m+Dt,neZz*,
} te((n+Dr,(n+1)7],

t=(m+1)t,mneZ",

where the total population is divided into two subpopulations: prey population x(¢) and
predator population y(¢). It is assumed that the prey population is hibernator, and the
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predators depend on prey as their source of food; if there is no prey, the predator popula-
tion will disappear. The impulsive period is divided into hibernation and non-hibernation.
The predator population is birth pulse in their non-hibernation of the prey population.
Intrinsic rate of natural increase and density dependence rate of prey population are de-
noted by a and b, respectively. d; is the natural death rate of the predator population. The
predator population consumes the prey population with predation coefficients f; in the
non-hibernation period of prey population. k; is the rate of conversion of nutrients into
the predator population. dy > 0 is the natural death rate of the prey population in the hi-
bernation period of prey population. The predator population is birth pulse as intrinsic
rate of natural increase and density dependence rate of prey population are denoted by a;
and b, respectively at moments ¢ = (n + /)7, 0 </ <1, n € Z", that is, the predator popu-
lation is born in non-hibernation of prey population, and the predator population cannot
have birth ability in hibernation of prey population. ds > 0 is the natural death rate of the
predator population in the hibernation period of prey population. The predator popula-
tion consumes prey population with predation coefficients B, in the hibernation period
of prey population. k; is the rate of conversion of nutrients into the predator population
in the hibernation period of prey population. 0 < u <1 is the harvesting coefficient of the
prey population at moments ¢ = (1 + 1)t, n € Z*. 0 < 1 <1 is the harvesting coefficient of
the predator population at moments ¢ = (n + 1), n € Z*. Time interval (nt, (n + )] is the
non-hibernation of prey population. Time interval ((# + /)7, (n + 1)t] is the hibernation of

prey population.

3 Some lemmas

The solution of system (2.1), denoted by X () = (x(¢),y())?, is a non-smooth function
X :R, — R*, X(t) is continuous on (nt, (n + l)r] and ((n + t,(n+ 7], n € Z,. X(nt*) =
limy_, .+ X(t) and X ((n + {)T*) = lim;, (41r+ X(£) exist. Obviously the global existence and
uniqueness of solutions of system (2.1) are guaranteed by the smoothness properties of
f, which denotes the mapping defined by the right-hand side of system (2.1) (see Laksh-
mikantham et al. [23]).

Lemma 3.1 For each solution (x(t), y(t)) of system (2.1), there exists a constant M > 0 such
that x(t) < M, y(t) < M with all t large enough.

Proof Define V (t) = kx(t) + y(¢), k = max{ky, k2 }, and d = min{dy, d»,ds}. When ¢ € (nt,(n+

0)t], we have

2
DV (@) +dV(e) < kx(®)[a - bx(t)] - (dh - d)y(®) < %’

when t € (n + )T, (n + 1)7], we have

D*V(t) +dV(t) < —k(dy — d)x(t) — (ds — d)y(t) < 81 < 0.

a+d)?

Then, taking § = K 1, whent #nt, t 7 (n+ )7, we have

DV +dV(t) <.
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Whent=(n+Dt, V(n+Dt*)=V((n+ D7) -bly(t) - ;—bll 24 Z—b%l < V((n+1t)+ ¢, where
’= %.\X/hent =m+D)7, V((n+1)t*) = A-pw)x((n+1)1) + 1-p)y((n+1)t) < V((n+1)7).

By the lemma of [24], for t € (nt,(n+ )t] and £ € ((n + )T, (n + 1)t], we have

V(t) < V(0)exp(~dt) + / exp(~d(t —s))ds + Z e~ dt=(n+Dr)
0

O<(n+l)T<t

—d(t-It) _ e—d(t—(n+l)r)

= V(0) exp(—dt) + g(l —exp(-dt)) +¢ o

ged-1r) el

8
< V(O) CXP(—dt) + 2(1 - exp(—dt)) + 1-— e—dlr + edlr -1

redln) it
< V(0)exp(—dt) + | odir t gl ]

§ed1‘[

- = ast — o0.
est —1

So V(¢) is uniformly ultimately bounded. Hence, by the definition of V(t), we have that
there exists a constant M > 0 such that x(¢) < M, y(¢) < M for t large enough. The proofis

complete. O
If x(t) = 0, we can easily have the subsystem of system (2.1) as follows:

DO _ g0, te(nr,(n+ D),
Ay(8) = y(B)(ar - biy(t), t=mn+Dr,neZ’,

3.1)
DO — _dyy(t), te(n+r,(n+1)a],
Ay(t) = —uy(t), t=m+1r,neZ".
We can easily obtain the analytic solution of system (3.1) between pulses, i.e.,
(nT*)ealt-n), te(nt,(n+10)t],
o =1 (3:2)

y((n + DT+)e B0t e (n+ DT, (n+1)7).

Considering the second and fourth equations of system (3.1), we have the stroboscopic

map of system (3.1)

y((n+1)7%) = (1= )y (e )elhtras0-D1]

+ (1 - )y (nr)e BT gy piy(net)e ). (3.3)

Two fixed points of (3.3) are obtained as P;(0) and P,(y*), where

(1 = 1) (ay + 1)e ttr+ds(-Dr] _ 7
(L= py)be -0t x g-lilerds(-Dr]”

*

(1= pa)(a +1)e A0 5 1 (3.4)
Lemma 3.2 [25] Counsider the following difference equation:

z((£+1)) = F(z(2)). 3.5)
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Z* satisfies
" =F(z"), (3.6)

then z* is called equilibrium of (3.5), and if

0F(z2)
0z

<1, (3.7)

z=z*

then the unique equilibrium z* of (3.5) is globally asymptotically stable. Otherwise, it is not
stable.

Lemma 3.3
(i) If (1= p1)(ay + 1)e"@lr+d30-D0) 1 the fixed point P1(0) of (3.3) is globally
asymptotically stable.
(i) If (1 — p1)(ay + 1)e”@lm+d30-07) 5 1 the fixed point Py(y*) of (3.3) is globally
asymptotically stable.

Proof Making notation as

F(y(}’l‘[+)) — (1 _ Ml)y(n.[+)e—[dllt+d3(1—l)t]

+ (1 _ Ml)y(nr+)e—[d11r+d3(l—l)r] [dl _ bly(l’llﬁ)eidlh], (38)
then
Q) = (1= 1)@y + 1) lds-Dle g (3.9)
ay(}’l'[+) y(nt*)=0
and
EGne) =2—(1- )@ +1)e hbrds(-Dlr 1. (3.10)
IR -

From Lemma 3.2, we obtain that the fixed points P(0) and P(y*) of (3.3) are stable, and
then they are globally asymptotically stable. 0

It is well known that the following lemma can easily be proved.

Lemma 3.4
(i) If (1 = p1)(ay + 1)e [ ldsU-DIT 1 the triviality periodic solution of system (3.1) is
globally asymptotically stable.
(i) If (1 — 1)(ay + 1)e” B0 5 1 the periodic solution )7(\1,‘/) of system (3.1) is globally

—_—~

asymptotically stable, where y(t) is defined as

~ * ,—d (t-nt)
{y e ) t € (nt,(n+1)7], (3.11)

) =
) (e Nt y*)e=d3(t=0+DD) - ¢ e (n + D), (n + 1)1,

and y* is defined as (3.4).
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4 Dynamics for system (2.1)
Theorem 4.1 Let (x(t), y(t)) be any solution of system (2.1). If

(- )@ + De Dl 1

and

By* ey B2y ~d3(1-)
lt—dy1-Dt - x (1) - 22 (1 — B0
- > alt —dy( )T 4 X ( e ) a ( € )

In

hold, then the prey-extinction boundary periodic solution (0,)7(?)) of (2.1) is globally asymp-
totically stable, where y* is defined as (3.4).

—_~

Proof First, we prove the local stability. Defining x;(¢) = x(¢), y1(¢£) = y(¢) — y(¢), then we
have the following linearly similar system for system (2.1) which concerns one periodic
solution (0, y(¢)) to

dx(t) 7(F)
ddtt _[(%- ﬁlfjit) 0 x(t) , te (nr, (m+ l)l']
il_(t) kipy(t) —di) \y(t)

and

dx(t) —~
o\ [—d2-Boy(t) O\ [«x(2)
(%) i ( ks B (2) —d3) (y(t))' te (nr,(n+ ]

It is easy to obtain the fundamental solution matrix

(D(t) — (exp(f()t(a - ﬂl},’-(\;)) dS) 0

. exp(—dﬂ)) , te (nt, (n+ l)r].

There is no need to calculate the exact form of x, as it is not required in the analysis that

follows, and

o(t) = (eXp(fot (~dy = Boy(®)ds) 0

. exp(—dgt)) , te€ ((n +0t,(n+ l)t].

There is no need to calculate the exact form of «, as it is not required in the analysis that
follows.

The linearization of the third and fourth equations of (2.1) is

#((m+Dr)\ (1 0 x((n+1)1)
y((n+D)Tt) “\o 1+a1 ) \y((n+1Dr7) ’

and the linearization of the seventh and eighth equations of (2.1) is

#((n+ D)\ [(1-n 0 x((n+1)1)
yWm+D)rH))] 0 1-w) \Wm+1)1)]"
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The stability of the periodic solution (0, )7(7)) is determined by the eigenvalues of

1 0 1- 0
M= H ®(7),
0 l+a 0 1-wm

where

ay = (1= p)elo (@ hyE)ds= [ ldr+ oyl ds

—dylt
=(1- M)eﬂlf-dz(l—l)r—% x(l—e‘dllf)_w (1-e-4301-D)

and
ko = (L= )1+ ay)e I+ as-m),
According to the Floquet theory [24], if |A;| <1 and |X3| <1, ie,

* —dq 1T %
>alt —dy(1- Dt - py x (1—e ) - Pre ™y (1-eB0m)

1
1
nl—,LL dl dl

and
In(l - pu)A+a) <dilt +ds(1 -t

hold, then (0, 37(7)) is locally stable, where y* is defined as (3.4).
In the following, we will prove the global attraction. Choose € > 0 such that

p = (1 — p)elo la POl s ldo+ oG+l ds 1.

From the first and fifth equations of (2.1), we notice that

d
% <dy(t)

and

d
% =< _d?;y(t)r

so we consider the following impulsive differential equation:

DO~ _diyy(t), te(nr,(n+)rl,

Ayy(t) = yo(O)(ar = bry2 (), t=(m+DT,neZ’,
dyjz(t) = —d3y(t), te((n+Dr,(n+1)7],
Ays(@) = —pay(®), t=(n+ DT, neZ".

(4.1)

From Lemma 3.4 and the comparison theorem of impulsive equation [24], we have y(¢) <

—_~

y2(t) and y5(¢) — y(t) as t — oo. Then

y(t) < yat) <3(8) + & (4.2)
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for all ¢ large enough, for convenience we may assume that (4.2) holds for all £ > 0. From
(2.1) and (4.2), we get

0 < x(O)(a-fo@) + ) - bx(®)], t e (nt,(n+ D7),
(): t=m+Dt,nezt,
0 < _[dy + By(y(D) + )(e),  te ((n+ DT, (n+ 1),
Ax( ) =—ux(t), t=m+1)t,mEZ".

(4.3)

So

x((n+1)7) < x(nt*)(1 - p)els la=BL0G) o)l ds— [ [da+2.((5)+e)] ds

Hence x(nt) <x(0%)p"” and x(nt) — 0 as n — o0, therefore x(t) — 0 as t — oo.

, k;%}, there must exist £y > 0
such that 0 < x(¢) < ¢ for all £ > £,. Without loss of generality, we may assume that 0 <

Next we prove that y(¢) — )7(7) ast — oo. For e < min{k:%

x(t) < € for all t > 0, then for system (2.1) we have

d
)= 20 < iay -k prelyo (4.4)
and
—dsy(t) < % < —[ds — kyB2€]y(t). (4.5)

Then we have z;(¢) < y(¢) < z1(£) and z;(¢£) — 37(7), z5(t) = zgzz) as t — oo. While z;(¢) and
25(t) are the solutions of

=—diz1(t), tent,(n+)7],
AZ’l(t) =)@ -bhia(t), t=m+Dr,nez,

d. (4.6)
El - oz (8), te(n+r,(n+1)7],
AZl( )=—wmzi(t), t=m+)r,neZt
and
@l - _[d - kpela(t), te(nr,(n+ D1,
Azy(t) = 5 (E) a1 — iz (), t=(m+DT,neZt, W)
920 _ _[dy — kyrelza(t), te((n+ DT, (n+1)7], :
AZ2(t) =—mz(t), t=m+Dr,nez,
respectively,
—_~ * g=(d1—k pre)(t-nT)
z(8) = “¢ t € (nt,(n+ 7], (48)

(e (dr— /qﬁla)(t—nr)er;)e—(d3—k2/32£)(t—(n+l)r)’ te ((l’l + l)'L', (}’1 + 1).[],

where 23 is defined as

(1-pm)a + l)e—[(dl—k1ﬁ18)1f+(d3—/<2ﬁ28)(1—1)fl -1
1-— be-lldi-kipre)it+(dz—kapae)1-D1] o o-(di-kipre)it’
(1-p1)

*_
Zy =

(1-p)(ag + e Wdi-kipre)le+(ds—kofae)(1-D)t] o 1. (4.9)
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Therefore, for any ; > 0, there exists #, ¢ > £, such that
)765/) —e1<y(t) < z?(i) + €.
Let ¢ — 0, so we have
V&) -1 <y() <y + &1
for t large enough, which implies y(¢) — ;j(vt) as t — 00. This completes the proof. O

The next work is the investigation of permanence of system (2.1). Before starting our
theorem, we give the following definition.

Definition 4.2 System (2.1) is said to be permanent if there are constants m, M > 0 (inde-
pendent of initial value) and a finite time T such that for all solutions (x(t), y(¢)) with all
initial values x(0*) > 0, y(0%) > 0, m < x(¢t) < M, m < y(t) < M hold for all £ > T. Here Ty
may depend on the initial values (x(0*), y(0")).

Theorem 4.3 Let (x(t), y(t)) be any solution of system (2.1). If
(1= p1)(ay + 1)ehlrds0=0lr g

and

* —d T %
<alt —d,(1 -t - ,ili_y X (1 - e’dll’) - pre ™y (1 - e‘d3(1_l>f)

In
1-pn 1 dy

hold, then system (2.1) is permanent.

Proof Suppose (x(t), y(t)) is a solution of (2.1) with x(0) > 0, ¥(0) > 0. By Lemma 3.1, we
have proved that there exists a constant M > 0 such that x(¢) < M, y(t) < M for ¢ large
enough, we may assume x(¢) <M, y(t) < M for t > 0. From Theorem 4.1, we know y(¢) >
jj(vt) — &, for all ¢ large enough and &; > 0, so y(t) > e 7 y*(1 + e B0-D7) _ gy = m, for t
large enough. Thus, we only need to find m1; > 0 such that x(¢) > 1, for ¢ large enough, we
will do it in what follows.

By the conditions of this theorem, we can select m3 > 0, &1 > 0 small enough such that
ms < min{k%, k;%}, o =alt - Big — Pae —dr(1 = D7 Bz (1 = eldi-hiprma)iry _

T di—k pim3
(1- e*(d3*k2ﬁ2m3)(1*1)f) >0 and

ﬁze_(dl —k1 Bym3)lc z*
di—ki pims3

(1-p)a + 1)6—[(611—/(1;31”!3)lf+(d3—k2/32M3)(1—1)r] -1

* -_—
B (1 — ) be -k prmz)le+(ds—ka pom3)A-Dt] 5 g~(dr~kifim3)le ’

(1 = p1)(ay + 1)e l@i-kipms)ie+(dz—kyfam3)1-D7l 5 1 \We will prove that x(t) < m3 cannot hold
for t > 0. Otherwise,

dfz_(tt) <—(di —kipim3)y(t), te(nt,(n+0)r],
Ay(t) =y(t)(ar - biy(t), t=m+Dr,neZz,
DO« _(ds - ko fomz)y(t),  te((n+D),(n+1)],

Ay(t) = —uy(t), t=m+1t,neZ".

(4.10)
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1 p—

0.5

Figure 1 Globally asymptotically stable prey-extinction periodic solution of system (2.1) with
X(O) = 0.1,y(0) = 0.1, a= 2, b= 0.8, d1 = 0.5, d2 = 0.5, d3 = 0.4, ﬂ1 = 0.6, k1 = 0‘3, ﬂz = 0.3, kz = 0.4,
r=0.7,1=0.38, T =1.(a) Time-series of x(t); (b) time-series of y(t); (c) the phase portrait of the globally
asymptotically stable prey-extinction periodic solution of system (2.1).

By Lemma 3.4, we have y(t) > z(¢) and z(t) — z(t), t — oo, where z(¢) is the solution of

L0 - _(dy - kipims)z(t),  t e (nT,(n+ D)7,
Az(t) = z(t)(a; — b1z(t), t=m+DT,neZ",
”’Z—‘t’) —(ds = ko oms)z(t), te((n+Dr,(n+1)1],

Az(t) = —z(t), t=Mm+1)t,nez*

(4.11)

and

Zre~(dikipims)(tonT) te(nt,(n+ )],

(e~ (1=K prm3)(t=nt)lT ) o=(d3~ka fom3)(ti=(n+D7) ¢ < (5 + |1, (1 + 1)7], (4.12)

z(t) =

where z* is defined as

. (1 = 1)@y +1)er-kims)ie lds—kprms)1-D] _ 1

(1 = pp)be@i—kprma)iz+(ds—ki prm3)(1-D7] 5 g=(di~kiprm3)iz’

(1 - p1)(a + 1)6—[(d1—k1ﬁ1m3)lf+(d3—k2ﬂ2m3)(1—l)f] s 1. (4.13)

Therefore, there exists T7 > 0 such that

() <z(t) <z(t) + &

Page 10 of 13



Jiao et al. Advances in Difference Equations (2015) 2015:174 Page 11 0f 13

x(t)
t

WA
ﬁ[

0 50 100 150 200 0 50 100 150 200

0.5 1 0.5

(a) (b)

0.5

Figure 2 The permanence of system (2.1) with x(0) =0.1, y(0) =0.1,a=2,b=0.8,d; =0.5,d> = 0.5,
d;=0.4,,=0.6,k; =0.3, 8, =0.3, k =0.4, . =0.5,/=0.8, T = 1. (a) Time-series of x(t); (b) time-series
of y(1); (c) the phase portrait of the permanence of system (2.1).

and

B0 > x(O)l(a— pi(2(t) + &1) - bx(®)], L€ (n1,(n+D)1],
Ax(t)=0, t=m+Dt,nezt,

SO > _[dy + Bo(et) + &)lx(t),  te((n+ DT, (n+ 1)1,
Ax(t) = —ux(t), t=m+1)t,neZ".

> X

(4.14)

For ¢t > T, let N; € N and N;t > T). Integrating (4.14) on (nt, (1 + 1)t), n > Nj, we have

(n+1

#((1 4 7) 2 (e (1 = el AT o

=(1- Ml)x(nr*)e",

then x((N7 + k)7) > (1 — 1) x(NyT+)ek? — o0, as k — oo, which is a contradiction to the
boundedness of x(¢). Hence there exists #; > 0 such that x(t) > m,. The proof is complete.
O

5 Discussion

In this paper, according to the fact, a periodic impulsive switched predator-prey system
with hibernation and birth pulse is proposed and investigated, we analyzed global asymp-
totic stability of the prey-extinction periodic solution of system (2.1) and obtained the
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conditions for the permanence of system (2.1). If it is assumed that x(0) = 0.1, ¥(0) = 0.1,
a=2,b=08,d,=05,d,=05,d3=04, B =06,k =03, 8,=03,k =04, u=0.7,
n1=0,1=0.8, t =1, then the prey-extinction periodic solution (0, )7(7)) of system (2.1) is
globally asymptotically stable (see Figure 1). If we assume that x(0) = 0.1, y(0) = 0.1, a = 2,
b=08,d,=05,d,=05,d3=04, B, =06,k =03, 8,=0.3,k; =0.4, u =0.5, u; =0,
[=0.8, T =1, then system (2.1) is permanent (see Figure 2).

From the simulation experiment of Figures 1 and 2, the parameter u affects the dynam-
ical behaviors of system (2.1). If all parameters of system (2.1) are fixed, when u = 0.7,
the prey population of system (2.1) goes extinct; when p = 0.5, system (2.1) is permanent.
From Theorem 4.1 and Theorem 4.3, we can easily deduce that there must exist a thresh-

_—~

old u*. If u > p*, the prey-extinction periodic solution (0, y(¢)) of system (2.1) is globally
asymptotically stable. If u < u*, system (2.1) is permanent. That is to say, impulsive har-
vesting rate of the prey population plays an important role in system (2.1). The impulsive
harvesting rate of the prey population will also reduce the predator population. It tells us
that destroying or excessive exploiting of the prey population will cause extinction of the
predator population. Our results also provide reliable tactic basis for the practical biolog-
ical economics management and the protection of biodiversity.
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