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1 Introduction
There are three forms of basic interaction between two species: cooperation, competi-
tion, and predator-prey, which has been extensively investigated (e.g., see [1, 2] and the
references therein). However, interaction forms between species in nature are complex
and diverse. To forage foods, some species not only catch and feed on prey, but also can
scrounge foods from others. For example, Bugnyar and Kotrschal [3] found that the free-
ranging ravens steal wolves’ food in a game park and the wolves prevent their food from
being stolen. This phenomenon is called kleptoparasitism and describes an interaction
form between two species, scrounger and producer. Here, scrounger steals food from pro-
ducer.

To describe the kleptoparasitism interaction, Cosner and Nevai [4] recently established
the following diffusive model:

3 — d\AP + (=by —amP)P + m(x) &2, t>0,

S — dyAS + (=by — a25)S + Om(x)

at

1.1)
t>0.

oS
S+d’
Here x € 2, Q is a bounded domain in R” with smooth boundary, P and S are the densities
of producer and scrounger, respectively, m(x) denotes the producer’s ability to discover
food at x € €2, and d > 0 represents the producer’s ability to avoid food to be stolen, b; is
the natural mortality rate, g; is the death rate caused by intraspecies competition, d; > 0 is
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the spatial diffusive rate, and 6 is the energy transition rate. Note that letting S = 0 in the
first equation of (1.1), we have

% =di AP + [m(x) - by - alP]P,
and thus we can regard m(x) as the birth rate of producer without scourging. Furthermore,
m(x) ﬁ is the birth rate of producer with scounging.

General speaking, all individuals always have two stages, immature and mature, and they
perform very differently in some aspects. For example, the immature ravens are incapable
to fly and have to stay in the nest while the mature ravens undertake the task of search-
ing for food. In mathematics, a model with delay 7 (being the maturation period) can be
established to describe the population dynamics with age-structure (e.g., see [5-13]). In
the current paper, we try to establish a producer-scrounger model with age-structure in
scrounger, and study the dynamics and the influence of maturation period in the scrounge
interaction.

The paper is organized as follows. In Section 2, a producer-scrounger model with age-
structure in scrounger is derived. In Section 3, the basic theory, including existence,
uniqueness, positivity and boundedness of solutions for the model are discussed. The
stability of equilibriums, uniform persistence, and Hopf bifurcation are investigated in
Section 4. Some numerical simulations and concluding discussions are given in the last

section.

2 Model derivation

Let P(t) remain the density of producer at time ¢ > 0, and positive numbers by, a1, m, d,
and 0 be of the same meaning as in system (1.1). Assume that S(¢) and I(¢) express the
densities of mature scrounger and immature scrounger, respectively, b, (b3) is the natural
mortality rate of mature (immature) scrounger, a, (a3) is the death rate of mature (im-
mature) scrounger caused by intraspecies competition. Furthermore, assume that there
exists neither competition between the immature scrounger and mature scrounger nor
intraspecies competition between the immature scroungers (i.e., a3 = 0). For simplicity,
we assume that the spatial environment is homogeneous, and thus m(x) = m is a constant.

Firstly, we see that the producer fits an equation as follows:

dP(t)

7 = —blp(t) - ﬂ1P2(t) +m

dP(t)
S(t)+d’

Now we derive equations for scrounger. Let i(t,a) be the density of immature scrounger
at time ¢ and age a. Then i(¢, a) satisfies
0i(t,a) 0i(t,a)

+
ot doa

= —bgi(t, ﬂ). (21)

Let I(¢) = for i(t,a)da, where T > 0 is a constant number that denotes the time period for
an immature to become mature from its birth. Integrating equation (2.1) from 0 to T with
respect to the variable a, we get

dl(t)

7l i(t,0) —i(¢,T) — bsl(2). (2.2)
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Here, i(t,0) denotes the density of new-born scrounger at time ¢, and i(¢, ) is the recruit-
ment term, coinciding with those of maturation age.

Suppose that there is a resource of one. If the proportion of this resource ultimately ac-
quired by the producers is (‘)i -» and the mature scroungers have resource accounted for
1- (‘)i+ y: (t)+ - Considering the producer’s ability to discover food, the number of pro-
ducers, and the energy transition rate, SO P(e) =
scrounger, and then i(z,0) = Om ¢ +)d S(2).

To calculate i(t, 7), denote i (a ) =i(a+&,a). Then

as the birth rate of mature

dif (a)
da

= —bgl'g (ﬂ) (23)
Solving (2.3), we get
i (a) = ¥ (0)e P37, (2.4)

Leta=tand & =t -t in (2.4). Then

P(t-1)S(t-1)

i(t,7) = i(t — 7,0)e™7 =6 ~bat
i(t,7)=i(t-1,0)e m SC-0)+d
Therefore, equation (2.2) can be rewritten as
dl(t) DP(t)S(¢) Pit-t)S(t-1) _,
—— =-b3l(t) +6 -0 3T,
g - e M e — v d ¢

and further the equation about the mature scrounger follows:

% = —byS(t) — a2, 5%(¢) + 0

P(t-1)S(t-1)
Sit-1)+d

—b3t

Summarizing the discussion, we obtain the following producer-scrounger model with

age-structure:

O = —byP(t) - a1p2() m el

S( )+d’
= —b3I(t) + Om 5D — o HEDSED bar, (2.5)
BU ~ _p,S(t) - azSz(t) + Bmﬁ;d)e‘b“.

Note that in (2.5), I(¢) is independent of the first and third equations. Therefore, we only

need to study the following system with two equations:

» dpP(t
4 — _pP(t) - a PX(2) + M3 >(+)d’

% = —bZS(t) ﬂzsz(t) + em%e—bgr.

(2.6)

Remark 2.1 If T = 0, then system (2.5) yields to (1.1) with homogeneous spatial environ-

ment.
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Remark 2.2 If there exists competition between immature scroungers (i.e., as > 0), then
(2.1) is replaced by

0i(t,a) . 0i(t,a)
ot da

= —bsi(t,a) — azi(t,a)l(t).

Similar analysis leads to a model

% = —biP(t) — P2 (1) + mg s,
A — _pyI(t) — asl?(t) + Om St)id) 2.7)

- OmP TS expl- [ b3 v asll)
O — _pyS(t) — arS2(t) + Om 2, t r)+d ) exp[— ft (b3 + azl(n)) dn)].

3 Basic theory of solutions
In this section, we study the existence, uniqueness, positivity, and boundedness of solu-
tions of (2.6).

Denote X = C([-7,0],R?), R? = {(x,y)7 : x> 0,y > 0}. Then X is a Banach space with
norm ||¢| = max{|¢(&)|: & € [-7, 0]}, where | - | is the standard norm in R2. For & > 0 and
¢ € C([-1,0),R?), define ¢, € X as ¢,(£) = p(t + &) for t € [0,0) and £ € [-7,0].

Define f : X — R? by

foy - ThnO@-ast ) mig
= ~by2(0) — a23(0 )+9m$yb3r

where ¢ = (¢1,¢2)7 € X. It is easy to see that f is continuous and Lipschitz on ¢ in every
compact set of X. In view of the basic theory of functional differential equations ([14], The-
orem 2.2.3), we know that for any initial function ¢ = (¢1,$»)” € X, there exists a unique
local solution (P(t), S(£))T = (P(t; ¢), S(t; )T of (2.6).

For biological significance, we consider the initial function satisfying

PE)=¢1(5) =0,  S(E)=¢2(6)>0, &e[-7,0],
¢1(0) >0, ¢,(0)> 0.

(3.1)

In the discussion of boundedness of solutions, we need the positivity of the immature
scrounger. Therefore, in the following, to express the initial value condition of immature

scrounger, we use

[(‘;;:) :¢3(g)20’ E € [_T)O]r ¢3(0)>0'
Then we have the following conclusion.

Lemma 3.1 (Positivity) The solution (P(t),S(t),1())T of (2.5) with initial function ¢ > 0 is
nonnegative on its existence interval. Furthermore, if $1(0) > 0, $(0) > 0, then (P(¢),S(t)) >
(0,0) as long as the solution (P(t), S(t)) exists.

Proof Assume that the maximal existing interval of (P(£), S(¢),1(¢)) is [0, T'). Without loss
of generality, we may assume that t < T". For ¢t € [0, 7], we have P(t—7) > 0 and S(¢—7) > 0.
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Thus, for t € [0, 7], we have

DO _ (6 - aps* (1) + o= DSEZT) e

2
dt Se-nia © )z bSO -as).

Comparing S(¢) with the solution V(¢) of the initial problem

dv(t
"D e v, V=500
we have S(¢) > 0 for ¢ € [0, T]. By using the induction argument, S(¢) > 0 holds as long as
it exists.

Assume that there exists £y such that P(y) < 0. Since P(0) > 0, by continuity and without
loss of generality, we can find some # < t, with P(¢) > 0 for ¢ € [0,#] and P(¢) < 0 for
t € (t1,to). From the fact S(¢) > 0 and the first equation of (2.6) we have

dP(t

P o 0P - PO +mP@), 101,
Actually, the solution of % = —b1 Z(t)— a1 Z*(t) + mZ(t) with Z(¢;) = 0 is the zero solution.
Then the comparison principle leads to P(t) > 0 for ¢ > #;, in contradiction with P(t) < 0,
t € (t1,t), that is, P(¢) > 0 if P(0) > 0, also on its maximal existence interval.

Note that the second equation in (2.5) can be rewritten as

d[ (t)ebg,:] i[@m f”r PE-1)S(E-1) G d$:|

dt dt SE-1)+d
bat _ TTPE-T)SE-T) by ]
1 =0y vom [ [ HEZDSE Do e,

Thus, the nonnegativity of P(¢) and S(¢) leads to the nonnegativity of I(¢). Furthermore,
I(t) > 0 if I(0) > 0.

If $1(0) > 0 and ¢,(0) > 0, then a similar argument leads to (P(¢),S(¢)) > (0,0) on its
maximal existence interval. The proof is complete. O

The following lemma will lead to the global existence of solution (P(¢; ¢), S(Z; ¢)).

Lemma 3.2 (Boundedness) The solution (P(t),S(t))T of (2.6) satisfying the initial condition
(3.1) is bounded as long as it exists.

Proof We consider (2.5) with the initial conditions (3.1), where (¢1, ¢, ¢3)” € C([z,0], R3).
In view of Lemma 3.1, we can obtain the existence of a unique local positive solution of
(2.5), defined on its maximal interval [0, T). Note that

edP(t) s di(z) s as(t)
dt dt dt

AP(2) PO)S(t)
SOsa BO+Img

=0(m — b)P(t) — 0a, PX(t) — bsI(£) — byS(t) — a2 S%(t).

=—0bP(t) - 0a1 P*(¢) + Om —byS(t) — ayS2(¢)
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Then, for any positive constant number 8 < min{b,, b3}, by the positivity of solution we
have

de(t) s di(t) . as(t)
dt dt dt

<0(B +m—b)P(t) - 0aP*(t)

ﬂ+m—b1>2+9(ﬁ+m—b1)2

+ ﬂ(@P(t) +1(¢) + S(t))

26{1 4611

= —9611 (P(t) —

- 0(B +m—by)?

:= Cp.
4611 0

Furthermore, we have
C() CO _
OP(t) + S(t) + 1(t) < 5 + (ep(o) +5(0) +1(0) — ?>e Bt

which implies that (P(t), S(¢)) is bounded as long as it exists. a
In view of Lemmas 3.1 and 3.2, we can draw the following conclusion.

Theorem 3.1 There exists a positive solution of (2.6) defined on [0, 00) with the initial
condition (3.1), which is unique. Furthermore, the solution semiflow ®(t) of (2.6), defined
by [®()@](&) = (P:(§), S:(E))T, is well defined and has a global attractor in X.

4 Global dynamical properties
In this section, we look into the stability and Hopf bifurcation of system (2.6). Firstly, we
investigate the existence of equilibria.

Lemma 4.1 The following conclusions for (2.6) hold.
(1) The zero equilibrium (extinction equilibrium) Ey = (0,0) always exists.
(2) A unique nonzero boundary equilibrium (scrounger-free equilibrium)
L = (m’lh1 ,0) := (p1,0) exists if and only if m > b;.

a

(3) A unique positive equilibrium (coexistence equilibrium) E, = (p*,s*) exists if and only
if
Ome 37 (m — by) > dayb,,
where E, = (p*,s*) satisfies
v

—b3t
=0 —by —ays* + Om——e 3" = 0.
s*+d ’ s*+d

~by —a1p* +m
In addition, if E, exists, then Ey also exists.

Proof The proof of (1) and (2) is obvious, so we omit it here. Now we prove (3). A coexis-
tence equilibrium E, exists if and only if the following algebraic system (4.1) has a pair of
positive roots:

P

d
-bi—aip+m—— =0, —by —azs + Om——e 37 = 0. (4.1)
s+d s+d
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Solving (4.1) is equivalent to that two curves have a cross-point in the first quadrant of R2.

Note that the curve p = ail(—bl + mﬁ) decreases as s > 0 increases and has a unique

. - . . b3 T .
cross-point (malb 1,0) with the p-axis. We know that p = %(bz + a,8)(s + d) increases to
b3T
+00 as s increases to +o0o and also has a unique cross-point (%bzd, 0) with the p-axis.
b3t
Thus, their p-intercepts are ma;lln and %bzd, respectively. Thus, a unique positive cross-
— b3 T
point of the two curves exists if and only if their p-intercepts satisfy ma—lbl > %bzd, that

is, @me 37 (m — by) > da,b,. The proof is complete. O

4.1 Basic reproduction ratio and stability of boundary equilibria
The following theorem describes the stability of extinction equilibrium E,.

Theorem 4.1 If m < by, then the extinction equilibrium Ey = (0,0) is globally asymptoti-

cally stable; if m > by, then the extinction equilibrium E, is unstable.

Proof The linearized system of (2.6) at E; is

PO _ _p,P(t) + mP(t), (4.2)
% = —b,yS(t),

and the corresponding characteristic equation takes the form
(A=m+b1)(A+by) =0. (4.3)

It easy to see that (4.3) has and only has two roots, —b; + m and —b,. If m > by, then
—by + m is positive. Thus, Ej is unstable if m > b;.
Now assume that m < b;. Let

Vi(P, S)(t) = 03 P(¢) + S(£) + Ome 5" fo ‘ P—(; (; ﬁ)j)(t; d”)

Note that

d ’P(t—n)S(t—n)d :/’iP(t—n)S(t—n)
0

dt o Skt-n+d dt S(t-n)+d
__/’iP(t—n)S(t—n)d
~ Jo dn Skt-n)+d
_ _P(t— 7)S(t - 1) . P(t)S(¢) 4.4)

Sit-1)+d Sity+d’
Then

davi(P, S)(¢)

— Qefbgrpl(t) + S/(t) " 9me’b3r (P(t)S(t) P(t - T)S(t— T))

dt St)+d  St-t)+d
_ gt (—blP(t) — @ P(E) + meg (f) d)
. <—b25(t) — SO + em%e—%f)
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+ Ot <_P(t —-17)8(t-1) s P(t)S(t))
Sit-1)+d S(t)y+d

= —a10e BT P2(t) — byS(t) — axS>(¢) + 0e 37 (m — by)P(¢).

Since m < by, it follows that w <0,and w =0 if and only if (P, S)(¢) = (0,0).
The proof is complete. d

Now, we define a basic reproduction ratio Ry for (2.6) (see [15]). Linearizing the second

equation at the scrounger-free equilibrium E; = (p1, 0), we obtain
% = 6’me’b3’%8(t - 1) =byS(¢) = Gme_b”%St(—r) - byS(1).

We then separate the last equation into two parts: % = F(S;) — VS(¢t). The first part
F(S;) describes the newly growth mature scroungers at time ¢ depending linearly on the
scrounging interaction over [¢ — 7,t], and the second part —VS(¢) describes the internal
evolution of mature scroungers. Here, we define the function F mapping C([-t, 0], R) into
R by F(¢) = Ome 37 %qﬁ(—r) and use VS(£) = b,S(¢t). It is easy to see F is a nonnegative op-
erator and the one-dimensional matrix —V is cooperative. Denote F mapping R in R by
Fu = F(i1), where i1(9) = u for V0 € [-1,0]. Thus, F = 0me’b3’%. Then, according to [15],
Corollary 2.1, we have

A _ Pl 1
Ro=r(EVY) =Ome™s7= . —,
o=r(FV7) 1 b
where (M) denotes the spectral radius of matrix M, and M~ denotes the inverse matrix
of M.

Remark 4.1 With R, defined as before, we see that Ry > 1 is consistent with the condi-
tion for the existence of a unique coexistence equilibrium. Further, Ry is in proportion to
the birth rate of producer without mature scrounger’s effect (9m%}), the survival rate for
immature scrounger (e~%37), and the average lifetime of mature scrounger (%).

Theorem 4.2 Assume that m > by. If Ry <1, then the scrounger-free equilibrium E; =
(p1,0) is globally asymptotically stable; if Ry > 1, then the scrounger-free equilibrium is un-
stable.

Proof The linearized system of (2.6) at E; is

ar(t) —a1p1P(t) - m%S(t),

dr
(4.5)
B0~ _pyS(t) + GmPSED) gobar,
and the corresponding characteristic equation takes the form
_ & —b3T —AT | _
A+ayp)| A +by—O0m p e Ble =0. (4.6)

Note that g(A) := A + by — Qm%e‘bﬁe‘“ — 00 as A — 00. If Ry > 1, that is, g(0) = by —
Qm%e’hﬂ < 0, then we can confirm that g(A) = 0 has a positive root. Thus, E; is unstable.
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Now assume that Ry < 1. Let

_ n,b3t _ _ @ ~b3t
Vo (P, S)(t) = Oe <P(t) pr—-piln ” )+S(t)+9me /0 St-n)+d

We have from (4.4) that

dVv (P, S)(¢)

_ —b3t _p_l /
T =0e P’(t)(l ) +S5'(¢)

P(t)
e (_PUE-D)SE-7)  POSE)
+Ome (— St-t)+d S(t)+d>
_ ge bt <_b1P(t) —a PX(t) + metI)J(j)d) <1 B %)
Sit-t)+d
o (_p(t -7)S(t-1) s P(t)S(t)>
St-v)+d  S@)+d

+ (—sz(t) —a,S2(¢t) + Om

= Qe’b3f <_m +m )(P(t) —pl) — alee’b“(P(t) —p1)2

d
S@)+d

+ (—bz +0m e'b”)S(t) - ayS*(t)

e SOPE) ~ p1)
St)+d

e P PO S

+ Ome ( Rod + R + S(t)+d)S(t) a»S*(t)

e SO@E) —p1)
St)+d

= —Ome — @ 0e7b37 (P(t) —p1)2

= —Ome a0e 37 (P(t) —pl)z —a,S%(t)

(P(t) — p1)d — p1S(2)
d(S@t) + d)

+0me " PRy —1)S(£) + Ome 3" ()
Rod

= —a,0e7 57 (P(t) - 1) — a25%(£)

Ome ™37 p, Ome 37 p, 2
ome " P1ige —1)S() = 27 " Py
Rod R0 DS = Zren== S0

T P(t-n)S(t-n)

Page 9 0of 18

Since Ry < 1, it follows that 2229 < o and % =0 if and only if (P, S)(¢) = (p1,0).

dt
The proof is complete.

4.2 Persistence

d

Now we study the uniform persistence of system (2.6) (see [16]). Denote X, = {¢ =
(1, P2) € X : $1(0) > 0,¢2(0) > 0} and 3X, = X\X,. Obviously, X; is an open set in X.
Let ®(t)¢ = (P;, S;)(¢) be the solution semiflow of (2.6) defined in Theorem 3.1. Further-
more, (2.6) and the boundedness of (P(t), S(¢)) yield the boundedness of (P'(t),S'(¢)) for
t > 0. Now, by the Arzéla-Ascoli theorem we know that every positive half-orbit of ®:

v+ ={P(£)¢ : t > 0} is precompact. As usual, for every equilibrium E of (2.6), we call

WS (E) = |¢ eX: lim | 0()p— E| = o}

‘the stable set of E.
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Theorem 4.3 Assume that Ry > 1. Then system (2.6) is uniformly persistent. That is, there
exists a positive number ¢ such that liminf;_, o, P(t) > € and liminf,_, o, S(£) > €.

Proof Denote by w(¢) the omega limit set of the positive half-orbit y*¢ = {®(£)¢ : £ > 0}
and X; = {¢ € X, : (t)p € dXo, £ > O}

For all ¢ € X;, we have ®(£)¢ € 3Xo = X\Xo = {¢ = (1, $2) € X : $1(0) = 0 or ¢(0) = 0}
for any ¢ > 0. This implies that either P(t) = 0 or S(¢) = 0 for ¢ > 0. If P(¢) = 0 for some ¢y,
then for ¢ > 0, P(t) = 0, and further we have w(¢) = Ey. Otherwise, P(¢) > 0 and S(¢) =0
for any ¢ > 0, and then w(¢) = E;. Thus, U¢6X3 w(¢p) C M := {Ey, E1}, and no subset of M
forms a cycle in 9.Xj.

We now prove that there exists § > 0 such that limsup,_, ., S(¢) > § for all solutions
(P(t),S(t)). If it is false, then for any § > O, there exists a solution (P(¢),S(£)) such that
limsup,_, ., S(t) < 8. This leads to S(t) < § for sufficiently large ¢. By the first equation of
(2.6), for sufficiently large ¢, we have

dp(t) daP(t)

dP(t) t
= = b P(t) - a Pt —b1P(t) — a1 P2 (¢t -,
P P(t) — ay ()+m5(t)+d> 1P(t) — ay ()+m3+d

Therefore, liminf, o P(t) > J-(~b1 + mzL) and P(t) > (b + m3L) - 6 for sufficiently
large t.
From the second equation of (2.6), for sufficiently large ¢, we have

ds(t) 2 Pt-1)St-1)
i A _ Om— IO 7 bt
oy byS(t) —arS*(t) + Om St-1)+d
(& (=by + m35%3) - 8)S(t - 7)
_ _ 2 P ay S+d _baf‘
> —byS(t) — aS°(t) + Om St-1)+d e
Note the characteristic equation of
d
av(e) ) (;—1(—b1+mm)—8)v(t—r) b
—_b V(D) - 3T 4.7
P by V() —ar V(t) + Om Vi-1)+d e (4.7)
is
(&(=by + m5%5) - )
A=—by+0m-=2 ! b+d e e 3T, (4.8)

d

In view of the assumption Ome 37 (m — by) > dayb,, we can choose § small enough such

that 6’141@"’”('”;11’1 - #fd) —§8) > db,. This implies that (4.8) has a positive root and the

solution V(¢) of (4.7) grows exponentially. Furthermore, by comparison argument, S(¢)

can also grow exponentially, in contradiction with the boundedness of S(t). Therefore,
limsup,_, ., S(t) > 6 for all solutions (P(¢), S(¢)). This leads to

lim sup” ()¢ — Ey H >34, lim sup H d(t)p — E; || > 4.
t—00 t—00

For any ¢ = (¢1,¢2) € X, define the generalized distance function d mapping X into R,
by

d(¢) = min{¢1(0), $2(0)}.



Wen and Weng Advances in Difference Equations (2016) 2016:243 Page 11 of 18

Then it follows that Ey and E; are both isolated in X and
WS (Eo) Nd™(0,00) =9, WS(E) Nd™1(0,00) = 0,
where d71(0,00) = {¢ € X : d(¢) > 0}.
According to [16], Theorem 3, there exists a positive number ¢ such that liminf;_, o, P(¢) >

¢ and liminf,_, o, S(¢) > €. The proof is complete. d

4.3 Stability of coexistence equilibrium and Hopf bifurcation

In this section, we need some notation:

* *
V4 _ p _
uy = ap* +axs* +0m ebsT, uyg:=ap*| axs* +0m e b7,
s*+d s*+d
dp* llld(p* )2 dp*s*
V1= —Gm—ze_b3’, Vo 1= — mﬁe_b” + szgse_b?’f,
(s*+d) (s*+d) (s* +d)
22 22 2.2
—(uy —vi = 2up) + \/(ul =i = 2ug)? — 4(ug — vg)
wo = 2 )
2 2
vo(wg — to) — mviwg
To 1= — arccos

wo v+ viwd

Our main results in this subsection are described in the following theorem concerning the
stability of coexistence equilibrium and Hopf bifurcation.

Theorem 4.4 Assume that Ry > 1. Then we have the following conclusions.
(1) The coexistence equilibrium E, is globally asymptotic stable for T = 0.
(2) Ifug > vy, then the coexistence equilibrium E, is locally asymptotic stable for any
7>0.
(3) Ifug < vy, then the coexistence equilibrium E, is locally asymptotic stable for
0 <t < 79 and unstable for T > ty. Furthermore, (2.6) undergoes a Hopf bifurcation

at E, when t = 1g. Here uy, vo, To are constants defined previously.

Proof The linearized system of (2.6) at E, is

PO ~ b P(t) - 2a,p"P(t) + mPY — 250

dt (s*+d)2’ (4.9)
* * _ M
—dfi(tt) = —byS(t) — 2a,5*S(t) + 9ms—§(i;t)e‘b3f + 9m—d1(’s*i(2);)e‘b3f,

and the characteristic equation of (4.9) takes the form

*

. p dp*e—kr par

dp*s*

&1 dP ePTe T =0, (4.10)

+0m?
Case 1. If T = 0, then (4.10) becomes

ok dp*s*
(k+a1p*)()»+azs*+9m ps >+9m2L—

(s* +d)? (s* +d)3
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It is easy to see this equation has exactly two negative roots, and thus the coexistence
equilibrium E, is locally asymptotic stable.

Define the Lyapunov function

Vﬂﬂsx”=9<ﬂﬂ—p*—pﬂnzw)+- d (ﬂﬂ—f—sﬂngﬁ>.

* s*+d s*

Then the derivative along system (2.6) is

avs(p,S)e) - 4 g -
2 ep (t)(l— P(t)> o +d5(t)<1_ S(t))

=9<_mpu)—mp%n+n1dpu))(L—p*)

S(t)+d P(2)
d ) P(£)S(t) s*
+ v +d <—b25(t) —sz (t) + QmS(t) N d) (1 - S(t)>
d
=00, (P -p")" - 2 (S(0) =)’

1 1 .
+QMd<S@)+d_s*+d>a%ﬂ_p)

Omd [ p* P(t) N

s +d<s* +d S(t)+d>(5(t)_s )
d

= (PO ") - 2

s*—5(t) .
Homd s vy PO -P)
Omd p*(S(t) —s*) + (s* + d)(p* — P(t))
s +d (s* +d)(S@) + d)
ﬂzd
s*+d

(S(t) - s*)?

(S(t) - s*)

2 Omd  p*(S(t) -s*)? -
s +d (st +d)(SE) +d) T

= —6a,(P(t) - p*)” - (S(2) - s*)

Furthermore, w =0 if and only if (P, S)(¢) = (p*,s*). Thus, E, is globally asymptoti-
cally stable when 7 = 0.
Case 2.1f T > 0, denote
u(h) = A2 + ugh + uo, v(A) = A +vp.
Then (4.10) can be rewritten as g(A, t) = 0, where
g 1) = u(d) + v(W)e ™ = (A% + mA + ug) + (MA +vp)e .
By calculation we have

2_ 2
uy —vi —2ug

* 2 « 2
)2 * p b3t dp -b3t
= + +6 3 —|Om———=e3
(ﬂlp ) <ﬂ2S WIS* A e ) ( WI(S* )26 )
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dv* *
= ((llp*)z + <ﬂ25* + ems*p+ de_bst + Omﬁe_bﬁ) <ﬂ2s* + 9mﬁe"h3r>
>0
and
* % 41@*)2 —b3t ald(p*)z —b3T 2 dp*S* —b
Uy +Vo =a1arp s +9mm€ 3F — I’l/lme 3T + Om me 3T
als*(p*)Z " 5 dp*S* b
_ L Omee L b3t g _OP S _bst
aarp*s* +0m 1 d? e 3" + Om o +d)3e

> 0.

This leads to that the sign of 3 — v3 is consistent with the sign of ug — vy.

Assuming that iw is a pair of pure imaginary roots of (4.10) such that
gliw, 1) = u(iow) + v(iw)e ™" =0,

which yields u(iw) = —v(iw)e™?, and thus |u(iw)|? — |v(iw)|* = 0. Now there exist two sub-
cases, ug > vy and ug < vo.
Subcase 2a. If ug > v, according to [17] (also see [18], Theorem 4.1),

G(w) := |u(ia))|2 - |V(ia))|2 =" + (U] =V} - 2up)0” + ug — v}

has no positive roots, and thus no stability switch occurs, that is, the coexistence equilib-
rium E, is locally asymptotic stable for any 7 > 0 from its stability for = 0.

Subcase 2b. If uy < vy, G(w) has a unique simple positive root

8 = v} = 20) + =V~ 2u0)? ~ 4 — )
wo = D) ’

and as T increases, stability switch occurs. Eventually the coexistence equilibrium E, be-

comes unstable. In detail, +iwy is a pair of pure imaginary roots of (4.10) such that
gliwo, T) = (- + imwo + o) + (iviwg + vo)e 0" = 0.
Separating its real and imaginary parts, we have

Uy — @y + V1wo SINWHT + Vo coswoT = 0,

U1wg + V1w COS woT — Vo SinwgT = 0.

Thus we obtain the following critical values for delay t:

1 Vvo(w) — ug) —mniw  2km
Tp = — arccos —— +
wo Vo T Viwy wo

k=0,1,2,....
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By the differentiation method of implicit functions we obtain from g(A, ) = 0 that

dr _(di)"
dr ~ \dt

22X+ uy "
= + —_—
AA +vg)e™  A(nmA+vy) A
2\ + Uy 121 T

=— + -—.
A2 +mh +uy)  Avid+vy) A
Note that

G(wp) = a)gL + (u% - Vf - 2uo)a)(2) + I/l% - v(z) = ufwg + (uo - a)(2))2 - (vfa)% + v%) =0,

and then we have

2ia)0 + Uy V1
=Rel - . 2 . + 2 s
=t Amion iwo(—w§ + lwom + up)  iwo(iwovy + Vo)

—u? + 2(ug — w3) v

2.2 2Y2 12,2 4 12
wywg + (g — wg)?  viwg + v

B Qw3 +u? —v2 = 2uo) (V2w + v3) — v2G(wo)

(3w} + (uo — w3)2](Viw} +v3)

2 o 2 2 o
203 + ud — v —2uy \/(”1_V1_2”0) — 4y - vp)
) IV 2 2 V) >0
uiwg + (o — wp) uywg + (o — wg)

Combining the stability of E, for T = 0, this implies that the transversal condition for Hopf
bifurcation holds at t = 7. The proof is complete. d

In fact, we could discuss the direction and stability of the Hopf bifurcation by using the
normal form theory and the center manifold reduction introduced by Hassard et al. [19].
However, the algorithm is standard, and the application of the result needs complex com-

putations. Therefore, we just do some numerical simulations in the next section instead.

5 Numerical simulations and concluding discussions

We now give numerical simulations as Ry > 1 for (2.6) with some different values of pa-
rameters (see Figures 1-5). We can see from Figures 4 and 5 that the dynamical behavior
would be very complex when Ry > 1 and 4, < vy with large 7. That is, the time delay t has
really a huge impact on the dynamical behavior of (2.6).

In the following, we give some discussion on the influence of maturation period 7 in the
scrounge interaction.

The existence of producer. The existence of producer is just determined by their ability
to discover food (m) and the natural mortality rate b;. However, the mature time 7 does
not determine the existence of producer.

The existence of scrounger. The basic reproduction ratio Ry determines the existence

—bgr

of scrounger. Note that Ry = Qm(%e decreases as 7 increases, and it is a bounded

function of variable . We find that (i) if 6mp; < db,, no matter how long the mature time
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Figure 1 The case of Ry > 1 and ug > vo, where by =1,a1=1,b,=0.8,a,=2,m=3,d=1,0eb37 =3,

prodeucer P(t)

40 50 60 70 80
time t

@
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mature scrounger S(t)

30 40

time t

(b)

50 60 70 80

mature scrounger S(t)
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15 16 17

producer P(t)

(©

Figure 2 The case of Ry > 1 and ug = 60.3465, vo = 112.4246, 7o = 0.6461, where b; =10,a; =1,
b;=0.8,a,=10,m=30,d=1,0=3,7=0.5b3=2,P(t)=1, S(t) = 1.65 for t € [-0.5,0].

is, the scrounger finally extincts; (ii) if 6mp; > db,, shorter mature time is in favor of the

existence of scrounger.

Global behaviors for Ry > 1. In the case Ry > 1, we have no results of the global stability

for v > 0. But in view of the global convergence to the coexistence equilibrium E, at 7 =0

and numerical simulations, we found that the mature time v does change the dynamical

behavior of the model. We conjecture that (i) when ug > v, the coexistence equilibrium

is globally asymptotically stable for v > 0; (ii) when ug < vy, the coexistence equilibrium



Wen and Weng Advances in Difference Equations (2016) 2016:243 Page 16 of 18

45 35
T
‘ ) u!\“”\ ”
1 H\ H HH‘
: - u\‘ ‘
§25 g M\H‘ ‘ ‘ ]
g, n ‘ \ H
a il uu H i
g2 g ”‘MHHHMH ‘ ‘ “ ‘
‘ “‘H\HHH\\ I HW
ITRAN MM
1
; Mu ‘\ \H‘MM“H‘ ‘M‘L
0.5
% 10 20 30 20 50 0 70 % 10 20 2 a0 50 ) 70
time t time t
() (b)
35

mature scrounger S(t)
~

05 1 15 2 25 3 35 4 45
producer P(t)

(©

Figure 3 The case of Ry > 1 and ug = 44.0951, vo = 120.0637, 7o = 0.5223, where b; =10,a; =1,
b;=0.8,a,=10,m=30,d=1,0 =3, T =0.55, b3 =1, P(t) = 0.9, S(t) = 1.7 for t € [-0.55, 0].
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Figure 4 The case of Rp > 1 and ug =81.8961, vo = 101.5272, 79 = 1.1423, where b; =10,a; =1,
b;=0.8,a,=10,m=30,d=1,0=3,7=3,b3=0.5,P(t) =2, S(t) = 1.5 for t € [-3,0].
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Figure 5 The case of Ry > 1 and ug = 50.9158, vo = 116.9143, 79 = 0.5647, where b; =10,a; =1,
b;=0.8,a,=10,m=30,d=1,0 =3, T =3, b3 =0.25, P(t) = 2, S(t) = 1.5 for t € [-3,0].

remains globally asymptotically stable for small 7 > 0; (iii) when i < vy, the positive solu-
tions convergence to a periodic solution for large .

Note that we also derived another model (2.7) in Section 2, whereas there exists compe-
tition between immature scroungers. The investigation of this model seems challenging.
We leave it as an open problem.

We want to make some more comments on open problems. In this article and [4], we
both assume that the proportion of the resource ultimately acquired by producer after
the interaction is 5%1' where S is the number of scroungers. However, there may be some
other models for different species groups by using different proportion functions. In this
meaning, we can consider the following more general model for (1.1) with homogenous
spatial environment:

PO _ _p, P(t) - a P(£) + mg(P, S, d)P(2),

51
BU _b,S(t) - a,S*(t) + Om(1 - g(P, S, d))P(2). >0

If g(P,S,d) =1, that is, the scrounger is incapable of stealing food from producer, (5.1)
becomes

PO~ (1~ by)P(e) - aP(0),

(5.2)
B p)S(t) — arS2(t).

If g(P,S,d) = ﬁ, (5.1) becomes (1.1) with homogenous spatial environment.

Page 17 of 18
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a2
S+d?
that even g actually depends on the producer P. Furthermore, one can derive a new model

We can also consider other cases such as g(P,S,d) = for different species and such

that involves a continuous immature age structure. We leave these problems for future
research.
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