Zhou and Agarwal Advances in Difference Equations (2017) 2017:329

DOI 10.1186/513662-017-1382-0

® Advances in Difference Equations

a SpringerOpen Journal

RESEARCH Open Access

CrossMark

Existence of almost periodic solution for
neutral Nicholson blowflies model

Hui Zhou'?" and Praveen Agarwal’®

“Correspondence:
zhouhui0309@126.com

'School of Mathematical Science,
University of Science and
Technology of China, Hefei, 230036,
China

2School of Mathematics and
Statistics, Hefei Normal University,
Hefei, 230601, China

Full list of author information is
available at the end of the article

@ Springer

Abstract

This paper is concerned with a class of neutral Nicholson blowflies models with
leakage delays and linear harvesting terms. Under appropriate conditions, some
criteria are established for the existence and global exponential stability of almost
periodic solutions for the model by applying exponential dichotomy theory. An
example is provided to illustrate the effectiveness of the results.
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1 Introduction
The delay differential equation model
®(£) = —8x(t) + px(t — 7)e V¥ (1.1)
and its analogous models have been proposed by Nicholson [1] and Gurney et al. [2], to
describe the dynamics of Nicholson’s blowflies model. In [1], x(¢) is the size of the popula-
tion at time £; p is the maximum per capital daily egg production, % is the size at which the
population reproduces at its maximum rate, § is the per capita daily adult death rate, and t
is the generation time. Since then, Nicholson’s blowflies model and its modifications have
attracted much attention, some researchers obtained numerous interesting results such
as permanence, extinction and stability [3-7].

It is well known that periodically and almost periodically environmental variabilities
are important foundations to be considered for the theory of natural selection. Compared
with periodic effects, almost functional differential equations are more frequent in some
ecological models. Therefore, in recent years, there has been considerable interest in the
existence and stability of almost periodic type solutions for Nicholson’s blowflies models
[8-12].

According to the fact that the harvests of population species commonly appear in fish-
ery, forestry and wildlife management, the study of population dynamics with harvesting is
an important subject in mathematical bioeconomics [13—15]. Recently, assuming that the
harvesting function is a function of the delayed estimate of the true population, Berezan-
sky et al. [3] studied the following Nicholson blowflies model with a linear harvesting
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term:
X (t) = —8x(t) + Px(t — 7)e "™ — Hx(t — o), 8,p,1,H,0 €(0,+00). (1.2)

Meanwhile, an open problem of linear harvest terms was put forward in [3]. Since then,
there have been some interesting results about the influence of dynamic models with linear
terms.

In [16], Liu and Meng proposed a class of non-autonomous Nicholson-type delay sys-
tems with linear harvesting terms, some criteria were established to ensure the existence
and exponential convergence of the almost periodic solution of Nicholson-type systems.
Recently, Wang [17] investigated the existence and convergence of positive almost periodic
solutions of the following Nicholson blowflies model with path structure and multiple lin-
ear harvesting terms:

x(8) = —ai(t)xi(t) + Z Bij(£);(£) Zc,, ) (£ — Ty (8)) e Ot (0)

j=1

!
=Y Hytw(t - o5®), i=12,...,n (1.3)

j-1

Some researchers focus on typical time delays named leakage delays which may exist in
many real systems and also have a great impact on the dynamic systems. Recently, neutral
type time delay has drawn much attention [18, 19], however, to the best of our knowl-
edge, there are few papers published on neutral Nicholson’s blowflies model with leakage
delays and linear harvesting terms. Thus, it is necessary and important to consider the
existence and stability of almost periodic solutions to neutral Nicholson’s blowflies mod-
els with leakage delays and linear harvesting terms. The main purpose of this paper is to
study the existence and stability of almost periodic solutions of the following neutral delay
Nicholson blowflies models with leakage delays and linear harvesting terms:

xi(t) = —oi(t)mi(t — ai(t)) + Y By(0hj (£ — by(®)) + Y 8y(e) (£ — (1))

j=1 j=1

+ Y )y (£ — Ty (e))e T O) Z (Ot - 0y(2)). (1.4)
j=1

For equation (1.4), we assume that the following assumption holds:

(HY) «;, a5 Bijs bijs 8ijs Mijs Ciry» Tiky» Viky» Hiky» Oiky : R — R, = [0, +00) are almost periodic
functionsand i,j=1,2,...,m k1 =1,2,...,m; ky = 1,2,...,1. To simplify the
notation and without loss of generality, for all £ € Rand i = 1,2,..., n, we will
assume B; = 0 and §; = 0.

For convenience, we set

fr=supf(e),  f"=inff(@)

teR

where f is a bounded continuous function on R.
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By applying the exponential dichotomy of linear differential equations and some analysis
techniques, we investigate the existence and global exponential stability of the almost peri-
odic solutions to equation (1.4). Let X = {¢ = (01, ¢2,...,0,) " |¢; € CH(R, R,), ¢; are almost
periodic functions on R,i = 1,2,...,n} with the norm ||¢| = max{|¢lo,|¢'|o}, where |¢p|o =
maxi<i<, ¢}, |¢'lo = maxi<;<,(¢))* and C}(R,R,) is the collection of continuous functions
with continuous derivatives on R. It is easy to see that X is a Banach space. Throughout
this paper, a fixed initial time ¢, € R is chosen and the following initial value of equation
(1.4) is satisfied:

xi(to +8) = @i(s), se[-r0],i=12,...,n, (1.5)
where each ¢; is a nonnegative function on [-7,0] and ¢;(0) > 0,
r =max{a;, by, 0y, Tiky, Oiky 1 5,j = 1,2,...,mki =1,2,...,m; ks =1,2,...,[}.

The rest of the paper is organized as follows. In Section 2, some definitions and lemmas
which play important roles in proofs of the results will be introduced. In Section 3, some
criteria for the existence and stability of almost periodic solutions to equation (1.4) are
established. An example is provided to illustrate the effectiveness of the proposed results
in Section 4.

2 Preliminary
Now let us recall the following definitions and lemmas, which will be useful in proving the

main results.

Definition 2.1 ([20, 21]) A function f : R — R" is said to be almost periodic, if for any
€ > 0, there is a constant [(¢) > 0, such that in any interval of length I(¢) there exists T such
that the inequality

|V(t +7)—f(t) || <e
is satisfied for all £ € R. The number t is called an ¢-translation number of f(¢).

Definition 2.2 ([20, 21]) Let f(¢) : R — R" is continuously differentiable in ¢, u(¢) and
u'(t) are almost periodic on R, then u(t) is said to be a continuously differentiable almost
periodic function.

Definition 2.3 ([20, 21]) Letx € R” and Q(£) be a n x n continuously matrix defined on R.
The linear system

X' (8) = A(t)x(z) (2.1)

is said to admit an exponential dichotomy on R if there exist constants A, k, projection P
and the fundamental solution matrix X(¢) of equation (2.1) satisfying

|X@Px )| <re™9, t=s | XOU-P)X )| <re*CD, t<s.
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Lemma 2.1 ([20, 21]) If the linear system (2.1) admits an exponential dichotomy, the al-
most periodic system

() = A()x(t) + g(2)

has a unique almost periodic solution x(t), and

= /t X@)PX7Y(s)f (s) ds — me(t)(I —P) XY (s)f (s) ds,

where X(t) is the fundamental solution matrix of equation (2.1).

Lemma 2.2 ([21, 22]) Assume c;(t) (i=1,2,...,n) are almost periodic on R, and

1 t+T
Mlc;] = lim —/ ci(8)ds>0, i=12,...,n
T—+00 T

Then the linear system x' = C(t)x(t) admits an exponential dichotomy on R, where C(t) =
diag(—c1(2), —ca(t), ..., —ca(t)).

3 Main results
In this section, we will state and prove our main results concerning the existence and
stability of almost solutions of equation (1.4). The following assumptions are satisfied:
(H2) o7 >0,i=1,2,...,n
(H3) There exists a positive constant L satisfying y;/L <1.
(H4) —:)((H),» +Aj)} <1, where ©; = afa/ + 37, B + 85,

le+ 1H
j=1Cij 1

Theorem 3.1 Assume that the conditions (H1)-(H4) hold. Then equation (1.4) has a
unique almost solution in Xy = {¢p € X|||¢|l <L, d(t) = (@1(£), 92(£), ..., 0, ()T}

Proof Rewrite equation (1.4) in the form
t
A0 = ~aOn O +al®) [ K ds
t—a;(t)
n
+ Z,Bij(t)xj l/ t) 2811 t)x r)l] ))
j=1

m
+ Z ci(t)i(t - -,;l./,(t))e—yi,'(t)xi(t—ri;(t))

1
=Y Hyt(t - o5®), i=1,2,...,n (3.1)

Jj=1

For any given ¢ € X, we consider the following auxiliary equation:

x,(t) = —oi (O)xi(2) + fit, @) + gi(L, @), (3.2)
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wherei=1,2,...,n,
fto) =aie) [ pls)ds+ Zﬂl,(t)w, ~ by(0))
t—a;(t)
i j=1
n
+ Z&'j(t)(ﬂj’(t - nij(t)): (3.3)
j=1
and
gl(t @) = ch](t)wl t TZ/(t)) ¥y Opilt=y0 ZHg(t)% t Gl](t)) (3.4)
j=1 j=1

Since o; > 0 and due to Lemma 2.2, the linear system
x;(t) = _ai(t)xi(t)) i= 1,2,...,n,

admits an exponential dichotomy on R. Therefore, by Lemma 2.1, we see that system (3.2)

has a unique almost periodic solution as follows:

xf = /t e‘fst"‘"(”)d“(ﬁ(s,w) +gi(s,9))ds, i=12,...,n (3.5)
—00
Define the following nonlinear operator:
d: Xo — Xo, @102 0n)” = (2,45,...,4%) r (3.6)
where x¥ (i =1,2,...,n) are given by equation (3.5). We will prove that the operator @ is a

contraction mapping.
Firstly, for any ¢ € Xy, we show that ®¢ € Xy. From (3.3), for i =1,2,...,n, we get

|ﬁ(t’ 90)| =

oi(t) gi()ds+ Y _ By (t—by(0)) + Y 850 (£ — ny(8))
j=1 j=1

t-a;(t)

t

< o(t) |¢,(s)|ds+Zﬁl, 1) @;(t - by(®))]

t— j=1
n
+ ) 8(0)|ej (£ - ny ()|
j=1
<afaf|e|,+ Zﬂl,|¢|o+26 '],
n n
< (aﬁa: Y B+ Zag>||¢||
j=1 j=1

< <a;a; Y Bi+ Zsi;)L = O,L. (37)
j=1 j=1

Page 5 of 13
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Since ¢; € C{(R,R,) (i =1,2,...,n), similarly, we obtain

l

lg(t.0)| <> ciOpi(t - 5(0)e 7T L3 Hy(b)pi(t - 0(0))

-1 =1
m [

<) et -T(0) + > Hllol
j=1 j=1

m !
< (ZC;+ZH;) el
j=1 j=1
m !
< (Zc;}+ZH$)L=AiL, i=1,2,...,n (3.8)
j=1 j=1

By (3.5)-(3.8), we get

t t
P(0)] < ‘ / el dng (s o) dis f el aitdng (s o) ds
—c0 —00

t t
< f ek e (s, ) ds| + f e e (5, )

¢ ¢
5/ e’fst“i(”)d“®iLds+/‘ effszo"‘(”)d”A,«Lds
oo _

(o¢]

@,‘L AiL @,’ + Al‘
+

«; o; o;

=

L, i=12,...,n (3.9)

Similarly, by (3.5)-(3.8), we have

t ; ! t t '
</ e s “i(”)d“ﬁ(s,w) ds> (/ e s "‘i(”)d”gi(s,(ﬂ) dS>

¢ t
< V(txp) - a;(t) / e~ Js g (s, ) ds

(@) (1) <

+

t
+ gt o) - i) / e atdng (s ) ds

—00

¢ t
< fit, )| + ai(®) / e aitdu| (s, o) ds|

t
+ gt )| +ai(t)/ e‘fst“i(“)d”|gi(s,¢)ds|

+ +
<oL+ 2oL+ AL+ YAL
o )

1 1

at
= <1+ —l_)(®,'+Ai)L, i=1,2,...,n (3.10)

o;

It follows from (H4), (3.9) and (3.10) that

(")i+A,’ of
|®@| = max —L,(1+—= )(®;+A)L} <L,
1 o o

<i<n ;
1 i

therefore, ®¢ € Xy. Next, we show that ® is a contraction.
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For ¢ = (901’ WZ»«H:WV[)T’ ¢~5 = (§0~1; (52,-«.,(5”)T S X(), we have

Ifi(s, @) — fi(s, )|
(@iw) = @' w) du+ Y Bii() (i(s - by(s)) — G;(s = bii(s)))

= |o(s)
s—a;(s) j=1

+ ) 85(5) (@) (s = 15()) = @ (s = mii(s)))
j=1

<ais) |<0l(u) @' (u) | du +

s—a;(.

Z Bii(5)| @ (s = bij(s)) — (s - by(s)) |

j=1

+ Z 81](5)|(p} — N S)) (S - m;(S))|

<a/alllg- ¢|I+Zﬂl,ll<p <p||+Za llp - @l

j=1 j=1
n n
= (ara:+2ﬂ;+26;) [
j=1 j=1

:®L'||§0_()5”1 i:1,2,..,,l’l

(3.11)

For 0 <rL <1,and |[xe™™ —ye™| =e |1 —r€||x —y| = 1 — r€)e" |x — y| < |x — y|, where &

is between in x and y.
Since y;/L <1, we obtain

|gi(s, ) — gi(s, @)

= Z Cl']'(S) ((pl (S _ Ti],(s))e_yij(S)Wi(S—Tij(S)) (p (S _ Tl}(s)) Vt] 8)@ils fz}(s)))
j=1
I
+ ZH;‘,'(S)(%(S - 0;i()) — @i(s — 0y(9)))
j=1

m

Z |§01 S _ -L—U(S))efyij(s)‘ﬂi(sfrij(s)) (p (S _ Tl](s)) yz] $)@ils 7-’i/( )

j=1

1
+ Y Hy(9)|i(s - 03i(s)) = @i(s - 03(s)) |
j=1

m

Zjllw ¢||+Z sl - @l

=Aillg-ol, i=12,...,n (3.12)
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By (H4), (3.5)-(3.6) and (3.11)-(3.12), we have

[(@¢ — D) (1)

¢ ¢
< ‘/ e_fs oj(u)du (fz’(S:‘P) —ﬁ(S,@)) ds

+

t
/‘ .y @i (g5, 0) - gi(s, §)) ds

t " _ t - .
< / e Kt o) _ f(s,3)| ds + / e\ g (s o) — a5, )| ds

o]

t t
< / e Feitdugy |l - gl ds + f e hedip o - G| ds
—00 -0

®; - A, -
<—le-gll+ —lp-al
Q; Q;

_®i+Ai

le-¢ll, i=12,...,n (3.13)

i

Similarly, by (3.5)-(3.6) and (3.11)-(3.12), we have

|(Pp - 2¢) (2)|

4 ¢ /
< ‘/ e_fs oj(u)du (fz’(S:‘P) —ﬁ(S,@)) ds

+

t
/ e a0 (g(s, ) - gi(s, @) ds

< |f(t:0) ~ (6P| + () f e Bt (o o) f(s,6)|ds

t
+ |gi(t0) - gi(t, @) +0li(t)/ e_fxtai(”)d"‘gi(sﬂp) - gi(s,¢)| ds

—00

t
~ — [a, ~
s®i||<o—go||+a;/ e haidng, o - 3| ds

—00

t

+ Al”gp_(ﬁ” +ai+/ e_fStai(u)duAi”gD—(ﬁ”dS
—00

. af . Loaf -

§®i”‘/’_§0”+a_l_@)i”(ﬂ_‘/’”+Ai||‘/’_§0||+a_l_Ai||§0—(ﬂ”

L 4

=(1+ Z—{)(@,'+A,-)||<p—¢||, i=12,...,n. (3.14)
i
It follows from (3.13) and (3.14) that || ®¢ — ®@| < M||¢ — ¢|. Thus, this implies that the
mapping & is a contraction. Therefore, by the fixed point theorem of Banach space, ® has
a fixed point ¢* € X, such that ®¢* = ¢*. That is to say, (3.1) has a unique almost periodic
solution ¢* € Xp. So, there exists a unique almost periodic solution ¢* of equation (1.4)
in Xo. The proof is complete. 0

Next, we show that the solution of equation (1.4) is globally exponentially stable. In order

to obtain the result, we make the following assumption:



Zhou and Agarwal Advances in Difference Equations (2017) 2017:329 Page 9 of 13

(H5) afaf <1fori=1,2,...,n, and there exist positive constants {1, s, ..., ¢, and T
such that, for¢>0andi=1,2,...,n,

i

+ o+
1-o/aj

-, > —[ozi(t)(l -2ajal) - |oci(t) - (1-aj@®)ei(t — ai(t)) |]

+ D2 (yl0) + 55(0) —

j=1 77

m l
+ (Z Cij(t) + ZHij(t)) — §l+ .
j=1 j=1 i

It follows from (H5) that we can choose 0 <7 < «; and Y such that

=T > [ (i) - r) (1 - 207 ) = o)™ — (1= ai(®) st - ai(®)) ] 1- (iifaf
- ) ) g
E (#) i () (1) M (@) U
' = (Bi{)e™™ +8(0)e"") l-ofaf

(Zc,,(t)e”’/ +Z (e ,> ia t20,i=12,...,n

l 1

Theorem 3.2 Let Z*(t) = (x}(£),x5(2),...,x5(¢))T be the almost periodic solution of equa-
tion (1.4) in the region Xy. Suppose that the conditions (H1)-(H5) are satisfied. Then the
almost solution Z*(t) of equation (1.4) is globally exponentially stable.

Proof Define y(t) = (y1(t), y2(t), .. ,yn(t))T = (x1(8) — &7 (2), x2(8) — w5 (), ..., 2, (2) — x5(2)) =
Z(t) - Z*(t), where Z(t) = (x1(£),%2(2), ..., x,(t))T is an arbitrary solution of equation (1.4).
It follows that

yi(t) = —a;(t)yi(t — ai(0)) + Z Bii(®)yi(t — by(2))

j=1

+ Y 8;(0(t - ny®))
j=1

+ Zcij(t) [xi(t— .L.l,j(t))e—my(t)xl’(t—ri,'(t)) (t Tll(t)) —yij (£)xF (¢~ Tij(t))]
j=1

!
_ ZHi;‘(t))’i(t - 0y(1)).

-1

We obtain
Y0 = ~(et) =) Y0 - () -1) [ (o ds

— [o(8) = (1 - ai(®))eti (¢ - ai(t)) e ™D ]eyi (¢ — ai(t))

DByt - by(®) + Y 85}y (£ - ny(0))

j=1 j=1
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+ Zc,](t) xi t ‘L'l](t)) ~vij(Oxi(t-7;§(2)) _ (t _ .Elj(t))e—n/(t)x}‘(t—r;;(t))]
j=1

I
- ZHij(t)yi(t - oy(t)) {» (3.15)

where Y;(£) = e"y;(¢) - ftt—ai(t) a;(s)e’yi(s)ds, i=1,2,...,n

Denote M = Max{maxi <i=(SUPye o) | Yi(5)]): MaX1 i (SUD o0y 1Y/ (D).

There exists K > 0 such that |Y;(t)| <M < K¢;, |Y](t)| <M < K¢; for all £ € (—o0,0], and
i=12,...,n

We claim that |Y;(t)| < K¢;, |Y](t)] < K¢ fort € (0,00),and i = 1,2,..., n. Otherwise, there
exists i € {1,2,...,n}, 6 € (0, +00) such that |Y;(0)| = K¢, |Yx(2)| < K¢k and |Y/(0)| = K¢&;,
|Y,(2)] < K¢ for t € (-00,0), k € {1,2,...,n}.

It follows that, for ¢t € (-00,60), k € {1,2,...,n},

e yi(o)] <

t
e"yr(t) - / a;(s)e”y;(s) ds
t-a;(t)

+

/ t ai(s)e”y;(s) ds

—a;(t)

<K +aga; sup € |y(s)] (3.16)

s€(—00,0]

and

e’t‘y;(t)’ <

ey (t) - / » ai(s)e™yi(s) ds

/t ai(s)e”yi(s) ds

+
—a;(t)
<K +agap sup €°|y(s). (3.17)
s€(—00,0]
Thus
7l I(gk
e |ye(®)] < sup e )| = = (3.18)
s€(—00,0 of ﬂk
and
/ I(gk
@] = sup €°wls)] £ —=— (3.19)
s€(-00,0] — o dy

Now we calculate the upper left derivative of Y;(¢). From (H5) and (3.15)-(3.19), we have
0 <D |Yi(0)]

0
—(cti(0) = 1) Yi(6) + |- (cti(0) — 1) / a;(s)e™yi(s) ds

0-a;(0)

~[@i(0) - (1 - a(9)) (6 — a:(6))e ™ D] y; (6 - a;(0))
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r(9 {Z ﬁz;(e)% 9 bl](e)) (9)}’;(9 - 771](9))

j=1 j=1

+Zcij(9)[xi - 7;(0))e ~vij (0)x:(0-7;(0)) _ x5 (0 - 7;(0))e ~vij (0)x} (0~;i(0 ))]

!
- ZHi/(e)yi(e - 03i(0)) } '
i1

t K¢
< —(i(0) = 7)|€"y:(0) - /M.(e) ai(s)e”yi(s) ds| + (ci(0) — 1) 1 _;}a;
+|ei(0) = (1 - a(0)) (6 — a;(8)) e ™ | @@=y, (9 — a,(0))|

£ Bi(0)e1 DO |y, (0 — by (6)) |

j=1

+ Z 3i],(9)ermy(9)er(é?—m,'(m) |y; (9 _ 77:‘;‘(9))|
j=1

+ 3 y(O) OOy, (0 - 7(0))|

!
+ ZH[,'(G)em"f( r(o- 0”(0 )‘y (9 Ul](e))|

K¢
< ~[(@(®) - ) (1~ 207a) - | ~ (1~ (@) (6 - :0)) | —
- " . K¢
' Zle (@)™ + )™ ) -~ s

- 0 r7;j(0) l H.:0 roj(0) K&
+ Zcij( )e +Z ij( Je m

j=1 j=1

:{—[(o{i(e)—r)(l—Zai*af)—!ai(G)em’ — (1-a{(9))es(6 - a:(0))|]

= ) i g
D (ByO)M + 8,01
j=1 o 4
l ¢
i 70 (6) i
<ZCU (0)e i Z ;1(0)e" )1—0{*@* }K
j=1 i %
< -TK
<0,

1-

§4

oea

+

Page 11 0of 13

which is a contradiction. So, for all £ € (0, +00) and i = 1,2,...,n, |Y;(¢)| < K¢; holds. Ac-

51

cording to the above, it is easy to obtain |x;(t) — x7(£)| <

— l-o;

wr e for all ¢ € (0, +00) and

i=1,2,...,n. Therefore, the solution of equation (1.4) is globally exponential stable. This

completes the proof of Theorem 3.2.

O
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4 An example

In this section, an example is given to demonstrate the results obtained in Section 3.

Example 4.1 Consider the following neutral Nicholson blowflies model with leakage de-
lays and linear harvesting terms:

#1(t) = —(11 + cos? £)a; (£ — 0.01] sin ¢]) + (0.01 + 0.03 sin? £)x, (¢ — 0.02| cos /2¢])
+(0.02 + 0.05sin? £)) (£ — 0.07] cos +/3¢])
+(0.03 + 0.07 sin® t)x1 (¢ — 0.05] cos /5¢|)
% g~0-05%1(t=0.03| cos v/5¢))
+(0.04 + 0.09 sin® £)x; (£ — 0.07] cos +/7¢|)e~0-007x1(t-0.005| cos v/7¢])
—0.06 cos? tx;(t — 0.06] cos V6¢]),
#2(2) = —(11 + sin? £)x1 (£ — 0.01| cos £]) + (0.01 + 0.03 cos? £)x, (¢ — 0.02| sin +/2¢|)
+(0.02 + 0.05 cos? ) (t — 0.07| sin /3£)
+(0.03 + 0.07 cos? £)x; (£ — 0.05| sin v/5¢|)
« 00051 (£-0.03] sin V5t))

+(0.04 + 0.09 cos? £)x (¢ — 0.07] sin y/7¢])e™0-071(¢=0.051sin V7¢l)
- 0.08sin” £x; (¢ — 0.08| sin v/8¢|).

We take L = €2, {1 = &5 = 0.5. It is not difficult to check that the assumptions (H2)-(H5) are
all satisfied, respectively. Hence, from Theorem 3.1 and Theorem 3.2, the above system

has exactly one almost periodic solution, which is globally exponentially stable.

Remark 4.1 In this paper, a class of neutral delay Nicholson’s blowflies model with leakage
delays and linear harvesting terms is considered. To the best of our knowledge, no results
can be associated with equation (1.4). So, the results of this paper are novel. Moreover, the
obtained results are dependent on the leakage delay. As for future work, it would be an
interesting topic to investigate the Nicholson blowflies model dependent on a probability
distribution leakage term.

Acknowledgements
The authors thank the reviewer for suggesting to improvements of the paper. The work is sponsored by NSF of China
(11771414) and NSF of Anhui (1708085A16, KJ2017A937) and Hefei Normal University Young Foundation (2017QN44).

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
The authors declare that the work was realized in collaboration with the same responsibility. All authors read and
approved the final manuscript.

Author details

'School of Mathematical Science, University of Science and Technology of China, Hefei, 230036, China. ?School of
Mathematics and Statistics, Hefei Normal University, Hefei, 230601, China. *Department of Mathematics, Anand
International College of Engineering, Jaipur, 303012, India.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Received: 11 May 2017 Accepted: 1 October 2017 Published online: 13 October 2017



Zhou and Agarwal Advances in Difference Equations (2017) 2017:329 Page 13 0f 13

References

1.
2.
3.

18.
19.

20.
21
22.

Nicholson, AJ: An outline of the dynamics of animal populations. Aust. J. Zool. 2, 9-65 (1954)

Gurney, WSC, Blythe, SP, Nisbet, RM: Nicholson’s blowflies revisited. Nature 287, 17-21 (1980)

Berezansky, L, Braverman, E, Idels, L: Nicholson's blowflies differential equations revisited: main results and open
problems. Appl. Math. Model. 34, 1405-1417 (2010)

. Yang, M: Exponential convergence for a class of Nicholson’s blowflies model with multiple time-varying delays.

Nonlinear Anal., Real World Appl. 12, 2245-2251 (2011)

. Hou, X, Duan, L: New results on periodic solutions of delayed Nicholson’s blowflies models. Electron. J. Qual. Theory

Differ. Equ. 2012, 24 (2012)

. Yao, Z: Existence and exponential stability of the unique positive almost periodic solution for impulsive Nicholson's

blowflies model with linear harvesting term. Appl. Math. Model. 39, 7124-7133 (2015)

. Deng, K, Wu, Y: On the diffusive Nicholson's blowflies equation with distributed delay. Appl. Math. Lett. 50, 126-132

(2015)

. Alzabut, JO: Almost periodic solutions for an impulsive delay Nicholson's blowflies model. J. Comput. Appl. Math.

234,233-239 (2010)

. Chen, W, Liu, B: Positive almost periodic solution for a class of Nicholson's blowflies model with multiple time-varying

delays. J. Comput. Appl. Math. 235, 2090-2097 (2011)

. Wang, W, Wang, L, Chen, W: Existence and exponential stability of positive almost periodic solution for

Nicholson-type delay systems. Nonlinear Anal., Real World Appl. 12, 1938-1949 (2011)

. Zhou, H, Zhou, ZF, Qiao, Z: Mean-square almost periodic solution for impulsive stochastic Nicholson's blowflies

model with delays. Appl. Math. Comput. 219, 5943-5948 (2013)

. Zhou, H, Wang, W, Zhou, ZF: Positive almost periodic solution for a model of hematopoiesis with infinite time delays

and a nonlinear harvesting term. Abstr. Appl. Anal. 2013, Article ID 146729 (2013).

. Berezansky, L, Braverman, E, Idels, L: Delay differential logistic equations with harvesting. Math. Comput. Model. 40,

1509-1525 (2004)

Cui, J, Li, H: Delay differential logistic equations with linear harvesting. Nonlinear Anal., Real World Appl. 8, 1551-1560
(2007)

Idlango, MA, Shepherd, JJ, Nguyen, L, Gear, JA: Harvesting a logistic population in a slowly varying environment.
Appl. Math. Lett. 25, 81-87 (2012)

. Liu, X, Meng, J: The positive almost periodic solution for Nicholson-type delay systems with linear harvesting term.

Appl. Math. Model. 36, 3289-3298 (2012)

. Wang, LJ: Almost periodic solution for Nicholson's blowflies model with patch structure and linear harvesting terms.

Appl. Math. Model. 37, 2135-2165 (2013)

Gopalsamy, K: Leakage delays in BAM. J. Math. Anal. Appl. 325, 1117-1132 (2007)

Liu, BW: Global exponential stability for BAM neural networks with time-varying delays in the leakage terms.
Nonlinear Anal., Real World Appl. 14, 559-566 (2013)

Fink, AM: Almost Periodic Differential Equations. Lecture Notes in Mathematics, vol. 377. Springer, Berlin (1974)
He, CY: Almost Periodic Differential Equation. Higher Education Publishing House, Beijing (1992) (in Chinese)
Hale, JK, Verduyn Lunel, SM: Introduction to Functional Differential Equations. Springer, New York (1993)

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Existence of almost periodic solution for neutral Nicholson blowﬂies model
	Abstract
	MSC
	Keywords

	Introduction
	Preliminary
	Main results
	An example
	Acknowledgements
	Competing interests
	Authors' contributions
	Author details
	Publisher's Note
	References


