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EXISTENCE AND GLOBAL ATTRACTIVITY OF POSITIVE
ALMOST PERIODIC SOLUTIONS FOR A KIND
OF FISHING MODEL WITH PURE-DELAY

TIANWEI ZHANG AND YONGZHI L1AO

By using some analytical techniques, modified inequalities and Mawhin’s continuation the-
orem of coincidence degree theory, some sufficient conditions for the existence of at least one
positive almost periodic solution of a kind of fishing model with delay are obtained. Further,
the global attractivity of the positive almost periodic solution of this model is also considered.
Finally, three examples are given to illustrate the main results of this paper.
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1. INTRODUCTION

In 2008, Berezansky and Idels [2] proposed a kind of time-varying fishing model which
describes how fish harvested in the form of

Ny =N | —2D (1.1)

N(t—0(t
14 [Mles]

where x is is the population biomass, a is the per-capita fecundity rate, K is the carrying
capacity of the environment, b is the per-capita mortality rate, » > 0, that controls how
rapidly density dependence sets in, can be regarded as an abruptness parameter, 6(t)
is the maturation time delay, a, K, b, 8 € C([0, 0], [0,00]). Berezansky and Idels [2]
proposed Eq. (1.1) and studied its persistence, furthermore, the existence and stability
of a positive periodic solution to Eq.(1.1) were also considered. Before continuing,
Wang [23] investigated Eq. (1.1) and obtained some sufficient conditions for the existence
of at least one positive periodic solution by using Mawhin’s continuation theorem of
coincidence degree theory. For more results in this direction, one could refer to [T} [11]
13], 14, [32] and the references cited therein.

In real world phenomenon, the environment varies due to the factors such as seasonal
effects of weather, food supplies, mating habits and harvesting, etc. So it is usual
to assume the periodicity of parameters in the systems. However, in applications, if
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the various constituent components of the temporally nonuniform environment is with
incommensurable (nonintegral multiples, see Example 1.1) periods, then one has to
consider the environment to be almost periodic since there is no a priori reason to expect
the existence of periodic solutions. Hence, if we consider the effects of the environmental
factors, almost periodicity is sometimes more realistic and more general than periodicity.
In recent years, the almost periodic solution of the continuous models in biological
populations has been studied extensively (see [16} 211 26, 27, 28] 29, 30, BT, 32] and the
references cited therein).

Example 1.1. Let us consider the following simple fishing model:

N() = N() 'Smfv\”)‘ ~|sin(v/38)]| . (1.2)
1+[ “)}

In Eq. (1.2), | sin(v/2t)] is ‘f” -periodic function and | sin(v/3t)] is ‘f” -periodic function,
which imply that Eq. (1. 2) is with incommensurable periods. Then there is no a priori
reason to expect the existence of periodic solutions of Eq. (1.2). Thus, it is significant
to study the existence of almost periodic solutions of Eq. (1.2).

It is well known that Mawhin’s continuation theorem of coincidence degree theory is
an important method to investigate the existence of positive periodic solutions of some
kinds of non-linear ecosystems (see [3| 4, 51 [6] [7], [8] [15] [T6, 22] 25 B3] B4]). However, it
is difficult to be used to investigate the existence of positive almost periodic solutions of
non-linear ecosystems. Therefore, to the best of the author’s knowledge, so far, there are
scarcely any papers concerning with the existence of positive almost periodic solutions of
Eq. (1.1) by using Mawhin’s continuation theorem. Motivated by the above reason, the
main purpose of this paper is to establish some new sufficient conditions on the existence
of positive almost periodic solutions of Eq. (1.1) by using Mawhin’s continuation theorem
of coincidence degree theory.

Let R, Z and NT denote the sets of real numbers, integers and positive integers,
respectively, C'(X,Y) and C*(X, Y) be the space of continuous functions and continuously
differential functions which map X into Y, respectively. Especially, C'(X) := C(X, X),
C1(X) := C*(X,X). Related to a continuous bounded function f, we use the following
notations:

T
o=t £ s ). Sl =suplfs)l F= Jim [ (s ds
The initial condition associated with Eq. (1.1) is of the form

N(s)=p(s), Vse[-0T,0, N(0)=Ny>0, ¢eC(-0",0,R).
Throughout this paper, we always make the following assumption for Eq. (1.1):

(H1) a, b, K and 6 are nonnegative almost periodic functions with K~ > 0.
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The paper is organized as follows. In Section 2, we give some basic definitions and
necessary lemmas which will be used in later sections. In Section 3, we obtain some
sufficient conditions for the existence of at least one positive almost periodic solution
of Eq. (1.1) by means of Mawhin’s continuation theorem of coincidence degree theory.
In Section 4, we consider the global attractivity of a unique positive almost periodic
solution to Eq. (1.1). Three examples are also given to illustrate our results in Section 5.

2. PRELIMINARIES

Definition 2.1. (He [12], Gaines and Mawhin [I0]) z € C(R,R") is called almost
periodic, if for any ¢ > 0, it is possible to find a real number | = I(¢) > 0, for any
interval with length I(€), there exists a number 7 = 7(¢) in this interval such that
lz(t +7) — z(t)]| < e, ¥Vt € R, where || - || is arbitrary norm of R™. 7 is called to the
e-almost period of x, T'(z, €) denotes the set of e-almost periods for = and [(¢) is called

to the length of the inclusion interval for T'(x,€). The collection of those functions is
denoted by AP(R,R™). Let AP(R) := AP(R,R).

Lemma 2.1. (Zhang [27]) Assume that z € AP(R) N CY(R) with & € C(R). For
arbitrary interval [a,b] with b —a =w > 0, let £, 7 € [a,b] and

Li={se[§b]:i(s) >0}, L={se[nb]:i(s) <0},

then ones have

ot) <o@)+ [ alo)ds, Ve 6t o) 2ol + [ as)ds Ve
Il 12

Lemma 2.2. (Zhang [27]) If 2 € AP(R), then for arbitrary interval I = [a,b] with

b—a=w >0, there exist £ € [a,b], { € (—00,a] and & € [b, +00) such that

2(§) ==(€) and @(§) <a(s), Vs € [£,€]-

Lemma 2.3. (Zhang [27]) If x € AP(R), then for arbitrary interval [a,b] with I =
b—a=w >0, there exist n € [a,b], n € (—00,a] and 7 € [b, +-00) such that

z(n) = 2() and  z(n) = z(s), Vs € [n, 7).

Lemma 2.4. (Zhang [27]) If z € AP(R), then for Vn € N*, there exists a,, € R such
that z(a,) € [2* — L, 2%], where 2* = sup,p 2(s).

n

For z € AP(R), we denote by

Alz) = {w €R: lim ;,/OTm(s)e_iwsds # 0}

the Bohr transform and the set of Fourier exponents of z, respectively.
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Lemma 2.5. (Zhang [27]) Assume that x € AP(R) and Z > 0, then for ¥ty € R, there
exists a positive constant Ty independent of ¢y such that

1 [lofT T 3%
— d - — VT > Ty.
T/to JJ(S) 5€|:2a2:|7 = 40

Following we recall the famous Mawhin’s continuation theorem.

Let X and Y be real Banach spaces, L : DomL C X — Y be a linear mapping and
N : X — Y be a continuous mapping. The mapping L is called a Fredholm mapping of
index zero if the following conditions hold:

e ImL is closed in Y;
e dimKerL = codimImL < +oo.

If L is a Fredholm mapping of index zero and there exist continuous projectors P : X — X
and @ : Y — Y such that ImP = KerL, KerQ = ImL = Im(I — Q). It follows that
Lipomrrkerp : (I — P)X — ImL is invertible and its inverse is denoted by Kp. If Q
is an open bounded subset of X, the mapping N will be called L-compact on ) if the
following conditions are satisfied:

e QN(Q) is bounded;
o Kp(I — Q)N : Q — X is compact.
Since Im@ is isomorphic to KerL, there exists an isomorphism J : Im@) — KerL.

Mawhin’s Continuous Theorem 1. (Gaines and Mawhin [10]) Let @ C X be an
open bounded set, L be a Fredholm mapping of index zero and N be L-compact on €.
If all the following conditions hold:

(a) Lx # ANz, Vo € 0Q N DomL, A € (0,1);

(b) QNzx # 0, Vo € 02 N KerL;

(¢) deg{JQN,Q2NKerL,0} # 0, where J : Im@Q — KerL is an isomorphism.
Then Lz = Nz has a solution on 2N DomL.

Under the invariant transformation N = ¢*, Eq. (1.1) reduces to

a(t)

i(t) = ———=
2 (t—6(t))
1+ [ <552

—b(t). (2.1)

Set X =Y =V; @ V,, where

Vi = {x € AP(R) : mod(z) C mod(L,),Vw € A(x), |w| > 70}7 Vo ={z =k,k e R},
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where

Ly=L.(t,p) = W —b(t),
K(t)
N
mod(z) ={p: p= anwj,nj,N €Z,N > 1,w; € A(z)},
j=1

€ C([-07,0],R), 7 is a given positive constant. Define the norm ||z||x = sup,cp |z(s)],
Vre X =Y.

Lemma 2.6. X and Y are Banach spaces endowed with || - ||x.

Proof. Obviously, X and Y are linear spaces. Assume that x, € V; and lim,,_, z,, =
xg. Since z, € Vq, for all |w| < ¢ we have

I ,
TliﬁmOo T /0 Tn(s)e ¥ ds = 0.

Thus

I :
Th—rgof/o zo(s)e ™ ds =0

which implies that Yow € A(xo),|w| > 0. It is easy to see that V; is a Banach space
endowed with || - ||x. The same can be concluded for X and Y. This completes the
proof. O

Lemma 2.7. Let L : X — Y, Lz = &, then L is a Fredholm mapping of index zero.

Proof. It is obvious that L is a linear operator and KerL = V5. It remains to prove
that ImL = V;. Suppose that ¢ € ImL C Y, there exist ¢; € V1 and ¢o € V3 such that

¢ = o1+ ¢o.

By the definition of ¢ and Lemma 4.12 in [9], we have fot ¢1(s) ds is almost periodic.
Since ¢ € ImL, there exists v € X such that

Lv =19 =9,

[owa] = | [ otsas

Since v € AP(R), there exists K > 0 such that |v|e < K. Then

]/Otaxs)ds

which implies that

< Jo(t) —v(0)].

< 2K,
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which implies fot ¢(s) ds is almost periodic. By the almost periodic property of fot o(s)ds
and [ ¢1(s)ds, it follows that

¢
|p2|[t] = ‘/0 ¢ads

which implies that ¢o = 0. Therefore, ¢ = ¢1 € V;. This tells us that ImL C V;.
In the following, we will prove that V; C ImL. Suppose that ¢ € Vq, fot p(s)ds €
AP(R). Indeed, if w # 0, then we obtain

= < 400, VteR,

A[aﬁfm@ws

Therefore, ¥ € V; C X. Further, we have

ww:i(AQQMww{A%@m%):wm VieR,

which implies that ¢ € ImL. Hence, we deduce that V; C ImL.
Therefore, Vi = ImL. Furthermore, one can easily show that ImL is closed in Y and

dim Ker = 1 = codim ImZL.
Therefore, L is a Fredholm operator of index zero. This completes the proof. |
Lemma 2.8. Define N: X —Y, P: X—>Xand Q:Y — Y by
a(t)
1+ [ew(;(*(i;f))ilr

Then N is L-compact on Q (€ is an open and bounded subset of X).

Nz = —b(t), Pr=z=Qw, VrxeX=Y.

Proof. Obviously, P and @ are continuous such that ImP = KerL and ImL = Ker(@.
Further, we have (I —Q)Vs = {0} and (I — Q)V; = V5. Hence, Im(/ — Q) = V; = ImL.
In view of

ImP =KerL and ImL = Ker@ =Im(/ — Q),

we can conclude that the generalized inverse Kp : ImL — KerP NDomL of L exists and
is given by

pr/ot:c(s)dsm{/otx(s)ds], Vz € ImL.

Thus
QNz =m[Nz], Kp(I—Q)Nz = flz(t)] — Qf[z(t)], Vz €ImL,
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where f[z(t)] is defined by

Fla(t)] = /0 [Na(s) — QNa(s)] ds.

Clearly, QN and (I — Q)N are continuous. We claim that Kp is also continuous.
Assume that z,, € ImL = V; (n € N*) such that

lim z, = xg.

n—oo
By the completeness of Vi, g € Vy and 2, — 29 € V1 (n € NT). Then there exists a
constant D such that

|Kpx,, — Kpxoloo < D|Ty — 20|oo, 1 € NT.

Therefore, lim,,_,o |Kpx, — Kp2ploo = 0. So Kp and Kp(I — Q) are also continuous.
In addition, Kp(I — @)z are uniformly bounded on €2. It is not difficult to verify that
QN () is bounded and Kp(I — Q)Nz is equicontinuous on 2. Hence, by the Arzela-

Ascoli theorem, we can conclude that Kp(I —Q)N () is compact. Thus NV is L-compact
on 2. This completes the proof. |

3. EXISTENCE OF POSITIVE ALMOST PERIODIC SOLUTIONS

In this section, we study the existence of at least one positive almost periodic solution
of Eq. (1.1) by using Mawhin’s continuous theorem of coincidence degree theory.

Theorem 3.1. Assume that (H;) holds, suppose further that
(Hz) b> 0 and ¢ := m[a(s) — b(s)] > 0,

then Eq. (1.1) admits at least one positive almost periodic solution.

Proof. It is easy to see that if Eq. (2.1) has one almost periodic solution Z, then N=¢®
is a positive almost periodic solution of Eq. (1.1). Therefore, to complete the proof it
suffices to show that Eq.(2.1) has one almost periodic solution.
In order to use the Mawhin’s continuous theorem, we set the Banach spaces X and Y
as those in Lemma 2.6 and L, N, P, @Q the same as those defined in Lemmas 2.7 and 2.8,
respectively. It remains to search for an appropriate open and bounded subset 2 C X.
Corresponding to the operator equation Lz = Az, A € (0,1), we have

#(t) = A %—b(t) . (3.1)
1+ [ — }

Suppose that ©+ € DomL C X is a solution of Eq.(3.1) for some A € (0,1), where
DomL = {z € X : 2z € C}(R),4 € C(R)}. By Lemma 2.4, there exists a sequence
{a, : n € NT} such that

,x*] , o* =supxz(s), neNt. (3.2)

1
z(ay,) € |25 — —
(@ e -2
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By (Hs) and Lemma 2.5, for V¢, € R, there exists a constant w € (207, +00) inde-
pendent of ty such that

! t:0+Tb(8)dse [g?’;] = /t:O+T[a(s)—b(s)]ds€ [5 x (3.3)

- = T >
2 ¥ v

w.\ €

For Vnoy € NT, we consider [ay,, — w, ap,], where w is defined as that in (3.3). By
Lemma 2.2, there exists &,, € [an, — W, Qg ls ¢, € (—00, py —w] and &, € [ap,, +00)
such that

x(gno) =z(&,) and x(&,) <x(s), Vs€ [gno,fno]. (3.4)

Integrating Eq. (3.1) from £ to €no leads to

/::0 {H(;ES)M»)T - b(s)} ds

K(s)

€0 ( [a(s) = b(S)IK ()] — bls)er(s=96)
/é < [K (s)]" + ere(s=6(s) ) ds

=nq

= 0,

which yields that

éno é"0
/ b(s)er=(—0) g — / la(s) — b(s)][K (s)]" ds. (3.5)
3 3

=ng =nq

By the definitions of w, §n07 €, and (3.3), there exists sq € [§n0 0+, €] (50— 0(s0) €
[éno’ €no]) such that

1 Eno e § 1 gno o
77/ b(s)em(s—e(s))ds > - b(s)e”(é_a(s))ds
gno _éng §n0 gno _§n0 §710+9+

c _ pH\rx(so—0(s
L (G g, Ot
B fno _§n0
L[ e
X~ s)ds
fno - §n0 B 6+ §n0+9+
erw(sofé(so)) E
> X —
o 2 2
Eerw(s[)f@(so))
1 (3.6)

Substituting (3.6) into (3.5), we obtain

l_)erz(sofe(so)
4

) (A CHN F e < g KHY
S /5 o) K s < ()
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which implies from (3.4) that

1 da™(KT)"
2(€ny) < w(so — 0(s0)) < - In [(E)} (3.7)
Let I = [, 0m,) and I} = {s € I : @(s) > 0}. It follows from Eq. (3.1) that
/ (s)ds = / A[%SS)QW - b(s)] ds
h no U+ (%)
a(s)
< / 0 ds
= (=) \T
114+ ()
< / ’ a(s)ds
Qngy—w
< atw.
By Lemma 2.1, it follows from (3.7)—(3.8) that
1 dat(KH)T
x(t) < x(&n,y) —|—/ x(s)ds < - In [a(b)} +atw:=p1, V€ [¢ny, Anyls
I
which implies that
x(ano) < P1-
In view of (3.2), letting ng — +o0 in the above inequality leads to
¥ = lm x(an,) < p1. (3.8)
ng——+0oo
Taking
46t bterr
lO = Imax {w, (I(_)Tc}

For Vng € Z, by Lemma 2.3, there exist n,, € [nolo, (no + 1)lo], n,, € (—o0, nolo] and
Ting € [(n0 + 1)lp, +00) such that

z(n

—~ng

) = (i) and - 2(ny) > x(s), Vs € [1, s 7n]- (3.9)
Similar to (3.5), integrating Eq. (3.1) from Ny 0 Ting leads to

/ " p(s)erts=0) g — / " la(s) — b(s)][K ()] ds. (3.10)

7, 7,
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By the definitions of w, Ty Tin, and (3.3), there exists s; € [ﬂno 0+ Tng] (51— 0(s1) €
[Qno, Tine]) such that

1 Mng 0 1 ing .
77/ b(s)ero;(s— () ds 77/ b(s)ero;(s— () ds
Mo — 11 n Mo — 1 n,,+ot

o~ Lng —no

IN

1 U
—1—77/ b(s)er(=0() dg
Mo =y I,

(Tlng =11, — 0 )bFere(1 =0 N o+t eren
Mng — ﬂno Nne — Qno
pteratm—o(en) | 07O

IN

_ b+67":1:(5179(51)) + (Ki)ra.

Substituting (3.12) into (3.11), we obtain
(K7)e > _ 1
4 Mng — 1

—no

b+er:c(31 —0(s1)) +

[ tats) —psimoras = L

which implies from (3.10) that

00) > oo~ o)) > 71| S

Further, we obtain from Eq. (3.1) that

(no+1lo (no+1)lo a(s)
L e = [ )

ds
olo olo L+ (W)T

IN

(a+ + b+)lo.
It follows from (3.13)—(3.14) that

(no+1)lo
(1) zxmm—/ ()] ds

olo

1 K7)e
—1In |:( ) C:| — (a+ + b+)l0 = p2, Vit € [Tlolo, (7’L0 + l)lo]

4bt

Obviously, p2 is a constant independent of ng. So it follows from (3.15) that

r

z, = inf 2(s) = inf min z(s)t > inf = po. 3.12
Inf z(s) noez{se[nglo,(n0+l)lg] ()}_noez{pz} P2 (3.12)

Set C' = |p1]| +|p2| + 1. Clearly, C is independent of A € (0,1). Consider the algebraic
equations QNzg = 0 for zg € R as follows:

a(t) . )
O=m|———5 —b(t)| = e"m(b(s)) = m|(a(s) — b(s))K"(s)].
T (22) (t) (b(s)) [(a(s) = b(s)) K" (s)]
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So we can easily obtain that

e vrs
p2 < lln {(Kl—))c} <9 < 11H[(KB) C} < p1.
r

r =

Then ||zo||x < C. Let @ = {x € X: ||z||x < C}, then Q satisfies conditions (a) and (b)
of Mawhin’s continuous theorem.

Finally, we will show that condition (¢) of Mawhin’s continuous theorem is satisfied.
Let us consider the homotopy

=m a(t) — — L. X er
H(,,z) = 1—L+(Ke(xt))r b(t)|, (¢,x)€][0,1] x QNKerL,

From the above discussion it is easy to verify that H(¢,z) # 0 on 0Q NKerL, Vi € [0, 1].
Further, by H(1,z) = 0(z € R), we obtain

mla®K" @] 1, mla®E @)

ert T b
Then
deg (H(1,z), 2N KerL,0) = sign( — rm[a(t)K"(t)]e”"™") = —1.
By the invariance property of homotopy, direct calculation produces
deg (JQN,QNKerL,0) = deg(H(0,2),Q2NKerL,0)

deg (H(l, x), 2N KerL, 0)
e —]_,

where deg(-, -, -) is the Brouwer degree and J is the identity mapping since Im@Q) = KerL.
Obviously, all the conditions of Mawhin’s continuous theorem are satisfied. Therefore,
Eq. (2.1) has one almost periodic solution, that is, Eq.(1.1) has at least one positive
almost periodic solution. This completes the proof. (|

Corollary 3.1. Assume that (H;) - (Hz) hold, suppose further that a, b, K and 6 in
Eq. (1.1) are continuous nonnegative periodic functions with periods «, §, o and 0,
respectively, then Eq. (1.1) has at least one positive almost periodic solution.

Remark 3.1. By Corollary 3.1, it is easy to obtain the existence of at least one positive
almost periodic solution of Eq. (1.2) in Example 1.1, although there is no a priori reason
to expect the existence of positive periodic solutions of Eq. (1.2).

Corollary 3.2. Assume that (H;)—(Hz) hold, suppose further that a, b, K and 6 in
Eq. (1.1) are continuous nonnegative w-periodic functions, then Eq. (1.1) has at least one
positive w-periodic solution.
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4. STABILITY

Theorem 4.1. Assume that (H;)-(Hz) hold. Suppose further that

(Hs) a(t) > b(t) >0, Vt € R.
t
(Hy) Tft,g(t) a(s)ds < 6, Vt € R.
Then Eq. (1.1) has a unique almost periodic solution, which is globally attractive.

Proof. The proof of this theorem is similar to Theorem 3.1 in [23] and we should omit
it. This completes the proof. O

Together with Corollaries 3.1-3.2, we obtain

Corollary 4.1. Assume that (H;)—(Hy4) hold, suppose further that a, b, K and 6
in Eq.(1.1) are continuous nonnegative periodic functions with periods «, 3, ¢ and
d, respectively, then Eq.(1.1) has a unique positive almost periodic solution, which is
globally attractive.

Corollary 4.2. (Wang [23]) Assume that (H;)—(H4) hold, suppose further that a, b,
K and 6 in Eq. (1.1) are continuous nonnegative w-periodic functions, then Eq. (1.1) has
a unique positive w-periodic solution, which is globally attractive.

5. THREE EXAMPLES

Example 5.1. Consider the following fishing model:

2| cos(v/3t)]

z(t—1)
1+ {2+sin(\/§t)}

z(t) = z(t) oE — |cos(\ﬁt)| . (5.1)

Then Eq. (5.1) has at least one positive almost periodic solution.

Proof. Corresponding to Eq. (1.1), we have a = m[2|cos(v/3t)|] = £ and

b =m[ cos(v/Tt)[] = 2. So, (H1)-(Hz) in Theorem 3.1 hold. By Theorem 3.1, Eq. (5.1)
has at least one positive almost periodic solution (see Figure 1). This completes the
proof. O
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2.6

241 b

221

x(t)

18

16 n

1.41 B

0 50 100 150
time t

Fig. 1. State variable = of Eq. (5.1).

Remark 5.1. In Eq. (5.1), | cos(v/3t)] is @—periodic function and | cos(v/7t)] is @—
periodic function. So Eq. (5.1) is with incommensurable periods. Through all the coeffi-
cients of Eq. (5.1) are periodic functions, the positive periodic solutions of Eq. (5.1) could
not possibly exist. However, by Theorem 3.1, the positive almost periodic solutions of

Eq. (5.1) exactly exist.
Example 5.2. Consider the following fishing model:

4 + cos(v/3t)

0.5
z(t—1)
L+ [2+sin(\/§t)}

z(t) = x(t) —2—cos(VTt)| . (5.2)

Then Eq. (5.2) has a unique positive almost periodic solution, which is globally attrac-
tive.

Proof. Obviously, (H;)—(Hy4) in Theorem 4.1 hold. By Theorem 4.1, Eq. (5.2) has a
unique positive almost periodic solution, which is globally attractive (see Figures 2—3).
This completes the proof. O
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Fig. 3. Stability of state variable z of Eq. (5.2).
Example 5.3. Consider the following almost periodic fishing model:
. 8 + cos(v/2t) + cos(v 3t
z(t) = z(t) (v21) ((\)/5_ ) _ 2 — cos(VTt) (5.3)
249 { z(t—0.5) ] :
2+sin(+/3t)

In system (5.3), cos(v/2t) + cos(v/3t) is almost periodic, which is not periodic. Similar
to the argument as that in Example 5.2, it is easy to obtain that system (5.3) has a
unique positive almost periodic solution, which is globally attractive (see Figures 4—5).
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Fig. 5. Stability of state variable z of Eq. (5.3).

6. DISCUSSION

In [T6] 28], 29, [32], the authors studied the existence of positive almost periodic solutions
of some discrete population models (such as fishing model, predator-prey model and
mutualism model) by using the Lyapunov functional method. By a similar method in [I6],
28, 29, [32], the authors [31] studied the existence of positive almost periodic solutions of
continuous Schoener’s competition model. In [21] 26], the multiplicity of positive almost
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periodic solutions are obtained for some continuous population models with harvesting
terms by using Mawhin’s continuation theorem. But for the continuous fishing model
(1.1), there are scarcely any papers concerning with the existence of positive almost
periodic solutions. Therefore, in this paper, some criterions for the existence and stability
of positive almost periodic solution of a kind of fishing model with delay are obtained
by using some analytical techniques, modified inequalities and Mawhin’s continuation
theorem of coincidence degree theory.

Theorem 3.1 (i.e., (H1)—(Hz2)) indicates that model (1.1) must contain a positive
almost periodic oscillation if the per-capita fecundity rate (i.e., a(t)) is greater than the
per-capita mortality rate (i.e., b(t)). Theorem 4.1 indicates that the maturation time
delay (i.e., 6(t)) is harm for the stability of the model. The method used in this paper
provides a possible method to study the existence and global attractivity of positive
almost periodic solution of the models in biological populations.
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