Wang and Xia Boundary Value Problems (2023) 2023:117 @ BOU nda ry Va I ue PrObIem S
https://doi.org/10.1186/513661-023-01806-2 a SpringerOpen Journal

RESEARCH Open Access
®

Periodic dynamics of predator-prey system
with Beddington-DeAngelis functional
response and discontinuous harvesting

Yingying Wang' and Zhinan Xia'"

“Correspondence:
xiazn299@zjut.edu.cn Abstract

'Department of Applied . . . . . . .
Mat?ematics, Zhej?a?ng University of This paper investigates a delayed predator-prey model with discontinuous harvesting

Technology, Hangzhou, Zhejiang, and Beddington-DeAngelis functional response. Using the theory of differential
310023, China inclusion theory, the existence of positive solutions in the sense of Filippov is
discussed. Under reasonable assumptions and periodic disturbances, the existence of
positive periodic solutions of the model is studied based on the theory of Mawhin's
coincidence degree. Finally, through numerical simulation, the correctness and
feasibility of the conclusions are verified.

Keywords: Discontinuous harvesting; Functional differential inclusion; Periodic
solution; Beddington-DeAngelis functional response; Mawhin coincidence degree

1 Introduction
In the past decades, mathematical ecology has made much progress, especially in popu-
lation dynamics. There are various different kinds of predator-prey models in the mathe-
matical ecology literature. One significant component of the predator-prey relationship is
the predator’s rate of feeding upon prey, i.e., the so-called predator’s functional response.
In general, the functional responses can be either prey-dependent or predator-dependent.
Prey-dependent implies that the functional response can be performed by a function with
one variable (prey’s density), such as classical Holling family ones and Monod—-Haldane
type. In some cases, such as predators having to forage for food, many researchers in biol-
ogy show that the functional response should be predator-dependent, which is illustrated
by a function with two variable (prey and predator’s densities). Beddington—DeAngelis
functional response is one of the important predator-dependent types, independently
introduced by Beddington [2] and DeAngelis et al. [6]. Many authors have contributed
importantly to the predator-prey system with the Beddington—DeAngelis functional re-
sponse [7, 9, 14, 15, 19, 20, 25, 27, 28, 30].

In 1971, Hassell found that hosts or parasites encounter a tendency to leave each other
when they meet, which interferes with the host’s capture effect. It is well known that the
mutual interference will be stronger while the size of parasites becomes larger. To describe

this phenomenon, Hassell introduced the concept of mutual interference constant m (0 <
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m < 1) and studied the following Volterra model with mutual interference [12]:

¥ (t) = xg(x) — p(x)y"™,
¥y (6) =y[-d + kox)y" " - q()],

where the functional response function can be of the Holling type and other types of func-
tions.

On the other hand, discontinuous or nonsmooth dynamical systems [8] appear widely
in many applications, such as mechanics with dry friction, systems with small inertial,
economy, biology, viability and control theories. Discontinuous biological systems have
received a great deal of attention in recent years. To keep the list short, we cite only some
recent related work, such as [5, 11, 17, 24, 29]. Because of the limited resources, in many
fields of renewable resource management, managers often use the threshold policy (TP);
that is, if abundance is below the threshold level, there is no harvest; above the threshold, a
constant harvest rate is applied. However, because of time delays and financial constraints,
it is difficult for managers to implement TP, so a more practical harvesting management
policy called discontinuous harvesting policy (DHP) was introduced in [3]; see [11, 18, 26,
29] for more details.

When environmental fluctuation is considered, predator-prey models must be nonau-
tonomous and, of course, more difficult to analyze. For example, one may assume the pa-
rameters in models are periodic for seasonal reasons. A very basic and important problem
in studying the predator-prey model with a periodic environment is the existence of a posi-
tive periodic solution; see [10, 21, 23] for more details. Motivated by the papers mentioned
above, it is more realistic to consider the case of combined effects: discontinuous harvest-
ing and periodic model with the Beddington—DeAngelis functional response. Namely, we
consider the following discontinuous harvesting policies on predator-prey system with

the Beddington—DeAngelis functional response:

ar (H)x(£)y™ ()

K (t) = x(t)[rl(t) —by(t)x(t - "—'l(t))] - m

—81(f)h1(x(t)’y(t))x(t)’ (1 1)
as (8)x(2)y™ (t) ‘

YO =yO=rat) = baley (- m0) ] + g mm

— &2 (t)ha (x(8), y(2))y(2),

where 0 < m < 1 denotes the mutual interference constant; a;(¢), b;(¢), r;i(t), €:(¢) (i = 1,2)
are continuous w-periodic functions on R; 7;(¢), 72(¢) are continuously differentiable posi-
tive w-periodic functions on R, &1 (¢), &5(¢) denote the harvesting effort on prey and preda-
tor, respectively; 71 > 0,a; > 0,b1(¢) > 0,b5(¢) > 0,r,(t) > 0,a;1(t) = 0,&1(£) > 0,&5(¢) > 0,
h1(x,y) and hy(x,y) represent the binary discontinuous harvesting function of prey and
predator, respectively. The model for the case when in (1.1) /4, & are a unary discontin-
uous harvesting function or all the parameters are constants was investigated in [9, 17].
However, for the periodic case with the DHP and Beddington—DeAngelis functional re-
sponse, i.e., (1.1), the existence of periodic solution is rare, and this is the main motivation
of this paper.
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Here, the predator consumes the prey according to the Beddington—DeAngelis func-

tional response function ¢(x, y) = , which was given in Beddington [2], DeAngelis et

al. [6] in the form of W, whe:e+§x1+szc {he encounter rate with prey by a searching preda-
tor, /1 is the handling time of one prey item (during which other prey cannot be caught),
B is a measure of predator interference during foraging. Let A = 1/«,B = h,C = B/c, then
we get the expression of ¢(x,y) in (1.1).

Considering the practical context of the model, we consider the following initial value

conditions:

x0)=¢100),  yO)=¢0), 6€[-1,0] (1.2)

where ¢; is a nonnegative bounded continuous function, ¢;(0) > 0, T = max{max;eo,,) Ti(¢)},
(i=1,2).

The paper is organized as follows. In Sect. 2, we recall some fundamental results about
the notion of differential inclusions. Section 3 is devoted to the positivity, viability, and
existence of positive periodic solutions for the predator-prey model by Mawhin’s coinci-
dence theorem. In Sect. 4, an example is presented to illustrate the main findings.

2 Preliminaries and basic property
In this paper, X is a set, P(X) = {A € X,A # 0}, Pro(X) ={A C X : A is a non-empty
closed (convex) subset}, Py (X) = {A C X : A is a non-empty compact (convex) subset},
Peb,eiev(X) denotes the set of all bounded, closed, convex, and non-empty subsets of X. To
facilitate the discussion below, we further introduce the following notations:
»(R, R"): the space of all continuous w-periodic functions from R to R”.
« C=C([-r,0],R"): the Banach space of all continuous functions from [-r,0] to R”,
[ - llc is defined as [|¢lc = sup{|¢(0)|: —r <8 <0}, 2z, € C, 2,(0) = z(t + 0), -r <6 <0,
0<t<a.
+ P(R"): the collection of all non-empty compact subsets of R” with the “Hausdorft
metric” defined by

p(A,B) = max{B(A,B),B(B,A)}, A,BCP(R"),
where
B(A,B) = sup{dist(x,B) 1x € A}, B(B,A) = sup{dist(y,A) 1y € B}.

It is well known that P(R”) is a complete metric space with the Hausdorff metric p.
« LY([0,w], R?): all Lebesgue integrable functions from [0, w] to R2.
o f=1 [V @) dt,f = minge(o,u) f(£),f* = maxeepow) f(£), where f(£) is the w-periodic
function.
First, we consider the following functional differential equation with discontinuous
right-hand sides:

ﬂ =f(tz0), (2.1)

where f : R x C — R" is discontinuous with respect to z;.
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Definition 2.1 [8, 13] A vector function z(¢) on interval I C R is called a solution of (2.1)
in the sense of Filippov if z(£) is absolutely continuous on any subinterval [t;, £,] of I, and
for almost all (a.a.) ¢ € [, z(¢) satisfies the following functional differential inclusions:

dz(t)
7 (S] ]F(t Zt)

where the set-valued map F: R x C — R” is defined as

)= ﬂ £ (¢ B, 8)\N)],

8>0 meas(N)=0

where co[E] is the closure of the convex hull of some set E; B(u,8) = {ve C: ||v—ul|c <6},
and the intersection is taken over all sets AV of measure zero and over all § > 0; meas(\) is
the Lebesgue measure of set V..

Consider that system (2.1) satisfies the following initial value condition: z, = ¢(6),0 €
[-7,0]. The initial value problem (IVP) associated with (2.1) can be defined as follows.

Definition 2.2 For any given o € R and ¢ € C, a vector function z(o, ¢)(£) on the inter-
val [0 — r,b) is called a solution in the sense of Filippov, satisfying the initial condition
zs = ¢(0),6 € [-1,0], if z(o, ¢)(¢) is continuous on [0 — r, b) and absolutely continuous on
any compact interval of [0,b),z,(0,¢) = ¢, and for a.a. t € [0,b),z(0, P)(¢) satisfies the
following functional differential inclusions:

dji—(t) eF(t,z)

In this paper, we consider the following general discontinuous harvesting policy (GDHP)
defined by binary discontinuous functions /;(x,y), (i = 1,2), which satisfies the following
assumption (D):

(D1) h; is continuous at countable open domains Gi(k = 1,2,...); here the domains Gy

are disjoint from each other, i.e. G N Gy =¥, # k.

(D3) h; is discontinuous at the boundary of open domains Gi(k = 1,2,...); here the
boundary of each domain Gy is composed of countable smooth curves and such
that [ ;55 (Gx U 8Gx) = R2. Moreover, each discontinuous point is intersected by at
most finite smooth curves of the boundary of open domains.

(D3) The limitations

im  hi(xy) 2 K (%, y0)
(x9)— (x0.50)
exist, here (x,y) € Gx and (xo, yo) € Gk
(Dg) h; is bounded in R2. Moreover, ¥(s,v) € R%,0 < k;(s,v) < H;.

Remark 2.1 From the economic and managerial point of view, the GDHP includes a
more realistic harvesting function than classical function. In many cases, such as open
(or closed) fishery seasons, grazing periods, the process of harvesting (exploitation) is not
specific to a single stock and can act on both species simultaneously. In such cases, a more
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practical harvesting management policy called weighted escapement policy (WEP) is usu-
ally considered. If the weighted sum of all populations exceeds a fixed value, the harvest
(exploitation) is allowed; if the weighted sum of all populations is below a certain fixed
value, the harvest (exploitation) is suspended. For example, for the case of two species,
WEP function can be be expressed as follows:

1 ifWxy) >a,

hi(x,y) =
0 if W(x,y) <a,

where W (x,y) is the weighted sum, 4 is the fixed value.

According to Definitions 2.1 and 2.2, we will give the definition of a solution and IVP to
(1.1).

Definition 2.3 A vector function z = (x,9)7 : [-7,T) — R2,T € (0, +00], is called a solu-
tion of the system (1.1) in the sense of Filippov on [-7, T) if:
(1) z is continuous on [-7,7) and absolutely continuous on any compact interval of
[0, 7)
(2) foraa.te[0,7),z(t) = (x(2), y(t))T satisfies the following differential inclusions:

dx(t) a1 (£)x(t)y™ ()
7 C x(t)[r1(0) = bi(Ox(t - 11(0)) ] - A+ Bx() + O)
— e1(t)co[ 1 (x(8), y(2)) |x(2), 02
dy(t) a(D)x(t)y" (t) '
e € )’(t)[ ra(t) — ba(t)y(t - Tz(f))] + m

— ea(t)co ha (x(2), y(2)) ]y(0),

where co[h;(x,y)] = [h7 (x,9), 1} (x,)], here k7 (x,y) = mingeseey) {h5 (x,)}, i} (x%,9) =
maxkd(x,y){hf(x,y)},I(x,y) = {k|(x,y) € (Gx U 0Gy)} denotes the index sets.

Definition 2.4 For an IVP associated with (1.1) with the initial condition (1.2); that is, we
can find a function z = (x,9)7 : [-7,7) — R?, such that z = (x,y)7 is a solution of (1.1) in
the sense of Filippov on [-7,T) for some 7 > 0 and

B0 € x(t)[r1(8) - br (Bt — 11 (1)] - L2l
— ex(£)eo i (x(1), () (2),

DI € y(B)[-ra(8) = ba(O)y(t - T2(8))] + L (23)
— e5(£)colna(x(0), y(O)]y(2),

X0)=¢1(0),  y(0)=$(0), VO e[-7,0].

Furthermore, we introduce the definition, properties, and facts concerning set-valued
maps, which can be found in [1, 8, 13].

Definition 2.5 A set-valued map [F with non-empty values is said to be upper semicontin-
uous (USC) at xg € E, if B(F(x), F(xy)) — 0 as x — xo. F(x) is said to have a closed (convex,
compact) image if for each x € E,F(x) is closed (convex, compact).

Page 5 of 19
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Lemma 2.1 [fthe multi-valued map F is completely continuous with non-empty compact
values, then F is USC if and only if F has a closed graph.

Definition 2.6 A set-valued map F: [0,w] X X — P(X) is called Carathéodory if:
(1) t — F(t,u) is measurable with respect to t for every u € X;
(2) t — F(t,u) is USC with respect to u for a.a. ¢ € [0, w].

Definition 2.7 A set-valued map I : [0,w] x E — P(E) is called L!-Carathéodory if: for
each g > 0, there exists y, € LY([0, ®], [0, 00)) such that |||F(z, u)|||| £ sup{|v|: v e F(t,u)} <
vq(t) for all |u|| < g and fora.a. e [0,w].

Lemma 2.2 If dim(X) < co and F : [0,w] x X — P(X) is L'-Carathéodory, then the set
F(x) := {f € LY[0, ®], X) : f(t) € F(t,x) a.e. t € [0,w]} is non-empty for each fixed x € X.

Lemma 2.3 Let ] be a compact real interval, F is a Carathéodory multi-valued map, the
set F(x) is non-empty for each fixed x € X, and let £ : L*(J,R") — C(J,R") be a continuous
linear mapping, then the operator £ o F : C(J,R") — 2°UR is g closed graph operator in
CJ,R") x C(J,R").

Definition 2.8 Let [F: X — P(Y) be a multi-valued map. A single-valued mapf: X — Y
is said to be a selection of I, if f(x) € F(x) for every x € X.

Lemma 2.4 (Measurable selection theorem) Let X be a separable complete space, F : Q —
Pr(X) is measurable, then IF has a measurable selection.

Finally, we give an extension of Mawhin’s coincidence theorem in the form of set-valued
maps, which will be useful in studying the existence of periodic solutions of differential
inclusions.

Theorem 2.1 [16] Suppose that F: R x R" — P.(R") is USC and w-periodic in t. If the
following conditions hold:
(1) there exists a bounded open set Q C C,, the set of all continuous w-periodic functions:
R — R”, such that for any , € (0,1), each w-periodic function u(t) of the inclusion
% € AF(t, u) satisfies u ¢ A2 if it exists;
(2) each solution u € R of the inclusion 0 € % fow F(t, u) dt 2 Fo(u) satisfies u ¢ dQNR";
(3) deg(Fy, 2 NR",0) #0;
then the differential inclusion % € F(¢, u) has at least one w-periodic solution u(t) with
ue Q.

Lemma 2.5 [22] Suppose that f is a continuous w-periodic function and a.a. is differen-
tiable on [0, w], then

1 w
0< t)— min f(£) < = "(¢)| dt.
< s 0= min f0< 5 [l
3 Main results

In this section, we will study the existence of positive periodic solutions of (1.1) using
Mawhin’s coincidence degree theorem (Theorem 2.1).
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Theorem 3.1 (Positivity) Under the assumptions (D), there exists a solution z(t) =
(x(t), )T of (1.1) in the sense of Filippov associated with the initial condition (1.2) on
[0,7), where T € (0, +00]. Moreover, z(t) = (x(t), y(t))* > 0 for all t € [0, T).

Proof Consider the set-valued map:
(t,2) = G(t,2) = (G1(£,2), Gs(t,2)),

where

a1 ()x(2)y™ (t)

G1(t,2) = x(£)[r1(8) = b (D)x(¢ — 11 (8)) ] - A+ Bxt) + OO

= e1(t)co[hn (x(2), y(2)) |%(2),

a (£)x(t)y™ ()

Ga(t,2) = y(t)[—rz(t) - by(t)y(t - Tz(t))] + m

— &x(t)co[ iz (x(8), (1)) |y(®).

By the assumptions (D), it is not difficult to see that the set-valued map (¢,z) — G(t,z2) is
USC with non-empty compact convex values, and the local existence of a solution z(t) =
(x(2),y(£))T of (1.1) can be guaranteed [8, 13]. That is to say, for any given initial value ¢ =
(¢1,42)7, the system (1.1) has at least one solution z(£) = (x(t), y(£))” 2 (x(t, ¢1), ¥(t, $2))”
on [0, 7) for some T € (0, +00]. Moreover, the derivative of z(£) = (x(¢), (t))7 is a measur-
able selection from G(t,z), i.e., fora.a. £ € [0,T):

dx(t) a ()x(t)y™(¢)

e x(O)[r1(8) - br(B)x(t - 11 (1))]

dt T A+ Bx(t) + Cy(¢)
— e1(t)co by (x(2), y(2)) Jx(2),
dy(t) ax(t)x(t)y™ (t)
I € y@)[-r2(®) - ba@)y(t - 2(0)) ] + A+ Bx) + O

— &x(t)co[ ha (x(2), y(@)) |y (D).

Since ¢1(0) > 0, ¢,(0) > 0, the solution z(£) = (x(t), y(t)) is continuous function, it fol-
lows that there exists a positive § > 0 such that x(¢) > 0,y(¢) > 0, ¢ € [0,8). Denote 7y =
sup{¢|x(s) > 0,y(s) > 0,s € [0,£)}. Obviously, we have § < Ty < T. Next, we will show that
To = T. Otherwise, we have 7y < T, then

li £)=0 li £)=0. 3.1
H1r71%_x() or H1r71r?1)_y() (3.1)

Note that the set-valued map (¢, z) < G(¢,z) = (G1(t,z), Ga(t,2))T has non-empty compact
convex values and USC, so it is measurable. By the measurable selection theorem (see
Lemma 2.4), if z(¢) is a solution of the system (1.1) in the sense of Filippov on ¢ € [0, T),
then there exists a bounded measurable function 1 = (171, 72)7 : [0,79) — R? such that
n1(¢) € colhy(x(2), y(¢))], and n2(¢) € colhy(x(2), y(¢))] for a.a. t € [0, Ty). For a.a. t € [0, Tp),
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we have:
dx(t) ar ()x(t)y™ ()
~ = =5 (0[n(®) - b0 - 1(0)] - AjT)ny(t) — e (OmOx(),
dy(e) a(Ox()y" (1) 32
2
D7 (t)[ ra(t) — by(t)y(t - "-'z(t))] + m - &(O)n22)y(2).
Hence, for a.a. t € [0, 7y), we have:
P < noso,
DO 070 e
t A+Bx(t)+Cy(t) — B
Thus, for a.e. t € [0, 7y), we obtain:
x(t) < $1(0)efo 19 < g (0)e't T,
(3.3)
y0 <050+ [ Das< oo EE.
For a.a. t € [0, 7y), it follows from (3.2) and (3.3) that:
d . =z
0 x(t){rl(t) ~BO[h O + glc] - A [ "(0) + “275}
t A
—-e1(t)H; },
d a4 T
i}l(tt) >)’(t){—'”2(t) by(t) |:¢§ "(0) + B%] +olic] - 62(t)H2}
Thus, for a.a. ¢ € [0, Ty), we obtain:
2(0) > ¢y ()1 O-510101 0 0 161c- L2 o0+ B 2 - iy s
> ¢y (0)eli i [610)¢ A0, gle)- L [p)- (0)+“'5TT°1ﬁ—ei‘H1m,
(3.4)

Y(£) = a(0)efo 17205260} " O+ BT 4l c-eaHy) ds

> by (0)el 7313107+ PO T gl -t Ty

Evidently, (3.4) contradicts (3.1), which implies that 7 = 7. That is, z(¢) = (x(), y(£))T > 0
for t € [0, 7). The proof of Theorem 3.1 is completed. d

Theorem 3.2 (Viability) Under the assumptions (D), any solution of (1.1) associated with
the initial condition (¢1,$2)T > 0 is positive and exists for all t € [0, +00).

Proof Let z(t) = (x(t),y(t))” be a solution of (1.1) associated with the initial condition
(¢1,¢2)T > 0. Similar to the proof of Theorem 3.1, z(t) = (x(¢), y(£))T > 0 for all £ € [0, T),

Page 8 of 19
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where T € (0, +00]. If T = +00, the proof of Theorem 3.2 is completed. If T is finite, i.e.,
T < +00. According to the continuation theorem, one has:

lim x(#) =0 or lim x(¢) = +o0. (3.5)
t—>T- t—>T~

Note that the set-valued map (t,z) = G(t,2) = (G(¢,2), G1(¢,2))T has non-empty com-
pact convex values and is USC [4]. Therefore, it is measurable. By the measurable se-
lection theorem, if z(¢) is a solution of (1.1) in the sense of Filippov on ¢ € [0,7), then
there exists a bounded measurable function y = (y1, )7 : [0, 7) — RZ, such that y(¢) €
co[hy (x(t), y(2))], and v, (¢) € colhy (x(¢), y(¢))] for a.a. £ € [0, T). For a.a. t € [0, 7 ), we have:

dx(t) _ ay (£)x(8)y™ (t)

i x(t)[r1(6) = bi(Ox(t — 11 (2)) ] - A+ B0 1O a1 () (0)x(e),
d m
% = y(O)[-r2(8) = ba(O)y (¢ — T2(1)) ] + % — &)y

Similar as (3.3), for a.a. £ € [0, 7 ), one has:

x(8) < $1(0)e'7,

L
ag ; :|1—m
)

y(t)f[ ,"(0) + 5

and

! FuT a'f 1 agT _m_
(1) > ¢y (0)elr 219101 +19lIcl-5F 18} (0) - T el T
(3.6)
urpl—m ﬂgT = u
y(t) > ¢2(0)e{—r§‘—b2[¢2 O+ F=1T-m +lp | cl-eS H) T

Obviously, (3.6) contradict (3.5), which shows 7 = +o0c. The proof of Theorem 3.2 is com-
pleted. d

Remark 3.1 Consider the change of variables x(t) = e/, y(t) = €“2®), then the functional
differential inclusions (2.2) can be transformed into the following functional differential

inclusions:

a (t)e" 2"
A+ Be10) 4 Cema(®)
_ 61(1‘:)%[1’11(6”1“),euz(t))],

uy(t) € n(t) - bl(t)eul(t—rl(t))

az(t)eul(t) elm=1ux(t)
A + Be1) 4 Cen2(®)
— &(t)co[ iy (e’“(”, e”z(t))].

Uy(t) € —ry(t) — by(t)e"2=20) 4

Obviously, z(£) = (x(¢),y())T is a positive solution of functional differential inclusions
(2.2) if and only if u(t) = (u1(£), ua(£))7 is a solution of functional differential inclusions
(3.7). Moreover, solution (u1(£), us(t))T possesses the same properties as a positive so-
lution z(¢) = (x(¢),y(t))T. Hence, if (3.7) has one w-periodic solution (u}(t), u5(¢))7, then
x* (), y*(£)T = (49, 2T s a positive w-periodic solution of (1.1).
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Theorem 3.3 Assume that (D) holds and satisfies the following condition:
- _"—1_1 M-
(Ds) Hy < 47—,
&2€M3 e(m—l)Mz

—ry+
(Dg) H, < 2 A+B§;V[3+CZM2 )

1
2

T LS 1 Ar L M s o T w5 4 =
o(|r| +71),My = —51n ézer,ﬁ,l + s0(Iry + €Hy| + 7y + EHy), M3 =

where M, = ln;T1 +
1

;]_ngl_(ﬂ)emMz 1 A7 =
ln+ - Ea)(|r1| +7'1)

then (1.1) has at least one w-periodic solution.

Proof Define the norm

b

lullc, = max {|us ()| + |ua(e)
te(0,w]

then C,(R,R?) is a Banach space with || - ||c,. For u(t) = (u1(t), uo(t))" € C,(R,R?), let
F(t, u) = (F1 (¢, u), Fa(t, u))", where

ay (t)e" 2
A + Be1) 4 Cen2(®)

_ 61(75)5[/’11 (eul(t)’ euz(t))],
a, (t)em(t)e(m—l)uz(t)
A + Be1) 4 Cen2(®)
_ Ez(t)ﬁ[hz (eul(t)’ euz(t))].

Fy(t,u) = r1(8) — by (£)e 1) —

Fo(t, 1) = —ra(2) — by(2)e"2E 2 4

Note that G(¢,z) = (G,(t,z), G2(t,2))T is a USC set-valued map with non-empty compact
convex values, then F(t, u) = (F1 (¢, u), F5(¢,u))T is a USC set-valued map with non-empty
compact convex values under the change of variables x(£) = e“1®, y(¢) = 2.

Next, we will show the existence of w-periodic solution to (1.1) by Theorem 2.1 and
divide the proof into several steps.

(1) Existence of bounded open set 2 € C,,,.

Corresponding to the differential inclusions % € AF(t,u), . € (0,1), one has:

al(t)e’”’“(‘)
A + Bet1(0) 4 Cet2(t)

ui(t) e A{rl (t) — by (t)er 1) _

_ 61(15)5[//11 (eul(t)’ euz(t))] },

3.8
ag(t)eul(t)e(m_l)MZ(t) (38)

A + Bet1(0) + Cet2(t)

uy(t) € A{—rz(t) — by(t)e2 ) 4

— ex(t)a[ (e, 219)] }

Assume that u(t) = (u1(£), u2(£))T € C,(R,R?) is a solution of (3.8) for a certain A € (0, 1).
It is easy to see that AF(t,u) = (AF1(¢,2), AF2(t,2))T is a USC set-valued map with non-
empty compact convex values, then by the measurable selection theorem, there exists a

measurable function 1 = (11, 72)7 : [-7, +00) — R? such that 1, € co[h (e“1®, e*2®)], n, €
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co[hy (e, e2))] and

_ ay (t)em 20
uy(t) = }»{Vl(t) — by (t)e -1 _ A+ Ben® 5 Con® ~ el @),
3.9
, (=r2(0) ay(t)e1® glm=-1us(t) 39
uz(t) = k{—rz(t) — by(t)e"2E-2®) A+ Ben® 7 Con® - eg(t)nz(t)},

for a.a. t € [0, +00). Assume that u(t) = (u1(¢), u»(¢))T € C,(R,R?) is a solution of (3.9) for
a certain A € (0, 1), then

[yt , @@ o] de= b (3.10)
o L A+Ben® 4 Cen® " T v ‘

O g,(8)e 1O glm=1u2(t)
,/0 |:A + Be®) + Cen2(t)

—bz(t)euz“-fz(f))] dt = wry + / e(t)ny(t) dt. (3.11)
0
By (3.10) and (3.11), we have

/Ow|u’1(t)|dt=/\/0w

10 - by (e 11

ay (t)em2® .
T A+ Ben® 4 Com® er(t)m(t)| dt
<o(|r] +7),
@ w
/ | ()| dt = )\/ —1y(£) = by(2)e2 2@
0 0
ﬂz(t)eul(t)e(mfl)uz(t) o1
A+ Be1®) 4 Ce2®) e()n2(2)| dt
< o(lrs + &Hs[ + 7> + &H,),
Note that u = (u3(£), u5(£))” € C,(R,R2), there exist £/, £* € [0, w] such that
wi(f) = max (@), wi(67) = min w(@), i=1,2. (3.14)

te[0,w) te[0,0]

It follows from (3.10) and (3.14) that wr; > fow b1 (0)e1 =10 gt > et ") which implies

w(£7) <Int, (3.15)
b
By (3.12), (3.15) and Lemma 2.5, for any ¢ € [0, w],
ok 1 ¢ ’ ’71 1 —
ui(t) < ul(tl ) + 5 ‘ul(t)| dt < lnz + ia)(|r1| + rl) =M. (3.16)
0

Using (3.11), (3.14), and (3.16), one can obtain

dt > Wiy,

wﬁzeﬁ’he(m—l)uz(t;*) 2 az(t)eul(t)e(m—l)uz(t)
A = /0 A + Be1(t) 4 Cet2(t)
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that is

us (5%) <

1 Ary
n )
m-—1 &geMl

which implies

1 w
uy(t) < uz(t;‘*) + E,/ |u’2(t)| dt
0

1 Ary

1 -
<—1 (|F2+62H2|+V2+62H2) M.

“m- azeM
In addition, from (3.10) and (3.17), one has

al(t)em"z“)
A + Be1®) 4 Cea(®)

a
> a)(;‘l _ngl) —a)(Zl)emMz,

w
wbye®) >w(r1—61H1)—/
0

that is

1 — € Hy — (%)e"M

u (ti‘) >1In _—4 ,

by

which together with (3.12) and Lemma 2.5 implies

ui(t) = uy () - / | ()| dt

r—é&H — (% (41)emMa
In

by

By (3.18), (3.14), and (3.11), we have

2 (£) 1O =120
A + Be1®) 4 Cea(®)

ay(t)eMs em-DM>

A+ BeMs + Ce’

s = 2(£)eM3 M~ 1M)
1y = €My + ot oot

by

a)b2e ) >a)( I’2—€2H2) /

> a)(—;'z —6Hy) +w

U (t;‘) >In
Therefore, (3.13) and Lemma 2.5 imply

ur(t) = up(85) - / |uy(2)| dt

e =z 2()eM3 - DMy
12— &by + Tt oot

| N
> In _ - Ea)(|r2 + €2Hy| + 7y + EHy) £

by

It follows from (3.16)—(3.19) that

llull < |My] + |My| + |M3| + |My| £ M.

1 —
- Ea)(|r1| + 7’1) é]\/[3.

(3.17)

(3.18)

(3.19)

Page 12 of 19
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It is not difficult to see that M, is independent of A. Denote
Q={u=(u,m)" € C,(R,R?) : |lull < Mp}.

Obviously, © is an open bounded set of C,(R,R?), and u ¢ 32 for any A € (0,1). This
shows that the condition (1) in Theorem 2.1 is satisfied.

(2) u ¢ 02NR", where u is the solution of 0 € % fow F(¢t, u) dt.

Now, we will show that condition (2) in Theorem 2.1 holds. Otherwise, suppose that
p = (p1,p2)" € 02 NR? is a solution of 0 € L [ F(¢, p) dt = Fo(p), where p is a constant
vector on R? such that ||p|| = My, that is, | 1| = My or | p2| = My, so

ai(t)e"”
A + Ber1 + Cer?
ax(t)e” em-1m
A + Ber1 + Cer2

0e é /Ow{rl(t) —by(£)et — —a()colm (e, e”)] } a

0e é/ow{‘rz(t) —by(t)e” + — 0zl k(e e”)] } a*

Considering the set-valued map

[ 1) 1) T
(t,u) — l/ F(t, u)dt = (l‘/ Fl(t,u)dt,l/ Fz(t,u)dt) ,
@ Jo w Jo w Jo

we will show that % fow F(¢, u) dt has a closed graph. Define the set-valued operator
F* = (F,F;)" : C, (R, R?) — L([0, ], R?)

by let
Fi(u) = {vi € L' ([0, 0], R) : vi(t) € Fi(t, u), a.e. t € [0,0]}.

It is easy to show that F(¢, u) is an L!-Carathéodory map, then the set F*(u) is non-empty
for each fixed u € C,(R,R?). Consider the linear continuous operator £ : L!([0, ], R?) —
C([0, ], R?)

w w T
Lu(t) = (é[ Fl(t,u)dt,éf Fz(t,u)dt> ,
0 0

hence, it follows from Lemma 2.2 and Lemma 2.3 that ¢ = £0F* is a closed graph operator.

Note that for set-valued map with non-empty compact values, USC is equivalent to the
condition of being a closed graph operator, that is ¢ is USC (Lemma 2.1). Therefore, it
is measurable. By the measurable selection theorem, there exists a constant vector n =
(n1,m2)" = m € ol (e”, ™)), nz € olha(e”, e)] such that

1 w al(t)empZ
i _ o m@emr
0=2 /0 [rl(t) (B ~ el(t)nl} dt,

1 [0} POl (Wl*l)pz
0=~ / |:—r2(t) _by(pen s BT eg(t)n2:| dt.
0

w A + Bef1 + Cer2
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Similar to the proof of (3.16)—(3.19), one has

3!
p1 = In — SMI)
by

- 1 1 Ary -M
P2 = o azeMl 2
— & H| — G emMa
1>1n noafh - > M3,
p b
1
_ _ (m—1)Mo
—Fy — € H + M
o >1n 27 %20 EA+BeM3+CeM2 > M,
2
hence
loll = || (o1, 02)" || = max{|p1] + 02|} < Mo, (3.20)

which contradicts the fact that || p|| = My. Hence, condition (2) in Theorem 2.1 is satisfied.
(3) deg(Fy, 2 NIR",0) #0.
To complete the proof, we will prove that condition (3) in Theorem 2.1 is satisfied. Define

the homotopic set-valued map ¥ by

(1, 42, 11, 112) R
1, Uz, L1, L2) = _ = 3 3 p(m—1)Mo _
—Fy = byet2 4 28BN 2
A+BeM3 1+ CeM2

mMz 1 )el"H2
fO A+Be”1 +Ce'2 dt
+ U1 1

w ag(t) ule(m Duy d o 3e(m 1)My
w JO TATBe+Ce™2 T A+BeM3 +CeM2

[élHl - é@[hl(em,e”zn]
H2

€ Hy — €yco[ha (e, e?)]

where w1, 1o € [0,1] are two parameters.

We will show that if u = (u,u3)T € 92 N R? and u = (u1,u2)” is a constant vec-
tor with ||u|| = max{|u;|, |uz|} = My, then 0 & ¥ (uy, us, 41, 12). Otherwise, suppose that
u=(uy,uy)? € R, ||u|| = My satisfying 0 € ¥ (uy, uy, ju1, it2), that is

- 7 1 -
0e ry —ble’“ - ZEWIMZ —€1H1

> o
*i [%’”Mz | e ”’f]
+ uo{ & Hy — éco[ b (e,¢)]},

ayes DMz
A+ BeMs + CeM

1 [® ay(t)etrelmDuz Gy M3 elm=1Ma
+ — dt -
Ml[w_/o A + Be'1 + Ce2 A+BeM3+CeM2]

0e —;'2 - Bzeuz + - E2H2

+ Mz{ngz - 62%[1/12 (6”1,6”2)]}.

Page 14 of 19
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then there exists a constant vector 1 = (91, 12)7 : 1 € co[h1(e*1,e%2)], ny € co[hy (e, e*2)],
such that

- 7 ai -
0= ry - ble’” — Z€MM2 —61H1

a 1 [¢ ai(t)e™2
+ [ _lemMZ__/ Ldt
A w Jo A+ Be#t + Ce*2
+ po€1(Hy —m),

a,eMs elm-1)M>

A + BeMs + CeM2
1 (2 ay(t)e"relm-Duz GyeM3 glm=1)M2
+ U1 |:— / dt :|
0

0= —;'2 — bze"z + - ész

10 A+Bett + Ce> A+ BeMs  CeM2

+ [o€a(Ha — 12).

Similar to (3.20), we have
llell = max{|u| + |uz] } < Mo,

which is a contradiction. By the homotopic invariance and the properties of topological

degree, one has

deg{IFo, QN ]RZ,O} = deg{w(ul, U, 1,1),Q2 N ]RZ,O}

= deg{ (u1,12,0,0), 2 NR?,0} #0.

According to Theorem 2.1, (3.7) has at least one w-periodic solution. Correspondingly,
(1.1) has at least one w-periodic solution with strictly positive components. The proof of
Theorem 3.3 is finished. O

Remark 3.2 Here, we have introduced a general harvesting management policy (DHP),
which is more realistic and complicated than TP. Based on the theory of topological de-
gree, some easily testable conditions ensure the existence of the positive periodic solution
for the model with DHP, which generalizes and improves the previous results on periodic

dynamical behavior in the literature.

4 Numerical examples
Example 4.1 In (1.1), let

r1(t) =0.9 + 0.1sint, b1(t) =0.8+0.2cost, a1 () =0.15+0.05sint,
€1(t) = €3(t) = 0.2 + 0.1 cost

(4.1)
ro(t) = 0.1 + 0.03 sin ¢, by(t) =0.2 + 0.1sin¢, ay(t) = 0.5 + 0.05sin¢,

71(8) = 1o(¢) = 1, m=0.5, A=0.5, B=0.5, C=06
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1.4 T 0.9
0.8
121 .
0.7
1
0.6
0.8 0.5
> >
0.6 ] 0.4 1
0.3 1
0.4 q
0.2 1
0.2 1
0.1 1
0 . 0 .
0 50 100 0 50 100
t t
Figure 1 Dynamic behavior of x(t), y(t) of solution (x(t), y(t)) for (4.1), respectively

and

0, x+y < 0.056,
hi(x,9) = ha(x,y) = 1 0.5, 0.056 <x +y < 0.066,
1, x+y>0.066.

It is easy to check that the conditions in Theorem 3.3 hold, so (4.1) has at least one posi-
tive 2 -periodic solution. Take the initial value as x(0) = 0.02, y(9) = 0.02. Figure 1 shows
the dynamic behaviors of the solution (x(¢), y(¢)), which is a positive periodic solution of
(4.1).

Example 4.2 In (1.1), let

r1(£) = 0.9 + 0.1sint, b1(t) =0.8 + 0.2cos't, a1(t) =0.15 + 0.05sin¢,
€1(t) = €3(¢) =1+ 0.1cost,
(4.2)
ro(t) = 0.1 + 0.02sin ¢, by(t) =0.2 +0.1cost, a>(t) = 0.5 + 0.05sin¢,
7(t) = (1) =1, m = 0.5, A=0.5, B=0.5, C=0.6.
Here, we consider two cases, that is continuous harvesting and discontinuous harvesting.

(ii) continuous harvesting policy: in this case, the harvesting policies are described by

the following continuous function:
hi(x,y) = ha(x,y) = 1.

Take the initial value as x(9) = 0.2, y(6) = 0.2. Figure 2 shows the dynamic behaviors
of the solution (x(¢), ¥(£)), it is easy to see the extinction of the predator.
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0.2 T 0.2 T
0.18 { : 0.18 | :
0.16 - 1 0.16 1
0.14 | : 0.14 H .
=< 0121 { .. 012t )
5 5
= 017 1 5 01 E
E; E;
0.08 b 0.08 1
0.06 b 0.06 1
0.04 1 0.04 1
0.02 | 1 0.02 '\\ 1
0 . 0 !
(] 50 100 (0] 50 100
time t time t
Figure 2 Dynamic behavior of x(t), y(t) of solution (x(t), y(t)) for (4.2), respectively

0.21 : 0.2 :
0.2 . 0.18 1
0.19 t 0.16 | 1
0.18 | - 0.14 1
> >
S 5
S 017 | 1 S o012 1
] S
(2] w
0.16 | 1 0.1+t 1
0.15 1 0.08 t 1
0.14 1 0.06 1
0.13 : 0.04 :
0 50 100 0 50 100

time t time t

Figure 3 Dynamic behavior of x(t), y(t) of solution (x(t), y(t)) for (4.2), respectively

(#) discontinuous harvesting policy, in this case, the harvesting policies are described by

the following discontinuous function:

0, x+y=<0.5,
hi(x,y) = ha(x,y) = 105, 0.5<x+y<2,
1, xX+y>2.

Take the initial value as x(6) = 0.2, ¥(6) = 0.2. Figure 3 shows the dynamic behaviors

of the solution (x(¢), y(¢)), which is a positive  -periodic solution of (4.2).
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Note that in the case of continuous harvesting policies, excessive exploitation makes the
natural resources barren, but if discontinuous harvesting policies are considered, this is
conducive to the protection of natural resources and the ecological balance.
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