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Abstract. In this paper, a juvenile-adult population model incorporating seasonal suc-
cession and pulsed harvesting is developed. The seasonal succession captures the
cyclical change between favorable and unfavorable environmental conditions, while
the pulsed harvesting represents a periodic human intervention, targeting the adult
population exclusively during favorable seasons. The principal eigenvalue for the cor-
responding linearized system is defined and its dependence on both the intensity of
the harvesting pulses and the duration of the unfavorable season is analyzed. Explicit
expressions and analysis of the principal eigenvalue for a logistic model extended with
seasonal succession and pulsed harvesting are provided specifically. Based on the prin-
cipal eigenvalue, we establish sufficient conditions for population persistence and ex-
tinction. Numerical simulations are conducted to validate these analytical results. Our
findings demonstrate that higher harvesting intensity during the favorable season is
detrimental to species survival. Furthermore, extending the duration of the unfavor-
able season can trigger a critical transition from population persistence to extinction.

AMS subject classifications: 35R12, 35R35, 92D25
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1 Introduction

This paper presents a juvenile-adult model with seasonal succession and harvesting pul-
ses exerting on adults in favorable seasons, of the following form:
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U1 —d1tyy = by — (a+mq )uy —aqui, teQ, xe(—L,L), (1la)
Unp —dollnyy = atly — Mylly — ApU3, teQ) o xe(—L,L), (1.1b)
Uy =—kyy, teql, xe(~LL), (1.1
Up = —kotia, teQl, xe(—L,L), (11d)
ur ((nt+(1-8)p1) ", x) =uy (nt+(1-6)pt,%), xe(—L,L), (11le)
up((nt+(1-6)p )+,x):hu2(nr+(1—c3)pr,x), xe(—L,L), (1.1f)
u;(t,—L)=u;(t,L)=0, te (0,4), (1.1g)
u;j(0,x)=u;p(x), i=12, xe[-L,L], (1.1h)

where, forn=0,1,2,...,
Q) = (nt,nt+(1-6)pt]|J (nt+(1-8)ot) ", nt+(1-68)7],
Q= (nt+(1-0)7,(n+1)7]

with p,d € (0,1), and harvesting coefficient / € (0,1], so (1—h) € [0,1) is naturally used
to characterize the harvesting rate on adults. The unknown u;(t,x) and u(t,x) are the
densities of juveniles and adults, respectively, and the positive constants d; and d, are
the diffusive rates of juveniles and adults, respectively. b denotes the reproduction rate
of adults and a is the rate at which juveniles mature into adults. m; and m; represent
the death rates of juveniles and adults. a; and a, denote the competition coefficients of
juvenile and adult individuals, respectively. Biologically, species experiences two differ-
ent seasons, one favorable and one unfavorable, which we call the good season (warm
season) and the bad season (cold season), in accordance with standard literature. O,
can be regarded as a good season (or warm days) that is beneficial for species diffusion
and the species development is governed by a logistic equation, while 2/, is a bad season
arising from limited resources such as food and cold weather that cause a decline in the
species density. Here the species development is governed by a Malthusian equation,
where positive constants ki and k, are the mortality rates of juveniles and adults in the
cold season, respectively. uy((nt+(1—6)pt)",x) with 0 <p <1 describes the density of
the adults after being harvested at time t =n7+(1—0)p7 in the good season. To make
it clear, we here present Fig. 1 to show the impact of the harvesting pulse and seasonal
succession on adults.

It is widely recognized that environmental fluctuations over time significantly influ-
ence species’ growth and developmental processes [1,4,8,12]. Notably, seasonal varia-
tions not only alter species growth patterns but also play a pivotal role in shaping com-
munity structures. A case of this is observed in temperate lakes, where phytoplankton
and zooplankton thrive during warmer months before entering dormancy or perishing
in winter [2,7].

To explore how seasonal succession impacts population dynamics, researchers such
as Steiner et al. [21], Hu and Tessier [9] conducted extensive experiments, gathering data
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Figure 1: A diagram showing harvesting on adults with seasonal succession.

on phytoplankton competition under seasonal changes. Meanwhile, Klausmeier [10] an-
alyzed the Rosenzweig-McArthur model to examine seasonal effects on its dynamic be-
havior. Subsequently, Hsu and Zhao [8] provided a comprehensive investigation into the
dynamics of a class of Lotka-Volterra competitive models, incorporating seasonal succes-
sion.

By integrating seasonal succession into a diffusive logistic model with a free bound-
ary, Peng and Zhao [17] established critical thresholds for species spread or extinction,
determining whether a species expands indefinitely or disappears within a finite range.
Their work also highlighted how the durations of warm and cold seasons influence eco-
logical dynamics. Additionally, they quantified the spreading speed of species under
successful expansion scenarios. Inspired by the works in [17], the authors in [18] con-
sidered a West Nile virus nonlocal model with free boundaries and seasonal succession.
Their results show that the spreading or vanishing of the virus depends not only on the
initial infection length, the initial infection scale and the spreading ability to new areas,
but also on the duration of the warm season.

The dynamics of populations are influenced not only by seasons but also by external
human interventions [13, 23, 25,26]. Impulsive effects in the form of human intervention
are widely considered in population ecology. We refer to a predator-prey system in [20]
for the conservation of biological diversity, pest management system [22] for vegetation
protection, control system [6] for optimal placement and planting in fishery and agricul-
ture, and [24] for an invasive system with nonlocal dispersal to sustainable development.
See also different pulse interventions in an epidemic model in [3,5,19].

The rest of this paper is arranged as follows. Section 2 presents the existence and
properties of the principal eigenvalue, then an example of a logistic model with harvest-
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ing pulse and seasonal succession is introduced and investigated. The global existence of
the solution is shown in Section 3, and the dynamics of the solution is discussed. Numer-
ical approximations involving harvesting intensity and duration of seasons are finally
exhibited in Section 4.

2 The principal eigenvalue

To analyze the principal eigenvalue problem, we first consider the corresponding peri-
odic problem of problem (1.1)

(

xe[-L,L].

xe(—L,L),
xe(—L,L),
xe(—L,L),
xe(—L,L),
xe(—L,L),
xe(—L,L),
xe€[—L,L]

2.1)

(2.2a)
(2.2b)

(2.20)
(2.2d)
(2.2e)
(2.2f)

(2.2g)
(2.2h)

Ui —d Uy =bV — (a+m) U —ay U?, teQy ,
Vi—dpViy=all —myV —ar V2, te()op,
U,=—k U, teQ)l,
Vi=—kV, teqy),
U(((1-o)pt ) =u((1- 6)pT,x),
V((1=8)pt) ", x) =hV((1-8)pT,x),
U(t,+L)=V(t,+L)=0, tel0,1],
uo,x)=U(t,x), V(0,x)=V(t,x),
Its solution depends on the principal eigenvalue of the following periodic eigenvalue
problem:
pi—dipe=bp—(a+m)p+Ap,  teQ],,
P — oty = ap—myp+ A, teQ,
$r=—k1p+A¢, te Q)
Pr=—kop+ A9, teq),
¢(((1-0)p7) ") =p((1-0)p,%),
P(((1-0)p1) " x) =hp((1-0)pr,x),
¢(t,£L)=1(t,£L)=0, te[0,1],
P(0,X)=9(,%), $(0,x)=p(7,),
In problem (2.2), let
p(tx)=fH()F(x), ¢(tx)=f(t)¥(x)
with ¥ satisfying
—Y =AY, xe(—L,L),
{ Y¥(—L)=Y(L)=0.
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Then problem (2.2) can be written as

(fi(t)=bfa—(a+mi+dido) it+Afi(t), tE€Q,, (2.3a)
fr(t)=afi—(ma+dalo) fo+Af, tey,, (2.3b)
A((1=8)7) = fa(0)et =0T, ey, (2.30)
£2((1=8)7) = f2(0)el= 10T, ey, (2.3d)
A((1=8)p7) ") =A((1-06)pT), (2.3¢)
£(((1=0)p1) ) =hf2((1-5)p7), (2.36)
f0)=£(T), f2(0)=fo(7). (2.3g)

For the Egs. (2.3a), (2.3b) and pulse conditions in (2.3), it then follows from [25], by
direct calculations, that (fi(t), f2(t)) satisfies

N1be?‘1t—|—N2(m2—|—d2Ao —|—C2)€V2t

filt)= . , te (0,(1-0)1],
— 1t Mot

Folt) = Nl(’”“dz)‘oz‘&)e TN e (0,(1-0)pt], (2.4)
— 1t Mot

fz(t): hN](Tﬂz—i—dz)Lo—ECz)e +hNpaet? te (((1_5)p1_)+,(1_5)1_],

where y1 2 =A+c1, with

- —[a+m +m2+(d1+d2))»o]i\/(a+m1 —m2+d1/\0—d2/\0)2+4ab
12— .
’ 2

Without loss of generality, assume that c; > ¢y, then

a+my+diAg+c1=—(ma+daro+c2) >0,
C:=ab— (a+m1 —|—d1/\0—|—C1)(m2+d2)\0+C2) >0.

Denote A :=a+mj+diAg+c1(>0), then substituting the Egs. (2.3c) and (2.3d) into
(2.4), yields

{ Nlbeﬂl(lfé)T—AN23H2(1*5)T — (Nlb—ANp_)e(kl*)‘)‘ST,
(2.5)

hNp Aett(1=9)T L 1N, aet2(1-9)T = (N A4 Npa)elka =297,
For abbreviation, we further denote Ny =1, A =¢"7, and

All :Aecz(l—(S)T, Alzzbekl(sT, A13:becl(1—(5)1’, A14:Aek1(51’,

A=A, Ap=hAet1IT, Ap=hae?17T, Ay =achT.
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Then (2.5) can be written as

ApA—A11 N2 A=App— AyNo,
A A+ AzNa A=A+ ANy,
which is equivalent to
Ao An—AuN,
A—AnN,’
 An+AuN;
- Apn+AnNy
One easily checks from the first function (N, A) in (2.6) that it passes through two
fixed points P;(b/ A,0) and P,(0,ek10T—a1(1=0)7),

(2.6)

N, = %e(cl—cz)(l—ﬁ)rl A= eklﬁr—cz(l—é)r

are two asymptotes, see Fig 2. A is strictly decreasing with respect to N,. For the
second function in (2.6), A is strictly increasing with respect to Np. P3;(—A/a,0) and
P4(0,ek2‘57_c1(1_‘5)7 /h) are two fixed points on the solution curve,

N, = _ée(CI*Q)(l*(S)T A— lekzérfcz(lfé)r

a
are two asymptotes. So in the following, we will simulate the solution curve (N, A)
in (2.6) based on different positions of P, and P.
Therefore, it follows from mathematical analysis and the image method that the prin-
cipal eigenvalue A of problem (2.2) exists with a positive eigenfunction pair (¢,).
For the scalar case, the corresponding principal eigenvalue can be explicitly expressed.

7

Example 2.1. Consider the following logistic-type seasonal succession problem with har-
vesting pulse:

(

Uy —dilyy =au—bu?, te()(’,p, xe(—L,L),
up=—ku, teql, x€(—L,L),
u(((1—- ) x)=H(u((1-0)p,x)), xe(-L,L), 2.7)
u(t,— ) (t,L)=0, te (0,+c),
\ <OIX)=uo( x), xe[-LL], n=0,1,2,...,

where the harvesting function H(u) meets the requirement of [11]. Its corresponding
principal eigenvalue problem is

Gr—dprr=ap+Ag, tGQop, xe(—L,L),

¢r=—kp+A¢, teQh, xe(-LL),
¢(((1-6)o7) ", x) =H'(0)p((1-0)pT,x), xe(—L,L), (2.8)

¢(t,—L)=¢(t,L)=0, telo,t],

L ¢(0,x) =¢(T,x), x€[-L,L].
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Figure 2: The solution curve of (N, A) in (2.6) in different cases. Graph (a) is the case of kp=(1/(67))Inh+k;
(points P, and Py coincide), graph (b) is the case of ky > (1/(67))Inh+k; (point Py is above point P,) and
graph (c) is the case of ky < (1/(87))Ink+ky (point Py is below point P;), respectively.

The principal eigenvalue can be precisely expressed as

InH'(0)

A:kcs—(a—diz)u—cs)— -

412

Proof. We can transform (2.8) into the following spatially independent eigenvalue prob-
lem:

/() +dAof =af+Af, teqy, (2.9a)
f'(t)=—kf+Af, teQl, (2.9b)
F(((1=0)p1) ) =H'(0)f ((1-3)pT), (2.9¢)
f(0)=£(7), (2.9d)

where A is the principal eigenvalue of —A in the time independent problem with Dirich-
let boundary condition, and can be computed to A= (7r/(2L))>.
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Direct calculations for the Eq. (2.9b) yield
f(1)=f((1-08)T)elFN=0-01 e,
hence

F((1-8)7) = f(r)elk=1eT,
Next, integrating both sides of the Eq. (2.9a) over t €€); , yields

f(1=0)p7) | F((1-0)7)
O (a-0)pn))

which together with the Egs. (2.9¢), (2.9d) and (2.10) results in

2 InH'(0
A=ké— <a d4L2> (1—5)—%.

To stress the impact of the coefficients, we denote A(J;H'(0);7) := A. One easily
checks that A(J;H’(0);7) is strictly increasing in ¢ (the duration of the bad season) if
a>dm?/(4L?%), also, A(8;H'(0);7) is strictly increasing in 1— H’(0) (harvesting intensity)
and strictly decreasing in T (period of harvesting). In particular, if § =0, then

? InH'(0)
A=dipe

=1, then

(2.10)

In

=(a+A—dAg)(1-9)7,

which is investigated in [15]. If H'(0)

2
U
A—Qﬁﬁ‘

which is discussed in [17]. O

a> (1—68)+ks,

In the following, we investigate the properties of the principal eigenvalue A in (2.2).
To emphasize the impact of the coefficients, we denote A:=A(J,h,(—L,L)).
Let us first introduce the auxiliary problem

(—pf —d1pr, =by* — (a+my)p*+A%¢%, tey,, xe(-LL), (21la)
—f — ot =ag* —map* + AOy*, teQy,, xe(-LL), (211b)
—¢; =—k1¢p"+ %", teQqp, xe(-LL), (2110
—9f = —kyp* + A9, teq), xe(-L,L), (211d)

" (((1-9) pr) X)=9*((1-6)pt,x), xe(=LL), (211e)
" (((1-9) pr) ,X)=1/hy* ((1-6)pT,x), xe(—L,L), (2.11f)
¢*(t,+£L)=v*(t,+L)=0, €[0,7], (2.11g)
¢*(0,x)=¢"(7,x), P (0,x)=9"(7,x), x€[-L,L] (2.11h)



162 H. Xu, Z. Lin and M. Pedersen / CSIAM Trans. Life Sci., 2 (2026), pp. 154-176

Theorem 2.1. Problems (2.2) and (2.11) have the same principal eigenvalue, that is, A = A°.
Proof. Multiplying the Eq. (2.2a) by ¢* and the Eq. (2.11a) by ¢ yield

{ Prop* —diprxp” =bpd* — (a+m1)pP* + A",
— i p—d195p =by* p— (a+m1)pPp* +ACP*p.

Subtracting these two equations and integrating both sides over t € (0,(1—0)7t) and
€ (—L,L) resultin

L. —(1-6)7
[ o)

B (1-0)t ,L i} . o (1—0)r /L *
—b/o /_L(lIXP — ¢ p)dxdt+ (A=A )/O /_quqb dxdt. (2.12)

For the Egs. (2.2c) and (2.11c), the same procedure and integrating over t € ((1—9)7,1]
and x € (—L,L) yields

/ (@) |1 f,_g)dx=(A—21°) / " pgdudt. (2.13)

1-6)t/—L

Adding (2.12) and (2.13) now yields

L ou [T (L ¢¢*
o_/o /_L(¢¢ —prg)dxdt+(A—A )/0 [ Sdst. (2.14)

Similarly, for the Egs. (2.2b) and (2.11b), the Egs. (2.2d) and (2.11d), which together
with the impulsive and periodic conditions in (2.2) and (2.11), we have that

(1=dpr  r(-0)r b
0= </0 +‘/((1_5)PT)+> /—L(¢lp _4) ll))d-xdt
(1-d)pt T LlPl[)*
_ 0 Py
e )</O +/((1—5)pr)+> /—L a dxdt. (2.15)

Finally, adding the Egs. (2.14) and (2.15) results in

0=(A—10) [// PP v+ (/0(15)m+/(;_5)m+> /_LLl/’Tldedt],

which means that A = A9 since that ¢¢* and yy* are positive. O

In the following, the properties of A:=A(d,h,(—L,L)) can be derived by the eigenvalue
problem (2.2) and the auxiliary problem (2.11).
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Theorem 2.2. The following statements hold:

(i) A(6,h,(—L,L)) is strictly monotonic decreasing with respect to L for any given 6 and h.
(ii) A(d,h,(—L,L)) is strictly monotonic decreasing with respect to h for any given L and J.

(iii) A(6,h,(—L,L)) is strictly monotonic increasing with respect to & provided that ki >
a+my+diAg and ky > my+daAg for any given L and h.

Proof. We first prove (i). Suppose that 0 < L; < L,. For simplicity, we denote A(L;) :=
A(6,h,(—L;,L;)),i=1,2. Let (¢,h,A(Lp)) and (¢*,¢*,A(L1)) denote the principal eigen-
pair to problem (2.2) in [—Ly, L], respectively (2.11) in [—Ly,L4].

As in the proof of Theorem 2.1, by the method of “Multiplying-Multiplying-Subtrac-
ting-Integrating” for the equations involving ¢,¢* over (0,(1—6)7] x[—L1,L1] and (t,x) €
((1—=6)7,7] x[—L1,L1], respectively, and then adding these two equations, (2.14) can be

written as
d / l () <¢x )
X_le

_/15/ (9" —p*p)dxdt+ (A(Ly) // ‘P‘dedt

Similarly, (2.15) can be written as

(1-6)pt (1-é)t *
U ) (%)
0 (-0 )\ a ),
(175)pr+ (1-d0)t Ly < . o\ dds
B </o /((1—5>pr>+> /—Ll PpT—9y)dx

+(AM(La) = A(L1)) (/O(M)P /l . )/ LA

Adding these two equations yields

(1-6)t (1-8)pt  (1-0)T * x=L
d/ (4’x ) dt+d2</ +f )(M)
x=—1I, 0 (1=0)p7)* a
1

dt

x=—1,
/ / 9" dxdt+</0(l 5)pr+/(; . >/ LA

so A(Ly)—A(Lq) <0 since ¢ ]f:ElLl <0and ¢} |§251L1 <0, by the strong maximum principle.

ML) —A(Ly)

7
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We next prove (ii). Regarding & as a variable, then differentiating both sides of the

equations in problem (2.2) with respect to h, yields

P —d1 @y =0y — (a+mq) P + A p+A¢’, te,, xe(-LL), (216a)
Pi—daie =a¢' —mpp' + AP+ Ay, teg,, x€(—L,L), (2.16b)
Pr=—k1p' +A'p+A¢’, teQ), xe(—L,L), (2.16c)
Pl =—kott/ + A"+ Ay, teQ), xe(-L,L), (2.16d)
¢’ (((1-8)p7) ",x) = ((1-0)pT,x), xe(—L,L), (2.16e)
¥ ((1=8)p7) ", %) =9 ((1-0)pT,x) +hyp' (1-6)pT,x), xe(—L,L), (2.16f)
¢'(t,£L)=y'(t,£L)=0, te[0,1], (2.16g)

¢'(0,x)=¢'(T,%),¥'(0,x) =¢' (1,x), xe[—L,L). (2.16h)

Multiplying the Eq. (2.16a) (Eq. (2.16¢)) by ¢* and the Eq. (2.11a) (Eq. (2.11¢)) by ¢, then
subtracting and integrating over (0,(1—9)t]x[—L,L] (((1—6)7,t]x[—L,L]), respectively,
and finally adding them results in

_ L * o o [T R 9o
o_/o /fﬂ"” - 4))dxdt+/\/0 S dxt.

Similarly, for the equations involving ¢ and ¢* in (2.16) and (2.11), we have

L—1
/_L —W((1=0)pT)¢" (1-8)pT) dx
(1—5)(1'( '(1_5)7 L 1% * 1./
- </o * /((15)W> |, @' =gyt

Y (/(1 d)pt /rl . >/ Pip* LA A

Thus, adding these two equations we obtain

ah/ ((1=6)pt)y*((1—6)pT)dx

// P9” dxdt+</0( e /Tlm >/ v dxdt

We finally prove (iii). Suppose that 0 < <, < 1. For simplicity, we denote A(J;) :=

Ak, (—L,L)),i=1,2.
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Recalling the method of separation, we first consider the following auxiliary prob-

lems:

and

corresponding

Multiplying the Eq. (2.18a) by fi, then integrating over ¢ € (0,(1— (52)1-] gives
—(1— (1—(52)'(
—fiAlTPT /0 i fudt
(1—(52)’1’
:/0 (bfz*fl—(a+m1+d1Ao)fff1)dt+A(52)/

Since

SO

—f1*f1|:

fie=bfo—(a+mi+diAo) fi+A(61)f1, tEQ,,
far=af1— (ma+daro) fo+A(61) f2, tey,,

A((=8)p7) ") =fi((1-61)p7),
H(((1=81)p7) ") =hfa((1-61)p7),
AO)=A(T), LO0)=f(T),

~

—fir=bfs —(a+mi+dido) fi +A(&) f, L€y,
—far=afi —(ma+daro) f; +A(61)f2, te

fi (((A=d1)p7) ") = fi (1—2)p7),
F((1-80p0)") = £ (1-8)pr),

fi0)=fi(7), £0)=f(7)
to (2.2) and (2.11), respectively.

0

fu=bfr—(a+mi+diro) fi+A(01)f1, t€(0,(1-)T],

—(1—6)7 (1-d2)7 (
= [ A e (e -A)) [

flt:_klfl‘}'/\(fsl)fl, te ((1—(31)”(,1’],
f2t:—k2f2+/\((sl)f2, te ((1—(31)”(,1’],

—flr=—kifi +A (1) f1, te ((1-62)7,7],
—for=—kafy +A (1) f3, te ((1-02)7,7],

'(1—(52 T

)
f1 frdt.

(2.17a)
(2.17b)

(2.17¢)
(2.17d)

(2.17¢)

(2.17f)
(2.17g)

(2.18a)

(2.18b)
(2.18¢)
(2.18d)

(2.18e)

(2.18f)
(2.18g)

Similarly, multiplying the Eq. (2.18¢c) with f; and integrating over t € ((1—6,2)7,7], by
considering the Eq. (2.17c), one easily checks that

(1-é1)T

_ 1
A b @t m=1tdiro)flde

(1—(52 T
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(1-é)7 T
=k A -AG) [ fi

—0)T —0)T

Adding the two equations above, we find that

(A(62)=A(61)) /0 g fbf Lt

(1-61)7
B 1 . [fz— (LZ+TH1—|I;EZ1A0)f1:| it

(1_(52)T (1—(51)’1’ *
[ A [

—(52 T

By the same procedure, for the Egs. (2.18b) and (2.18d), we can carefully calculate that

(A(62) —A(61)) (/0(152)pr+/(r ) 22y,

(1=b)pr)*/ @
(=) my+daA
_ [ [f1—( 2+d2 O)fz]dt
(1-d2)T a
(1-62)p7 (1-62)7 TS
- dt+k / Jal2 gy
</o +/((1 52)pm) >(f1f2 fifditke |
Therefore,
(1-82)pt T *
(A(62)—A(61)) [ flfl dt+ </ ’ +/ )Jﬁdt]
(o))t @

(1-61) (1=41)
>/< . flfl[ ~(a+my+dio) dt+/ ”f‘?‘fz[k — (my+da))dt >0
1— 02 1— 521'

pI‘OVided that k1 >a+mq+diAg and ky >my+doAp. O

Based on the principal eigenvalue of problem (2.2), we have the following results for
problem (2.1).

Theorem 2.3. The following statements are true:

(i) If A(6,h,(—L,L)) >0, then the periodic problem (2.1) has no nonnegative nontrivial solu-
tion.

(it) If A(6,h,(—L,L)) <O, then the periodic problem (2.1) admits a unique positive solution.
Proof. (i) If A(6,h,(—L,L)) >0, and we assume that the periodic problem (2.1) has a non-

negative nontrivial solution (U,V), then the solution is positive by strong maximum
principle. As in the proof of Theorem 2.2, we can use the method of “Multiplying-
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Multiplying-Subtracting-Integrating” to derive that

T rL * (1-6)pt T L *
0=—A [/ / U9" v+ (/ ’ +/ )/ V—lpdxdt}
oJ-L b 0 (1=d)pr)t) J-L a

T L 1J24* (1-9)pt T L 1724pp%
—(xl/ / L0 it —ay (/ +/ )/ VIV gat,
oJ-L b 0 (1-8)pr)t ) J-L a

which leads to a contradiction since U, V,¢* and ¢* are positive.
If A(6,h,(—L,L)) <0, we split the proof into two steps to prove the existence and
uniqueness of solution to problem (2.1).

Step 1. A pair of upper and lower solutions to the problem (2.1) is constructed. Let

—a—mq+b
&1

—mo+a
X2

7

U(t,x)=V(t,x)=C*> max{ ‘

} : (2.19)

It is obvious that for f € () 0 and x€(—L,L), we have

U —diUxx —bV + (a+m) U+ T
=C*(w1C*+a+my+pu—b) >0,

Vt — dzvxx — aU+m27+(x272
=—hC*+ <m2—|— Np_(t)) C*+a,C*?

p(t)
>C*(apC*+my—a) >0.

Also, one easily checks that for t € QIO and xe(—L,L),
Ut+k1U:k1C* >0, 7t+k27:k2C* >0

hold. Furthermore, the boundary condition U(t,+L)=V(t,£L) > 0, the pulse condition
for juveniles

U(((1-0)p7) " x) —U((1-8)pT,x) =0

as well as for adults

V(((1—8)p1) ", x) —hV ((1—8)pT,x) =C*(1—h) >0

hold due to 0 <h <1, so (U(t,x),V(tx)) is an upper solution to problem (2.1) by the
comparison principle.
In what follows, let us consider a lower solution. Define

U(t,x)=e¢p(t,x), V(tx)=ep(tx)

for [0,7] x [—L,L], where (¢,) is defined in (2.2) and ¢(>0) is sufficiently small and to be
chosen later.
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Direct calculations yield
U, —dyUyx—bV +(a+my)U+a U
=¢(¢pr—dphixy —bip+ (a+mq)p+ared?)
=ep(A+a1e9) <0
forte (), and x€ (—L,L) provided that e < —A/(a1|¢|). Similarly,

- dZZxx - ag+ WZK‘F“ZKZ S 0
provided that e < —A/(a2||¢||). So we here choose

n Tl e
g:=min
ar[[p]]” aal[y]]
Now, since A <0, fortGQé and x € (—L,L), we obtain

U, +kiU=er¢p <0, U;+kiU=eAyp<0.
Moreover,

V(((1-0)p7) " x) ~h¥((1-0)pt,x)
=e[p((1-8)p7) " x) ~hp((1-8)pT, )]
=e[hp((1=0)oT,x) —hp((1-0)pT,x)] =0

holds for x € (—L,L). Recalling (2.2), we have
U(t,+L)=V(t,£L)=0, tc[0,7],
and
u,x)=uU(r,x), V(0,x)=V(rx), xe[-LL].

It finally follows from the comparison principle that (U,V) is a lower solution to prob-
lem (2.1).

Step 2. We prove the existence and uniqueness of positive periodic solutions.
For simplicity, we first denote

AU V) :=bV —(a+m)U—a U2, 220)
f(LU, V) :=al —myV —a,V?, '

then there exists C; and C; large enough such that
Fi2 fi(t,U,V)+CiU, Fs2 —k U+Cy U,
B2AH(EUV)+CV, B2 —kV+CV
are increasing with respect to U and V, respectively.

In what follows, the pair (U(O),V(O)) := (U,V) is used to construct the iteration se-
quence {U(”),V(”) }, which satisfies
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(T -auly+cu" =rEu" V"), teqy, xe(-LL),
V-,V eV =m "V V), teqp, xe(-LL),
Ugn)_’_ClU(”):FS (t,U(n_l),V(n_l)), teQl, xc(—L,L), (2.21)
u" o u" =g u" Y, v, teql, xe(-LL),
T (,+L)=V"(t,£L) =0, te[0,7]
with periodic conditions
U(n)(O,x) :U(n_l)(r,x), vt (0,x) :V(n_l)(r,x), xe(—L,L), (2.22)
and impulsive conditions
u" ((1=8)pr) ") =TU" M ((1-6)pr+1,x), xe(-LL),
{Vmw«lﬁpﬂ+ﬂjthnﬂlﬁpT+nxL xe(~LL) )

Similarly, {U),V(} can be constructed with {U?,V(9)}:=(U,V). Then for t >0 and
x€(—1,L), we derive from [16, Theorem 2.1] that
(Wwy) <y <,y
< (U(”),V(”)) < (U(nfl)lv(ﬂfl)) <@, v).
Therefore, it is easy to see that (U(”),V(”)) and (U™, V(M) converge to the periodic so-
lution of problem (2.1) as —c0, which are denoted by (U, V") and (U*,V*), respectively.
Moreover, we claim that (U*,V*) and (U*,V*) are minimal and maximal periodic solu-

tions to the problem (2.1), respectively. The uniqueness of the solutions to problem (2.1),
say (U*,V*), can be verified by a proof of contradiction as in [25]. O

3 Asymptotic behavior of the solution

In order to investigate the longtime behavior of solution to problem (1.1), we first prove
the existence and uniqueness of the global solution.

Theorem 3.1. For any given nonnegative initial value u;o(x) € C>([—L,L]) satisfying u;o(£L)
=0 with i =1,2, problem (1.1) admits a unique solution (uq,uy) defined for all t € (0,+00).
Moreover,

u (£,%), up(t,x) €C2 (0 . J) x[~L,L]), n=0,1,2,....

Proof. (i) For the interval t € (0,(1—6)pT], since u;o(x) € C?([-L,L]), recalling the
existence and uniqueness of the solution without pulse in [14] and Lemma 3.1 later, we

see that the solution (u7,u;) to problem (1.1) exists and is unique for t € (0,(1—46)pT].
Furthermore, u; € C2((0,(1—06)pt] x [-L,L]) for i=1,2.
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(ii) For the interval t€ ((1—6)p7,(1—-0)t], we regard

<u1(((1—5)p1’)+,x),u2(((1—5)pr)+,x)>

as the initial value of the solution (1 (t,x),u2(t,x)) to problem (1.1). Since u;((1—6)p7,x)€
C?([~L,L]), we derive that the new initial value satisfies that

ur ((1=8)p7) ", x) =uy (1-0)pt,x) € C3([~L,L])
ur (((1=8)pt) " ,x) =hua (1—6)p7,x) € C2([~L,L)).

Recalling the existence and uniqueness of the solution without pulse in [14] and Lem-
ma 3.1 later, we see that the solution (uj,u7) to problem (1.1) exists and is unique in
te(((1-6)pt)*",(1-0)1]. Furthermore,

w; €CH2(((1-6)pt,(1-8)7] x[-L,L]), i=12

(iii) For the interval t € ((1—6)7,7|, (u1,u2) satisfies the ODE system, that is, the
Egs. (1.1c) and (1.1d), since

u;((1-8)7,x) €C*([-L,L]),

and we then have
w, €CH2(((1-6)t,7] x[-LL]), i=12.

(iv) For the interval t € (7,27], by the same procedure as (i)-(iii), the new initial value
satisfies u;(7,x) € C2([~L,L]). Due to Lemma 3.1, one easily checks that the solution
(11,uz) to problem (1.1) exists and is unique in f € (7,27].

(v) The local existence and uniqueness of the solution can be derived by the same
process in intervals t € (27,37],t € (37,47],..., and step by step, we then find a maximal
time interval [0, Tmax) With Trax :=n0oT+To, 0 < 79 < T and positive integer 1y by Zorn’s
lemma such that problem (1.1) admits a unique solution in [0, Tmax)-

(vi) We now claim that Ty, = +-00. The following estimates of (u1,u7) in Lemma 3.1,
which together with the standard continuous extension method, yield the global exis-
tence and uniqueness of the solution to problem (1.1). 0

Lemma 3.1. For any given nonnegative integer ng and 0 < vy <, if (u1,up) is a solution to
problem (1.1) defined for t € (0,T] with T :=nyT+ 11, we have that

2 2
(0,0) < (ua(t,x),uz(t,x)) <k ( 3 “ZL 3 “_Z) =:k(A1,Az)
a0 ey

for t€(0,7] and x € (—L,L), where k> || u1 || / A1 and k> || t12,0 || oo / A2.
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Proof. Denote (il1,i12) =k(A1,Az), careful calculations yield
iy —dy iy > bily — (a4 ) il — g 17,
gt —da iy > aily —Miatly — (2113

fort>0and xe (—L,L).
We first consider the case that np=0 and t € (0,T] C (0, 7]. Since

(u1,0,120) < (i11(0,x),112(0,x)),
using the comparison principle yields
(0,0) < (u1(t,x),u2(t,x)) < (i1 (t,x),12(t,x))

for t€(0,77) and x€ (—L,L). It must be mentioned here, if (1—9)pt <7 <(1-0)7, the im-
pulsive condition and the assumption that # <1 have been used, while if (1-6)t <7 <7,
the comparison principle for the Egs. (1.1c) and (1.1d) is applied.

For the case np=1and t € (0,7+11]. Since the interval ¢ € (0,7] is discussed above, we
then have

(0,0) < (u1(t,x),u2(7,x)) < (i11,12)

for xe(—L,L). Let us consider the time interval t € (7,7+1]. It follows from the compar-
ison principle that

(0,0) < (ul(t,x),uz(t,x)) < (17[1,1/_[2)
forte (1,7+m] and x€ (—L,L). Step by step,
(0,0) < (u1(t,x),u2(t,x)) < (121,112)
for t€(0,T] and x € (—L,L) can be obtained. O

Next, some threshold-type results for the global dynamics of model (1.1) are pro-
vided.

Theorem 3.2. The assertions below are valid.

(i) If A(8,h,(—L,L)) >0, then the solution of model (1.1) satisfies

Jm [l (8)llep-ro = bm [lua(t,)llep-r =0

(ii) If A(6,h,(—L,L)) <O, then the solution of model (1.1) satisfies

lim (uq(t+mT,x),uz(t+mt,x)) = (U*(t,x),V*(t,x))

m—r+0o0

uniformly for (t,x) € [0,00) x [—L,L], where (U*,V*) is the unique positive solution of
problem (2.1).
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Proof. The proof is divided into two steps.

Step 1.
(U, VO (t2) < (g, 00) (1,20) < (T, 7) (1,2)

holds for any t >0 and x€ [—L,L].
We first assume that (u1,12)(0,x) >0 in [—L,L], otherwise we can replace 0 by ¢t for
some time t > 0. A sufficiently small € and a big enough C* can be chosen such that

(ULV)(0,x) < (u1,u2)(0,x) < (U, V)(0,x), xe[-L,L],
which means
(WU, vO)(0,x) < (u1,u2) (0,x) < (U, V) (0,x), xe[-L,L].
Also,
U, v9)((1-6)pt,x)

< (u1,u2) ((1-9)p7,x)

< (U(O),V(O)) ((1-6)pt,x), xe[-L,L],
which together 0 </ <1, yields

(UOVO) ((1=0)01)",x) < (ur,u2) (((1-8)p7) ")
<@ v ((1-6)p7) %), xe[-LL].
So the comparison argument yields that
(U, V) (t,x) < (ur,u2) (1,2) < (T, 7) (8,2)

hold for
te (0,(1-6)pt]U(((1—6)p1) +,T], x€[—L,L].

Moreover, we can derive that
(UO, VO (£,x) < (ug,u2) (£,x) < (U(O),V(O)) (t,x), t>0, xe[-L,L].
Step 2.
(UMW, v (£,x) < (ug,u0) (t+7,x) < (U(l),V(l)) (t,x)

holds for any t>0and x€ [—L,L].
According to the iteration sequences in Theorem 2.3, it is clear that for x € [—L, L],

(g(l),z(l)) (0,x) = (Q(O),Z(O)) (1,%) < (u1,12) (T,%) < (U(O),V(O)) (1,x)
@™, vy o,x).
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Since h € (0,1], for x € [—L,L] one easily checks that
(U v ((1-0)pr)"x)
(hU© ((1-6)p7,x),hV O ((1-6)pT,x))
< (hup (1=0)pt+7,y),huz ((1—0)pT+7,x))
('

which is equal to
W vy ((1-6)p7)" )
< (u,u2) ((1=8)o7) " +7,%)
—(1) =(1
<@V V) ((a-8)p7) " x).
By comparison arguments, we obtain
(U, V) (£,2) < () (t+7,2) < (T, V) (1,3)
for
€(0,(1—6)pt]U (((1—5)pr)+,r], x€[—L,L],
and step by step, this inequality also holds for t >0 and x€ [—L,L].
By induction in 11, we finally get
(U, V™) () < (urm0) (t+nT,x) < (T, V) (£3), 20, xe[-LL].
If A(6,H'(0),(—L,L)) >0, recalling in Theorem 2.3(i) that the periodic problem (2.1)

has no nonnegative nontrivial solution, so hrJrrl (U(H),V( )) =(0,0), which means that

tET [ (t,) e ~LL=, hm ||M2( Ne-r,=0-

If A(6,H'(0),(—L,L)) <0, since

—~

lim (U™, V™) (tx)= lim (T, 7" (ty)=U"V*)(tx)

n—r+o0 n—r+o00

in Theorem 2.3(ii), we finally arrive at that

lim (uq(t4n7,x),uz(t+nt,x)) = (U*(t,x),V*(t,x)).

n——+o00

The proof is complete. U

4 Numerical simulations

In this section, we perform numerical simulations to illustrate the impact of a harvesting
pulse and seasonal succession on species dynamics.

We firstly fix some parameters dy =d, =0.01,6=0.8,a41 =0.1,0 =0.2,a=0.2,m; =0.02,
my=0.4,k; =0.4,k, =0.45,7 =50 and p=0.5.
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In the following, we will choose various & and J to investigate the effect arising from
pulse intensity (1—/) and duration of the bad season (9).

We first fix 6 =0.5 and let h vary to observe the impact of the harvesting pulse. Since
juveniles u and adults v in (1.1) are cooperative, in the following we only show the figures
concerning .

It can be seen in Fig. 3 that increasing the harvesting pulse will speed up the process
of extinction of species.

In the following, we will fix h=0.1 and choose different § to investigate the effect of
seasonal succession.

In comparison to Figs. 3(c)-3(d) and Figs. 4(a)-4(c), we observe that the increasing
of 6 will make species go from spreading to vanishing, which means that extending the
duration of the bad season is harmful to the spreading of species. When §=1, only a bad
season occurs, and the species will vanish, see Figs. 4(d)-4(f). One easily checks from
Figs. 4(a)-4(c) with 6 =0.2, Figs. 3(c)-3(d) with §=0.5 and Figs. 4(d)-4(f) with =1 that the
larger the duration of the bad season is, the more unfavorable it is to the species, and it
may even accelerate the extinction process of the species.

Time t t
(@) (b)

Vv(t,x) -

Figure 3: Fix 6=0.5. We firstly choose h=1 in (a) and (b), which indicates that no pulse happens. Then
h=0.1is fixed in (c) and (d), which means that the pulse intensity is 1—h=0.9. We see from (d) that, for
+€[0,50], (0,25] will be a good reason and (u,v) abides by reaction-diffusion equations, where the pulse occurs
at t=12.5, while (25,50] is recognized as a bad season and (u,v) follows ordinary differential equations, see also
t€(50,100] with harvesting time t=62.5, (100,150] with harvesting time t=112.5,....
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i Time t 0 6 Space x
(b)6=0.2 (c)5=02

v(t,x)

0 50 100 150
Time t

d)s=1

i
=0 Time t 0 0 Space x

Ho=1

Figure 4: Fix §=0.2 in (a)-(c) and 6 =1 in (d)-(f), then keep other parameters unchanged as in Fig. 3.
For (a)-(c), when t€(0,50], t € (0,40] is regarded as a good season and t € (40,50] is a bad season, see also
t € (50,100],(100,150],(150,200],- - - . For this parameter, harvesting occurs at every time +=20,70,120,.... The
species finally stabilizes to a positive steady state. For (d)-(f), =1 means only a bad season occurs, so (1,v)
follows the ordinary differential equations and tends to zero.
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