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1 Introduction

During the last decade, the study of dynamic behaviors of the amensalism model has be-
come one of the most important research topics, see [1-12]; here, amensalism means that
a species inflicts harm on other species without any costs or benefits received by the other.
Such topics as the stability of the equilibrium [1, 3-5, 8], the existence of the positive pe-
riodic solution [2, 9, 11], the extinction of the species [8, 10], the influence of the cover
[8, 12], the influence of the functional response [10], etc. have been extensively studied.
Recently, Xiong et al. [1] proposed the following amensalism model:

any _ NN
dt _rlNl(l P, upl)’

N N (1.1)
d_tz =raNo(1 - p_zz)t

where u, r;, P;, i = 1,2, are all positive constants. They investigated the local stability prop-
erty of the equilibria of system (1.1).

On the other hand, as was pointed out by Chakraborty et al. [13], the study of resource
management, including fisheries, forestry, and wildlife management, is very important.
They argued that it is necessary to harvest the population, but harvesting should be reg-
ulated so that both the ecological sustainability and conservation of the species can be
implemented in a long run. Already, they proposed a non-selective harvesting predator-
prey system incorporating partial closure for the populations, they investigated the local
and global stability property of the system, and some interesting results related to the op-
timal harvesting were obtained. Recently, Chen [3] proposed the following non-selective

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, pro-

L]
@ Sprlnger vided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and

indicate if changes were made.


https://doi.org/10.1186/s13662-019-2209-y
http://crossmark.crossref.org/dialog/?doi=10.1186/s13662-019-2209-y&domain=pdf
mailto:1051818898@qq.com

Su and Chen Advances in Difference Equations (2019) 2019:281 Page 2 of 11

harvesting Lotka—Volterra amensalism model incorporating partial closure for the popu-
lations:

d;\? =rNi(1-3L - u ) q1EmNy, 12)

@ =rNy(1 - —) ngmNz .
They investigated the local and global stability of the boundary and interior equilibria.
They proved that depending on the fraction of the stock available for harvesting, the sys-
tem maybe extinction, partial survival, or two species may coexist in a stable state.

As we all know, though most dynamic behaviors of population models are based on the
continuous models governed by differential equations, the discrete time models governed
by difference equation are more appropriate than the continuous ones when the size of the
population is rarely small or the population has non-overlapping generations. It has been
found that the dynamic behaviors of the discrete system is rather complex and contains
richer dynamics than the continuous ones [14]. Recently, more and more scholars pay
attention to studying the discrete population models (see [14—19] and the references cited
therein).

However, to the best of our knowledge, to this day, seldom did scholars propose and
consider the influence of harvesting on the discrete amensalism model. This motivates us
to propose and study the discrete system of (1.2). The aim of this paper is to investigate

the permanence, extinction, and global attractivity of the following system:

A Ly () — g1 (n)Em),
) (1.3)

%31+ 1) = xa(n) explra(n) (1 — 22) — gy (m)Em),

x1(n+ 1) =x1(n)exp{ri(n)(1 -

where x1(7), x2(1) denote the population densities of the two species at any time #. r;(p;)
represents the intrinsic growth rate (environmental carrying capacity) of the ith species,
q; is the catchability co-efficient of the two species. E is the combined fishing effort used to
harvest, and m (0 < m < 1) is the fraction of the stock available for harvesting. One could
refer to [1, 13, 20] for more background and the adjustment of system (1.3). Throughout
this paper, we assume that {(n)}, {ri(n)}, {p:(n)}, {g;(n)} are bounded non-negative almost
sequences such that

O<p <pumy<p”,  O<rl<rnm<rt

0<pl<pin)<pt, 0<q <qn<q’ i=12

Here, for any bounded sequence {a(n)}, a* = sup, .y {a(n)}, a' = inf,en{a(n)).

From the point of view of biology, we assumed that x;(0) > 0, (i = 1,2). Then it is easy
to see that the solutions of (1.3) with the above initial condition remain positive for all
neN*={0,1,2,...}.

The organization of this paper is as follows. In Sect. 2, we give some useful lemmas.
Sufficient conditions for the permanence and extinction of (1.3) are given in Sect. 3 and
Sect. 4. Then, in Sect. 5, we establish sufficient conditions for the global attractivity of (1.3).
Some examples together with their numeric simulations are presented in Sect. 6. We end
this paper with a brief discussion.
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2 Preliminaries
In this section, we will introduce several useful lemmas.

Lemma 2.1 ([21]) Assume that {x(k)} satisfies x(k) > 0 and
x(k +1) < x(k) exp{a(k) - b(k)x(k)}

for k € N, where a(k) and b(k) are non-negative sequences bounded above and below by
positive constants. Then

1
limsupx(k) < i exp(a” - 1).
k—+00

Lemma 2.2 ([22]) Assume that {x(k)} satisfies
x(k +1) > x(k) exp{a(k) - b(k)x(k)}, k = No,

limsup;_, o, #(k) < x* and x(No) > 0, where a(k) and b(k) are non-negative sequences
bounded above and below by positive constants and Ny € N. Then

.. . al / al
llgljgofx(k) > mm{ o exp(a - b"x ), o }
3 Permanence

Theorem 3.1 Assume that

I 1w, u !
rpy —rintMs ”2}

aipiE  BE]

m<min{ (Hy1)

Then system (1.3) is permanent.
Proof From the equations of system (1.3), it follows that

ri(n)xi(n)

W} (=12

xi(n+1) < xi(n)exp{r,-(n) -

It follows from Lemma 2.1 that
U

lim supax;(n) < % exp(ri —=1) £ M; (i=1,2).

H—>+00 i

So, for small enough ¢ > 0, there exists n; > 0, for all n > n;, we have

P} - it (My + €) > g piEm,

x(n) <My +é, ré —g3Em > 0.

Then, for n > n;, we have

x1(n+1) > x1(n) exp{rl(n) - Al x1(n) — o () (M, + &) — qﬁ‘Em}.
p1(n) p1(n)
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From Lemma 2.2 and letting ¢ — 0, we have

liminfx; (1) > my,
n—+00

where
i utM: r‘M
mlzmin{Aexp{ri— 1,ul 2—q’fEm— ! 11},A},
p V41
A _ 11PL— WM, — praiEm

"
From the second equation of system (1.3) it follows that

xo(n + 1) > x(n) exp{ré - L%xz(;fz) - q‘{Em}.
by

From Lemma 2.2 we have

liminfx, (1) > m,,

n—+00
where
g -pyasEm [ rsMy | ryp) - pygsEm
mzzmin{iuexp{rz—qglfm— ; }, - }
T p; b
So the proof of Theorem 3.1 is completed. d

4 Extinction
Theorem 4.1 Assume that

u

i ry
m>maxy ——, 7= t, (H,)
G E ¢E

let (x1(n),x2(n))T be any positive solution of system (1.3), then

lim x;(n) =0, i=1,2.

n—00

Proof From (1.3) we have
xi(n+1) < xi(n)exp{rl’.‘ - ql.Em}, i=1,2. (4.1)

i

By using (4.1), we get

n-1 n-1
[[xe+ 1 <] [xip) exp{r - giEm}, i=1,2.

p=0 p=0

That is,

x;(n) < x;(0) exp{n(r:-‘ - qum)}, i=1,2.
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For x;(0) > 0, i = 1,2. So it is easy to get that x;(n) > 0, i = 1, 2. Since (H;) holds, we have

lim x;(n) =0, i=1,2.

n—00

The proof of Theorem 4.1 is completed. d
In this section, we will use the analysis technique of [14].
Theorem 4.2 Assume that

rh — g4Em >0,

u _ 1
r{ —q;Em >0, (Hs)

u 1 101
V1—41E””<’”1,U«192
) U U
rn—qyEm  rypy

holds, let (x1(n),x,(n))T be any positive solution of system (1.3), then the species x, is per-

manent, while x; will be driven to extinction.

Proof By (H3) we can choose positive constants « and 8 such that

i-qiEm B _rin'p

! u U (4.2)
rn-qEm o ryp
Thus
o (ri‘ - qllEm) <p (ré - qZEm),
Bri artu! (4.3)
vy pt
and there exists § > 0
B(rh — g4Em) —a(r¥ — g,Em) > > 0. (4.4)

Let (x;(n),%2(n))T be any positive solution of system (1.3). For any k € N, we can get

x(k+1) x1 (k) p(k)
In R Vl(k)<1 - o — pl(k)xz(k)) —q1(k)Em
! ! 1
<= Do = Dy (k) - ¢ Em, 45)
b b
x(k+1) %xo(Kk)
In T(k) = Vg(k)(]. — pz(k)) —qo(k)Em
>rh— ﬁaq(k) — q4“Em. (4.6)

by
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Then, inequalities (4.3)—(4.6) lead to

x1(k+1) xo(k +1)
p D gy 2D
x1(k) % (k)
v r riut L s
<a(rf - g Em) —a—x, (k) — a ———x,(k) = B(ry — g3 Em) + B =5 x2(k)
b p1 by

al

u I, !
e B U )xz(k)—a%xl(/()
p P Pl

= [a (ri‘ - qllEm) - ﬂ(ré - ngm)] + (
<=8

<0. (4.7)

Summating both sides of (4.7) from 0 to n — 1, we obtain

x1(n) x(n)
aln 0 —BlIn 0 <-nd (4.8)
Then
g
x1(n) < x1(0) (xz(n)) exp{—z(S}. (4.9)
%2(0) o

Theorem 3.1 implies that x(n) is bounded eventually. Then the above inequality (4.9)
shows that lim,,_, . %1 (1) = 0. Since 7 — g%Em > 0, then the species x, is permanent.
The proof of Theorem 4.2 is completed. O

5 Globally attractive
Theorem 5.1 Assume that m > qr,—ZE (Hy4) holds and there exists a positive constant n > 0
2

such that

) u
2
min{%,——r—ll}>n (Hs)
pi M1 p
holds, then species x; is globally attractive while x, will be driven to extinction.

Proof Suppose that (x;(n),x2(n))T, (x}(n),x5(n))T are any two positive solutions of sys-
tem (1.3). Under the assumption condition (H,), it follows from Theorem 4.1 that
lim,,_, 00 #2(n) = 0. Since limsup,,_, . x1(n) < M;, then for small enough ¢ > 0, there ex-
ists N > 0, for all n > Ny, we have

R 2 rY
x1(n) <M + ¢, x2(n) < &, minjy —-, - (>
pi Mi+e p

To end the proof of Theorem 5.1, it is enough to show that lim,,_, , (%1 (1) — x}(n)) = 0.
Let V(n) = |Inx;(n) — Inx}(#n)|. From (1.3) we have

ri(n)
p1(n)

ylnxl(n +1) —Inx(n+ 1)| = |lnx;(n) — Inx}(n) - (xl(n) —x’{(n))

p(m)ry(n) .
- W (xz(”) - xz(n))
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< |Inx1(n) - Inx}(n) — ;11((’;)) (%1(m) — x5 (n))
u(m)ry(n) «
o) |2 () — 5 ()]

_ 1
O]
x%(n)} <M + ¢. So we can get

Since Inx; (1) — Inx§(n) (1 (n) — x5 (n)), where min{x; (n), x5 (1)} < &1(n) < max{x;(n),

1 p—
&1(n)
£ ,rl |x2(1) — 5 () |
1

1 _"1(”1)
&) pi(n)

AV(n) < —(

)\xl(rz) i)

+

phry
e
)4

< -n|x1(n) — x}(m)| +2

Letting ¢ — 0, it follows that
AV(n) < —n|x1(n) - x}(n)],

then

n n

Y (Ve+)-VE) -0 |[np) -x@)

p=No p=No

’

that is,

Vin+1) - V(No) <-n Y |i(p) - %),

p=No
therefore

V(No)

D ) - %) < .

p=No

< +00

So it is easy to know that lim,,_, , (%1 (1) — %7 (n)) = 0.
The proof of Theorem 5.1 is completed. d

Similarly, we can get the following theorem.

Theorem 5.2 Assume that there exists a positive constant y > 0 such that

) u
s 2 7

mln{—zu,———?}ﬂ/ (Hg)
Py My p,

holds, then the species x, is globally attractive.
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Figure 1 Dynamic behaviors of system (6.1) with initial condition
0 (0.0 =(0.1,045)7,(0.25,0.25)",(0.35,0.1)"

6 Examples and numeric simulations

The following examples lend credence to the plausibility of the main results.
Example 6.1 Corresponding to system (1.3), we assume that

r(n) = O.OS(sin2 n+ 1), p1(n) =0.1(sinn + 2),

q1(n) = O.OS(COS2 n+ 1), ra(n) =0.8cos’n + 0.2,

(6.1)
p2(n) =0.04(cos n + 1.5), q>(n) = 2(cosn + 1.5),
m=0.1, w(n) =0.05, E=1.
! u Il u,u
It is easy to see that rTZE =04, My = 2 exp(r¥ — 1) = 0.5, M =0.25m=0.1<
a5 ry aip E
min{0.4,0.25}. Then the conditions of Theorem 3.1 are satisfied (see Fig. 1).
Example 6.2 Corresponding to system (1.3), we assume that
ri(n) = 0.05(sin2 n+ 1), p1(n) = pa(n) =1,
q1(n) = 0.05(cos® n + 1), w(n) =0.05,
(6.2)

ra(n) = 0.5cos2m + 0.2, m=0.8,

q2(n) = 0.2(cosn + 1.5), E=10.

It is easy to see that qu_'{E =0.2, qu_KE =0.7, m = 0.8 > max{0.2,0.7}. Then the conditions of
1 2

Theorem 4.1 are satisfied (see Fig. 2).
Example 6.3 Corresponding to system (1.3), we assume that

r(n) = O.OS(sin2 n+ 1), p1(n) =0.004(cos n + 1.5),
q1(n) = 0.02(0052 n+ l), ra(n) = 0.8cos?n + 0.3,

(6.3)
q2(n) = 0.2(cosn + 1.5), pa(n) =sinn + 3,

m=0.5, wn) =1, E=1.
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Figure 2 Dynamic behaviors of system (6.2) with initial condition
(a0 =(0.1,03)7,(0.25,06),(035,0.1)"

Nl
x x 1.

0.05

time t time t

Figure 3 Dynamic behaviors of system (6.3) with initial condition
(a7 =(0.1,03)7,(0.25,06)7,(035,0.1)"

u_gl g 101
It is easy to see that r¥ — g} Em = 0.09 > 0, ) — g4Em = 0.05 > 0, 17077 _ 1 8 « W22 ~
rz—qum P71

9.09. Then the conditions of Theorem 4.2 are satisfied (see Fig. 3).

Example 6.4 Corresponding to system (1.3), we assume that

ri(n) = p1(n) = pa(n) = 1, q1(n) = 0.05(0052 n+ 1),
ra(n) = 0.5cos?n + 0.2, q2(n) = 0.2(cosn + 1.5), (6.4)

um)=1, m=08,  E=10.

1
o2 ﬁ

i - 2 in( 2 N _n u_
Itis easy to see that m = 0.8 > P 0.7, mm{p,f,M1 o min{1,1}} > 0, M, gl exp(ry

1) = 1. Then the conditions of Theorem 5.1 are satisfied (see Fig. 4).

7 Discussion

With the aim of the ecological sustainability and conservation of the species to be imple-
mented in a long run, in this paper, we have attempted to study the dynamic behaviors of a
non-selective harvesting Lotka—Volterra discrete amensalism model. We have proved that
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Figure 4 Dynamic behaviors of system (6.4) with initial condition
(a1 (0, x2()" =(0.1,08)",(0.25,06)",(0.35,0.3)"

if (H1) holds, then the system is permanent, which means that if 7, which is the fraction
of the stock available for harvesting, is small enough, the system will coexist. Theorem 4.1
implies that if 1 is large enough, then the system will be driven to extinction. Theorem 4.2
gives some threshold on m, which ensures that the species x; is permanent while x; will
be driven to extinction. In Sect. 5, sufficient conditions for the global attractivity of (1.3)
are given, which means that if m is larger than a certain value and satisfies (Hs), then the
species x; is globally attractive while x, will be driven to extinction. The results obtained

in this paper maybe useful in designing the natural protection area.
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