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University, Fuzhou, PR. China proposed and studied in this paper. The existence and stability of all possible
equilibria of the system are investigated. Our study shows that cannibalism has both
positive and negative effect on the stability of the system, it depends on the dynamic
behaviors of the original system. If the predator species in the system without
cannibalism is extinct, then suitable cannibalism may lead to the coexistence of both
species, in this case, cannibalism stabilizes the system. If the cannibalism rate is large
enough, the prey species maybe driven to extinction, while the predator species are
permanent. If the two species coexist in the stable state in the original system, then
predator cannibalism may lead to the extinction of the prey species. In this case,
cannibalism has an unstable effect. Numeric simulations support our findings.
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1 Introduction
The aim of this paper is to investigate the dynamic behaviors of the following predator—

prey model with cannibalism for predator:

% =x(b — ax — my),
dy
dt

, (1.1)

yprerim) - 2,
where ¢; < ¢, x and y are the density of the prey and predator at time ¢, respectively. b and
« denote the intrinsic growth rate and intraspecific competition of the prey, respectively;
B is the death rate of the predator; m denotes the strength of intraspecific interaction be-
tween prey and predator; # is the conversion efficiency of ingested prey into new preda-
tors; cy?/(y +d) denotes the cannibalism of the predator; c; is the birth rate from the preda-
tor cannibalism. All the coefficients are nonnegative constants.

As was pointed out by Berryman [1], the dynamic relationship between predator and
prey has long been and will continue to be one of the dominant themes in both ecology
and mathematical ecology due to its universal existence and importance. During the last
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decade, many scholars investigated the dynamic behaviors of the predator—prey species,
see [2—40] and the references therein.

The traditional two species Lotka—Volterra predator—prey model takes the form

% =x(b - ax — my),

(1.2)
b _ (=B + nx)
a7 ‘

For the dynamic behaviors of (1.2), we summarize it as follows [6, 11].

Theorem A [n system (1.2), there are two boundary equilibria 0(0,0), El(g, 0). 0(0,0) is
a saddle and El(g,O) is globally asymptotically stable if B > l;—”. Assume that 8 < i—”, the
positive equilibrium Ez(é, b"r;—n“ﬁ) exists, which is globally asymptotically stable.

In researching the dynamic behaviors of the predator—prey model, some scholars [2,
10-12, 17-20] considered the impact of the functional response for the predator—prey.
For example, Yu [18] studied the global asymptotic stability of a predator—prey model
with modified Leslie-Gower and Holling-type II schemes:

dx ay
> —bix— ,
dt x(rl ¥ X+ kl)

dy _ azy
dt —y<r2— x+ky )

where x(£), y(t) stand for the population (the density) of the prey and the predator at time

(1.3)

t, respectively. Yu [18] provided two sets of sufficient conditions on the global asymptotic
stability of a positive equilibrium. After that, Yue [19] considered the dynamics of a mod-
ified Leslie—-Gower predator—prey model with Holling-type II schemes and a prey refuge:

?.CZJC(I"l—blx— ﬂl(l—m)y ),

1 -mx+k

(o @y
=" Q-mx+ky )’

where mx is part of the refuge protecting of the prey, here m € [0, 1). Yue [19] found that

(1.4)

increasing the amount of refuge can ensure the coexistence and attractivity of the two
species more easily.

In recent years, cannibalism as a special phenomenon in nature which often occurs in
plankton [22], fishes [23], spiders [24], and social insect populations [26] attracted the
attention of many scholars. It is a behavior that consumes the same species and helps to
provide food sources. Obviously, cannibalism has a very important effect on the dynamic
behaviors of the populations (see [22-31]).

Gao [25], Kang et al. [26], and Rodriguez-Rodriguez et al. [27] proposed and studied the
single species stage-structure model with cannibalism. Kang et al. [26] and Rodriguez-
Rodriguez et al. [27] thought cannibalism had a great significance for evolution. Zhang et
al. [28] obtained a set of sufficient conditions for the permanence of the nonautonomous
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predator—prey system with periodic attacking rate. Recently, Zhang et al. [29] proposed
the following stage-structure prey—predator model with cannibalism for predator:

X=—X+Yy+eXy+xz,
¥ =bix—oy— Bxy, (1.5)

Z= (b2 — x)z,

where x(£) and y(t) are the densities of the adult predator and juvenile predator at time ¢,
respectively, z(¢) is the density of the prey at time ¢. The term Bxy reflecting the intraspe-
cific interaction denotes the cannibalization rate of adult predators to juvenile ones, the
term exy is the rate of the adult predators increase due to being better fed through eating
juveniles. Zhang et al. [29] obtained that large cannibalization rate can make the positive
equilibrium globally stable although its stability would change with the increase of the
cannibalism rate.

Generally speaking, scholars [22—29] used the bilinear function Bxy to describe the can-
nibalism phenomenon. Only recently did scholars [30, 31] adopted the idea of the func-
tional response of predator—prey model and proposed the nonlinear cannibalism model.

In 2016, Basheer et al. [30] proposed the prey—predator model with prey non-linear

cannibalism as follows:

du 1 ) uv u?
—=u(l+c —u)—
dt !

dV—SV 5 v
dr u)

where ¢; < ¢, u and v represent the densities of prey and predator at time ¢, respectively.

— C—’
u+av u+d
(1.6)

The parameters ci, «, ¢, d, §, and B are nonnegative constants. Different from the previous
works [24—29], Basheer et al. [30] used the Holling II type functional response to describe
cannibalism. Here the generic cannibalism term C(x) is added in the prey equation and is

given by

u
Clu)=cxux 7
where c is the cannibalism rate. This term is obviously more appropriate with the real-
ity of ecology and has a clear gain of energy to the cannibalistic prey. This gain results
in an increase in reproduction in the prey, modeled via adding a c;u term to the prey
equation. Obviously, ¢; < ¢, as it takes depredation of a number of prey by the cannibal to
produce one new offspring. They obtained that prey cannibalism alters the dynamics of
the predator—prey model. System (1.6) is stable with no cannibalism, while it is unstable
with prey cannibalism under the same conditions. After that, Basheer et al. [31] studied
the predator—prey model with cannibalism in both predator and prey population and ob-
tained more detailed results.

As far as system (1.2) is concerned, if the boundary equilibrium point E! of system (1.2)
is globally asymptotically stable, which means that the predator will eventually become

extinct and the prey will survive, then how does cannibalism affect the dynamic behaviors
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of the system? If the positive equilibrium point E? of system (1.2) is globally asymptoti-
cally stable, then how does cannibalism affect the dynamic behaviors of the system? This
motivated us to propose and study system (1.1).

The paper is arranged as follows. In the next section, we investigate the existence and
local stability of the equilibria of system (1.1). In Sect. 3, we discuss the global stability of
the equilibria. Numeric simulations are presented in Sect. 4 to show the feasibility of the

main results. We end this paper with a brief discussion.

2 Existence and local stability of equilibria
In this paper, let (x(¢),y(t)) be a solution of system (1.1) which satisfies the initial value
x(0) > 0, ¥(0) > 0, and we are only interested in the dynamics of system (1.1) in the first

quadrant
Ry x RS = {(x,9) € R*|x > 0,y > 0}.

2.1 The existence of equilibria
The equilibria of system (1.1) are determined by the system

x(b—ax—my) =0,

oy (2.1)

Y(=B +c1 + nx) — =0.
y+d

The system always admits the boundary equilibria E((0, 0), E1(b/«, 0), while for other pos-
sible boundary equilibria and positive equilibria, we need to consider the following cases:
(i) If x = 0, y # 0, we may have the other boundary equilibrium E(0, y;), where y; is the

root of the following equation:

c
(=B +c1) - 2 _o. (2.2)
y+d
After simplifying calculation, we can get y = ;dq(fi:f; ). The boundary equilibrium E;(0,
%) exists if ¢; > 8.

(ii) If x # 0, y # 0, the interior equilibrium E*(x*,y*) is determined by the equations as

follows:

b—ax-my=0,

cy (2.3)

-B+c+nx— =0.

y+d

From the first equation of (2.3), we have y = b;ﬂ—"’". Substituting y into the second equation

of (2.3), we can get the equation as follows:

Ax*>—Bx+C =0, (2.4)
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where A =an, B=a(B+c—c1)+bn+dmn, C=b(B +c—c1)+dm(B —c1). Obviously, A > 0,
B> 0. Let A denote the discriminant of Eq. (2.4) and express it as follows:

A =B%>—4AC

= (a(B+c—c1)—bn- dmn)2 +4acdmn > 0. (2.5)

From y = % > 0, we have

b
O<x<—. (2.6)
o

Now, we will discuss the root of Eq. (2.4) under the assumption that inequality (2.6) holds.

(a) If C <0, Eq. (2.4) has the unique positive root x, = B+ ~44C ug;-zuc > L g. Obviously, 1

does not satisfy the condition of (2.6).

(b) fC>0,wehave B>ciorB<c1<B+ bf;m. Then Eq. (2.4) has two positive roots
_ BEVB?-4AC
o

X2,3
Defining the function f(x) = Ax> — Bx + C, we have

b b\? b
f(—) =A- (—) +B-—+C
o o o

dm

= F[Q(ﬁ—cl)—bl’l]. (2'7)

MIEB<ci<B+ bfﬁ, we havef(g) < 0, then system (1.1) has a positive equilibrium
B-VB2-4AC ,« _ b-ox]
A .

Vo = T
(2) If B > c1, we cannot determine the size of f (g). So we will discuss the following:
Iff(g) < 0, we have

Es(x3,93), where x5 =

Boc < 2.8)
o

it is similar to case (1).
Iff(s) > 0, we have

Bociz . 2.9)
o

Consider x3 < g, after simplifying calculation, we have

d VA b
,3—c1+c+ﬂ+—<—n. (2.10)
o

o o

Obviously, it contradicts with (2.9). So system (1.1) has no positive equilibrium.

Summarizing the above discussion, we obtain the following theorem.

Theorem 2.1 For all positive parameters, there are two boundary equilibria Ey(0,0),
El(g,O). The boundary equilibrium E»(0 de=B)y exists if 1 > B. In system (1.1), for the

7 Btc—cy

positive equilibrium, we have:
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() IfO<B—c <l then system (1.1) has the unique positive equilibrium E*(x3,¥5),

4/ b-ax}
where x; = 2= Cys= Z,
m

(i) fBp<ca<B+ b+dm then system (1.1) has the unique positive equilibrium E*(x3,y5),
BoPoC b

2 m

where x5 =

2.2 The local stability of equilibria

Theorem 2.2 [n system (1.1), for the boundary equilibrium Ey(0,0), we have
(1) Ifc1 < B, then Ey(0,0) is a saddle;
(2) If c1 = B, then Ey(0,0) is a saddle node;
(3) Ifc1 > B, then Ey(0,0) is an unstable node.

Proof The Jacobian matrix of system (1.1) is calculated as follows:

—2ox-my+b —mx
J(x,y) = 2y o |- (2.11)
ny nx—p+c— y+d+(y+d

Then the Jacobian matrix of system (1.1) about the equilibrium Ey(0, 0) is

J(Eo(0,0)) = (b 0 ) . (2.12)

0 -B+c

The eigenvalues of J(Ey) are Ay =b >0, Ay =¢; — B. Hence, if Ay =¢1 - B <0, i.e, B> ¢y,
then E(0,0) is a saddle. If A, = ¢; — 8 > 0, i.e., B < ¢1, then we have

[Tt (Eo)]” - 4Det)(Eo) = (b+ - c1)? = 0,

so Ey(0,0) is an unstable node. If A, = ¢; — B = 0, namely 8 = ¢, the eigenvalues are now
given by A1 = b >0, A, =0. Then Theorem 7.1 in Chap. 2 in [32] is used to determine the
stability of the equilibrium Ey. Let dt = bdt, where t is a new time variable, which makes

the system into the following form:

dx m a o,

— =x— —xy— —x°,

dt b b (2.13)
dy n

A bdy bd2y +Qi(x,),
where Qi (x, y) is a power series in (x,y) with terms x%y/ satisfying i + j > 4.
By the implicit function theorem, there is a unique function x = ¢(y) in the first quadrant

such that ¢(0) = 0 near the origin. From % =0, we get the implicit function x = 0, then

dy c

dc~wd " bdzy + Q).

According to Theorem 7.1 in Chap. 2 in [32], we have m = 2, a,, = 35 > 0, s0 Ey(0,0) is a
saddle node.
The proof of Theorem 2.2 is finished. d
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Theorem 2.3 [n system (1.1), for the boundary equilibrium El(g, 0), we have:
(1) If 1 = B, then El(g,O) is a saddle;
(2) Ifc1 < B, then:
(D) IfB-c < then Ei(; b 0) is a saddle;
(i) fp-a > 2 then El( ,0) is a stable node;
(ili) If -1 = b” , then El( ,0) is a saddle node.

Proof The Jacobian matrix of system (1.1) about the equilibrium El(g, 0) is given by

](E (é o))— -b v (2.14)
Ne)) "o m_g-cy) '

The eigenvalues of J(E1) are A; = —b <0, Ay = 22 — (8 — c1).
IfB-c; <0,ie,c; >, thenkg-——(ﬁ—c1)>0 soEl( ,0) is a saddle.
If ¢c; < B, we have A, > 0, if 22 b > B —ci, thenEl(s,O) is a saddle.
Ifc; < B and "< B—ci, then Ay < 0, we have

>0,

2
[TrJ(ED] - 4Det/ (Er) = (—b - W)

) El( ,0) is a stable node.

Ifc; < Band i—” = B —c1,then X, = 0, the eigenvalues are now given by A; = -b <0, 1, = 0.
Then Theorem 7.1 in Chap. 2 in [32] is used to determine the stability of the equilibrium
E;. Now we transform the equilibrium E; to the origin by translation (X, Y) = (x — S, y)
at first, and then expand in power series up to the forth order around the origin, which
makes the system into the following form:

ax bm )
— =—bX - —Y —aX" -mXY,
dt o
(2.15)
dY_ XY cY? Y3 cY4 (X, V),
7 B R R

where Q,(X, Y) is a power series in (X, Y) with terms XY/ satisfying i + j > 5.
Letx=-bX - %’" Y,y =Y, dt = -bdt, where t is a new time variable, then we have

dx mmn c\, «a 2

dr a\a d b2
m n
——(1+=)xy+ y +P1(x,9), (2.16)
b o d
dy _ U I LB+Q(?C )
dr \ba "pad ) TV par? TEWY

where P (x,7) and Qs(x,y) are the power series in (x, y) with terms x’y/ satisfying i +j > 4.
By the implicit function theorem, there is a unique function x = ¢ () in the first quadrant

such that ¢(0) = 0 near the origin. From @ =0, we could obtain the implicit function
x="2 (2 1 £)y? + Py(x,), then

dy mn ¢

d_-[ - (b bd)y + Q4(x,y)

Page 7 of 17
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where P,(x,y) and Q4(x,y) are the power series in (x,5) with terms x'y satisfying
i+j>3.

According to Theorem 7.1 in Chap. 2 in [32], we have m = 2, a,,, = 57 + 57 > 0, 50 El( 0)
is a saddle node.

The proof of Theorem 2.3 is finished. g

Theorem 2.4 Insystem (1.1), when the boundary equilibrium E, (0, ﬂfi f )) exists, we have
(1) IfB<ci<B+ bprarpdm ypen E,(0, %98y is g saddle;

" b+dm ? Btc—c1
2) Ifc > ,3 + ﬁ;i;rfdm then E, (0, ﬁii f ) is a stable node;
3) Ifc; = ﬁ;j;ﬁdm then E, (0, ,32 f)) is a saddle node.
Proof The Jacobian matrix of system (1.1) about the equilibrium E,(0, ﬁii 51 ) is
d(ci — & 0
]<E2 (O, M)) _ [ e |- (2.17)
B+c—c L R e
The eigenvalues of J(E;) are A; = — ﬂc_cl L, Ay = (;fff <0.
IfC>0,ie,B<c1<B+ W,wehavekl c+ﬂ >0 so E5(0 ,%(2 f ) is a saddle.

Ifc;>B+ m , then we have
[Tr](E2)]” - 4DetJ(E,) > 0,

so E,»(0, ”1 ‘3)) is a stable node.

Ifc; = ,B + %&f’m then E,(0, 2.=8)) is a saddle node. The proof is similar to Theo-

7 B+c—c1

rem 2.3, we omitted it.
The proof of Theorem 2.4 is finished. d

Theorem 2.5 In system (1.1), when the equilibrium E*(x*,y*) exists, it is locally asymptot-
ically stable.

Proof The Jacobian matrix of system (1.1) about the equilibrium E*(x*, y*) is

—ax* —mx*
J(E*(x%,5%)) = ( e ) (2.18)
(y*+d)2

Then we have

Det](E*) = cdax’y” + mnx*y* >0
T orrdy? 7w
and
. cdy
Tl”](E*) = —Xx — W <0.

So E*(x*,y*) is locally asymptotically stable.
The proof of Theorem 2.5 is finished. g
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3 Global stability of equilibria
In this section we consider the global asymptotic stability of the equilibria.

Theorem 3.1 Assume that

B—ci> bn (3.1)
a

holds, then El(g, 0) is globally asymptotically stable.

Proof We will prove Theorem 3.1 by constructing some suitable Lyapunov function.

Let us define a Lyapunov function
n
Vi(x,y) = —(x—a_c—a_clnﬁ) +9, (3.2)
m x

where X = g. Then the time derivative of V; along the trajectories of (1.1) is

2

D+Vl(t)=E(x-%)azc+y(—,3+61+l’IX)— &
m x y+d
2
= B -y —F) 4y (Bt 1 + ) —
m +d
b 2
<—%(x—a_c)2—ny(x—a_6)+y(——n+”1x)— <
m o y+d
:_%(x—ﬁ)z— 2
m y+d
<0.

Thus, Vi (x,y) satisfies Lyapunov asymptotic stability theorem, and the boundary equilib-
rium El(g, 0) of system (1.1) is globally asymptotically stable.
The proof of Theorem 3.1 is finished. 0

Theorem 3.2 Assume that

b(B +c) + Bdm

>

holds, then E;(0, 22y jg globally asymptotically stable.

? Btc—c1

Proof We will prove Theorem 3.2 by constructing some suitable Lyapunov function.

Let us define a Lyapunov function
m —
Valx,y) =x + ;(y—y—yln%), (3.4)

wherey = %. Then the time derivative of V; along the trajectories of (1.1) is

D* Vs (t) = x(b — ax — my) + maly — ) - %(yiyd —yiyd>(y—y)
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d _")2
:—ax2+(b—my)x+mx(y—y)—%
) cdm(y-y)?
ST T G+ d)
<0.

Thus, V;(«,y) satisfies Lyapunov asymptotic stability theorem, and the boundary equilib-

rium E (0, 2=8)y of system (1.1) is globally asymptotically stable.

? Btc—c1

The proof of Theorem 3.2 is finished. g
Theorem 3.3 When the equilibrium Es(x*,y*) exists, it is globally asymptotically stable.

Proof We will prove Theorem 3.3 by constructing some suitable Lyapunov functions.

Let us define a Lyapunov function
Vs(x,y) = <x—x*—x*1n ﬁ) + Z(y—y*—y*ln l) (3.5)
x* n y*
Then the time derivative of V3 along the trajectories of (1.1) is

D'V3(t) = [a(x - x*) —m(y — y*) ] (x - x*)

(%o
2 cdm(y —y*)?
Cnly+d)(yF +d)

= —a(r—x%)
<0.

Thus, V3(x,y) satisfies Lyapunov asymptotic stability theorem, and the positive equi-
librium Es(x*,y*) of system (1.1) is globally asymptotically stable when the equilibrium
Es(x*,y*) exists.

The proof of Theorem 3.3 is finished. O

4 Numerical simulations
In this section we consider the dynamics of systems (1.1) and (1.2) under different param-
eters.

Letb=5,a=3,m=0.6, 8 =25, n=12, then system (1.2) is given by

dx
— =(5-3x-06)
(4.1)
d_y =y(-2.5+1.2x)
It =y(-2. .2x).

We have 1;—” =2 < 8 =2.5. From Theorem A, system (4.1) has two boundary equilibria
0(0,0), E1(1.67,0), and E(0,0) is a saddle, E'(1.67, 0) is globally asymptotically stable (see
Fig. 1).
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X'
v

x(5-3x-06Y)
y(-25+1.2%)

Figure 1 Dynamic behaviors of system (4.1)

x'=x(5-3x-0.6Y) c, =04
y'=y(-25+c +12x) -8y +15)

0.3

0.25

02

> 015

01F

0.05[ -

Figure 2 Dynamic behaviors of system (4.2) if c; =04

Now we consider some cannibalism parameters on the basis of (4.1). Let ¢ = 8, d = 15,
then system (1.1) is given by

dx

pri x(5 - 3x - 0.6y),

dy 85 (4.2)
7 =y(-2.5+ ¢ +1.2x) — J+15°

We consider ¢; as variable. System (4.2) always has two boundary equilibria Ey(0,0),
E1(1.67,0) from Theorem 2.1. If ¢; = 0.4, from Sect. 2.2, we have Ey(0,0) is a saddle and
Eq(1.67,0) is a stable node (see Fig. 2). If ¢; = 2, the positive equilibrium E*(1.26,2.11)
exists, which is globally asymptotically stable. E¢(0,0) and E;(1.67,0) are saddle (see
Fig. 3). If ¢; = 2.5, system (4.2) has a globally asymptotically stable positive equilibrium
E*(1.1,2.97), Eo(0,0) is a saddle node, E;(1.67,0) is a saddle (see Fig. 4). If ¢; = 5, system

Page 11 of 17
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x'=x(5-3x-0.6Y) 5 c =2
y’:y(—2.5+c1+1.2x)—8y/(y+15)

251

05

Figure 3 Dynamic behaviors of system (4.2) if c1 =2

x'=x(5-3x-0.6Y) 5 c, =25
y':y(-2.5+c‘+1.2x)—8y/(y+15)

Figure 4 Dynamic behaviors of system (4.2) if c1 = 2.5

(4.2) has a boundary equilibrium E5(0, 6.9), which is a saddle. Then Ey(0, 0) is an unstable

node, E;,(1.67,0) is a saddle, £%(0.163,7.63) is globally asymptotically stable (see Fig. 5). If

¢1 = 7.86, the positive equilibria of system (4.2) will disappear, and the boundary equilib-
rium E; (0, 30.4) is globally asymptotically stable. E(0,0) is an unstable node, E;(1.67,0) is
a saddle (see Fig. 6).

Now let us consider system (1.2), which has a unique positive equilibrium, let b = 5,
a=3,m=0.6, B =25,n=138, then system (1.2) is

x
pri x(5 - 3x - 0.6y),

(4.3)
ay

d—(25 1.8x)
g =725+ 1.8x).

Page 12 of 17
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x'=x(56-3x-0.6 c =5

-6Y)
y'=y(-25+c +12x) -8yly+15)

Figure 5 Dynamic behaviors of system (4.2) if c1 =5

x'=x(5-3x-0.6Y) c, =786
y'=y(-25+c +12x) -8yl +15)

Figure 6 Dynamic behaviors of system (4.2) if c1 =7.86

We have l;—” =3 > B = 2.5. From Theorem A, system (4.3) has two boundary equilibria
0(0,0), E(1.67,0) and a unique positive equilibrium E2(1.39, 1.36), and E(0, 0) is a saddle,
E'(1.67,0) is unstable, and £2(1.39, 1.36) is globally asymptotically stable (see Fig. 7).

We consider the predator cannibalism based on system (4.3). Let ¢ = 8, d = 15, then we

have
d.
d—f:x(S—Sx—Oﬁy), an
YV o 25+c 180 '
— =y(-25+¢ .8x) — .
a7 ! y+15

System (4.4) always has two boundary equilibria Ey(0,0), E1(1.67,0) from Theorem 2.1. If
¢1 = 2, the positive equilibrium E*(1.05, 3.12) exists, which is globally asymptotically sta-
ble. E¢(0,0) and E1(1.67,0) are saddle (see Fig. 8). If ¢; = 5, system (4.4) has a boundary
equilibrium E5(0,6.87), which is a saddle. Then E((0, 0) is an unstable node, E;(1.67,0) is
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Figure 7 Dynamic behaviors of system (4.3)

x'=x(5-3x-0.6Y)
y'=y —2.5+c‘+1‘8x)—8y2/(y+15)

Figure 8 Dynamic behaviors of system (4.4) if ¢; =2

a saddle, £%(0.139,7.84) is globally asymptotically stable (see Fig. 9). If ¢; = 7.86, the posi-
tive equilibrium will disappear for system (4.4), and the boundary equilibrium E; (0, 30.6)
is globally asymptotically stable. Ey(0,0) is an unstable node, E;1(1.67,0) is a saddle (see
Fig. 10).

5 Conclusion

Based on the traditional Lotka—Volterra predator—prey model, we propose and study a
predator—prey model with predator cannibalism in this paper. We have investigated the
local and global stability of the possible equilibria of the model. Meanwhile, we can find
some interesting phenomenon about the dynamic behaviors of system (1.1). If system (1.2)

(no cannibalism, i.e., ¢ = 0 and ¢; = 0) has a boundary equilibrium El(g, 0), which is glob-

b(B+c)+Bdm ))
b+dm

leads to system (1.1) admitting a unique positive equilibrium, and it is globally asymp-

ally asymptotically stable (see Fig. 1), a suitable cannibalism rate ((8 <c; < 8 +

totically stable (see Fig. 3, Fig. 4, and Fig. 5). That is to say, cannibalism within a certain
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Figure 9 Dynamic behaviors of system (4.4) if ¢; =5
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351 q

251

Figure 10 Dynamic behaviors of system (4.4) if ¢c; = 7.86

range can make the two species persistent. So in this case, cannibalism in a certain range
has a positive effect for the coexistence of the prey and the predator. With the increase
of ¢;, the positive equilibrium will disappear and the boundary equilibrium E;(0, %)
will appear (see Fig. 6). That is to say, without other sources of food, predator populations
can still survive on cannibalism. For example, salamanders only depend on cannibalism
to survive in summer.

If system (1.2) has a positive equilibrium Ez(é, b”:n;:’s), which is globally asymptotically
stable (see Fig. 7), with the increase of ¢;, the population density of prey decreases while
that of predator increases (see Fig. 8 and Fig. 9). When c; is large enough, prey populations
will be driven to extinction. That is to say, predator cannibalism will make prey extinct (see
Fig. 10). Predator cannibalism also changes the type of the equilibria (see Fig. 1, Fig. 5, and
Fig. 6; Fig. 7, Fig. 9, and Fig. 10).

That is, by introducing the predator cannibalism, the dynamic behaviors of the system
become complicated.



Deng et al. Advances in Difference Equations (2019) 2019:359 Page 16 of 17

Acknowledgements
The author would like to thank Dr. Ligiong Pu for bringing our attention to the paper of Jiming Zhang.

Funding
The research was supported by the National Natural Science Foundation of China under Grant (11601085).

Competing interests
The authors declare that there is no conflict of interests.

Authors’ contributions
All authors contributed equally to the writing of this paper. All authors read and approved the final manuscript.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 22 June 2019 Accepted: 9 August 2019 Published online: 28 August 2019

References

1. Berryman, AA.: The origins and evolution of predator—prey theory. Ecology 73(5), 1530-1535 (1992)

2. Chen, F, Chen, L, Xie, X.: On a Leslie-Gower predator—-prey model incorporating a prey refuge. Nonlinear Anal,, Real
World Appl. 10(5), 2905-2908 (2009)

3. Chen, F, Wang, H, Lin, Y, et al.: Global stability of a stage-structured predator-prey system. Appl. Math. Comput. 223,
45-53(2013)

4. Chen, L, Chen, F, Chen, L.: Qualitative analysis of a predator—prey model with Holling type Il functional response
incorporating a constant prey refuge. Nonlinear Anal., Real World Appl. 11(1), 246-252 (2010)

5. Chen, F, Ma, Z, Zhang, H.: Global asymptotical stability of the positive equilibrium of the Lotka-Volterra
prey—predator model incorporating a constant number of prey refuges. Nonlinear Anal., Real World Appl. 13(6),
2790-2793 (2012)

6. Li,Z, Chen, F, He, M.: Permanence and global attractivity of a periodic predator-prey system with mutual
interference and impulses. Commun. Nonlinear Sci. Numer. Simul. 17(1), 444-453 (2012)

7. Li,Z,Han, M., Chen, F: Global stability of a stage-structured predator-prey model with modified Leslie-Gower and
Holling-type Il schemes. Int. J. Biomath. 5(06), 1250057 (2012)

8. Li, Z, Han, M., Chen, F.: Global stability of a predator—prey system with stage structure and mutual interference.
Discrete Contin. Dyn. Syst,, Ser. B 19(1), 173-187 (2014)

9. Ma, Z, Chen, F, et al.: Dynamic behaviors of a Lotka-Volterra predator-prey model incorporating a prey refuge and
predator mutual interference. Appl. Math. Comput. 219(15), 7945-7953 (2013)

10. Xiao, Z, Li, Z,, Zhu, Z, et al.: Hopf bifurcation and stability in a Beddington-DeAngelis predator-prey model with
stage structure for predator and time delay incorporating prey refuge. Open Math. 17(1), 141-159 (2019)

11. Zhang, N, Chen, F, Su, Q, et al.. Dynamic behaviors of a harvesting Leslie-Gower predator-prey model. Discrete Dyn.
Nat. Soc. 2011, Article ID 473949 (2011)

12. Xie, X, Xue, Y, Chen, J, et al.: Permanence and global attractivity of a nonautonomous modified Leslie-Gower
predator-prey model with Holling-type Il schemes and a prey refuge. Adv. Differ. Equ. 2016(1), 184 (2016)

13. Lin, Y, Xie, X, et al.. Convergences of a stage-structured predator-prey model with modified Leslie-Gower and
Holling-type Il schemes. Adv. Differ. Equ. 2016(1), 181 (2016)

14. Yang, L, Xie, X, et al. Permanence of the periodic predator—-prey-mutualist system. Adv. Differ. Equ. 2015(1), 331
(2015)

15. Guan, X, Liy, Y, Xie, X.: Stability analysis of a Lotka-Volterra type predator—prey system with Allee effect on the
predator species. Commun. Math. Biol. Neurosci. 2018, Article ID 9 (2018)

16. Lin, Q: Note on the stability property of a ratio-dependent Holling-Tanner model. Commun. Math. Biol. Neurosci.
2019, Article ID 10 (2019)

17. Yu, S Global stability of a modified Leslie-Gower model with Beddington-DeAngelis functional response. Adv.
Differ. Equ. 2014(1), 84 (2014)

18. Yu, S.: Global asymptotic stability of a predator-prey model with modified Leslie-Gower and Holling-type Il schemes.
Discrete Dyn. Nat. Soc. 2012, Article ID 208167 (2012)

19. Yue, Q: Dynamics of a modified Leslie-Gower predator—prey model with Holling-type Il schemes and a prey refuge.
SpringerPlus 5(1), 461 (2016)

20. Yue, Q: Permanence for a modified Leslie-Gower predator—prey model with Beddington-DeAngelis functional
response and feedback controls. Adv. Differ. Equ. 2015(1), 81 (2015)

21. Xue, Y, Py, L, Yang, L. Global stability of a predator-prey system with stage structure of distributed-delay type.
Commun. Math. Biol. Neurosci. 2015, Article ID 12 (2015)

22. Smith, C, Reay, P: Cannibalism in teleost fish, Rev. Fish Biol. Fish., 1, 41-54 (1991)

23. Walters, C, Christensen, V., Fulton, B, et al.: Predictions from simple predator—prey theory about impacts of harvesting
forage fishes. Ecol. Model. 337, 272-280 (2016)

24. Petersen, A, Nielsen, KT, Christensen, CB, et al.: The advantage of starving: success in cannibalistic encounters
among wolf spiders. Behav. Ecol. 21(5), 1112-1117 (2010)

25. Gao, S.: Optimal harvesting policy and stability in a stage structured single species growth model with cannibalism. J.
Biomath. 17(2), 194-200 (2002)

26. Kang, Y, Rodriguez-Rodriguez, M, Evilsizor, S.: Ecological and evolutionary dynamics of two-stage models of social
insects with egg cannibalism. J. Math. Anal. Appl. 430(1), 324-353 (2015)

27. Rodriguez-Rodriguez, M., Kang, Y.: Colony and evolutionary dynamics of a two-stage model with brood cannibalism
and division of labor in social insects. Nat. Resour. Model. 29(4), 633-662 (2016)



Deng et al. Advances in Difference Equations (2019) 2019:359 Page 17 of 17

28.

29.

30.

31

32.
33

34.

35.

36.
37.

38.

39.

40.

Zhang, L., Zhang, C.: Rich dynamic of a stage-structured prey—predator model with cannibalism and periodic
attacking rate. Commun. Nonlinear Sci. Numer. Simul. 15(12), 4029-4040 (2010)

Zhang, F, Chen, Y, Li, J. Dynamical analysis of a stage-structured predator—prey model with cannibalism. Math.
Biosci. 307, 33-41 (2019)

Basheer, A, Quansah, E.,, Bhowmick, S,, et al.: Prey cannibalism alters the dynamics of Holling-Tanner-type
predator-prey models. Nonlinear Dyn. 85(4), 2549-2567 (2016)

Basheer, A, Parshad, R.D,, Quansah, E,, et al.: Exploring the dynamics of a Holling-Tanner model with cannibalism in
both predator and prey population. Int. J. Biomath. 11(01), 1850010 (2018)

Zhang, Z, Ding, T,, Huang, W, Dong, Z.: Qualitative Theory of Differential Equation. Science Press, Beijing (1992)
Chen, L, Chen, F.: Dynamic behaviors of the periodic predator-prey system with distributed time delays and
impulsive effect. Nonlinear Anal., Real World Appl. 12(4), 2467-2473 (2011)

Chen, L. Permanence for a delayed predator—-prey model of prey dispersal in two-patch environments. J. Appl. Math.
Comput. 34(1-2), 207-232 (2010)

Lei, C.: Dynamic behaviors of a stage structure amensalism system with a cover for the first species. Adv. Differ. Equ.
2018(1), 272 (2018)

Lei, C.: Dynamic behaviors of a stage-structured commensalism system. Adv. Differ. Equ. 2018(1), 301 (2018)

Wu, R, Li, L: Permanence and global attractivity of discrete predator—prey system with Hassell-Varley type functional
response. Discrete Dyn. Nat. Soc. 2009, Article ID 323065 (2009)

Wu, R, Li, L: Permanence and global attractivity of the discrete predator—prey system with Hassell-Varley—Holling Il
type functional response. Discrete Dyn. Nat. Soc. 2013, Article ID 393729 (2013)

Chen, B.: Dynamic behaviors of a non-selective harvesting Lotka-Volterra amensalism model incorporating partial
closure for the populations. Adv. Differ. Equ. 2018(1), 111 (2018)

Chen, B: The influence of commensalism on a Lotka-Volterra commensal symbiosis model with Michaelis-Menten
type harvesting. Adv. Differ. Equ. 2019(1), 43 (2019)

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

» Convenient online submission

» Rigorous peer review

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

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Dynamic behaviors of Lotka-Volterra predator-prey model incorporating predator cannibalism
	Abstract
	Keywords

	Introduction
	Existence and local stability of equilibria
	The existence of equilibria
	The local stability of equilibria

	Global stability of equilibria
	Numerical simulations
	Conclusion
	Acknowledgements
	Funding
	Competing interests
	Authors' contributions
	Publisher's Note
	References


