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Abstract: The transition between strong and weak Allee effects in prey provides a simple regime shift in
ecology. In this article, we study a discrete predator-prey system with Holling type II functional response and
Allee effect. First, the number of fixed points of the system, local stability, and global stability is discussed. The
population changes of predator and prey under strong or weak Allee effects are proved using the nullclines
and direction field, respectively. Second, using the bifurcation theory, the bifurcation conditions for the system
to undergo transcritical bifurcation and Neimark-Sacker bifurcation at the equilibrium point are obtained.
Finally, the dynamic behavior of the system is analyzed by numerical simulation of bifurcation diagram, phase
diagram, and maximum Lyapunov exponent diagram. The results show that the system will produce complex
dynamic phenomena such as periodic state, quasi-periodic state, and chaos.
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1 Introduction

Population refers to a collection of the same kind of individuals living in a certain area at the same time. In
nature, each population belongs to a certain level, and often, there are both predators at the upper level and
preys at the lower level. As a result, in order to grasp the link between populations at all levels, assess and
predict population persistence and extinction, a population model to explain the population system’s evolution
law must be established.

The general population model can be divided into two categories: differential equation model and difference
equation model. In general, when the population number is relatively large or generations overlap, it can be
described by differential equation. The difference equation is suitable for describing the population with long life
cycle, few population, and non-overlapping generations. For example, herbs often flower in their first year and
then die, roots and all, after setting seed, and a small fraction (<1%) of the 22,000 species of teleost fish are
semelparous and die soon after spawning (see [1] for more examples). In 1976, May [2] showed that although the
first-order difference equation model is simple, it can also show a series of surprising dynamic behaviors, such as
from stable point to a bifurcation hierarchy of stable cycles, and finally produce chaos. However, in a continuous-
time model, a minimum of three species are needed for exhibiting chaos [3]. It can be seen that the discrete
model will show more interesting dynamic behavior. Therefore, the discrete dynamic system model has attracted
the attention of many scholars [4-9]. AlSharawi et al. [10] considered the influence of vigilance of prey on
dynamics of a discrete-time predator-prey system. They studied the stability, persistence, flip bifurcation, and
Neimark-Sacker bifurcation of the discrete system. The results show that with the increase of prey vigilance,
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the density of predator population continuously decreases and high vigilance will have a detrimental role for
the prey population. Streipert et al. [11] deduced a discrete predator-prey model through the first principles in
economics. They extended standard phase plane analysis by introducing the next iterate root-curve associated
with the nontrivial prey nullcline. The stability of the system is proved by combining the curve with the
nullclines and direction field. Finally, it is proved that the system will have a transcritical bifurcation at the
boundary equilibrium point and a Neimark-Sacker bifurcation at the internal equilibrium point.

The Allee effect, a reduction of the per capita growth rate of a population of biological species at densities
smaller than a critical value, was first introduced by Allee in 1931 [12]. Allee effects are mainly classified into two
ways: strong and weak Allee effects. There is a critical value for the strong Allee effect. When the population
density is less than this critical value, the population shows a negative growth trend, and then, the population
will become extinct. When the population density is higher than this critical value, the population growth is
positive, and then, it can develop. The weak Allee effect does not have a critical threshold. Its characteristic is that
the individual growth rate at low density is lower than that at high density and always keeps a positive value, so
the two populations can coexist permanently. Empirical evidence of Allee effects has been observed in many
natural species, for example, plants [13,14], insects [15], marine invertebrates [16], and birds and mammals [17],
etc. Therefore, many researchers have studied the bifurcation and stability analysis for discrete-time predator-
prey system with the Allee effect [7,18-21]. However, in these articles, they did not consider the impact of strong
and weak Allee effects on the local stability of the equilibrium point of the predation system, nor did they prove
the global stability of the equilibrium point. So, in this article, we consider a discrete-time predator-prey model
with Holling type II functional response and Allee effect in preys, which is given by

- By
Xn+1 = Xn€XP|T(K = Xn)(Xn = A) a+ox |
5 m
_ apxn
Yn+1 = Y €XP a+ cx, d],
where x and y represent the densities of prey and predator population, respectively, and f(x) = afxcx is the

generalized Holling type II functional response. In System (1), r denotes the intrinsic growth rate of the prey
population, K denotes the environmental carrying capacity of the prey, d is the predator’s mortality rate,
0 < a <1 represents the conversion efficiency of intake of prey into new predators,  denotes the maximal
predator capita consumption rate, a represents the half-saturation constant, and ¢ denotes the handling time.
The parameters r, K, B, ¢, and d are assumed to be positive. The parameter A represents the threshold of
multiplicative Allee effect. When 0 < A < K, it indicates the the strong Allee effect; when —-K < A <0, it
indicates the weak Allee effect. Note that A = 0 is the transition between the weak and strong Allee effects.

In this article, we study a discrete predator-prey system with Holling type-II functional response and Allee
effect. There are several highlights in our analysis: (a) the influence of Allee effect parameter A on the local
stability of equilibrium point is analyzed; (b) the conditions of global stability of discrete System (1) at the
positive equilibrium point are obtained; (c) the population changes of predator and prey under strong or weak
Allee effect are proved using the nullclines and direction field, respectively; and (d) the transcritical bifurca-
tion and Neimark-Sacker bifurcation of System (1) are completely and rigorously analyzed.

This article is organized as follows. In Section 2, we analyze the dynamics of System (1), including the local
stability of the equilibrium points, the global stability of the positive equilibrium point, and the bifurcation
analysis at the equilibrium point. In Section 3, we verify our analytical results through numerical simulations.
In Section 4, this article is ended with a brief conclusion.

2 Model dynamics

Lemma 1. Solutions of System (1) with nonnegative initial conditions remain nonnegative. If xy = 0, then x, = 0
foralln=0.1fy, =0, then y, =0 foralln2 0. If xo > 0 and y, 2 0, then x, > 0 for alln = 0. If X, 2 0 and
Y >0, theny, >0 forallnz0.
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Proof. It can be directly proved by the model structure.

Lemma 2.

() System (1) always has a trivial equilibrium point Ey(0, 0).

(ID System (1) always has a positive semi-trivial equilibrium point Ex(K, 0).
(I System (1) always has a semi-trivial equilibrium point E4(A, 0).

. ad
(IV) Under the strong Allee effect, if 0 < A < B

point E*(x*, y*). Under the weak Allee effect, if 0 < aﬁa_dc v
ad

af-cd

equilibrium point E*(x*, y*), where x* =

Proof. Direct computation.

and y* = %(K = x*)(x* - A)(a + cx*).

< K, then System (1) has a positive nontrivial equilibrium

< K, then System (1) has a positive nontrivial

O

Lemma 3. Consider System (1) with initial conditions (xo, Y;). If Xo = 0 and y, = 0, then (x,, y, ) converges to E,.

Proof. Since x, = 0 for all n > 0 if xo = 0. In this case, y,,, = e%myo. This converges to zero for d > 0. This

completes the proof.

The linearized form of System (1) is then

Xes1 = fiXe + [y Y
Vi1 = gxxt + gyy(:

which has the Jacobian matrix

3

(x.y)

|55
]‘[gx 8

where (x, y) denotes the fixed points of System (1).
To obtain the stable results of (2), we consider the algebraic equation

AR -TA+D=0,
where
T=TrJ=f +g and D=Det/=fg -f8g,.
It is well-known that it has two roots of the form

/11’2 = (T + T2 - 4D)/2

Lemma 4. [22] The equilibrium point (x, y) is called

() sink (locally asymptotically stable) if|A| <1 and || < 1;
(ID source (locally unstable) if |A4| > 1 and |A| > 1;
(D) saddle if || > 1 and |A| <1 (or |A] <1 and || > 1);
(IV) non-hyperbolic if|A4| =1 or || = 1.

O

@

(©)

@

Lemma 5. [23] Let E*(x*, y*) be the unique positive equilibrium point of System (1), then the following proposi-

tions hold:
(1) Itis asink if

D<1 and |T|<D+1
(2) It is a source if

D>1 and |T|<D+1, or |T|>D+1
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(3) It is a saddle if
0<|T|+D+1<2T|.
(4) It is non-hyperbolic if
IT|=|D+1, or D=1 and |T|<2.

Jacobian matrix can be evaluated at Ey(0, 0) as

ek 0
Ep) = . (5)
J(Eo) [ 0 e‘d]
The eigenvalues of the Jacobian are 4y = e and A, = ™K at trivial equilibrium point Ey(0, 0). The results
regarding dynamical behaviors are listed in Table 1.
From Table 1, we can obtain the following theorem.

Theorem 1. Ey(0, 0) is always locally asymptotically stable under strong Allee effect, while it is always unstable
under weak Allee effect.

The Jacobian matrix computed at Ex(K, 0) is

K
1+ rAK - rK? __P
a+cK
J(Ex) = aBK A (6)
0 ex] -
P a+cK
. . K . .
The eigenvalues of the Jacobian are A, = 1 + rAK - rK? and X, = exp|[ aaf o — d]. The properties of semi-
trivial equilibrium point Ex(K, 0) are summarized in Table 2.
Table 1: Properties of origin equilibrium point Ey(0, 0)
Conditions Eigenvalues Properties
Al =ed Az = e TrAK
d>0 0<A<K A <1 A <1 Sink
-K<A<0 ] >1 Saddle
A=0 A =1 Non-hyperbolic
Table 2: Properties of semi-trivial equilibrium point Ex(K, 0)
Conditions Eigenvalues Properties
- 2
Al =1+ rAK-rK AZ = exp[aaf%_d]
0<rK(K-A)<2 (ap-cd)K = ad 4] <1 A =1 Non-hyperbolic
(ap-cd)K < ad ] <1 Sink
(ap-cd)K > ad [A] > 1 Saddle
rK(K-A) > 2 (ap-cd)K = ad 4] >1 A =1 Non-hyperbolic
(aB—cd)K < ad ] <1 Saddle
(ap-cd)K > ad [A] >1 Source
rK(K-A) =2 (ap—cd)K = ad A =1 [A] =1 Non-hyperbolic
(aB—cd)K < ad ] <1 Non-hyperbolic

(ap-cd)K > ad [A] >1 Non-hyperbolic
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From Table 2, we can obtain the following theorem.

Theorem 2. When 0 < rK(K - A) <2 and (aff - cd)K < ad are satisfied, the semi-trivial equilibrium point
Ex(K, 0) is locally asymptotically stable.

Jacobian matrix can be evaluated at Ex(4, 0) as

A
1+ rAK - rA? B
a+cA
](Ez) = 0 aﬁA d . (7)
exp a+cA ]

apA
a+cA
brium point E4(4, 0). The results regarding dynamical behaviors are listed in Table 3.

From Table 3, we can obtain the following theorem.

The eigenvalues of the Jacobian are 4 = 1 + rAK - rA? and A, = exp[ - d] at the semi-trivial equili-

Theorem 3. The semi-trivial equilibrium point Ex(4, 0) is always unstable under the strong Allee effect. Under
the weak Allee effect, when 0 < rA(A - K) < 2 and

aaffA < d are satisfied, it is locally asymptotically stable.

J(x,y) evaluated at the positive equilibrium point E*(x*, y*) is

C X* % X*
1+ rx*(K + A) - 2rx* + Xy > - B
feo Sy (a + cx*) a+ cx*
E¥) = = . ®)
JEI =g, g, aaBy* 1
(a+ cx*)?
Then characteristic equation of J(E*) is given by
A2 = TrJA + Det] = 0, 9
Table 3: Properties of semi-trivial equilibrium point Ex(4, 0)
Conditions Eigenvalues Properties
]ll =1+ Y‘AK—TAZ AZ = exp[:f‘:A_d]
Strong Allee effect: 0 < A < K
0<A<K w@A_ 4 N]>1 A2 =1 Non-hyperbolic
a+cA
wbA 4 ] <1 Saddle
a+cA
@A q ] >1 Source
a+cA
Weak Allee effect: -K <A <0
0 <rA(A-K) <2 apA  _ A <1 [A] =1 Non-hyperbolic
a+cA
@A g 2] <1 Sink
a+cA
L [A] >1 Saddle
a+cA
rA(A-K) > 2 apA  _ M) >1 4] =1 Non-hyperbolic
a+cA
@bA 4 ] <1 Saddle
a+cA
@A q 4] >1 Source

a+cA
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where

C,B’X*y*
(a + cx*)%’

CﬁX*y* . aaﬁzx*y*
(a+cx*)?  (a+cx*)3

T=Tr]=2+rx*K+A) - 2rx** +

D=Det] =1+ rx*(K +A) - 2rx*? +
In summary, we have the following theorem.

Theorem 4. System (1) at the positive equilibrium point E*(x*, y*) is local asymptotically stable when the
conditions

2cBx*y* . aapxry*

4+ 2rx*(K + A) - 4rx* +
( ) (a+cx®?  (a+cx*)?

and
cBxry* aaBiry*
rx*(K + A) - 2rx*? + By2+ p y3<
(a + cx*) (a + cx*)
hold.
Proof. It can be proven by Lemma 5. O

Theorem 5. The positive equilibrium point E*(x*, y*) of System (1) is a global attractor if 1+ r(K + A)x*
Cﬁx*y* S 0
(a+cx*)? =

- 2rx*? +

Proof. Let f(x, y) = xexp[r(K - x)(x - 4) - -2-], g(x,y) = yexp[- - d]. Then, f(x, y) is non-decreasing in

x if 1+ r(K + A)x* - 2rx** + (acﬁ X:f:)z > 0 and non-increasing in y for all (x,y). Moreover, g(x,y) is non-
decreasing in both arguments x and y for all (x, y). Let (my, My, my, M) be a positive solution of the system
my = f(my, My), M = f(M, my),
my = g(my, my), M, = g(My, My).

Then, we have

my = myexp(r(K - my)(my - A) - Ay ,
a+ cmy
Bmy
M, = M, K-M)M, -A) - ,
1 = Miexp|r( DM, - A) a+ o,
and
Bmy apM;
= -d|, M, =Mexp|——— -d|
m; = myexp a+om 2 2€Xp a+ cM;

Through calculation, we can obtain
my = My, my = M.
Hence, the unique positive equilibrium point E*(x*, y*) is a global attractor if 1+ r(K + A)x*

B> 0. 0

(a+cx*)? =

- 2rx*% +

From Theorems 4 and 5, we can obtain the following conclusions.
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Cﬁx*y*
(a+cx*)?

equilibrium point E*(x*, y*) of System (1) is globally asymptotically stable.

Theorem 6. Assume that1 + r(K + A)x* — 2rx*2 +

> 0,D <1,and|T| < D + 1. Then, the unique positive

In fact, x, is increasing if the forward operator, Ax, = X;+1 — Xy, is positive. For System (1), the forward
operators are

B
AXp = Xp+1 — Xp = K - -A-—|-1 10
Xn = Xn+1 ~ Xn Xn[exp r( Xn)(Xn ) a+cx, (10)
and
apx
Ayn = Yn+1 =.yn[EXp a+ C';(n - d] - 1] 1)

From (10), we see that x, > 0 is increasing if and only if y, < %(K - X)X, — A)(a + cxp), since X,41 > 0
for x, > 0. Thus, if (x, y,) is above the line

r

y=1lx) = E(K - X)(x - A)(a + cx), 12)
Y, > l(xy), then the sequence of iterates, x, is decreasing, and if y, < l(x,), then X, is increasing. Similarly,
from (11), it follows that Yy, is increasing as long as x, > aﬁai = and decreasing if x, < aﬁa_dc -

By Lemma 1, solutions remain in the first quadrant for all nonnegative initial conditions. We divide
the first quadrant into regions based on the component-wise monotonicity obtained by solving x,.; = x,
and y,,, =y, The curves along which (1) satisfying Ax, = 0 and Ay, = 0 are given by the line
r ad
—(K - x)(xp —A)a+cx,) and x,= ———,
FK ~ X = )@+ ox) " -
respectively. We refer to these curves as nullclines. These two curves divide the first quadrant into three
or four regions R; (i =1,2,3,4).

We define the regions

Y, =106 = (13)

ad
Ry ={(Xn, y,) € (0, +)? : X, > - cd and y, = lOq),
Ry ={(Xp, y,) € (0, +2)2 : x; < ad and y, > l0q)
T Yn ’ n aﬁ _ Cd n n’|»
Ry {0 3,) € (0,400 1 xy < =2 and y, = 10g)
*n ’ ap - cd n ’
Ry =13(xn,y,) € (0 +°°)2 1 Xp 2 ad and y, <I10a)
*n ’ aB - cd "
I y 1‘
I & LR R.! R,
eNONEE e\
| %
Ey r ; = .:1_,. r X
4 E, Ex Eal';id x “ a;_.F - Ex -al, x
e i T
(a) (b)

Figure 1: Phase diagram of System (1) when 0 < A < K. The red dashed line corresponds to the predator nuliclines, and the blue curves
correspond to the prey nullclines. A horizontal arrow pointing to the right (left) represents x,.1—x, > 0(<0), and a vertical arrow pointing
up (down) represents y, ., -y, > 0(<0). Subfigure (a) is a schematic image if K < ad (b) is a schematic image if 0 < o< A, while

af-cd’ af-cd
(c) shows the case when A < < K. Note that in (a) and (b), there is no region Ry in the first quadrant.

af-cd
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In Figure 1, when 0 < A < K, for aﬁa_dcd >Kor0< aﬁa_dcd <A, Ry =@, and R; = {(xp, y,) € (0, +00)2: A <
Xn < K and y, < 1(xy)}. It can be seen from Figure 1 that only when A < aﬁa_dc 7 < K, System (1) has a unique

positive equilibrium point. By observing the arrow direction in the image, we can find that when the number
of prey population is small, the prey will be extinct and the predators will also be extinct. This is due to
Xns1— Xp < 0and y .4 — Y, <0,ie, Xp1 < Xy and y,,; < Y,. Thus, the trivial equilibrium E is stable under the
strong Allee effect, which is consistent with the conclusion of Theorem 1.

d
aﬁa—cd >K, Ry =@ and R; = {(xy,),) € (0, +0)*: 0 < x; < K and

Y, £ 1(xy)}. Similarly, we can find that when the prey population is small, under the influence of the weak
Allee effect, the prey population will not be extinct, and the population will increase. However, the number of
predator population will gradually decrease and become extinct. This is different from the strong Allee effect.
And by observing Figures 1 and 2, it can be found that when x > K, the growth rate of the prey population
shows a negative growth, which is consistent with the biological significance.

In Figure 2, when -K < A <0, for

Theorem 7. If A = 0, then E, = E, and System (1) undergoes a transcritical bifurcation at the trivial equilibrium
point Ey.

Proof. For A = 0, the equilibria E; and E, coalesce. The Jacobian evaluated at E, given in (5) has eigenvalues

X =edand A, = 1, the trivial equilibrium point E, is non-hyperbolic. It can be concluded that the central
manifold of the map x — xexp[rx(K - x)]. According to the literature [22], it manifests that System (1) exhibits
a transcritical bifurcation at Ej. O

Theorem 8. If _ a_dc 7 = K, then Ex = E* and System (1) undergoes a transcritical bifurcation at the semi-trivial

equilibrium point Eg.

ad
ap-cd
eigenvalues 4 = 1+ rAK - rA? and A, = 1, and the trivial equilibrium point Ex is non-hyperbolic. Similarly,
according to the literature [23], it manifests that System (1) exhibits a transcritical bifurcation at Eg. O

Proof. For = K, the equilibria Ex and E* coalesce. The Jacobian evaluated at Ex given in (5) has

Theorem 9. If 0 < aﬁa_dc 7 = A, then E, = E* and System (1) undergoes a transcritical bifurcation at the semi-

trivial equilibrium point Ey.

-a -a

(a) ' (b)

Figure 2: Phase diagram of System (1) when -K < A < 0. The red dashed line corresponds to the predator nullclines, and the blue curves

correspond to the prey nullclines. A horizontal arrow pointing to the right (left) represents x,.1—x, > 0(<0), and a vertical arrow pointing

up (down) represents y, ., -y, > 0(<0). Subfigure (a) is a schematic image if K < n;fdcd, while (b) shows the case when 0 < aﬁaid

<K.

Note that in (a), there is no region R, in the first quadrant.
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ad
af-cd
values A =1+ rAK - rk? and A =1, and the trivial equilibrium point E, is non-hyperbolic. Similarly,
according to the literature [23], it manifests that System (1) exhibits a transcritical bifurcation at E,. O

Proof. For = A, the equilibria E, and E* coalesce. The Jacobian evaluated at E, given in (5) has eigen-

Theorem 10. The interior equilibrium point E* loses its stability via Neimark-Sacker bifurcation if

*y )k 2y %y %
cBxty N aap’x*y* (14)

rx*(K + A) - 2rx*? + =
( ) (a+cx*)?  (a+cx*)}

Proof. Neimark-Sacker bifurcation occurs in the system when a pair of complex eigenvalues with unit mod-
ulus [24], i.e.,
Det(J) = 1.

It is obtained

CﬁX*y* . aaﬁzx*y* ~

1+ rx*(K + A) - 2rx*> + =
( ) (a+cx*)?  (a+cx*)?

This gives the condition for the Neimark-Sacker bifurcation. O

Now, we discuss the Neimark-Sacker bifurcation of the equilibrium point E*(x*, y*). Here, we choose a as
a bifurcation parameter. Neimark-Sacker bifurcation in a discrete system is the birth of a closed invariant
curve from an equilibrium point. The bifurcation can be supercritical when closed invariant curve is stable
and subcritical, when it is unstable.

The characteristic polynomial (8) of Jacobian matrix of linearized system of (1) about the positive equili-
brium point (x*, y*) can be rewritten as:

F(D) = 2 - p(x*, y*)A + q(x*, y*), (15
where
(a + cx*)%’
C,B’X*y* . aa,Bzx*y*
(a+cx®?  (a+cx*)>

p(x* y*) =2+ rx*(K + A) - 2rx*? +

qix*, y*) =1+ rx*(K + A) - 2rx*2 +

Consider (15), then F (1) = 0 has two complex conjugate roots with modulus one if the following conditions
are satisfied:
cﬂx*y* aaﬁzx*y* ~

1+ rx*(K + A) - 2rx*2 + =
X )= o (@a+cx*)?  (a+cx*)?

and

T| =12 + rx*(K + A) - 2rx*2 +
|T| = | ( ) @+ o)

| < 2. (16)
Let
Qns = {(r,K,A,a,c, B, ad) €RE: (14) and (16) are satisfied}.

Then, the dynamic analysis of System (1) is analyzed when the parameters change in the small field of Qys.
Select parameter (1, K, 4, a, ¢, B, a, d) € Qus, and consider the following system:

. BYn

Xn+1 = Xn€XP| (K = X)X — A) a+cx |
@ OB

Vst —yneXp[Tcxn d];

where |a*| < 1 is a small perturbation parameter.
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Letu = x - x*, v =y — y* then we obtain

Ups1 = Anll + ApV + Al + Ay + AgV? + Aigl® + Apu®v + Aiguv? + Ay + O(([ul + [v)h),
Vns1 = Aqill + AgpV + Agsli® + Agguv + AgsV? + Aggli® + AUy + Agguv? + Azgv® + O((Ju| + [V])*), an
where
px* cpy*
Ap=1+x*®, Ap=—-——"—, O =r(K+A) -2rx*+ s
1 ™ 12 a+ cx* 1= ) X (a + cx*)?
1 cBy*(a-cx*) 1 cBx* BAn B2x*
A= 1K+ A) = X% + T2+ SAn D, Ay = - : =t
8= ) Aa+ocy 27 TR T @rot? aro’ TP 2a+ oy
1 2¢3Bx*y* - dac’By* cBy* (a — cx*) 2¢%By*
Ajg=—|-4r + + Qr(K+A) —drx*+ ———— = —An(@r + ————3) + 241394,
16 2‘ @+ oy 1[r( ) @+ oxy ] = An( @+ cx*)3) 13®1
_ 1| By*a-oex®) . cBx* @y . BAn  2BAss
7ol (a+ ex*)? (a+cx®)?  (a+cx*) a+cox*|
cpx* BAu B3x* aapy*
Ag=- 3 =’ 19 =~ 3 0= T e Ap =1,
2(a + cx*) 2(a + cx*) 6(a + cx*) (a + cx*)
a’a’pry* acapy* aaf
Aspy = - s Aoy = —_—, A = Ase = Asg = 0’
23 2a+cx®t (a+ex*) 24 @+ cx*)? 25 28 29
ac’afy* aaBAy 2a%ca’pry* a’a’p? acap

26 27

- (a+cx*)*  3(a+cx*)?  3a+ x>’ B 2a + cx*)*  (a+ cx*)®
The characteristic equation of System (17) at (u, v) = (0, 0) is as follows:
22 - p(a)A + q(a*) = 0,

where

Cﬁx*y*
(a+ cx*)¥’

cﬁx*y* aa*ﬁzx*y*
(a+cx*)?  (a+cx*)3

p(a*) =2+ rx*(K + A) - 2rx** +

qa®)=1+rx*(K + A) - 2rx** +

Since parameters (1, K, 4, a, ¢, §, a, d) € Qys, the roots of the characteristic equation are

b= -2 s L aga - g,

we have
A2l = y/q(a®)
and
d|A
Lol |
da* |

In addition, it is required that a* = 0, A{Z #1(j=1,2,3,4), which is equivalent to p(0) # -2, 0, 1, 2.
Because (1, K, A, a, ¢, B, a,d) € Qus, p(0) # -2, 2. We only require p(0) # 0, 1, so that
CBX*y*
(a + cx*)?

2+ rx*(K + A) - 2rx*2 +
( ) (a + CX*)Z

#0 and 2+ rx*(K+A) - 2rx*2 + %1 (18)
Therefore, eigenvalues 4 and 4, of the equilibrium point (0,0) of System (17) do not lay in the intersection

of the unit circle with the coordinate axes when a* = 0 and the condition (18) holds.
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[1a(0) = p2(0)
Letn = —p © ,W = M, we use the following transformation:
- o8- 25, 2%
v VA n- An W
and System (17) becomes
[Wm
Zn Zi| |Z (W, Z)|
where
= Ags Ay Ass A Ar A Ay
(W,Z2)=—u?+ —uv + —v>+ —ud + —uPv + —uv? + —v3 + O((|W] + |Z])%),
/ Ap Ap A A Ap Ap Ap
A -A A A - A A A - A A
F(W,7)= 13(0 — Au) Ay 2+ u() —An) Ay W+ 15( — Au)  Ags 2
(/.)Alz w (UA12 w (UAlz w
o A1~ An) A B+ An(n - An) Ay 2 + Aig(n — An) Ay 2
WA W WA w WA W
A -A A
o (A2 A Ao ls 0wy + 12,
WA w

u=ApW, v-= (I] —A11)W— wZ.
System (17) undergoes the Neimark-Sacker bifurcation if the following quantity is not zero:

1- 2277
£=_Rel( DA

1
LiLy| = = |Lul* = |Lu|* + Re(&Ly),
1= [ 12} 2| ul® = |Lal e(AL2)

where
1= Gonw +Fo2) + Gy + )
L= §1Giw =~ Foz * %) * G = Bz = T
Sy =Tz = ) * G = Bz * T

Ly = E[(fwww * foz * Buwwz * 8az2) + Guwww *+ 8wzz ~ Fwwz ~ Faz2)):

If £ # 0, the Neimark-Sacker bifurcation will occur in System (1), and the following theorem holds:

1"

(19)

(20)

Theorem 11. System (1) undergoes a Neimark-Sacker bifurcation at the positive equilibrium point E*(x*, y*) if
conditions in (18) are satisfied and £ # 0 in (20). Moreover, if £ < 0 (resp., £ > 0), an attracting (resp., repelling)

invariant closed curve bifurcates from the steady state for a > a* (resp., a < a*).

Remark 1. When the system has the Neimark-Sacker bifurcation, it will dispose of the expenditure invariant
curve from the fixed point, which indicates that prey and predator can coexist, and the dynamic behavior can

be periodic or quasi-periodic.

3 Numerical simulations

This section will show the bifurcation diagram, phase diagram, and maximum Lyapunov exponent diagram

with the Allee effect model to verify the correctness of theoretical analysis.
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Maximum Lyapunov Exponents

0.2 0.4 0.6 0.8 1

Figure 3: Neimark-Sacker bifurcation diagram and maximum Lyapunov exponent diagram for System (1).

3.1 Weak Allee effect

Assuming that the parameter isr =17, K=1,A4=-01,=0.7,a=1,c=1, and d = 0.1, a is the bifurcation
parameter, and the initial value of the system is (xo, ,) = (0.8, 0.5). Lemma 2 shows that when a < 0.2857, the
coexistence equilibrium point does not exist; when a > 0.2857, there is a unique coexistence equilibrium point.
It can be seen from Theorem 8 and Figures 3(a) and (b) when a = 0.2857, System (1) has a transcritical
bifurcation at the boundary equilibrium point Ex. And according to Theorem 10, when a = 0.3981, System
(D) will have a supercritical Neimark-Sacker bifurcation at the coexistence equilibrium point. The bifurcation
diagram and the maximum Lyapunov exponent diagram are shown in Figure 3. Combined with Figures 3 and
4, when a < 0.3981, the fixed point is stable. When a = 0.39, the phase and evolution diagrams of predator and
prey with time are given in Figures 4(b) and 5(a). It can be seen from Theorem 6 that the coexistence
equilibrium points of System (1) are globally asymptotically stable. However, when a > 0.3981, the coexistence
equilibrium loses its stability, and a stable invariant loop appears. At this time, the periodic solution of System
(1) appears (Figures 4(c) and (d) and 5(b)). When a increases, it can be seen from Figures 3(c), 4(e) and (), and
5(c) that System (1) will have quasi-periodic solutions and chaos.
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Figure 4: Phase diagram corresponding to Figure 3 when a takes different values: (a) a = 0.25, (b) a = 0.39, (c) a = 0.3981, (d) a = 0.4,
(e)a=0.6, and (f)a = 0.9.
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Figure 5: Evolution of predator and prey population with time: (a) a = 0.39, (b) @ = 0.39, and (c) a = 0.6.

3.2 Strong Allee effect

When A = 0.1 and other parameters remain unchanged, it can also be obtained that when a < 0.2857, the
coexistence equilibrium point does not exist; when a > 0.2857, there is a unique coexistence equilibrium point,
and when a = 0.2857, System (1) has a transcritical bifurcation at the boundary equilibrium point Ex.
According to Theorem 10, when a = 0.3729, System (1) has the Neimark-Sacker bifurcation at the coexistence
equilibrium point. Figure 6(a) and (b) is the bifurcation graph of a on [0, 1], and Figure 6(c) is the maximum
Lyapunov exponent graph corresponding to Figure 6(a). Figure 6(d-f) is a locally enlarged view of Figure
6(a—c). It can be seen from Figures 6 and 7 that when a < 0.3729, the fixed point is stable; when a > 0.3729, the
fixed point loses its stability and a stable invariant loop appears. At this time, System (1) generates a periodic
solution (Figures 7(d) and 8(b)). When a increases, System (1) produces quasi-periodic solutions and chaotic
phenomena. However, when we continue to increase a, the population will become extinct (Figure 8(c)).
Combining Theorem 6 and Figure 8(a), when 0.2875 < a < 0.3729, the coexistence equilibrium point of System
(1) exists and is globally asymptotically stable.

It can be found from Figures 3 and 6 that under the weak Allee effect, the growth rate of the population at low
density is always positive and the population will not become extinct. Under the strong Allee effect, the population
will become extinct at low density. This is consistent with the conclusion obtained from Figures 1 and 2.
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Figure 6: Neimark-Sacker bifurcation diagram and maximum Lyapunov exponent diagram for System (1).
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Figure 7: Phase diagram corresponding to Figure 6 when a takes different values: (a) a = 0.25, (b) a = 0.37, (c) a = 0.3729, (d) a = 0.375,
(e) a = 0.379, and (f) a = 0.4.
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Figure 8: Evolution of predator and prey population with time. (a) a = 0.37, (b) @ = 0.375, and (c) a = 0.4.

4 Conclusion

In this article, we study the stability and bifurcation of equilibrium points in a discrete predator-prey model
with the Allee effect. The stability analysis shows that the model with strong Allee effect has two positive

boundary equilibrium points, and the boundary equilibrium point corresponding to the Allee effect threshold
ad
af - cd
coexistence equilibrium, and when the population density is low, the predator and prey populations will be
ad
af-cd
equilibrium, and when the population density is low, the growth rate of the prey population always remains
positive, and the population will not be extinct. The bifurcation analysis shows that when aﬁa_dc 7 = K, the
boundary equilibrium point Ex will have a transcritical bifurcation, and when the coexistence equilibrium E*
exists and loses stability, System (1) will have a Neimark-Sacker bifurcation. The numerical simulation reveals
that when the energy conversion rate of predator a increases gradually, System (1) will produce periodic,

quasi-periodic windows, and chaos.

is always unstable. Under the strong Allee effect, when 0 < A < < K, the discrete System (1) has a unique

extinct. Under the weak Allee effect, when 0 < < K, the discrete System (1) has a unique coexistence
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