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GLOBAL STABILITY, BIFURCATIONS AND
CHAOS CONTROL IN A DISCRETE
AMENSALISM MODEL WITH COVER AND
SATURATION EFFECT

Yanbo Chong' and Fengde Chen?f

Abstract In this paper, we propose a discrete amensalism model incorporat-
ing cover and saturation effect. The discrete model is derived from its contin-
uous counterpart using the piecewise constant parameter method. First, we
determine the equilibria, outline the conditions for their existence, and analyze
their local stability properties. Subsequently, by employing discrete equation
deflation and iteration methods, we establish a set of sufficient conditions that
ensure the global attractivity of the system. Our analysis demonstrates that
the size of the cover and the natural growth rate of the second population
significantly influence the global attractivity of the system. Next, we investi-
gate the existence of both flip bifurcation and transcritical bifurcation near the
positive and boundary equilibria under certain conditions, utilizing the central
manifold theorem and bifurcation theory. To control chaos arising from flip
bifurcation, we implement feedback control strategies, specifically the hybrid
control method. Finally, numerical simulations verify the feasibility of our
theoretical results. Our research reveals that both the presence of cover and
saturation effect enhance the density of the first population, while an increase
in the amensalism coefficient ¢; ultimately leads to the extinction of the first
population.

Keywords Saturation effect, cover, global attractivity, flip bifurcation, tran-
scritical bifurcation, chaos control.
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1. Introduction

In the natural world, the complex tapestry of life is woven through the intricate web
of interactions between organisms, which shape the ecosystems they inhabit. These
interactions encompass a variety of relationships, including but not limited to pre-
dation, competition, parasitism, and mutualism. Moreover, amensalism stands out
as a unique interaction where one organism inflicts harm on another without being
affected in return. For instance, the penicillium produces penicillin to inhibit the
growth of gram-positive bacteria [40]. Similarly, juglone, a chemical found in the
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green husk of walnuts, is known for its potent inhibitory effects against Escherichia
coli, highlighting the defensive properties that plants can possess [25]. Rodigiosin,
a substance known for its stability and non-toxicity under normal environmental
conditions, exhibits a significant inhibitory effect on the fungus Penicillium. This
characteristic makes it particularly useful in the preservation of citrus fruits [9]. In
the alpine meadows of Tibet, an interesting example of amensalism can be observed
in the behavior of dominant herbivorous grasshoppers. Their unconscious natu-
ral hopping behavior reduces the feeding time and amount for caterpillar, thereby
slowing their developmental rate. However, this behavior does not impact the per-
formance of the grasshoppers themselves [38]. This observation underscores the
subtle and often overlooked ways in which organisms can influence one another
within their shared ecosystems.

In 2003, Sun [33] introduced a seminal model that pioneered the mathematical
representation of amensalism interactions:

d—m—rx ki —x—ay
a Ky ’
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where 1, 19, k1, ko, o are positive constants. The local stability of each equilibrium
point was analyzed using the eigenvalue method as described in model (1.1). Sub-
sequently, the permanence and extinction of the two populations were examined
in [50]. Wang [35] demonstrated that under certain appropriate assumptions, all
four non-negative equilibria in the amensalism model with density dependent birth
rate may exhibit global attractivity. More relevant studies have been carried out to
consider the impact of environmental factors, such as the effect of cover [5,37,39,47],
the effect of harvesting [16,20,31,45], Allee effect [1,12,13,26,46,48], the effect of
function response [46,49], the effect of delays [22,43], and fear effect [3,8,10,19,49].

Specifically, numerous nature reserves have been designated to safeguard endan-
gered species and promote their proliferation. In biological terms, these conservation
zones are often referred to as cover areas, which play a crucial role in mitigating
inter-population interactions. Sita Rambabu, Narayan, and Bathul [32] investigated
the effect of cover based on model (1.1) and established a mathematical framework
that can be expressed as follows:

(1.1)

d
d—gtc =ayx — bz? — c1(1 = k)zy,
(1.2)
d_ agy — by’
dt ’

where k € (0, 1) represents the proportion of the first population x that is protected
by the cover, and kx denotes the number of individuals from the first population
remaining within the cover, unaffected by the second population. The authors
derived approximate solutions using the Homotopy Analysis Method (HAM). More
in-depth study of the above system was carried out by Xie, Chen, and He [39],
they showed that the cover plays a decisive role in the permanence and extinction
of populations and that when cover is large enough, the influence of the second
population on the first is reduced, and the two populations can coexist stably in
amensalism mode with cover for the first species.
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In ecology and biomathematics, inter-species competition is a pivotal force in
shaping community composition and maintaining species diversity. The study of
competition models has become a widely pursued avenue among scholars investigat-
ing population dynamics [2,11,21,24,44]. Mathematically, these models elucidate
the dynamic processes through which two or more species compete for limited re-
sources. A quintessential example can be observed in a meadow, where sheep and
rabbits engage in a competitive struggle over the shared resource of grass. The
classical two-dimensional competition model, as proposed by Lotka-Volterra, takes
the following form:

% =z(ri — bz —1y),
(1.3)

d
di;:y(ﬁ—bzy—cziv%

where, = and y represent the population densities of two distinct species at time
t, respectively. Each parameter within the model (1.3) is a positive constant, en-
suring the biological meaningfulness of the equations. The coefficients r; and 79
denote the inherent growth rates of species one and two, respectively. b; and by are
associated with the intra-specific competition, respectively. ¢; and co represent the
inter-specific interaction coefficients, respectively. The terms c¢;y and coxr quantify
the competitive impact exerted by one species upon another within the ecological
community. The existence of a unique positive equilibrium point in system (1.3)
was analyzed in [34]. This model, along with its various extensions, has garnered ex-
tensive attention and has been thoroughly examined in numerous scholarly works,
as cited in the literature [2,18,44]. For instance, Chen and Teng [2] applied an
iteration scheme and the comparison principle of difference equations to establish
the global asymptotic stability of the positive equilibrium in a discrete (1.3). Jin
and Li [18] applied the center manifold theorem and bifurcation theory to prove
the occurrence of transcritical, period-doubling, and pitchfork bifurcations in a dis-
crete model (1.3) with Michaelis-Menten type harvesting. Zhang, Zhen and Yan
et al. [44] investigated stability of system and existence of Hopf bifurcation in a
delayed competition system.

Noting that the influence of competition in equation (1.3) is linear, meaning
that as the density of competitors increases, their competitiveness also increases
without bound. However, in real ecological environments, it is more reasonable to
consider that the effects of competition are nonlinear. Gopalsamy [11] proposed
delay differential equations for population dynamics, which can be expressed in the

following form
dolt) _ z (1) (7‘1 — b1z (1) -7 ) )

. Clty(t—T) (1.4)
dy(t) B CoX (t - T) .
“a —v® (T2‘b2y“>‘1+x<t—r>)’

where r;, a; and ¢;, (¢ = 1,2) are positive constants, 7 is a nonnegative constant. The
authors investigated both the stability of the system and the existence of oscillations.
Liu, Tan and Chen [24] further explored permanence and the existence of positive
periodic solutions of (1.4) with multiple delays and impulsive perturbations. Li,
Liu and Yuan [21] investigated stability of positive equilibrium and the existence
of Turing pattern. Additional results on competition models with saturation effect
can be found in [14,28].



2980 Y. Chong & F. Chen

Noting that in model (1.2), the authors did not consider the saturation effect.
Building upon the system (1.2), Wu, Zhao, and Lin [37] also argued that the in-
fluence of the second population on the first population has saturation effect and
cannot grow indefinitely. Consequently, they proposed the following two-population
amensalism model with cover and saturation effect.

d 1-k
& = a1z —ba? — 701( )xy7
dt 1+diy
(1.5)
dv_ asy — by
dt ’
where 7 +Zchly denotes the saturation effect term, and d; represents the half-saturation

constant. The authors investigated the global stability of positive and boundary
equilibria of the system, respectively.

It is well established that discrete equations are more appropriate for describing
populations with short life cycles and non-overlapping generations. Discrete models
can be more easily numerically simulated by computers, making the study of discrete
ecosystems particularly important. Discrete-time models can exhibit even more
complex dynamics than their continuous-time counterparts [6, 7, 15, 18, 19, 29, 30,
42,46-48]. To our knowledge, the discrete system corresponding to system (1.5)
has not been studied previously. Therefore, by applying the piecewise constant
parameter method described in [17], we discretize system (1.5) to obtain a discrete
amensalism model with cover and saturation effect as follows:

Call- k)y(n)) |

z(n+1) = z(n) exp (al —biz(n) - — + d1y(n)

(1.6)
y(n +1) = y(n) exp(az — bay(n)),

where a1, ao, b1, ba, c1, k, di are positive constants. Our analysis focuses on system
(1.6) within the biologically meaningful region Oy = {(x,y) : z > 0,y > 0} of the
(z,y)— plane. A distinctive feature of this paper is the incorporation of a saturation
effect term, which we examine in detail to elucidate its influence on the system’s
dynamics. The saturation effect term has been demonstrated to play a significant
role in promoting an increase in the density of the first population. In contrast, the
second population remains unaffected by this term, indicating a selective impact on
the dynamics of the two populations within the system. Our model exhibits a richer
array of dynamical behaviors compared to its continuous counterpart, including
phenomena such as flip bifurcation and transcritical bifurcation.

The remainder of this paper is organized as follows. Section 2 examines the ex-
istence and local stability of all equilibria within the system. Section 3 investigates
the global attractivity of both positive and boundary equilibria, respectively. Sec-
tion 4 delves into bifurcation analysis, covering flip and transcritical bifurcations.
Section 5 addresses the topic of chaos control. Numerical simulations are subse-
quently performed to substantiate our findings. Finally, we present a summary and
outline future research directions based on the work discussed herein.

2. Existence and local stability of equilibria

To delve into the existence and local stability of equilibria within the system (1.6),
we must first engage in the calculation of the ensuing system of equations.
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(11— k)y)
1+d1y ’

T = Texp (a1 —bir —
y = yexp(az — bay).
Through a straightforward computation, we get that the system (1.4) always has

equilibria 0(0,0), By (§2,0),and F(0, $2). When ¢; < “UED = ¢ system

(1.6) has a unique positive equilibrium E*(z*,y*), where

(dyy* + 1)by VT by

S +ardiy* —ay*(1—-k) . a

The Jacobi matrix of system (1.6) at the equilibrium E(z,y) is

. a(l—k)z
PP e T e
0 (1 — bay) M>

where M; = exp <a1 — bz — cld(llyi_fl)y) and Ms = exp(az — bay).

Now, we define the discrete equations to determine the local stability of the
equilibria (see, [2]).

Lemma 2.1. Consider the system xz(k + 1) = f(k,x(k)), z € R?, assuming that
E(x,y) is one of its equilibrium, and the characteristic equation of J(E) is F(\) =
A2 4+ BA+C =0, where B and C are constants. Ay and Ay are its two eigenvalues,
then the stability of the system at the equilibrium E(x,y) is concluded as follows.

(1) If |M1| < 1 and |X2] < 1, then E(x,y) is a sink and is locally asymptotically
stable;

(2) If M| > 1 and || > 1, then E(x,y) is a source and is unstable;

(3) If either (1\1] > 1 and |A2] < 1) or (J\1] <1 and |A2] > 1), then E(x,y) is a

saddle and is unstable;

(4) If either |A\1| =1 or |Ao| = 1, then E(x,y) is non-hyperbolic.

Theorem 2.1. The system (1.6) is always unstable at the trivial equilibrium
0(0,0), that is a source.

Proof. The Jacobi matrix of (1.6) at the trivial equilibrium O(0,0) is

0 e%

it is clear that the two eigenvalues of J(O) are A\ = e and Ay = e2. Since
ay,az > 0, there are always [A;| > 1, and |A\3] > 1. Therefore, by Lemma 2.1,
the equilibrium O(0,0) is a source and is unstable. The proof of Theorem 2.1 is
completed. O

Theorem 2.2. The system (1.6) always has a boundary equilibrium El(%, 0) and
El(%lla 0) is

(1) a source, if a1 > 2;
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(2) a saddle, if 0 < ay < 2;
(8) non-hyperbolic, if ay = 2;

In any case, E1(3+,0) is always unstable.

Proof. The Jacobi matrix of (1.6) at the boundary equilibrium E1(3,0) is

1—
1— a1 _a101(b k‘)
J(El) = 1
0 e2

obviously, the two eigenvalues of J(E;) are A\; = 1 —ay and Ay = e*2. Since ag > 0,
there is [A2| > 1, then El(‘;—ll, 0) is always unstable. When a1 > 2, there is \y < —1,
ie. |A1] > 1, combined with |A2| > 1, so by Lemma 2.1, E7 is a source. When
a; < 2, thereis —1 < Ay < 1, By is a saddle. When a; =2, \; = —1, ie. |A1] =1,
then F; is non-hyperbolic. The proof of Theorem 2.2 is completed. O

Theorem 2.3. The system (1.6) always has a boundary equilibrium E5(0, 32) and
E5(0, ‘;—j) is
(1) a sink, if c; > ¢ and ag < 2;
(2) a source, if c1 < ¢i* and az > 2 hold;
(3) a saddle and unstable, if one of the following conditions holds
(i) c1 < f* and az < 2,
(i) c1 > ¢ and ag > 2;

(4) non-hyperbolic, if either ¢c; = ¢* or ay = 2.

Proof. The Jacobi matrix of system (1.6) at boundary equilibrium FE5(0, $2) is

bo
c1(1—k)y*
e TdivTH 0
‘]<E2) = )
0 1-— a9

c1(1—k)y*

clearly, the two eigenvalues of J(E) are A\ = ™™ d1v"+1  and Ay =1 —ay < 1.
By a direct calculation, we have

> 1, if0<e <,
el TdiyT I =1 if C1 = CT*,

S (0, 1), if ¢; > CI*,

and
e (-1,1), if 0 <ag <2,
1—as{=-1, if ag = 2,
< —1, if ag > 2.

Thus, when ¢; > ¢j* and a2 < 2, then 0 < A\; < 1, =1 < A2 < 1, by Lemma
2.1, FE5 is a sink and is locally asymptotically stable. Similarly, it can be proved
that, (2), (3), (4) hold. The proof of Theorem 2.3 is completed. O
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Theorem 2.4. When 0 < ¢1 < ¢i*, topological properties of the positive equilibrium
E*(x*,y*) of (1.6) are shown in Table 1.

Table 1. Topological properties of positive equilibrium E*(z*, y*).

Eigenvalues
Conditions A1 Ao Properties
0<a1 <2 0<aa<2 0<c<c™ |Ml<1l |al<1 sink
ag =2 [A2] =1 non-hyperbolic
az > 2 A2 > 1 saddle
a; > 2 0<az <2 < M >1 Al <1 saddle
c1=cf [A] =1 non-hyperbolic
<< |Ml<1 sink
ag =2 < [A\| >1 |XA2] =1 non-hyperbolic
o =c A =1 non-hyperbolic
a<a<dgr |Ml<1 non-hyperbolic
az > 2 c1 < Al >1  [Agl >1 source
o =c A =1 non-hyperbolic
G <e <M<l saddle

Proof. The Jacobi matrix of (1.6) at positive equilibrium E*(z*,y*) is

1 — b ~a(l—k)z”
J(E*) = Uy +1)?
0 1— ag

clearly, the two eigenvalues of J(E*) are Ay =1 —bja* < 1,and A =1 —ag < 1.
By a direct calculation, we have

. a(l—k)y*
AM=1-0 =1- _
1 1T a + dly* 11
Let Ay = —1, we have ¢; = % := ¢j. Further, when a; > 2 and
0 < ¢ < ™, there are
< -1, if0<e <cf,
1—biz" ¢ =1, if c1 = ¢f,

€(—1,1), ifcf<a<agr.

Since Ay = 1 — as has been analysed in Theorem 2.3. Thus, the proof of Theorem
2.4 is completed. O

Remark 2.1. The system (1.6) has in common with the corresponding continuous
system (1.5), the fact that equilibria O(0,0) and E;(g*,0) are both unstable. In

system (1.5) (see, by Theorem 2.1 of [37]), the boundary equilibrium FE(0, $2) is
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ajazdi+aibs

locally asymptotically stable if £ < 1 — o
it follows from the Theorem 2.3 that if ¢; > ¢f* <= k < 1 — @aditabs 554

as < 2, E»(0, g—;) is locally stable. Thus, in contrast to the conclugién for the
continuous system (1.5), the natural growth rate of the second population in the
system (1.6) plays a vital role in the stability of the boundary equilibrium E5 (0, §2).
In system (1.5) (see, by Theorem 2.1 of [37]), it follows that positive equilibrium
E*(z*,y*) is locally asymptotically stable if & > 1 — ‘“azadl%lb? However, the
positive equilibrium E*(z*, y*) is the sink, and is locally asymptotically stable from
Table 1,if (a) 0 < a1 <2,0<a2<2,0<¢1 <cf*or (b)a; >2,0<a2<2,¢f <
o <) = 1— aedtab o o min{] - a1“2j;;a1b2 + 2‘12521;%2 ,1}. Therefore,
the natural growth rate of the second population and cover in the discrete system
(1.6) play essential roles in the stability of the positive equilibrium E*(z*,y*), and
by Theorem 2.4, the topological properties of the positive equilibrium E*(z*,y*) in

the system (1.6) are more complex.

. But in discrete system (1.6),

Remark 2.2. If the positive equilibrium E*(z*,y*) exists, there is
<<= a(dy" +1)—cy*(1—-k) >0,
and following results can be obtained.

a(x*) c1as

O bi(dias+5y)
8(x*) _ y201(1 — k)2 > 07

ody bl(dly + 1) (2 1)
o) _

ok ’
oy") _

i =0

Thus, * is strictly monotonically increasing for the parameters k& and d;, and as
the cover increases, more and more of the first population can stay in the cover.
Thus, the final equilibrium density of the population increases. The cover k& and
the half-saturation constant d; do not affect the second population y.

3. Global attraction

From Theorems 2.3 and 2.4, it follows that positive equilibrium E*(z*,3*) and the
boundary equilibrium FEs(0, Z—;) are sink and locally asymptotically stable under
appropriate conditions. Next, we will provide sufficient conditions to ensure they
are globally attractive.

Theorem 3.1. Assume that

*

c1(1—k)y
1+ dry*

hold, then positive equilibrium E*(x*,y*) of system (1.6) is globally attractive, i.e.

0<ax<2,0<a;— <In2+1 (3.1)

Jm z(n) =2®, lim y(n) =y,

where (z(n),y(n)) is any positive solution of system (1.6).
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Proof. When a; — % > 0 holds, there exist 4 equilibria O(0,0), E1(3*,0),

E5 (0, ‘;—j) and E*(z*,y*) of system (1.6), and by Theorem 2.1, O is a source, and
when (3.1) holds, we have 0 < ay < 2, and by Theorem 2.2, E; is a saddle. By

Theorem 2.3, F5 is a saddle, and all 3 equilibria are unstable. When (3.1) hold,
there are 0 < a2 < 2,0 < a1 — % < In2+1 < 2, the positive equilibrium
E* is a sink, which is locally asymptotically stable. Next, we will show that it is
globally attractive.

Assume that 0 < ag < 2 holds, it follows from Lemma 4 (see, [2]) that
lim y(n) = 2 Y. (3.2)

n—-+oo - E -

Thus, for any sufficiently small € > 0, there exists a positive integer N; such that if
n > Ny, there are
Yy —e<yln) <y +e. (3.3)

Now we consider the system

1-—ky*
x2(n 4+ 1) = zo(n) exp (al — m — blxz(n)) , neN, (3.4)
the system (3.4) has a unique positive equilibrium z* = al(HZigﬁf;%*k)y* . x2(n)

is any positive solution of system (3.4) if 0 < a; — % < 2. From Lemma 4

(see, [2]), it follows that lim, e 22(n) = a*. Therefore, in order to prove that
lim,, s 100 2(n) = x*, it is necessary to show that lim,,, ;oo [z(n) — z2(n)] = 0. Let

2(n) = 25(n) explk(n)]

By the differential median theorem, the first equation of the system (1.6) reduces
to

k(n+1)
z(n+1)
xa(n+1)

c1(1—=k)y(n
z(n) exp ((11 —biw(n) — %)

=1In
x2(n) exp (a1 - % - b1$2(”))

- ;2((7;)) ~ hialm) - W +biaa(n) + M (3-5)
— k(n) — baa(n) explk(n)] — W 4 bya(n) + W
R L R B e o e T

= K1~ st ek}~ g+ A

where 0(n) € [0,1], and x2(n)explf(n)k(n)] between z2(n) and xz(n). In order to
prove that lim,_, ;o [z(n) — z2(n)] = 0, it is sufficient to show that

lim k(n) =0.

n—-+oo
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From (3.3), if n > Ny, we have

z(n+1) > x(n)exp (al Ca(l=k)(y +e) blx(n)> ;

1+di(y*+¢)

z(n+1) < z(n)exp <a1 — Cll(:_dlk();gig)e) — blx(n)> ,

by Lemma 1 and 2 (see, [41]), we have

1 [ al-R -9
b 1+d1(y* —8)

1 ca(1—k)(y*+e) a(l1—k)(y*+e)
Zbl[al L+ di(y™ +e) }exp[al L+ di(y” +e)

lim sup z(n) exp {al - 1} = Uy,

n—oo

hnrglgf x(n)

-0t

=~

Moreover, from the system (3.4), Lemma 1 and Lemma 2 (see, [41]), it follows that
there are

) 1 a(l—ky” ]

1 n)< —e ag— ————1| < Uy,

171Lnsupx2( ) < ™ xp{ 1 1+ iy <U;

- 1 a(l —k)y* a(l—ky

1 f > — - - —bUi| > 1.
im in xa(n) > ™ [al T dy exp |ay 1+ iy Ui 20

Then for any sufficiently small ¢ > 0, there exists a positive integer Ny > N7, such
that when n > Ns, there are

Vi—e<uzy(n), z(n) <Us +¢&, n>Ns. (3.6)

Assume that
A=max {|l — b Vi|,[1 = b U} < 1.

Then, for any sufficiently small £ > 0, we can make the
de =max{|l =01 (V1 — )], |1 =b1(U1 +¢)|} < 1. (3.7)
Based on (3.3), (3.5), (3.6) and (3.7), we have

c1(1—k)e

[k(n+1)] < max{[1 =b1(Vi =€), [1 = b1 (Us + &) |}k(n)| + Trdily —2) 33)

c1(1—k)e

b mrE > No.
Tt di(y—e) =72

From (3.8), there is

(L= A22)[er (1 = k)e
(L= A)[L+di(y* —e)]’

[k(n)] < AT [k(N2)| + n > No.

Because A\ < 1 and ¢ is arbitrarily small, we have lim,,_, k(n) = 0. That is, we
have lim,,_, 1o k(n) = 0 holds if A < 1. Noticed

1—b1U1<1—b1‘/1<1,
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thus, A < 1 is equivalent to

1-b6U; > -1,
ie. (1 k) )
C1 — y* — &
— -1 2 .
op (al T+ di(y* —2) > =5 39

since ¢ is sufficiently small, and (3.1) holds, we have that (3.9) also holds, i.e., we
have lim,,_, y oo [z(n) — z2(n)] = 0.

The proof of Theorem 3.1 is completed. O
Theorem 3.2. Assume that
a201(1 — k?)
— 0 2 3.10
aj b2 ¥ a2d1 9 <az < ( )

hold, (x(n),y(n)) is any positive solution of system (1.6), then there are

lim z(n)=0, lim y(n)=y",

n——+oo n—-+oo
i.e., boundary equilibrium E5(0,y*) is globally attractive.
Proof. From the inequality (3.10), we have
a 1—k)—ard
a _al -k -ad
ag b2
Take the positive constants v and (, such that
a 1—k)—aid
ay < g < 61( ) a 17
a9 Y bQ

thus
Yler(l = k) — arda] — Cbe > 0, (3.11)

and there exists a ¢ > 0, making
vya; — Caz < —¢p < 0. (312)
If (z(n),y(n)) is any positive solution of system (1.6), then for any p € N, there are

1 Ep+ 1) ci(1 = k)y(p)

P IR w ey
_ a1 = biz(p) + ardiy(p) — brdaz(p)y(p) — 1 (1 — k)y(p)
L+ diy(p) (3.13)
< ar —biz(p) + ardiy(p) — er(1 = k)y(p),
yot1) _
IHW = as bQZJ(p)~
According to (3.11), (3.12) and (3.13), it is obtained that
zp+1) . v+l
M M)
< vay — Cag —ybhix(p) — {¥[er (1 — k) — ardi] — Cby}y(p) (3.14)

<~va; —Caz < — < 0.
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Adding both sides of (3.14) from 0 to n — 1 simultaneously, we get

’ylni(n)glnz(n) < —n,

(0) (0)

) < [(gggywrexp &N 1s)

By Theorem 1 (see, [4]), for any sufficiently small & > 0, there exists a positive
integer N3 such that when n > Nj, there is

then

y(n) < My + €.
Further, this can be obtained from (3.15)
¢ 5
z(n) < l(%) x(O)A’] exp <fn) . (3.16)

According to inequality (3.16), we have that when n — +o0, z(n) — 0. More-
over, when 0 < ag < 2, by Lemma 4 (see, [2]), we have that

. _ar
Jim y(n) = b U
The proof of Theorem 3.2 is completed. O

4. Bifurcation analysis

In this section, we apply central manifold theorem [23] and bifurcation theory [36] to
discuss transcritical bifurcation of system (1.6) at boundary equilibrium Es5(0, %)’
and flip bifurcation of system (1.6) at boundary equilibrium El(‘;—;7 0) and positive
equilibrium E*(z*, y*).

4.1. Flip bifurcation at boundary equilibrium El(‘g—ll, 0)

Theorem 4.1. System (1.6) undergoes a flip bifurcation at boundary equilibrium

El(‘g—ll, 0) when the parameter a; passes through 2.

Proof. If a; = 2, then boundary equilibrium FE; is non-hyperbolic, as the two
eigenvalues of Jacobi matrix J(E;) are Ay = —1 and Ay = €% > 1 by Theorem
2.2(3). Secondly, a simple calculation shows that y = 0 is the central manifold of
the system (1.6) at E;. Thus, the system (1.6) restricted to the central manifold
can be expressed as the mapping

z — f(x) =zexpla; — biz),
its positive equilibrium is z; = #*. By calculation we have f’(x,)=—1if a; =2. From

the bifurcation theory [36], it follows that system (1.6) undergoes a flip bifurcation
at equilibrium El(‘;—ll, 0). O
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4.2. Transcritical bifurcation at boundary equilibrium F, (0, Z—;)

Theorem 4.2. Assume that as # 2, then system (1.6) undergoes a transcritical

bifurcation at boundary equilibrium Es(0, Z‘—j) when the parameter c1 passes through
it

Proof. According to Theorem 2.4(4), the two eigenvalues of Jacobi matrix J(Es)
are A7 = 1 and |Ag| = |1 — ag] # 1 when ¢1 = ¢, as # 2. We take ¢; as
the bifurcation parameter and make ¢; = ¢f* + ¢, where || < 1 and is a very
small perturbation parameter. Thus, we can represent system (1.6) as the following
mapping form:

(i +9)(1 - k)y>
1+ dyy

y y exp(ag — bay)

€ Z exp <a1 — bz —
— (4.1)

Next, translating the equilibrium Es(0, ‘;—;) to origin (0, 0), making the transforma-

tionsu=z—-0,v=9y— ‘;—; and Taylor expanding at origin, we have

u 1 0 u 0,0
. L[ At} (4.2)

v v fQ(’LL,’U,ﬂ)

and

(=1 +k)et*uv  y*(=1+ k)ud
(dly* + 1)2 dly* +1

fi(u,v,9) = —bju® +

b2ud byt (=1 +k)uv by (=1 4+ k)u?d
2 (diy* +1)2 diy*+1

n (=14 k) (=2d3y* + ci*k — e — 2dy)uv?
2(dry* + 1)4

(=14 k) (T ky* — e*y* + diy* + 1)uwvd
(dyy* +1)3

y* (k2 = 2k + 1)ud?

+
2(dyy* + 1)

+O((Jul + o] + 9])?),

ba(ag — 2)v? B b2(ag — 3)v3
2 6

Fa(u,v,9) = +O(([ul + [v] +[9])%).

By the central manifold theorem, there exists a central manifold W<¢(0,0,0), of
map (4.2) at equilibrium (u,v) = (0,0) in a small neighbourhood of ¥ = 0, which
can be represented as

we(0,0,0) = {(u,v,ﬁ) ER3:v= g(u,¥),¢9(0,0) = 0, Dg(0,0) = 0}7
where v and 9 are sufficiently small. We consider the following assumption

g(u, ) = gru® + goud) + g39* + O((|u\ + |15‘|)3)7 (4.3)
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and g(u, ) has the following relation
g(u+ fl(uvg(uvﬁ)vﬁ)vﬁ) = (1 - a2)g(u719) + f2(uvg(u779)’19) (44)

Substituting (4.3) into (4.4) and comparing the coefficients u?, u, and the 92 terms
of (4.4), we have

g1 =92=9g3=0.
Thus, system restricted to central manifold W¢(0,0,0) can be expressed as follows:

(=1+k)

b? biy*(—1+k
Fl:u%ufb1u2+y L3 — WLtk o

0+ 2yt - T2y
dy+1 T2 T a1
g (k2 =2k +1)

2 3
Ny 1 1) u? 4+ O((|u] + 9])?),

this is obtained by direct calculation

oFy

F = e =1

1(0a O) 0, u (07 0) ’
O°F v (—1+k O°F

. ( ? ) = ( * ) # 07 21
oudv diy*+1 ou

(0,0) = —2b; # 0.

Therefore, according to [36], the system (1.6) undergoes a transcritical bifurcation
at equilibrium Ey when ¢; = ¢i* and ag # 2. O

4.3. Flip bifurcation at positive equilibrium E*(z*, y*)

Theorem 4.3. Assume that ay > 2 and as # 2, then system (1.6) undergoes a flip
bifurcation at positive equilibrium E*(x*,y*) when the parameter ¢ passes through
ci.

Proof. If ¢y = ¢j,a1 > 2 and as # 2, then positive equilibrium E* is non-
hyperbolic, as the eigenvalues of Jacobi matrix J(E*) are Ay = —1 and || =
|1 —az| # 1 by Theorem 2.4. Next we show that the system flip bifurcation of (1.6)
at positive equilibrium E*(z*,y*) when ¢; = ¢}, a1 > 2 and ay # 2.

We consider a perturbation of system (1.6), expressed in terms of a mapping as

follows:
4 1-k
2\ resn (o - 2000
- L+ dy , (4.5)
y yexp(az — bay)
where ¢} = %, and v is a small perturbation parameter and |v| < 1.

Next, by translating the positive equilibrium E*(z*, y*) to origin (0,0) through the
transformations U = = — 2*,V = y — y*, and then expanding it by Taylor, the
system (4.5) reduces to

U =1 poio v f3(U, V,v)

v 0 1—@2 \%4 f4(UaVvaU)
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where,
f3(U,V,v) = p11oUV + p1o1Uv + po20V? + po11 Vv + p3ooU? + pao1 Uv
+ p120UV? + p111UVv + posoV? + po21 Vv + por2Vo?
+O((IU]+ V] + [v])?),

F2(U, V,v) = qo20V? + qozo V> + O(([U| + V] + [0])?),

and
Do = b%(a1—2) » :7(12(—1-1-]6) » :7b%(—1+k)(a1—4)
110 az(dla/Q + b2)3 101 d1a2 + b2 K 011 (d1a2 + b2)2b1 K
- b%(al — 2)(&1[)2 + 2d1(l2 - 2b2) o b%(—l + k)(a1 - 3)
Po20 = 3 2 y P11 = D) )
(dlag + bg) a2b1 (d1a2 + b2)
. blag(—l + k?) . b%(al — 2)(@11)2 + 2d1as — 2b2> . ﬁ
P201 72(d1a2 b))’ P120 2a2(draz + by)? » P300 6’
_ b%(—l + k)(a%bg + 2a1a2d1 - 8a1b2 - 8d1a2 + 12b2) - _3
Po21 2az(dyas + b)3b, » Po1o blpno’
_ _b%(al - 2)(@%[)5 + 6a1a2b2d1 + GQ%d% - 4a1b% - 12a2b2d1 + 41)%)
Poso = 3(d1a2 + 52)3(1%[)1 ’
- (—]. + k)2a2b§ o bg(az — 2) o _b%(ag — 3)
Po12 = —(d1a2 ¥ b2)3by do20 = 9 go3o = 6

By means of a linear transformation

U
Po1o Poio

vV 0 2_CLQ Y

Then, system (4.6) can be reduced to
— + ; (4.7)
X

where,

1
f5(X,Y,v) = ;IE(PL%OOU3 + p201U%0 + p120UV? + p111UV v + po3oV?

+ po12V V% + 110UV + p1o1Uv + po2oV?2 + po11vV + poa1 V>20)

q030V?> + qo20V?
R SO +O((IX|+ Y] +[v])?),
2
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030V + qo2oV?

X, Y, v) =
f6( ) 7U) _2+a2

+O((IX]+ Y]+ v)?),

and U = p010(X + Y), V= (2 - ag)Y.

According to the central manifold theorem, there exists a central manifold
W<(0,0,0) of the map (4.7) in a small neighbourhood of v = 0 at equilibrium
(X,Y) = (0,0), which can be represented as

W(0,0,0) = {(X,Y,v) € R® : Y = g(X,v),9(0,0) = 0,Dg(0,0) = 0},
where X and v are sufficiently small. Suppose that the expression for g(X,v) is
9(X,v) = 1 X + g2 Xv + g30°, (4.8)
which satisfies the following relation
9(=X + f5(X, 9(X,v),v),v) = (1 = az2)g(X, v) + f6(X, g(X, v), v). (4.9)

Substituting (4.8) into (4.9) and comparing the coefficients X2, Xv, and v? of (4.9),
we have that

g1 =92=93=0.
Thus, the map restricted to the central manifold can be written as

Fy: X — =X 4 p1o1Xv + porop201 X 20 + pg1p300 X > + O((1X| + [v])?).

By a direct calculation, we have

. I, +}@82Fg
Y= \oxov " 2 ov ox2

) (0,0) = p1o1 # 0,

by =

13F, 102\ 2
: ( 2) (0,0) = pg1op300 # O.

6 0X3 2 0X2

Therefore, according to the bifurcation theory [36], the system (1.6) generates a flip
bifurcation at positive equilibrium E* when ¢; = ¢, a1 > 2 and ag # 2. O

5. Chaos control

According to the previous bifurcation analysis, the system will undergo a flip bifur-
cation at positive equilibrium E*(x*,y*). As the bifurcation parameter ¢; increases,
the system becomes chaotic. Thus, this subsection aims to control the chaotic be-
havior of the system (1.6) using hybrid control strategies [27]. Firstly, we write the
control system as the following mapping

(11— k)y)
T T €X al — b r————— + 1-— A
. P p( 1 1 1+ dyy ( p) (5.1)
y pyexp(az — bay) + (1 - p)y

Where p is an external control parameter and 0 < p < 1. A simple calculation
shows that (5.1) and system (1.6) have the same positive equilibrium E*(a*,y*),
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which corresponds to the Jacobi matrix

“er(—-1+k

| — by M
J(E*) = (diy*+1)
0 1 — pas

from eigenvalues of the upper triangular matrix on its diagonal, two eigenvalues of
Jacobi matrix J(E*) are Ay =1 —bipz* < 1 and Ay = 1 — pas < 1. According to
Lemma 2.1(1), we can get the following result.

Theorem 5.1. Assume that

. 2 2
0<p<ming-——,—,1,,
bl.T* a9

positive equilibrium E*(x*,y*) of system (5.1) is locally asymptotically stable.

6. Numerical simulation

In this section, we present several examples and conduct numerical simulations to
confirm above the theoretical analysis.

Example 6.1. This example demonstrates the permanence of system (1.6) and the
global attraction of positive equilibrium E*.

(1) Suppose that parameters a; = 4,b1 = 2,¢; = 1,dy = 0.1,a3 = 2.5,by =
0.2,k = 0.5 in system (1.6), then system (1.6) has a unique positive equi-

librium E*(0.6,12.5), as ¢; = 1 < f* = % = 1.44. And because

al:4>2,a2:2.5>2,01:1>c;:%:0.72,ﬁ3*isa
saddle by Theorem 2.4, which is unstable. In addition, it is straightforward
to compute that M, = %j_l) ~ 224,a; > % ~ 3.45, satisfying
conditions of Theorem 3 (see, [4]). Thus, the system (1.6) is permanence (see,
Figure 1(a)(b)). Taking the initial value (z(0),y(0)) = (0.8,3.5), numerical
simulations show that the solution for this initial value cannot get closer to
the positive equilibrium point as time increases, i.e., the permanence condition

does not guarantee that positive equilibrium is globally stable (see, Figure 1).

(2) Suppose that parameters a; = 1.5,b1 = 1,¢; = 1,d; = 0.5,a2 = 0.5,b3 =
0.2,k = 0.5 and initial values (z(0),y(0)) = (0.2,1),(0.4,1.6),and (0.8,3.5) in

system (1.6). It can be calculated that ¢; =1 < ¢}* = % = 2.7, then

there exists a unique positive equilibrium E*(0.94,2.5) for system (1.6), and
since a1 = 1.5 < 2,a5 = 0.5 < 2, by Theorem 2.4, E* is a sink which is locally
asymptotically stable. Moreover, it can be directly calculated that M, =

e"p(gél) ~ 3.0327, a1 = 1.5 > % = 0.6, by Theorem 2 and Theorem

3 (seé7 [4]), system (1.6) is permanence (Figure 2(a)(b)). Furthermore, because

of ap = 0.5 < 2,a1 — % ~ 0.94 <In2+ 1, by Theorem 3.1, there exists

a unique globally attracting positive equilibrium E*(0.94,2.5) of system (1.6)
(see, Figure 2(a)(b)).
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Figure 1. Permanence of system (1.6), where a1 = 4,b1 = 2,¢1 = 1,dy = 0.1,a2 = 2.5,b2 = 0.2,k =

0.5, and the initial value is (z(0),y(0)) = (0.8, 3.5).
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Figure 2. Permanence of system (1.6), where a1 = 1.5,b; = 1,¢; = 1,d1 = 0.5,a2 = 0.5,bp = 0.2,k =
0.5, and the initial values are (x(0),y(0)) = (0.2,1),(0.4,1.6) and (0.8, 3.5).

(3) Suppose that parameters by = 1,¢; = 1,dy = 0.5,a2 = 0.5,b3 = 0.2,k = 0.5
in system (1.6), then positive equilibrium of system (1.6) is E*(a; —0.55,2.5).
If 2.23 < a; < 2.55, that can be calculated In2 +1 < a1 — 0.55 < 2, by
Theorem 2.4, then E* is a sink which is locally asymptotically stable. The
conditions of Theorem 3.1 are not satisfied; however, numerical simulations
(see Figure 3(a)) show that there exists a unique stable positive equilibrium
E*(ay — 0.55,2.5) for the system when 2.23 < a; < 2.55. It is worthwhile
to take the initial values (z(0),y(0)) as (0.5,0.3),(0.8,1) and (2,3.2) for a; =
2.35, and from the numerical simulation (see Figure 3(b)), we can see that
there exists a unique globally attractive positive equilibrium E*(1.8,2.5) of

system (1.6).
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Figure 3. (a) Plot of population density z and y versus natural growth rate a; where by = 1,¢; =
1,d7 = 0.5,a2 = 0.5,bo = 0.2,k = 0.5. (b) the global attractiveness of positive equilibrium E*,
where a1 = 2.35,b7 = 1l,¢1 = 1,d1 = 0.5,a2 = 0.5,b2 = 0.2,k = 0.5, and the initial values are
(z(0),y(0)) = (0.5,0.3),(0.8,1) and (2, 3.2).

Example 6.2. When taking the parameters of system (1.6)
a; = 1.5,b1 = 2,01 = 1,d1 = 0.1,&2 = 1.5,b2 = 0.2, k= 0.6,

then, it is straightforward to calculate a; = 1.5 < % ~ 1.71. By Theorem
3.2, boundary equilibrium F5(0,7.5) is globally attractive (see, Figure (4)(a)(b)),
i.e., the first population x tends to be extinct and the second population y tends to
be y*.
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Figure 4. Global attractiveness of boundary equilibrium Es.

Example 6.3. When taking the parameters of system (1.6)
ap = 3.5,b1 = 1,d1 = 0.1,a2 == 1.5,1)2 = 1,]€ = 03,

then, it can be calculated that ¢ ~ 1.64,ci* ~ 3.83. Assume that the parameters
1 = ¢t*, equilibrium FE5(0,1.5) is non-hyperbolic, as two eigenvalues of Jacobi
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matrix J(Fs) of system (1.6) are Ay = 1 and Ay = —0.5. Bifurcation analysis of
Theorem 4.2 shows that system (1.6) undergoes a transcritical bifurcation in a small
neighbourhood of the equilibrium FE5(0,1.5).

Figure 5 is transcritical bifurcation diagram at equilibrium E5(0,1.5) in the
¢1 —x plane. From Figure 5, it can be seen that £*(3.5—0.913¢;, 1.5) is saddle and
unstable when 0 < ¢; < 1.64 (indicated by cyan dotted line). The positive equi-
librium E*(3.5 —0.913¢;, 1.5) is a sink, which is locally asymptotically stable when
1.64 < ¢; < 3.83 (indicated by the blue solid line). The positive equilibrium point
E*(3.5 —0.913¢, 1.5) vanishes when ¢; > 3.83. When 0 < ¢; < 3.83, the boundary
equilibrium F5(0, 1.5) is a saddle and is unstable (indicated by the red dashed line).
The boundary equilibrium F5(0, 1.5) is a sink and is locally asymptotically stable
when ¢; > 3.83.

Figure 5. Transcritical bifurcation diagram for boundary equilibrium Es.

Example 6.4. This example investigates the effect of the amensalism coefficient
c1 on the behavior of population dynamics.

(1) Suppose that the parameters a; = 1,b; = 1,k = 0.5,d; = 0.5,a9 = 1,bp = 1.5
in system (1.6), it can be calculated that ¢ ~ —4, ¢j* ~ 4. Assume that
0 < ¢1 < 4, then there exists a unique positive equilibrium E*(1—0.25¢1,0.67)
of system (1.6), and because a; = 1 < 2,as = 1 < 2, by Theorem 2.4,
E*(1 —0.25¢1,0.67) is a sink, which is stable (see Fig. 6(a)). Assume that
c1 > 4, positive equilibrium disappears and the first population x tends to
become extinct (see, Figure 6(a)).

(2) Suppose that the parameters a; = 1,0y = 1,k =0.5,d; =0.5,a2 =4,bo = 1.5
in system (1.6), it can be computed that ¢j = —1.75, ¢j* ~ 1.75, and system
(1.6) has a unique positive equilibrium E*(1—0.57¢1,2.66) when 0 < ¢; < 1.75.
Since a3 = 1 < 2,a3 =4 > 2, by theorem 2.4, E*(1—0.57¢;,2.66) is a saddle,
which is unstable. The positive equilibrium disappears when c¢; > 1.75, i.e.,
the first population x tends to become extinct (see, Figure 6(b)).

(3) Suppose that the parameters a; = 4,b; = 1,k = 0.5,d; = 0.5,a9 = 1,bp = 1.5
in system (1.6), if the parameter ¢; = ¢f = 8 is taken, the two eigenvalues
of J(E*) are \y = —1 and Ay = 0, and then positive equilibrium E* is non-
hyperbolic, i.e., the positive equilibrium of system (1.6) E* undergoes a flip
bifurcation near the ¢; = ¢} = 8 (Figure 6(c)). In addition, the 2-cycle track
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bifurcating from the positive equilibrium is stable because of

elly =0.25 > 0, ¢, = 3.375 > 0.

Suppose that the parameters a; = 3,01 = 1,k =0.5,d; = 0.5,a2 =4,bo =1.5
in system (1.6), it can be computed that ¢ ~ 1.75, ¢j* ~ 5.25, the system
(1.6) has a unique positive equilibrium E*(3 — 0.57¢1,2.67) if 0 < ¢; < 5.25
(see, Figure 6(d)). At this point, the two eigenvalues of Jacobi matrix J(E*)
are Ay = —2 + 0.57¢; and Ay = —3. Since |A2| > 1, the system (1.6) is
unstable.

Summarising the above four sets of parameters, it can be seen that as the amen-
salism coefficient ¢; increases, the first population of system (1.6) eventually goes
to extinction in various forms. It can be interpreted as a commensalism species
system if ¢; < 0.

Figure 6. Plot of changes in amensalism coefficient ¢; affecting population z.

Example 6.5. This example investigates the effect of the cover k£ and the half-
saturation constant dy on the dynamical behavior of the system (1.6).

(1) When the parameters a; = 4,b; = 2,¢7 = 1,dy = 0.1,a0 = 1.5,bs =

0.2, and k£ > 0.067 are taken, then there exists a unique positive equilib-
rium point E*(—0.286 + 4.286k,7.5) for system (1.6). By observing Figure
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7(a), it can be seen that the system (1.6) has a stable positive equilibrium
E*(—0.286 + 4.286k,7.5) when 0.067 < k < 0.53. When k increases to 0.53,
E* begins to bifurcate into orbitals with a period of 2. As k increases, it
successively bifurcates from a two-periodic orbit to a four-periodic orbit, and
due to the continuous overturning of the system’s periodic orbits, chaos even-
tually appears. This suggests that the k is within a certain range, which
contributes to the stability of the first system population. Figure 7(c) is the
Maximum Lyapunov exponents diagram, reflecting the chaotic set (consistent
with Figure 7(a)).

(2) There exists a unique positive equilibrium E*(—0.7784-2.778k, 12.5) for system
(1.6) when the parameters a; =4,b1 =2,¢1 =1,dy =0.1,a2 = 2.5,b5 = 0.2,
and k > 0.28 are taken. Since a; = 4 > 2,a5 = 2.5 > 2, by Theorem 2.4,
one of the eigenvalues |A2| > 1 of J(E*), exists in the positive equilibrium
E* of system which is unstable. Subsequently, it is also clear from Figure
7(b) When 0.28 < k < 0.42, the first population x generates a two-periodic
trajectory; when 0.42 < k < 0.67, the first population x emerges in a four-
periodic trajectory; with the increase of k, the system keeps flipping towards
chaos, and thus, when k& > 0.28, the only positive equilibrium of system
E*(—0.778 4+ 2.778k, 12.5) is always unstable. The comparison of two sets of
parameter values in (1) and (2) shows that the natural growth rate of the
second population contributes to the stability of the first population, i.e., it
can delay the chaos of the first population.

(3) When taking the parameters a; = 1.5,b7 = 0.5,a9 = 1.5,by = 1, it can
be computed as z* = %ﬂl_f’k, which is a strict function of k and half-
saturation constant dy. From Figure 8, x* is a strictly monotonically increas-
ing function of k and d;, and thus both cover and half-saturation constant

contribute to the increase in population density of the first population.

Example 6.6. Suppose that a; =4,b1 =2,¢1 =1,dy =0.1,a3 = 1.5,b5 = 0.2,k =
0.85 in system (1.6), then we can see that system (1.6) produces chaotic behaviour
by observing Figure 7(a). To control the chaos generated at this time, we obtain
the following control system

0.15y

x

pX eXpP 4—2:5—) +(1—-pz

— ( 1+0.1y (1=0) (6.1)
y pyexp(1.5 —0.2y) + (1 — p)y

The system has a positive equilibrium £*(1.91,7.5). From Theorem 5.1, the positive
equilibrium E*(1.91,7.5) of system (6.1) is locally asymptotically stable if 0 < p <
0.5957 holds, and positive equilibrium E*(1.91,7.5) of system (6.1) is unstable if
0.5957 < p < 1 holds. When p = 0.59, the system (6.1) is stable (see, Figure 9(a));
when p = 0.6, then the system (6.1) generates periodic solutions, and it is unstable
(see, Figure 9(b)).

Remark 6.1. Numerical simulations (see Figure 3(a)) show that the system (1.6)
is also globally stable when 0 < a2 < 2,In2+1 < a7 — Cll(}r;ik)f* < 2 holds,
and we conjecture that the condition of Theorem 3.1 can be further relaxed as
0<ay <20<a;— % < 2, however, we are not able to give a rigorous
proof at this moment, and this is to be followed up by further discussion.
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MLE

Figure 7. Flip bifurcation and Maximal Lyapunov exponents maps.

Figure 8. Plot of z* versus parameters k and dj.
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Figure 9. Stability of the first population under different control parameters.

7. Conclusion

This article investigates global attractivity, bifurcation analysis, and chaos control in
a discrete amensalism model incorporating cover and saturation effect. The method
of piecewise constant arguments for differential equations is utilized to derive the
discrete-time counterpart of the continuous one. The saturation effect is derived
from the consideration of competition models with saturation in [11], while the
constant cover is inspired by [32]. This presents an intriguing research problem.
Consequently, we delve into the analysis of the discrete amensalism model (1.6).

Initially, we investigate the existence and local stability of the system’s equilibria.
Subsequently, through a detailed analysis of the difference equation, we derive a
set of sufficient conditions that ensure the global attractivity of the system (1.6) at
equilibria F* and F5. It is demonstrated that while discrete and continuous systems
share the same number of equilibria, the topological structures in discrete systems
are more complex (see,Table 1). Furthermore, we discover that the size of the cover
and the natural growth rate of the second population significantly influence the
system’s stability, which differs from the corresponding continuous system.

Next, we discuss the flip bifurcations at the boundary equilibrium FE; and the
positive equilibrium E*, as well as the transcritical bifurcation at the boundary
equilibrium Fs, using the central manifold theorem and bifurcation theory. Subse-
quently, we propose a hybrid control strategy to delay or eliminate chaotic behavior
induced by flip bifurcations.

Finally, the validity of our findings is confirmed through numerical simulations,
which demonstrate that both the half-saturation constant and the size of the cover
contribute to an increase in the density of the first population. These simulations
(as shown in Fig. 3(a)) reveal that the system (1.6) exhibits globally stable when

O<as<2andIn2+1<ay — % < 2. We hypothesize that the conditions of

Theorem 3.1 could potentially be relaxed to 0 < as < 2 and 0 < a; — % < 2.
However, at present, we are unable to provide rigorous proof for this relaxation, and
this remains an area for future exploration. Difference equations are particularly
suited for modeling populations with non-overlapping generations, where challenges

such as mating and defense become significant when the population size is relatively
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small. Consequently, the Allee effect is incorporated into model (1.6) to account
for these influences. This presents an intriguing research question that we aim to
explore further in future work.
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