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Abstract

In this paper, we investigate the dynamics of a discrete-time predator-prey system
with simplified Monod-Haldane functional response. The existence and local stability
of positive fixed point of the discrete dynamical system is analyzed algebraically. It is
shown that the system undergoes a flip bifurcation and a Neimark-Sacker bifurcation
in the interior of R? by using bifurcation theory. Numerical simulation results not only
show the consistence with the theoretical analysis but also display new and
interesting dynamical behaviors, including phase portraits, period-11 orbits, attracting
invariant circle, cascade of period-doubling bifurcation from period-11 leading to
chaos, quasi-periodic orbits, and the sudden disappearance of the chaotic dynamics
and attracting chaotic set. The Lyapunov exponents are numerically computed to
characterize the complexity of the dynamical behaviors.
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1 Introduction

It is well known the Lotka-Voltera predator-prey model is one of the fundamental popu-
lation models; a predator-prey interaction has been described first by two pioneers Lotka
[1] and Voltera [2] in two independent works. After them, more realistic predator-prey
model were introduced by Holling suggesting three types of functional responses for dif-
ferent species to model the phenomena of predation [3]. Qualitative analyses of predator-
prey models describe by set of differential equations were studied by many authors [4-8].
Another possible way to understand a predator-prey interaction is by using discrete-time
models. In recent years, many authors [4, 5, 9—17] have suggested that discrete-time mod-
els governed by difference equations are more appropriate than the continuous ones, es-
pecially when the populations have non-overlapping generations. These models are more
reasonable, showing that the dynamics of the discrete-time predator-prey models can
present a much richer set of patterns than those observed in continuous-time models
and lead to unpredictable dynamic behaviors from a biological point of view. However,
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there are few articles discussing the dynamical behaviors of predator-prey models, which
include bifurcations and chaos phenomena for the discrete-time models. Hence, the dis-
crete version has been an important subject of study in diverse phenomenology from the
mathematical point of view. The authors [13,15-17] obtained the flip bifurcation and Hopf
bifurcation by using the center manifold theorem and bifurcation theory, while in [9-11],
the authors only showed the flip bifurcation and Hopf bifurcation by using numerical sim-
ulations. But in [18-21], the authors showed that the system undergoes a flip bifurcation
and/or a Neimark-Sacker (NS) bifurcation by using bifurcation theory. Many important
and interesting research works on bifurcation theory can be found in [19, 22] and the ref-
erences cited therein.

In this paper, we consider a generalized Gauss-type predator-prey interaction [23] when
the prey exhibits group defense that can be modeled by the following system of ordinary
differential equations:

% = xg(x, K) - yp(x), @
y=y(~d+q(),

where x and y are functions of time representing population densities of prey and predator,
respectively; K > 0 is the carrying capacity of the prey and d > 0 is the death rate of the
predator. The function g(x, K) represents the specific growth rate of the prey in the absence
of predator. A prototype is the logistic growth, g(x, K) = (1 — %), with intrinsic growth
rate r. The function p(x) denotes the predator response function and we assume it is of the

= Bl
is described by g(x). In Gauss’ model, g(x) = cp(x) for some positive constant c.

simplified Monod-Haldane form, p(x)

The rate of conversion of prey to predator

Without loss of generality, by scaling the parameters, we first write system (1) in the
specific form [7]

e 24
x=rx(1-=)-——,
K B +x2

ax
S ,
(s

where 7, K, d, o, and B are positive parameters. Applying the forward Euler scheme to

(2)

system (2), we obtain the discrete-time predator—prey system as follows:

a () x+8[ra(l— %) - 5271 @)
\y y+dl-dy+ 551 )

where § is the step size. In this paper, we only restrict our attention to investigate this

version as a discrete-time dynamical system in the closed first quadrant R? by using bi-
furcation theory and center manifold theory (see Section 4, [24]). We rigorously prove
that this discrete model possesses the flip bifurcation and the NS bifurcation, respectively.
Meanwhile, numerical simulations are presented not only to illustrate our results with the
theoretical analysis, but also to exhibit the complex dynamical behaviors such as the cas-
cade periodic-doubling bifurcation in periods 11-orbits, quasi-periodic orbits and chaotic
sets. These results reveal a far richer dynamics of the discrete model compared with the
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continuous model. In particular; we observe that when the prey shows chaotic dynam-
ics, the predator can tend to extinction or to a stable equilibrium. The computations of
the Lyapunov exponents confirm the dynamical behaviors. The analysis and results in this
paper are interesting in mathematics and biology.

This paper is organized as follows. In Section 2, we discuss the existence and local sta-
bility of positive fixed point for system (3) in R2. In Section 3, we show that there exist
some values of the parameters such that (3) undergoes the flip bifurcation and the NS bi-
furcation in the interior of Rf. In Section 4, we present the numerical simulations includ-
ing the bifurcation diagrams, the phase portraits at neighborhood of critical values and
the maximum Lyapunov exponents corresponding to the bifurcation diagrams. Finally a
short discussion is given in Section 5.

2 Existence and stability of fixed points

In this section, we first determine the existence of the fixed points of system (3), then

investigate their stability by the eigenvalues for the Jacobian matrix of (3) at the fixed point.
It is clear that the fixed points of (3) satisfy the following equations:

x xy
8 1-— - =x,
wealm(1- %)= 52 ] -

axy
y+8|:—dy+ ﬁ+x2:| =y.

(4)

The fixed point of the greatest interest would be a fixed point interior to the first quad-
rant, so we seek conditions for such a fixed point to exist. From system (4), we can see that
if there is an interior fixed point, then the equation

dx* —ax+dB =0
has positive roots, say x*. Therefore, the first condition is that
A=o’-4d*>0.
To determine the y value of the fixed point, we merely solve
x X
rxll—-— - CA 0
K B +x2

for y at the root x* and get

x* 9
f=rll-— +x°7).
y=r(1-% )+
To ensure that y* > 0, however, we must make a second assumption:
x" < K.

By a simple algebraic computation, it is straightforward to obtain the following results:
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Lemma 2.1
(i) For all permissible parameter values, system (3) has two fixed points, Eo(0,0) and

El (1<! O)y
(i) if A =0and 2q < K, then system (3) has a unique positive fixed point, E5(xg, y;), where

* a * xS *2
%= 5 and yO:r<1—?>(,3+xo );

(iii) Lf& > 0, then system (3) has at most two positive fixed points, Eo(x},y5), E2(x3,55),

where
w_ GV A * 2l *
Y and yj = r(l— %)(,B +2%);
., a+VA N x5 .
X= and y, = r(l - 1—?)(,3 +x22).

More precisely, there are three possibilities.
(ili.a) When K < xi, then system (3) has no positive fixed points;
(ili.b) when xj < K <3, then system (3) has one positive fixed points Ey(x7,y7});
(ili.c) when x] < x5 < K, then system (3) has two positive fixed points Ey(x5,y7) and

Ey(x3,53).

Biologically, the condition A > 0 is necessary for the persistence of the ecosystem. If
A <0, the predator species goes extinct. Mathematically, A = 0 is a saddle-node bifurca-
tion surface. When the parameters pass from one side of the surface to the other side, the
number of fixed points of the system changes. Figure 1 shows the distribution of the fixed
points in the space («, 8, d). There is at most two positive fixed point in the region (I), and
on the surface C and no positive fixed point in the region (II) for any choice of K such that
x* < K, where surface C = {(«, 8,d) : > — 4d*B = 0}.

Now we investigate the stability of the fixed points for (3). The Jacobian matrix of system

(3) at a fixed point E(x, y) is

= =\ 1+5d1 —3191
](x,y)—< 52 1+5b2)’ (5)
where
) 2%\ (-B+#)j
ﬂl—r(l—F) +W7
X
- (6)
4, YB-Fy
2T (prae
by = —d+ -

B+x2
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Figure 1 Distribution of fixed point of map (3).

The characteristic equation associated with (5) is
A2 —trja+detf =0, (7)
where A is the eigenvalue of (5) and

tr] =2+ 8(ay + by),
(8)
det] =1+ 8(ay + by) + 82 (a1by + azhy).

Hence system (3) is a dissipative dynamical system if and only if
|1 + (S(ﬂl + bz) + 32(6l1b2 + ﬂ2b1)| <1
a conservative dynamical system if and only if
|1 +8(ay + by) + 8X(arby + a2b1)| =1
and an non-dissipating dynamical system otherwise.
In the following we deduce the local dynamics of the positive fixed point E;(x*,y*) only
(we left the others). Note that the local stability of the fixed point (x*,y*) is determined by

the modules of eigenvalues of the characteristic equation at the fixed point.
The Jacobian matrix due to the linearization of (3) evaluated at E, is given by

1+ 5(11 —8b1
*, k — 9
](x 4 ) ( 5[12 1+ (sz) ( )

and the corresponding characteristic equation of (9) can be written as
F(A) =A% —tr/A +det/ =0, (10)

where a3, by, a3, by in (9) and tr], det] in (10) are determined by (6) and (8) with ¥ and ¥
replaced by x* and y*, respectively. Therefore, the eigenvalues of (10) are

) £ /(tr])? —4det] (11)
= 2 ’

A2
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where
(tr])> —4det] =82A and A = (a; — by)? — dasb;.

For A <0, i.e., (tr/)>—4det] < 0, the eigenvalues A, » given by (11) are complex, and these
can be written as

Ao =pntio, (12)
where
tr] 1)
=—=1+=(aq +by),
n=- 2(1 2)

— 2
wo VAU =@ S @~ by,

2 2

Using Jury’s criterion [25], we have necessary and sufficient condition for local stability
of the fixed point E,, which are given in the following proposition.

Proposition 2.2 Let E; be a positive fixed point of (3). Then
(i) it is a sink if one of the following conditions holds:
(1) A >0ands < ~arlva,
102+a201

(i2) A<O0and§<——abo,
ajby+an oy
(i) it is a source if one of the following conditions holds:
(i) A>0andé > —lar+by)+VA
' - a1b2+£12b1 ’
ii aj+by
(iL2) A<0and§>— 572
(iii) it is non-hyperbolic if one of the following conditions holds:
(iii.l) A>0ands= —arb)V/a,
) - arby+asby

(iii2) A <0 and§ = ——a+b

arby+asby’

(iv) it is a saddle for the other values of parameters except those values in (i)-(iii).

Following Jury’s criterion, we can see that one of the eigenvalues of J(E;) is —1 and the
others are neither 1 nor -1 if the term (iii.1) of Proposition 2.2 holds. Therefore, there may
be a flip bifurcation of the fixed point E, if § varies in the small neighborhood of FB1f, or
FB2g, where

M,AZO},

FBlg, = y(r,K,d,a, B,8) € (0,+00) : § =
(llbz + tlzbl

or

(@ +by) + VA
FB2e, = | (. K, d,t, B,6) € (0, +00) : 6 = b))+ vA ol
6111’)2 +612b1

Also when the term (iii.2) of Proposition 2.2 holds, we see that the eigenvalues of J(E;)

are a pair of conjugate complex numbers with module one. The conditions in the term
(iii.2) of Proposition 2.2 can be written as the following set:

b
NSBEzz{(r,K,d,oc,,B,cS)e(O,+oo):8=— hv o ,A<0},

(llbz + (lzbl
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and if the parameter § varies in the small neighborhood of NSBE,, then the NS bifurcation
will appear.
The next result is obtained from the above analysis to study the bifurcation of system (3).

Proposition 2.3 The positive fixed point E; loses its stability:

(i) via aflip point when A >0 and § = %;
(i) via a Neimark-Sacker point when A <0 and § = — axby
aiby+asby

3 Bifurcation analysis
In this section, we choose the parameter § as a bifurcation parameter to study the flip
bifurcation and the Neimark-Sacker bifurcation of E,, respectively, by using bifurcation
theory in (see Section 4 in [24]; see also [26-28]).

We first discuss the flip bifurcation of (3) at E,. Suppose that A >0, i.e.,

(611 - b2)2 - 4ﬂ2b1 > 0. (13)
If
—(a1 +by) = v A
§=fp=—— XX
(llbz + tlzbl
or
—(a; + by) + VA
§=6p=—"7T"—"7T" ",
ﬂlbz + (lzbl

then the eigenvalues of (9) given by (11) are
M) =-1 and Ay(8f) =3 + 8r(aq + by).
The condition |[A,(8F)| #1 leads to
Sp(ar + by) £ -2, 4. (14)

Let x =x —x*, y =y — y*, and A(S) = J(x*,y*), we transform the fixed point (x*,y*) of
system (3) into the origin, then system (3) becomes

) ooae ()« (BE2O), 15)
y y F(x,,9)

where
A (- )
(B> - ?ﬁﬁi*;;;*‘*)ay* 2 (35;: ;:;;Z)agczy L o(IxI®)
b T g g

3 K _ k3 5
_ 70‘((/{;’: x*f) D2 oY),
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and X = (,7)7. It follows that

2
821:1(5» 8)
Biwy) =) — | am
st 8888k |e-o
2Br_(6p+2 iy L BAAT
Y i X EB+x7)8 T,
K (B +x*2)3 11 (B +x2)2 12 + X201
2
82F2($r 8)
BZ(x’y) = e — XiVk
MX:; 8&0E oo
= (-6 + 2x*2)8x*y*x _a(-p +x*2)8 (%12 + X291)
(B +x2)3 1 (B + #7202 1Y2 +X291)»
2
821:1(5» 5) 6(,32 — 6[396*2 + x*4)5y*
Gixy,u) = SESE RE. Ykl = X u
! j,k;l 85,8%}851 £=0 4 (’3 +x*2)4 1)141
2(=3Bx* +x*3)8
- W(’CIW‘Z + X121 + Xp)114),
Colx, y,u) = 3 w Xyl = _605(52 - 6Bx*% + x*4)8y*x1y1u1
~ jkl=1 88;86k081 |0 ! (B +x*2)*
20((—3/396* + x*3)8
W(xmuz +X1)ath + Xay11h),
and 8 = §f.
Therefore, B(x,y) = (gffﬁﬁ ) and C(x,y,u) = (8%3) are symmetric multilinear vector

functions of x, y, u € R2.

We know that A has simple eigenvalue 11(8r) = —1, and the corresponding eigenspace
E° is one-dimensional and spanned by an eigenvector g € R? such that A(S¢)q = —q. Let
p € R? be the adjoint eigenvector, that is, AT (§F)p = —p. By direct calculation we obtain

q~ (=2 —8¢by, 8raz)”,

p~ (=2=08pby,~8rby)".
In order to normalize p with respect to g, we denote
p=n(=2-08rby,~8b1)",

where

1
(=2 8¢by)? - S2asby

"1

It is easy to see (p,q) = 1, where (-, -) means the standard scalar product in R? : {p,q) =

na + pa2qa-
Following the algorithms given in [24], the sign of the critical normal form coefficient

¢(8r), which determines the direction of the flip bifurcation, is given by the following for-



Rana Advances in Difference Equations (2015) 2015:345 Page 9 of 17

mula:

1 1
() = g(p, Clq.9,9) - E(p,B(q, (A-1)7'B(g,9))). 17)
From the above analysis and the theorem in [24, 26—-28], we have the following result.

Theorem 3.1 Suppose that E(x*,y*) is the positive fixed point. If the conditions (13) and
(14) hold and c(8¢) # O, then system (3) undergoes a flip bifurcation at the fixed point
E,(x*,y*) when the parameter § varies in a small neighborhood of 8p. Moreover, if ¢(§g) > 0
(resp., c(8F) < 0), then the period-2 orbits that bifurcate from E,(x*,y*) are stable (resp.,
unstable).

We next discuss the existence of a Neimark-Sacker bifurcation by using the NS theorem
in [24, 26-28].

It is clear that, for the complex eigenvalues given by (12), the condition is (tr /) — 4 det] <
0, which leads to A <0, i.e.,

(ﬂl — b2)2 - 4612[91 <0. (18)
Let
ay + bz
6 = 5 =,
NS ﬂlbg + ﬂgbl

then we have detJ(8ns) = 1.
For § = 8xs, the eigenvalues of the matrix associated with the linearization of the map

(15) at (x,y) = (0,0) are conjugate with modulus 1, and they are written as

M A = pu(dns)  iw(Sns) (19)
and
d|r(8)] 1
A6 = 1, = —— b 0. 20
|A(8ns)| By 2(111 +by) # (20)

In addition, if tr /(Sys) # 0, -1,
ns(ar + b)) #-2,-3,
which obviously satisfies
A(ons) #1 fork=1,2,3,4. (21)
Let g € C? be an eigenvector of A(Sxs) corresponding to the eigenvalue A(Sxs) such that

A(Sns)q = M(8ns)g, A(Sns)q = MSns)g.
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Also let p € C? be an eigenvector of the transposed matrix A7 (8ys) corresponding to its
eigenvalue, that is, A(Sxs),

AT(Sns)p=ABns)p, AT (8ns)D = MSns)P.
By direct calculation we obtain

g~ (1 +8nsby — A, Sysan) 7,

p~ (L+8xsby — &, —8nshy)".
In order to normalize p with respect to ¢, we denote
p =21+ 8nsby =k, —Snsbr)”,

where

1
N (1 + 8N5b2 - X)Z - 5]%[5612]91 ‘

Y2

It is easy to see (p,q) = 1, where (-, -) means the standard scalar product in C?: {p,q) =
D192 + paq.

Any vector X € R? can be represented for § near Sys as X = zq + zg, for some complex z.
Indeed, the explicit formula to determine z is z = (p, X). Thus, system (15) can be trans-
formed for sufficiently small |3 (near Sys) into the following form:

z—> L8z + g(z,z,6),

where A(8) can be written as A(8) = (1 + ¢(8))e?® (where ¢(8) is a smooth function with
¢(8ns) = 0) and g is a complex-valued smooth function of z, z, and §, whose Taylor expres-
sion with respect to (z,z) contains quadratic and higher-order terms:

_ 1 _ ,
gzz,8) =) mgkl((S)zkzl, with g € C,k,1=0,1,....
k+1>2

By symmetric multilinear vector functions, the Taylor coefficients gi; can be expressed
by the formulas

200ns) = (p,B(g,9)),  guldns) = (p.B(g, 7)),
20200ns) = (P, B@,9)),  gu(dns) = (. Cla,4,9)),

and the coefficient a(8ys), which determines the direction of the appearance of the invari-
ant curve in a generic system exhibiting the NS bifurcation, can be computed via

e—i9(5Ns)g21 (1- 2ei9(5Ns))e—2i9(5Ns) 1 , 1 )
a(dys) = RG(T> - Re( 2(1— o) gzogn) - 5 leul” 7 lgoal”,

where e??CONS) = A (Sns).
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Clearly, (20) and (21) demonstrate that the transversal condition and the nondegenerate
condition of system (3) are satisfied. So, summarizing the above discussions, we obtain
the following conclusion.

Theorem 3.2 Suppose that E;(x*,y*) is the positive fixed point. If a(Sns) # 0, then system
(3) undergoes a Neimark-Sacker bifurcation at the fixed point E, when the parameter §
varies in the small neighborhood of NSBg,. Moreover, if a(8ns) < O (resp., > 0), then the
NS bifurcation of system (3) at 8 = Sns is supercritical (resp., subcritical) and there exists
a unique closed invariant curve bifurcation from E; for § = 8xs, which is attracting (resp.,
repelling).

In Section 4, we will choose some values of the parameters so as to show the process of
a NS bifurcation for system (3) in Figures 2 and 3 resp. by numerical simulation. Here one

example, which illustrates Theorem 3.1, is given below.

Example 3.1 Consider system (3) with r =2, K =1.2,d=0.25,¢ =075, =2, =6 =
1.40356. Then (r,K,d,a, 8,8) € FBlg, and there is a unique positive fixed point (1,1)
with multipliers A1 = =1, A, = 0.972639, and ¢(§F) = —23.9313. Hence, according to Theo-
rem 3.1, the flip bifurcation emerges from the fixed point (1,1) at § = &¢.

4 Numerical simulations
In this section, by using numeral simulation, we give the bifurcation diagrams, phase
portraits and Lyapunov exponents of system (3) to confirm the previous analytic results
and show some new interesting complex dynamical behaviors existing in system (3). It is
known that maximum Lyapunov exponents quantify the exponential divergence of ini-
tially close state-space trajectories and frequently are employed to identify chaotic behav-
ior. Since the dynamics of discrete prey-predator model with Holling type I, II, and III
functional response has been examined by many researchers, we will now mainly focus
our attention on the effect of simplified Monod-Haldane functional response. Based on
the previous analysis, we choose the parameter § as a bifurcation parameter (varied pa-
rameter) and the other model parameters are taken as fixed parameters, unless otherwise
stated; to study the flip bifurcation and the Neimark-Sacker bifurcation, respectively, for
the unique positive fixed point, one can consider the initial condition (xo, o) situated in
the basin of attraction of fixed point. Without loss of generality, the bifurcation parameters
are considered in the following cases:

Case (i) varying 8 in range 0.5 < § < 1.74, and fixing r =2, K =1.2,d = 0.25, « = 0.9,

B=1
Case (ii) varying B in range 0.7 < B <1.25, and fixing r =2, K = 1.2, d = 0.25, « = 0.9,
6 =0.816737.

For case (i): The bifurcation diagrams of system (3) in the (§ —x—y) space, the (§ —x) plane
and the (8 — y) plane are given in Figure 2(a)-(b)-(c). After calculation for the fixed point
E, of map (3), the NS bifurcation emerges from the fixed point (0.303337,1.63195) at § =
dns = 0.816737 and (r,K,d,«, 8,58) € NSBE,. It shows the correctness of Proposition 2.2.
For § = 8xs, we have &, A = 0.89639 +0.443267i, |A| = 1, [A| = 1, 220 |5 o = 0.126859 > 0,
Ans(ar + by) = —0.20722 # -2,-3, goo = 0.288682 + 0.020187i, g1; = 0.24234 — 0.138155i,
o2 = —0.503202 + 0.679727i, go1 = 0.058348 — 0.248692i, and a(Sns) = —0.174522. There-

fore, the NS bifurcation is supercritical and it shows the correctness of Theorem 3.2.
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Figure 2 Bifurcation diagrams and maximum Lyapunov exponent for system (3) around E;.

(@) Neimark-Sacker bifurcation diagram of system (3) in (8 — x — y) space, (b)-(c) NS bifurcation diagrams in

(8 —x) and (8 - y) planes, (d) maximum Lyapunov exponents corresponding to (b)-(c), () maximum
Lyapunov exponents are superimposed on bifurcation diagrams, (f) local amplification corresponding to (b)
for § € [1.26141,1.6309]. The initial value is (xo, o) = (0.29,1.62).

From Figure 2(b)-(c), we observe that the fixed point E; of map (3) is stable for § <
0.816737 and loses its stability at § = 0.816737 and an invariant circle appears when
the parameter § exceeds 0.816737, we also observe that there are period-doubling phe-
nomenons. The maximum Lyapunov exponents corresponding to Figure 2(b)-(c) are com-
puted and plotted in Figure 2(d), confirming the existence of the chaotic regions and pe-



Rana Advances in Difference Equations (2015) 2015:345 Page 13 of 17

0.05
0 o™ y
WY
3 -0.05
% 3
> -
Il <]
3 E .01
I
0.15
] -0.2
1.3 07 08 09 1 1.1 1.2 1.3
beta beta
() (b)
Figure 3 Bifurcation diagrams and maximum Lyapunov exponent for system (3) around E; with
respect to B. (a) NS bifurcation diagram of system (3), (b) maximum Lyapunov exponents corresponding
to (a). The initial value is (xo, yo) = (0.29, 1.62).

riod orbits in the parametric space. From Figure 2(d), we observe that some Lyapunov
exponents are bigger than 0, some are smaller than 0, so there exist stable fixed points
or stable period windows in the chaotic region. In general the positive Lyapunov expo-
nent is considered to be one of the characteristics implying the existence of chaos. The
bifurcation diagrams for x and y together with maximum Lyapunov exponents is pre-
sented in Figure 2(e). Figure 2(f) is the local amplification corresponding to Figure 2(b)
for § € [1.2614,1.6309].

The phase portraits which are associated with Figure 2(a) are disposed in Figure 4, which
clearly depicts the process of how a smooth invariant circle bifurcates from the stable fixed
point (0.303337,1.63195). When § exceeds 0.816737, there appears a circular curve en-
closing the fixed point E,, and its radius becomes larger with respect to the growth of 8.
When § increases at certain values, for example, at § = 1.3, the circle disappears and a
period-11 orbits appears. As § is increased further, however, the phase portrait starts to
fold. We see that the circle, after being stretched, shrunk and folded, creates new phenom-
ena due to the breakdown of the closed curve (see at § = 1.37). For further increasing 8, we
obtain the multiple invariant closed curves brought about by a NS bifurcation of iterates
of the model (3), quasi-periodic orbits and attracting chaotic sets. We see that for § = 1.63
and § = 1.74, where the strange attractors are produced by the breaking of the invariant
circles, the values of maximal Lyapunov exponent are positive, confirming the existence
of the chaotic sets. In addition, in system (3) fully developed chaos occurs when § = 1.74.

For case (ii): Figure 3 demonstrates the dynamic behavior of the model (3) when the pa-
rameter B varies. The bifurcation diagram for system (3) is plotted as a function of the con-
trol parameter . It turns out that the fixed point E; of map (3) loses its stability through
a NS bifurcation, when § varies around 1. As 8 decreases the behavior of this model be-
comes very complicated, including the NS bifurcation and many chaotic bands. The sign
of the maximal Lyapunov exponent confirms the existence of the strange attractor.

In order to observe the complex dynamics, we can vary more parameters of system (3).
Since the values of the Lyapunov exponents quantify the chaotic behavior of the discrete
system or at least the sensitive dependence on the initial conditions, so we compute the
maximum Lyapunov exponents of system (3) and study the dependence of these Lyapunov
exponents on the two real parameters § and 8. The signs of the maximum Lyapunov
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exponents of system (3) for parameters § € [0.5,1.1], 8 € [0.8,1.25], and § € [1.1,1.74],

B € [1.0,1.25], respectively, and fixing other parameters as in case (ii), are plotted in Fig-

ure 5. A blue color represents a negative Lyapunov exponent and a red color represents

a positive Lyapunov exponent. Here it is easy to see for which choice of parameters sys-

tem (3) is showing chaotic motion, and for which one is system (3) exhibiting periodic or

quasi-periodic movement. For instance, the chaotic situation is on Figure 4 for values of

parameters § = 1.63, 8 = 1, and the non-chaotic situation is for values of the parameters

8 =0.785, B =1, which are consistent with the signs in Figure 5. It shows that the dynamics

of system (3) is chaotic for small values of the parameter S.
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Figure 5 Sign of maximum Lyapunov exponent for system (3) around E;. (a) Sign of maximum
Lyapunov exponents of system (3) covering § € [0.5,1.1], B € [0.8,1.25],and r=2,K=12,d=025a = 09
(b) Sign of maximum Lyapunov exponents covering 6 €[1.1,1.74], B € [1.0,1.25] (red *' = positive, blue 0
negative). The initial value is (xo, o) = (0.29,1.62).
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Figure 6 Sensitive dependence on the initial conditions for system (3). (a) The two trajectories for
x-coordinate, plotted against number of iterations, red for (xo, yo); blue for (xo + 0.001, yo). (b) The two
trajectories for y-coordinate, plotted against number of iterations, red for (xo, yo); blue for (xo, yo + 0.001). The
parameter values are r =5.5, K =0.771525,d =03, ¢ = 165, 8 = 1.3, § = 1.565. The initial value is

(X0,Y0) = (0.227,4.585).

4.1 Sensitive dependence on initial conditions
To demonstrate the sensitivity to initial conditions of the model (3), two perturbed trajec-
tories are represented in Figure 6. At the beginning, the two trajectories are overlapped
and are indistinguishable; but after a number of iterations, the difference between them
builds up rapidly. Figure 6 shows a sensitive dependence on the initial conditions for x- and
y-coordinate of the two trajectories for the model (3), which is plotted against the num-
ber of iterations. The initial perturbation of two trajectories for x-coordinate is 1 x 1073,
while the other coordinate is kept to have the same value. For this case the two trajectories
with initial points (xo,yo) = (0.227,4.585) and (% + 0.001, y,) are computed and plotted
in Figure 6(a), respectively.

Also, a sensitive dependence on the initial conditions of two trajectories for y-coordinate
of the model (3) is plotted in Figure 6(b). The initial conditions of two trajectories for

y-coordinate differ by 1 x 1073, while the other coordinate is kept at the same value. In
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Figure 6, it is shown that the trajectories of system (3) sensitively depend on the initial

conditions, i.e. complex dynamic behavior occurs with initial perturbation.

5 Discussions

In this paper, we investigated the behaviors of the discrete-time predator-prey system (3)
involving group defense with simplified Monod-Haldane functional response and showed
that it has a complex dynamics in the closed first quadrant R?. We showed that the unique
positive fixed point of (3) can undergo a flip bifurcation and a NS bifurcation under certain
parametric conditions. Some other basic dynamical properties of system (3) have been an-
alyzed by means of bifurcation diagrams, phase portraits, Lyapunov exponents, and the
sensitive dependence on the initial conditions. More precisely, as the parameters vary,
system (3) exhibits a variety of dynamical behaviors, including period-11 orbits, an in-
variant cycle, a cascade of period-doubling, quasi-periodic orbits, and chaotic sets, which
imply that the predators and prey can coexist in the stable period-» orbits and invariant
cycle. Finally, simulation works showed that in certain regions of the parameter space,
the model (3) had a great sensitivity to the choice of the initial conditions and parameter
values. These results reveal a far richer dynamics of the discrete model compared to the

continuous model.
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