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1 Introduction
The study of tremendous fluctuations in the abundance of many phytoplankton commu-
nities is an important subject in aquatic ecology. These changes of size and density of
phytoplankton have been attributed to several factors, such as physical factors, variation
of necessary nutrients, or a combination of these by various workers (see cf [1-5]). An-
other important observation made by many workers is that the increased population of
one species might affect the growth of another species or several other species by the pro-
duction of allelopathic toxins or stimulators, thus influencing seasonal succession [6].
The traditional Lotka-Volterra two-species competitive system can be expressed as fol-

lows:

x1(2) = 21 (£)(Kq = o1 x1(2) — Prawa(£)), (L1)
x2(8) = x2(8)(Ka = 0022(8) = i (7)),
where x;(t), x5(£) are the population densities (number of cells per liter) of two competing
species; K1, K are the rates of cell proliferation per hour; a1, a5 are the rate of intra-specific
competition of first and second species, respectively; B2, 821 are the rate of inter specific
competition of first and second species respectively and 10%’ 5—; are environmental carrying
capacities (representing number of cells per liter). The units of oy, ora, B12 and By are per
hour per cell and the unit of time is hours.
Maynard [7] and Chattopadhyay [8] modified the system (1.1) by considering that each

species produced a substance toxic to the other, but only when the other is present. Then
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the system (1.1) can be written as

x1(8) = 21 () (K — oy () — Braxa () — i () (),

1.2
%3(£) = %2 (£)(Kz — 00222(2) — Banx1(2) — yox1(£)x2(2)), (-2

where y; and y; are the rates of toxic inhibition of the first species by the second and vice
versa, respectively, and K, Ky, o1, 2, Bi2, P21, 11, and y; are positive constants.

On the other hands, many scholars have paid attention to the discrete population mod-
els, since the discrete-time models governed by discrete systems are more appropriate
than the continuous ones when the populations have nonoverlapping generations (cf. [9—
12]). Moreover, since the discrete-time models can also provide efficient computational
models of continuous models for numerical simulations, it is reasonable to study discrete-
time models governed by discrete systems.

In this paper, we apply the forward Euler scheme to the system (1.2) and obtain the two-
species competitive discrete-time system of plankton allelopathy as follows:

(M) N (xl + 821 [Ki — a1 — Proxn — lelle) ’ (1.3)

b)) %9 + 0x2[ Ko — ctay — Porxi — yax1%a]

where § > 0 is the step size.

The dynamical behaviors of discrete system of plankton allelopathy have been investi-
gated in the mathematics literature (cf. [13—15]). The purpose of this paper is to investigate
the bifurcation and chaos of the map (1.3) by using bifurcation theory (cf [16, 17]) and
center manifold theory (cf [16—18]). Meanwhile, numerical simulations are presented not
only to illustrate our results with the theoretical analysis, but also to exhibit the complex
dynamical behaviors.

This paper is organized as follows. In Section 2, we discuss the existence and stability of
the positive fixed points for the system (1.3). In Section 3, we show that there exist some
values of parameters such that the system (1.3) undergoes the flip bifurcation. In Section 4,
we present numerical simulations which illustrate our results with the theoretical analysis.
A brief discussion is given in Section 5.

2 Fixed points and stability analysis

Recently, Samanta [19] further investigated the system (1.2) and showed that a unique
interior equilibrium point exists if one of 22 conditions holds. Similarly, the system (1.3)
has a unique positive fixed point if one of the 22 conditions holds. In this paper, we only
restrict our attention to the following condition:

a; Ky B ar . Bo
== > s

— > , — (2.1)
P Ky Bui rn

Throughout this paper, we always assume that the condition (2.1) holds. Then the system
(1.3) has the unique positive fixed point E(x},x5}), where

G+ \/Clz +4(yr0n — Y1) (Kiory — Ko Bra)
2(y201 — y121)

Cy ++/C2 + 4(n102 — y2B12) (K0t1 — Ki Bor)
2(nia2 — v2P12)

Sk
*1

’
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)
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and

G =Ky, = Koyr + PraPor — cnta,

G =Koy = Kiya + Prafor — oy
Now we study the stability of the fixed point E(x],x3). Note that the local stability of a
fixed point (x;,%;) is determined by the modules of the eigenvalues of the characteristic

equation at the fixed point. The generalized Jacobian matrix J(x,x;) of the system (1.3)
evaluated at any point (xy,x;) is given by

J(x1,%2) = (gu g12> ,
g1 g2

where

gll =1+ 8(1(1 - 20[1961 - ,312962 - 2)/1961962),
&1z = 8x1(= P12 — y1x1),
g = 8%2(—Ba1 — Yax2),

822 =1+ 8(Ky = 20023 — 11 — 22x1%2).
The characteristic equation of Jacobian matrix can be written as
A2 = Tr(J (x1,%2)) A + Det(J(x1,%2)) = 0, (2.2)

where

Tr(J (1, %2)) = 2 + 8[(Ky — 2001 — Broxs — 2y1%1%2)
+ (Ky — 2025 — Bonds — 2y0%1%2) ),

Det(J(x1,%2)) = (1+ 8(Ky — 2001 — Broxs — 2y1%1%2))
X (1 +8(Ky — 209%0 — Borxy — 2y2x1x2))

— 8%x102(Bia + Y1%1)(Bar + Yaa).

In order to study the stability of the fixed points E(x},x3) of the system (1.3), we first
give the following lemma, which can easily be proved by the relations between roots and
coefficients of a quadratic equation.

Lemma 2.1 Let F(A) = A2 + PA + Q, where P and Q are constants. Suppose that F(1) > 0,
A1, Ay are two roots of F(L) = 0. Then
(i) |Ml<land|ry| <lifand only if F(-1) >0 and Q < 1;
(i) |M|<Yand |ry|>1(or|r|>1and |Ay| <1) if and only if F(-1) < 0;
(ili) |A1]>1and || > 1ifand only if F(-1) > 0 and Q > 1;
(iv) & =-1and |hy| #1 ifand only if F(-1) = 0 and Q #1;
(V) A and Ay are complex and |\1| =1 and |Ay| = 1 if and only if P2 —4Q < 0 and Q = 1.
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Let A; and X, be two roots of (2.2), which are called eigenvalues of the fixed point (x1, x7).
We recall some definitions of topological types for a fixed point (x1,%2). (x1,%2) is called
a sink if [A1] <1 and |A;| < 1. A sink is locally asymptotic stable. (x;,x;) is called a source
if |A1] > 1 and || > 1. A source is locally unstable. (x1,x;) is called a saddle if |A;| > 1 and
|A2| <1(or |A1] < 1and |Aq] > 1). (x1,%;) is called non-hyperbolic if either |A;| =1 or |A,] = 1.

Now, we discuss the stability of fixed point E(x{,x3). The characteristic equation of the
fixed pointed E(x7,x3) can be represented as

F(x) = 2% = Te(J (x,%5) ) + Det(J (x},43)) = 0,
where Tr(J(x},x3)) = 2 — 8A and Det(J(x],x%)) = 1 + §?B - §A,

* * ok * * ok
A = o x] + X[ x5 + X, + Yax x5,

B =x{x} (0l1062 + o2 Y1X5 + a1y — PraPor — Brayexs — /321V1xf)-
By the condition (2.1), we can obtain B > 0. Moreover,

A?—4B= [oqxi‘ —oaxs + (1 — yz)xfx§]2 +4(BraBor + Br2yaxs + B i} + i sziﬁxé) > 0.
Clearly,

FQ1)=1-(2-84)+1+8?B-86A=8B>0
and

F(-1)=4-28A + §2B.

Note that A; = A%2 — 4B > 0, so there exist §; = A_T‘KE and 8, = AJ’T@ leading to F(-1) = 0.
Regarding the stability of E(x},x5), we have the following results.
Since A>—4B > 0, F(1) = 0 has two unequal real roots A; and X,. Furthermore, we obtain
the following.

(A1) If 0 < § < &1, then F(~1) > 0 and Det(J(x},x%)) = 1 + 8B — A < 1. By Lemma 2.1 we
have |11] <1 and |A;| < 1. Therefore, E(x},x3) is a sink.

(Ay) If § > 8, then F(-1) > 0 and Det(J(x},x3)) = 1 + 2B — §A > 1. By Lemma 2.1 we have
|A1] >1and |A3] > 1. Therefore, E(x},%3}) is a source.

(A3) If § = 8; or &y, then F(~1) = 0 and Det(J(x},x3)) =1 + 8B — A # 1. By Lemma 2.1 we
have A; = -1 and |A3| # 1. Therefore, E(x},3}) is non-hyperbolic.

(Ag) If 81 < § < 8y, then F(-1) < 0. By Lemma 2.1 we have [A1] <1 and |[A;] >1 (or |A4] >1
and [Az] < 1). Therefore, E(x},x3) is a saddle.

From the above analysis, we obtain the result that for the fixed point E(x{,x3), if
(K1, Ky, 01,02, Bros Bar, V15 v2,8) € My, i = 1,2, where M; = {(Kj, &, 12, fa1,¥j»8) : A — 4B >
0,8 =6;,K;>0,0>0,¥ >0, 812 >0, Bo1 >0,/ =1,2}, then one of the two eigenvalues of the
positive fixed point E(x},%3) is —1 and the other is neither 1 nor —1. Therefore, there may
be a flip bifurcation of E(x{,}) if the parameters vary in the small neighborhood of M;,
i=12.
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Remark Since F(1) > 0, one can see that 1 is not the eigenvalue of the positive fixed point
E(xf,x3). Therefore, fold bifurcations, transcritical bifurcations, and pitchfork bifurcations
do not occur at the positive fixed point E(x},x}). Similarly, since A% - 4B>0,F(A) =0,
and there does not exist a pair of conjugate complex roots with modulus 1. Hence, the
Neimark-Sacker bifurcation does not occur at the positive fixed point E(x},x3).

3 Flip bifurcation
In this section, we choose parameter § as a bifurcation parameter to study the flip bifurca-
tion of E(x},x;) by using the center manifold theorem and the bifurcation theory in [16—
18]. For convenience, for a function f(x1, %y, ..., %,), we denote by f;;, ,ﬁcl,x/., andﬁcixjxk the first
order, second order and the third order partial derivative of f(xy,x5,...,%,), respectively.
We first discuss the flip bifurcation of the system (1.3) at E(x],x3) when the parameter
varies in a small neighborhood of M;. Similar arguments can be applied to the other case,
M. Taking the parameters (K3, K3, o1, &2, P12, Ba1, V1, V2, 8) € My arbitrarily, we consider the
system (1.3) at E(x],x5).
From (K, Ky, a1, &2, B12, Ba1, V1, V2, 8) € My, we have § = §;. Giving a perturbation §* of
the parameter §, we consider a perturbation of the system (1.3) as follows:

(3.1)
Xy —> X9 + (81 + 5*)962 [I(z — OXg — ﬁ21x1 - ]/2961962],

{xl —> X1 + (81 + 5*)361 [1(1 — 01X — ﬂlz.?CQ - y1x1x2],
where §* is a small perturbation parameter.
Let y1 = %1 — %} and y, = x5 — %}, and transform the fixed point E(x},x5) of the map (3.1)
to the origin. Substituting x; = y; + x] and x; = y, + x3 into the map (3.1), we obtain

anuyi + anys + aiy1ys + auyr + aisyiys
N + b18*y1 + bzg*yz + b35*y1y2 + b46*y% + b55*y%y2 (3 2)
—> ) .
anyir + axy +daxz)iyz + 1124315 + 6125)’1)/%

+C18% Yy + C28*y1 + c38* Y1y + cad*ys + 58 y1y3

where
an =1- 8% (o + 115, ap = =81x7 (B2 + 11%7), a1z = =81 (B2 + 211%),
as = =6 (Ol1 + leﬁ), ais = Y161, by = —x} (051 + J/NC;),

b= —xi (B nl)s by= (Bt 2mxl), by = (a1 +yixd),
bs=-yi,  an=-8x5(Bn +1243),

ax =1 - 815 (a2 + y2xy), az3 = =81 (B + 272%3), aza = =81 (2 + 12x7),
a5 = =281, a1 = —x3 (0z + y2x7), ¢ = —x3 (B + 12%3),

¢3 = —(Ba + 272%3), ca = — (a2 + 127), bs =~y

Let 71 = (Z; ng) By calculating, we find that the eigenvalues and the corresponding

eigenvectors of matrix 7 are

A =-1, Ay =3-584,

Page 5 of 10
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with [A1] =1, || #1 and (d1,d2)T = (a12,-1 — an)”, (d3,da)” = (a12, 12 — an)”, respec-
tively.
Let matrix T, = (2 ;i:), then T, is invertible. Using a translation ( yyz1 ) = Tz( 1), the map

¥
E2)
(3.2) becomes

%1 -1 0 %1 f(351,3?2,8*)
<352) - (0 AZ) (352) ’ (g(“;c‘l’%% 8*)) ' (3-3)

where

~ o~ os (A —an) .
Sf(x1,%,8%) = m (arsy1y2 + auy; + asyrys + bi8*n

+Dby8%yy + b3S y1ys + b48*yf + b58*yfy2)

- (a23y1y2 + a2ays + assyrys + 18y

+Co8*y1 + €38 y1yy + a8 Y3 + 055*y1y§),

_ (I +an)

fZ(%lr%zy 5*) = m

(a13y12 + aray; + arsyiys + br8*n
+by8*yy + b38* Y1y + baS*yE + b58*yfy2)
L 2 2 *
+ (ﬂ23y1y2 + dza), + axsNyy t+ c16%y,
A+1
+28%y1 + c38™ Y1y + a8y + 58 9193),
and
Y1 = an® + %), Yo = =XK1 + A%y — an (X1 + %), yi = ai, (36? +2%1 %) + 36%),

y1y2 = —an(1+an) + [a12(ha — an) — an(l + an) [$1% + a(k — an)x;.

Now, we determine the center manifold W*¢(0, 0,0) of (3.3) at the fixed point (0,0) in a
small neighborhood of §* = 0. Note that f and g are of class CX*!-functions for some k > 1
and £(0,0,0) = 0, g(0,0,0) = 0, £,(0,0,0) = 0, g;(0,0,0) = 0, i = 1,2. Hence, based on the
center manifold theorem [18], we know there exists a center manifold

W*(0,0,0) = {(%1,%2,8%) € R*: %, = h(%,8*),h(0,0) = 0,Dh(0,0) = 0}

for % and 8* sufficiently small. The form of the center manifold can be approximately
represented as follows:

h(F,6%) = F + a%8" + ass™ + o (Fal + [8°)%),

where o((|%1| + |6%])?) is a function with order at least three in their variables (X}, §*). More-
over, the center manifold must satisfy

(5 +f (B (3, 6°),6),6%) = Aah (3, 6") — g (s, (3, 8),8%) = .

Page 6 of 10
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By equating coefficients of like powers to zero, we obtain

1

a; = ——
12

(an + D[anan — ai3(1 + an) — aass),

g = =bi(an +1) - caar + ci(an +1) . by(an +1)? a2 0
? (2 +1)? a(ra +1)% T

Therefore, we consider the map which is the map (3.3) restricted to the center manifold

W<(0,0,0):
GI;C& — —%1 + hl&? + hﬁlé* + hgﬁa* + h4%18*2 + h5?€? + 0((|%1| + |8*|)3), (34)
where
= Ay —an (s — ans(1 + an)] - (1 + an)laz(1 + an) — azar;]
S G 1 ot 1 ,
Ay —an ayzcy — ci(l +ayp)
hy=———(bia, - br(1 + -
2 ag +1) ( 1412 2( 6111)) Ayt 1
Ay —an

h3 = 20+ 1) [ﬂ136112flz()»2 —1-2an) +2aual,a; + byaar + aiby(ry — an)
12(A2

1
—byan (1 +an) + baal, | - el [+ an) (41263 + 2a2a24(hs — an) + azaradns
2

+ca(l+an)) + (@rc1 + @ra12a23)(hy — an) + arcran |,

Ay —an aA2a12C2
hy = ————\asby(Ay — an) + apasby — crazar, | — ,
4 a12(12+1)[ 2ba (A — an) + anasby — cazan | ot 1
(A2 —an)
hs = ﬁ[ZﬂlzﬂM + ararz(hy — an) — (mans + apais)(1 + an) — maass |
2

_ (I +an)
)»2+1

[@12a25(1 + an) — arpass — 2a1a24(ha — an) |-

In order for map (3.4) to undergo a flip bifurcation, we require that two discriminatory
quantities &; and @, are not zero, where

and

-~ (1 1 >
Oy = <€G‘551’551’£1 + <§G351351) )‘(0’0) = h5 + h%

From a simple calculation, we obtain

~ 2N
D=, 7Y

Thus, according to the above analysis and the theorem in [16, 17], we obtain the following
result.

Page 7 of 10


http://www.advancesindifferenceequations.com/content/2014/1/70

Wu and Zhang Advances in Difference Equations 2014, 2014:70
http://www.advancesindifferenceequations.com/content/2014/1/70

2 2.2 24 2.6 2.8 3
)
(@
1
0.9
0.8
LS ——s mmnm-'“l“l |III
L0060 e
o5l e i
............................ e |||
04l - ||| III
0.3
0.2 . . . .
2 2.2 2.4 2.6 2.8
)

(b)

Figure 1 (a) Bifurcation diagram of x; for system (1.3) with § ranging over [2, 3.1]. (b) Bifurcation
diagram of x, for system (1.3) with 8 ranging over [2, 3.1]. (€) Maximum Lyapunov exponents corresponding
for system (1.3) with & ranging over [2, 3.1].

Theorem 3.1 Ifa, # 0, then the map (3.1) undergoes a Flip bifurcation at the fixed point
E(x7,x3) when the parameter §* varies in the small neighborhood of the origin. Moreover, if
Qs > 0 (resp., oy < 0), then the period-2 points that bifurcate from E(x,x3) are stable (resp.,
unstable).

4 Numerical simulations
In this section, we present the bifurcation diagrams, phase portraits, and maximum Lya-
punov exponents for the system (1.3) to confirm the above theoretical analysis and show
the new interesting complex dynamical behaviors by using numerical simulations. The
bifurcation parameters are considered for the following parameters.

Choosing a; = 0.5, oy = 0.4, B12 = 0.3, B21 = 0.25, K1 = 0.9, K, = 0.6, 1, = 0.2, y, = 0.12,
initial value (x1(0),x2(0)) = (0.5,0.3) and varying § in the range 2 < § < 3.1.

Page 8 of 10
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Figure 1 Continued.
0.5471 0.58
N 0.5471 . <" 0.56
0.5471 0.54 =
1.2074 1.2074 1.2074 1.2074 116 118 1.2 122 124
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042" 0
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x,(8=2.8254)
Figure 2 The phase portraits corresponding to Figures 1(a) and (b).

We see that the system (1.3) has only one positive fixed point, (1.2074,0.5471). Af-
ter calculation, by Theorem (3.1), the flip bifurcation emerges from the fixed point
(1.2074,0.5471) at § = 2.1786 with o = —2.1462 and «a; = 5.2215.

From Figures 1(a) and (b), we see that the fixed point (x},x3) is stable for § < 2.1786,
and that it loses its stability at the flip bifurcation parameter value § = 2.1786. We also
observe that there is a cascade of period doubling. The maximum Lyapunov exponents
corresponding to Figures 1(a) and (b) are computed in Figure 1(c).

The phase portraits which are associated with Figures 1(a) and (b) are exposed in Fig-
ure 2. For § € (2.18,2.8254), there are orbits of period 2, 4, 8,and 16. When § = 3.026, we
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can see the chaotic sets. The maximum Lyapunov exponent corresponding to § = 3.026 is
larger than 0, which confirms the existence of chaotic sets.

5 Discussion

We can know that the dynamics of the system (1.2) is trivial with the condition (2.1). In
fact, Samanta [19] has shown that the unique positive equilibrium of the system (1.2) is
globally asymptotically stable with the condition (2.1). However, the discrete-time system
(1.3) has complex dynamics. In this paper, we show that the unique positive fixed point
of the system (1.3) can undergo a flip bifurcation with the condition (2.1). Moreover, nu-
merical simulations display interesting dynamical behaviors for the system (1.3), including

period-doubling orbits and chaotic sets.
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