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Spatial dynamics in a predator-prey model with Beddington-DeAngelis functional response
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In this paper spatial dynamics of the Beddington-DeAngelis predator-prey model is investigated. We analyze
the linear stability and obtain the condition of Turing instability of this model. Moreover, we deduce the
amplitude equations and determine the stability of different patterns. In Turing space, we found that this model
has coexistence of H, hexagon patterns and stripe patterns, H, hexagon patterns, and H, hexagon patterns. To
better describe the real ecosystem, we consider the ecosystem as an open system and take the environmental noise
into account. It is found that noise can decrease the number of the patterns and make the patterns more regular.
What is more, noise can induce two kinds of typical pattern transitions. One is from the H, hexagon patterns to
the regular stripe patterns, and the other is from the coexistence of H, hexagon patterns and stripe patterns to the
regular stripe patterns. The obtained results enrich the finding in the Beddington-DeAngelis predator-prey model

well.
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I. INTRODUCTION

The Beddington-DeAngelis functional response was in-
troduced by Beddington [1] and DeAngelis et al. [2]. It is
similar to the well-known Holling-type functional response,
but it contains an extra term describing mutual interference
by predators. Some biologists have argued that in many
cases, especially when predators have to search for food
and consequently have to share or compete for food, the
functional response in a predator-prey model should be
predator dependent. Specifically, Skalski and Gilliam [3]
claimed that the predator-dependent functional response can
provide better descriptions of predator feeding over a range
of predator-prey abundances by comparing the statistical
evidence from 19 predator-prey systems with the three
predator-dependent functional responses (Hassell-Varley [4],
Beddington-DeAngelis [1,2], and Crowley-Martin [5]), and
in some cases the Beddington-DeAngelis functional response
preformed even better. This model represents most of the
qualitative features of the ratio-dependent models but avoids
the “low densities problem,” which is usually the source of
controversy.

The study of pattern formation in reaction-diffusion (RD)
systems is a very active research area. Since Turing [6] first
proposed RD theory to describe the range of spatial patterns
observed in the developing embryo, RD models have been
studied extensively to explain patterns in fish skin, mammalian
coat markings, phyllotaxis, predator-prey systems, terrestrial
vegetation, plankton, intertidal communities, and so on (see
Refs. [7-16]). Segel and Jackson [17] were the first to
call attention to the fact that Turing’s ideas would also be
applicable in population dynamics. At the same time, Gierer
and Meinhardt [18] gave a biologically justified formulation
of a Turing model and studied its properties by employing
numerical simulation. Levin and Segel [19] suggested this
scenario of spatial pattern formation as a possible origin
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of planktonic patchiness. In recent years there has been
considerable interest in spatial and temporal behavior of
interacting species in ecosystems. The dynamical behavior
between predator and prey has long been and will continue
to be one of the dominant themes in ecosystems due to its
universal existence and importance [20-25]. Unfortunately
most of the studies about the spatiotemporal predator-prey
system with functional response focus on the bifurcation
phenomena by varying the control parameter(s), and little
attention has been paid to study of the selection of the Turing
patterns.

Owing to the insightful work of many scientists over
recent years, we can now focus on pattern selection by
using the standard multiple-scale analysis [26-29], in which
the control parameter(s) and the derivatives are expanded in
terms of a small parameter ¢ and the Fredholm solubility
condition is used. In the neighborhood of the bifurcation
point (e.g., Hopf or Turing bifurcation point), the critical
amplitudes A; (j = 1,2,3) follow the normal forms. Their
general forms can be derived from the standard techniques
of symmetry-breaking bifurcations. A normal form describes
perfect extended patterns, but slight variations in the patterns
can be included by means of spatial terms with suitable
symmetries, so that one arrives at the amplitude equations
[27,29,30].

However, the environments in models and laboratories are
much less complex than ecological environments, and thus
ecosystems can be modeled as open systems in which the
interaction between the component parts is nonlinear and
the interaction with the environment is noisy. Recently there
has been a growth of interest in a deeper understanding of
the role played by environmental noise in the dynamics of
ecosystems [31-33]. The presence of noise in ecosystems
gives rise to a rich variety of dynamical effects. The noise
through its interaction with the nonlinearity of the living
systems can cause new counterintuitive phenomena such
as stochastic resonance [34-36], noise-enhanced stability
[37,38], noise-delayed extinction [31,39,40], resonant acti-
vation [41,42], noise-induced transitions [43], and pattern
formation [13,36,44-46].
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In this paper we mainly focus on the dynamics of pattern
selection and noise-induced patterns in the Beddington-
DeAngelis predator-prey system. The paper is organized
as follows. In Sec. II we introduce the two-dimensional
Beddington-DeAngelis predator-prey model and the zero-flux
boundary conditions. In Sec. III we show the dynamical
behaviors of the model in the absence of noise. We make a
linear stability and obtain Turing bifurcation with zero-flux
boundary conditions. Furthermore, we carry out a nonlinear
analysis using multiple-scale analysis to derive the amplitude
equations and also present and discuss the results of Turing
pattern formation. In Sec. IV noise-induced patterns are
exhibited through extensive numerical simulations. Finally,
conclusions and discussions are presented in Sec. V.

II. THE MODEL

With the Beddington-DeAngelis or density-dependent
functional response and logistic prey growth, we can establish
a predator-prey model in the following form [47-53]:

du U aUV

= _rva- oy - ————,

dt K b+U+cV 1
dv _ eaUV

dt  b+U+cV

where U (¢) and V (¢) stand for the prey and predator densities,
respectively, at time #. The parameter r is the intrinsic growth
rate of the prey, K is the carrying capacity of the prey,
e is the conversion rate of prey to predator, and d is the
mortality rate of the predator. The term +;l/lercv is called the
Beddington-DeAngelis functional response. The parameter a
is the maximum number of prey that can be eaten by a predator
per unit time, and the parameter b is the saturation constant.
The parameter c scales the impact of the predator interference,
and the term ¢V measures the mutual interference between
predators.

In order to minimize the number of parameters involved
in model (1), it is extremely useful to write the system in
nondimensionalized form. We take

U cV adt
U=—, v=—, do= ,
K K c
and then we have
d
—uzau(l—u)——uv ,
do B+u+v )
dv yuv
— = — —§v,
do B+u+v

where ¢ = Ca—’,ﬂ = ﬁ,y =ce,and § = %.

As shown in Refs. [54-56], by a change of the independent
variable do — (8 4+ u + v)do and still using the variable ¢
instead of o, model (2) is equivalent to the polynomial system

d_u =oau(l —u)B+u+v)—uv:= f(u,v),
dt 3)
Z—l; = yuv — Sv(B +u +v) = gu,v).
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When combined with the spatial factor, we have the following
system:

3_14 =au(l —u)(B+u-+v)—uv +d,Vu,
dt
9 “)
m =yuv —Sv(B+u-+v)+ &, Vv,

where the nonnegative constants d; and d, are, respectively,
prey and predator diffusion coefficients. V? = is the
Laplacian operator in two-dimensional space.

To research the spatial effects due to the presence of
noise, we consider a discrete-time evolution model (a coupled
map lattice) [46,57]. The model with multiplicative noise
corresponding to model (4) is given by

52
0X249Y?

“?erl = auj (1 —ui ;) (B+ui; +vi;) —ui ;v
+ul Ul +dy Y (ulh =l
P

()

+vt/V,",+dZZ(v —v,j)

P

where 7 ; and v}’ ; represent, respectively, the densities of the
prey and predator in the site (i,j) at the time step n. Zp
indicates the sum over the four nearest neighbors in the map
lattice. White noise is the limiting case of colored noise, so
we consider the more general case-colored noise in the present

paper. The noise terms U;"; and V}"; are Ornstein-Uhlenbeck

processes obeying the followmg statistical properties
[46,58]:

(U@) =(V() =0, (6)

UOUG+D) = VOV +1) = 5% (D)

(Ur Vi) =0, Yn,m,i, j, ®)

where 7, is the correlation time of the process and ¢ is the
noise intensity.

In the following sections, models (4) and (5) are to be
analyzed under the following positive initial conditions and
Neumann boundary conditions:

u(X,Y,00 >0, v(X,Y,0)>0,
(X,Y)e Q =[0,LX] x[0,LY], 9
ou 8

Y 0,(X,Y) € 9Q.
on _ on

In the above, LX and LY give the size of the system in
the directions of X and Y, respectively, n is the outward
unit normal vector of the boundary 92, and we assume 02
is smooth. The main reason for choosing such boundary
conditions is that we are interested in the self-organization
of the pattern. Neumann boundary conditions imply that
the boundary of the model domain is simply reflective, and
that the domain is isolated or insulated from the external
environment [59]. At the same time, Neumann boundary
conditions imply that there are no fluxes of populations through
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the boundary; i.e., no external input is imposed from outside

[9].

III. DYNAMICAL BEHAVIOR OF MODEL (4)

A. Linear stability analysis

In the absence of diffusion, model (4) corresponds to
model (1). Recall that (u,v) is an equilibrium point of model
(3) if it satisfies f(u,v) =0 and g(u,v) =0. Model (3)
has two equilibrium solutions in the positive quadrant. One
equilibrium point, given by (u,v) = (1,0), is of no interest
since it corresponds to the prey at its carrying capacity with no
predator. Another equilibrium point is given by E* = (u*,v*),
where

y ay —y +8+J(ay —y +8) +daysp

20y
]/
*_ 1) * .
v —(—5— u*—p

We can prove that it is necessary for 8 to be in the interval

(O, Vg‘s) to ensure (u*,v*) a positive equilibrium. Moreover,

(u*,v*) satisfies |J(u*,v*)| > 0, where J is the Jacobian matrix
of model (3). The proof can be seen in Appendix A.

From the biological perspective, we are interested in
studying the stability behavior of the interior equilibrium point
E*. The Jacobian matrix corresponding to this equilibrium

point is as follows:
ap ap
J = < ) 9
az) an

an =a(l —u*)(B +u* +v*) —au*(B+u* +v*)
+au*(1 —u™) — v*,

ap = au*(1 —u*) —u*, (10)

ax = yv* — 8v¥,

ay = yu* —8(B +u* +v*) — Sv*.

where

The Turing condition is the one in which the uniform
steady state of the RD system is stable for the corresponding
ordinary differential equations, but it is unstable in the partial
differential equations with diffusion terms. First, we address
the temporal stability of the uniform state to nonuniform
perturbations [60]:

(Z) - <z:> +e (?)1]:) HHRT L oot 0@, (1)

where A is the growth rate of perturbations in time ¢, i is
the imaginary unit and i> = —1, k - k = k> and k is the wave
number, r = (X,Y) is the spatial vector in two dimensions, and
c.c. stands for the complex conjugate. The linear instability
(¢ <« 1) of the uniform state is deduced from the dispersion
relations. After substituting Eq. (7) into Eq. (4), one finds the
characteristic equation for the growth rate A as the determinant
det A, where

ay —dik* — a
A — 11 1 122 )
any a22—d2k — A
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Then we can obtain the eigenvalues A; as follows:

try £ (l}"k)z — 4N,
Ak = 5 ,

(12)
where
tr = aiy + an — kK*(dy + dy) = try — k*(dy + dy),
Ay = ay1an — apay — kX andy + andy) + k*dd;
= Ay — K (and; + apd) + k*dids.

Hopf bifurcation occurs when Im(X;) # 0, Re(A;) = 0, at
k = 0;i.e., aj; + axp = 0. Then we can get the critical value
of the Hopf bifurcation parameter Sy:

Vi mayi—yitay =y +8y - 82 +2y8° - 8%y

Pu (—y—318y)

13)

Turing bifurcation occurs when Im(1;) = 0, Re(A;) = 0, at
k = k7 # 0, and the wave number kr satisfies

A oy —y +6) + 4ays
PR wvty/(ay —y +8)° +4aydp (14)
d1d2 d1d2

We can obtain the critical value of the Turing bifurcation
parameter fBr. Since Br is too long, we do not show
its accurate expression in this paper. At the Turing bi-
furcation threshold, the spatial symmetry of the system is
broken, and the patterns are stationary in time and oscilla-
tory in space with the corresponding wavelength Ay = i—’;
[61-63].

Now, let us discuss the bifurcations represented by these
formulas in the parameter region spanned by the parameters «
and B that can be seen from Fig. 1. All of the spatial models
are induced in this parameter region. For overall analysis, we
show the real part of the eigenvalue as B is decreased, which
can be seen in Fig. 2

0.127
0.10+
0.08
B 0.064
0.04+
Turing

0.02+ Hopf

0 . . . . . .
0 01 02 03 04 05 06

o

FIG. 1. (Color online) Bifurcation diagram of model (4). We
set the parameter values as § = 0.6,y = 0.9,d; = 0.01,d, = 1. The
figure shows the Turing space (marked T), i.e., the region bounded
by the Turing bifurcation line (the red (upper) line) and the Hopf
bifurcation line (the green (light gray) line).
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FIG. 2. (Color online) The real part of the eigenvalue as g is
decreased. We set the parameter values as o« = 0.095,6 = 0.6,y =
0.9,d, = 0.01,d, = 1. The value of 8 is as follows: 1: g = 0.12; 2:
B =0.102;3: B =0.09; 4: B =0.06; 5: B =0.03; 6: B = 0.02.

B. Spatial dynamics of model (4)
1. Amplitude equations

The standard multiple-scale analysis yields the well-known
amplitude equations [27,29,30]. This method is based on the
fact that near the instability threshold the basic state is unstable
only in regard to perturbations with wave numbers close to
the critical value kr [defined as Eq. (14)]. In other words,
close to the onset 8 = Br, the eigenvalues associated with the
critical modes are close to zero, and they are slowly varying
modes, whereas the off-critical modes relax quickly, so only
perturbations with k around k7 need considering. The whole
dynamics can be therefore reduced to the dynamics of the
active slow modes [64]. The stability and selection of different
patterns close to the onset can be derived from the amplitude
equations that govern the dynamics of these active modes.
Turing patterns (e.g., hexagon and stripe patterns) are thus
well described by a system of three active resonant pairs
of modes (k;, — k;) (j = 1,2,3) making angles of 27/3 and
|kj| = kr.

In order to obtain the amplitude equations, we should first
write the linearized form of model (4) at the equilibrium point
E* as follows:

=danx apny o 2 u*|x
It 11 12 s
[(X(l 2”*) l]xy Ole) (XX3 dl v 2x9

0
d—i = anx +any +(y —Oxy — 8> +dV7y. (15

_ (all +d,V? an >
asy an +d,V?* )’

N,
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Close to onset 8 = fr, the solutions of model (4) can be
expanded as

3
U=Us+ Y UlA;exp(ik; 1)+ Ajexp(—ik; -r)]. (16)
j=1

At the same time, the solutions of model (15) can be expanded
as

3
U’ = "UolA; exp(ik; - 1)+ A; exp(—ik; - D], (17)
j=1

where Ug represents the uniform steady state and Uy =
[(a},d> + a3,d1)/(2a3,d1), 117 is the eigenvector of the lin-
earized operator. In other words, U defines the direction of
the eigenmodes in concentration space (i.e., the ratio of x and
y). A; and the conjugate A; are, respectively, the amplitudes
associated with the modes k; and —k;. From the standard
multiple-scale analysis, up to the third order in the perturba-
tions, the spatiotemporal evolution of the amplitudes A; is
described through the equations, i.e., amplitude equations:
04

- = HAL+ hA>As — [g1]A1]* + g2(1A2)* + |A31)]A1,

) i A 2 2 2
- = HA2 + hA1 Az — [g1|A2|” + g2(JA1]° + | A3]9)]As,

943 i A 2 2 2
- = nA3 + hA1 Ay — [g1|As]" + g2(JA1]° + |A2]9)] A3,
(18)

where u = (81 — B)/PBr is anormalized distance to onset and
79 is a typical relaxation time. Notably, for model (15), the
distance to onset, i, increases when the bifurcation parameter
B decreases.

The form of Eqs. (18) is general for Turing bifurcation,
but the exact expressions of the coefficients are specific to the
model. Next, we will obtain the exact but complex expressions
of the coefficients 7¢,/,g1, and g,. The parameters that do not
appear in the above will be explained in Appendix B.

Setting X = (x,y)", N = (N;,N,), model (15) can be
converted to the following system:

X

— =LX+N, 19
o + (19)

where

(y — &xy — 8y?

N = (N1> _ (oz[l — (% —|—2)u*]x2 + [o(1 = 2u*) — 1]xy — ax?y —ax3>

During the calculation, we just analysis the behavior of the controlled parameter close to onset 8 = Br. With this method, we

can expand f in the following term:

Br —B=¢Pi+ e Pr+& B3+ O, (20)
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where ¢ is a small parameter. Expanding the variable X and the
nonlinear term N according to this small parameter, we have
the following results:

Substituting Egs. (21), (22), (23), and (24) into Eq. (19) and
expanding Eq. (19) according to different orders of ¢, we can
obtain three equations as follows:

x=(*)=¢ X1 4 g2 Xo g X3 n 0(84)7 @1 The first order of &:
y Y1 y2 Y3 X1
N =&h* + &1 + 0(eY), (22) br <y1) -
where h* and h?® are corresponding to the second and the third ~ The second order of &:
orders of ¢ in the expansion of the nonlinear term N. At the X 3 [x X1
same time, the linear operator L can be expanded as follows: T = - M — hy;
y2 0Ty \»n
L=Lr+(Br—pM, (23)  The third order of &:
h X a (x a [(x
where LT<3>:_<2>+_(1)
I <Cl>1k1 +d1V2 ai*z ) M (bll blZ) Y3 aTl Y2 BTZ Y1
T = s = .
* * VZ b1 b X X
ay ay +d 21 722 —,BIM( 2) - ,32M< 1) —h3
The core of the standard multiple-scale analysis is separating Y2 g
the dynamical behavior of the system according to different  For the first order of ¢:
time scale or spatial scale. We just need to separate the time 1
scale for model (19) (i.e., To = ¢, T} = et, T» = &2t). Each Lt ( ) =0. (26)
Y1

time scale 7; can be considered as an independent variable. 7;
corresponds to the dynamical behaviors of the variables whose As Lz is the linear operator of the system close to the onset,
scales are ¢~'. So the derivative with respect to time converts (x1,y1)T is the linear combination of the eigenvectors that

to the following term: corresponds to the eigenvalue 0. Solving the first order of ¢,
9 9 9 , 9 5 we have
— = — 46—+ — + 0(&). 24 at dr—a;
o oty om T am T ) o X1 e , .
= 2141 [W) exp(ikir) + W, exp(ik,r)
For solution (17), we can consider the foundation of the Y1 1

solution independent of tirpe. 'As amplitude A is' a va}’riable + Wi exp(iksr)] + c.c., Q27
that changes slowly, the derivative with respect to time T that ) _ .
corresponds to the variable that changes fast does not have an ~ Where |k;| = k7, W; is the amplitude of the mode exp(ik;r)

effect on the amplitude A. Then we have the following result: ~ When the system is under the first-order perturbation. Its form
A is determined by the perturbational term of the higher order.
94 = 88_ + 82% + 0. (25) For the second order of ¢, we have
at T, aT;
|
ay—y+é+c ay—y+dé+c
L (xz) _ 0 <x1) s (buxl +b12y1> (el = (G + 2= o+ (o = 1 = =)y <F> _
Y2 aTl Y1 b21)€1 +b22y1 (y —5)x1yl _3}712 Fy

(28)

According to the Fredholm solubility condition, the vector function of the right-hand side of Eq. (28) must be orthogonal with
the zero eigenvectors of operator L, to ensure the existence of the nontrivial solution of this equation. L} is the adjoint operator
of L. In this system the zero eigenvectors of operator L} are

1
( 2a3,dy )exp(—ikjr) +c.c., j=123. 29)
The orthogonality condition is
2a,d F!
- — ay) 2* ) =0, (30)
a”dz —a22d1 Fy

where F! and Fé, separately, represent the coefficients corresponding to exp(ik;r) in Fy and F,. Taking exp(ik;r), for example,
we have

<Fxl> l%—VTVI‘ b lwy + bjow, 20[[2[1 - (% +2)%73+0]W2W3 + 21(0[ —1- W)szﬁ
= _ 1 —_ _ _ _ _ .
F} %_‘;/11 boilwy + bypw 20y — §)WoW3 — 26W,oW;

&1V
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Using the orthogonality condition, we can obtain the following result:

dy —d; 0W,
d> oTy

d -
—— I — =5 I:lb” + b — —l(1b21 + bzz)i| Wi+ {Zad12 + 2el — d—ll[Zl(y —6) — 28]}W2W3. (32)
2

The other two equations can be obtained through the transformation of the subscript of W. Solving Eq. (28), we have

()= ()2 ()owomn 2

j=1

X1 X2 .
+ expli(k; — ky)r] + v expli(ky — k3)r] +
23

Yy,

./ J

) exp(i2k;r)

X31> )
expli(ks — ky)r] + c.c. (33)
Y3

The coefficients in Eq. (33) are obtained by solving the sets of the linear equations about exp(0), exp(ik;r), exp(i2k;r), and

exp(i(k; — ki)r). With this method, we have

Yy

X x
()= Co)wi(
Y i

For the third order of ¢, we have

L (7 _ 9 (= _B bi1xa + biayr
"\ Ty \y2 ba1xz + bxnys

X() X0

( >=( )(|Wl|2+|W2|2+|W3|2),X,-=lY,-,
Yo

; x* _

j y

b11x +b12y1>
boix1 + bny

2a[1— (% + 2)0%‘;5“])51)52 Fla—1- w)(xlyz + x2)1) (axlzyl + ozx13) 34)
(y — 8)(x1y2 + x2¥1) — 28y1 )2 0 ’
Using the Fredholm solubility condition again, we can obtain
d) —dy W d, — dp  0Y,
2 oM 2 1,90
d2 aTZ d2 8T1
dl dl
= Bo| by + b2 — d—l(lbz1 + b)) | W1 + Bi| b1 + b1a — d—l(1b21 +b») | N
2 2
d _ o
+ {2cxd12 + 2el — d—ll[Zl(y —8) — 25]}(W2Y3 + WaYa) — [G1I Wi > 4+ Ga(|Wa|* + |W5| D)W, (35)
2

The other two equations can be obtained through the trans-
formation of the subscript of W. The amplitude A; can be
expanded as

A =W, + &2V + 0(&>). (36)

Equations (32) and (35) separately multiplying by &> and
&3, and using Egs. (25) and (36) to merge the variables, we
can obtain the amplitude equation corresponding to A; as
follows:

0A;
TO? = uA; + hAyA;

—lgilA1? + g0 A2 + A3 )IAL - (3D)
The other two equations of Egs. (18) can be obtained through

the transformation of the subscript of A. The exact expressions
of the coefficients ty,%4,g1, and g, are shown in Appendix B.

2. Amplitude instability

Each amplitude in Egs. (18) can be decomposed to
mode p; = |A;| and a corresponding phase angle ¢;. Then,
substituting A; = p; exp(i¢;) into Egs. (18) and separating the

real and imaginary parts, we can get four differential equations
of the real variables as follows:

390 hp1p2 + plpz + pzp3 sing,

ar T P1P203

dp1 _ h 3 2 2
T = up1 + hprp3cose — g1p7 — g(P303)p01,
(38)

902
T = = P2+ hp1p3 cos g — 8105 — 2(p1p3)p2,

903
To—— = pup3 + hp1p2cos @ — g1p3 — &2(pip3)p3,

dt
where ¢ = @1 + @2 + ¢3.
The dynamical system (38) possesses five kinds of solutions

[65].
(1) The stationary state (O), given by

o1 =p2=p3=0, (39)

is stable for u < pp = 0 and unstable for © > ;.
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Bt B> 04 o6™ 08 1
T
FIG. 3. (Color online) Bifurcation diagram of model (4). We set
the parameter values as « = 0.095,6 = 0.6,y =0.9,d, = 0.01,d, =
1. Hy: hexagon patterns with ¢ = 0; H,: hexagon patterns with ¢ =
m; S: stripe patterns. Solid curve: stable state; dashed line: unstable

state. 01 = —0.005027870678, , =0, uz = 0.1786762799, ps =
0.6618985686.

(2) Stripe patterns(S), given by

"
pr=[—#0, pp=p3=0, (40)
81
h

are stable for u > u3 = (g;i,‘] 7 and unstable for u < us.

(3) Hexagon patterns (Hy, H,) are given by

Rl £ VR + 481+ 2801)
2(g1 + 282)

with ¢ = 0 or , and exist when

pL=p2=p3 , @D

—h?
C Ag1 +28)
_ /PP +2g20)

The solution p = rERT)

Wo> (42)

is stable only for

(43)

and p~ = Wz) is always unstable.

(4) The mixed states are given by

|| n— g1p}
p1 = . pp=py =, —L, (44)
g2 — 81 g1+ &

with g, > g;. They exist when p > u3; and are always
unstable.

The analysis results from the above can be seen in Fig. 3.
When the control parameter u increases to the critical point
wy = 0, the stationary state of the system begins to lose
stability. The system first form hexagon patterns through the
nonequilibrium phase transition. If the coefficient i of the
second term in Eq. (37) is greater than zero, the hexagon
patterns are Hy (i.e., ¢ = 0). On the other hand, the hexagon
patterns are H, (i.e., ¢ = ). In the former case, ¢ = 7 is
always unstable. In the latter case, ¢ = 0 is always unstable.
The emergence of hexagon patterns is caused by subcritical
bifurcation. In other words, the system exists a bistable region
in the range of the control parameter (i.e., u; < U < Up).
The hexagon patterns and the stationary state are all stable
in this region. The emergence of stripe patterns derives from
supercritical bifurcation. But they are unstable for u < u3, and

|| — A/ W2 +4(g1 428211
)
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they are stable only for . > w3. Because the hexagon patterns
lose stability only for w > 4, the system exists in another
bistable state (i.e., the bistable state between the hexagon
patterns and the stripe patterns) when the control parameter lies
in the range p3 < @ < 4. The system transfers to the stripe
patterns from the hexagon patterns when the control parameter
u exceeds pq. In another case, the system transfers to the
hexagon patterns from the stripe patterns when p decreases to
the level less than 3.

3. Pattern formation of model (4)

In this section we perform extensive numerical simulations
of the spatially extended model (4) in two-dimensional spaces,
and the qualitative results are shown here. All our numerical
simulations employ the Neumann boundary conditions with a
system size of 200 x 200. The space step is dr = 1.25, and
the time step is dt = 0.05.

We keep o =0.095, §=06, y =09, d =0.01,
dy =1. Then we can find that g; = 97025.80711,g, =
165376.3004, h = —92.75375240, u; =—0.005027870678,
na =0, u3 =0.1786762799, and s = 0.6618985686. Ob-
viously the parameter values of g;,g», and & have the
following relations: g, > g; > 0 and g, > g; > |h|. Other-
wise it is necessary to include some other terms up to the
fourth order or higher. At the same time, we know that
when w = wo,us3, and pu4, the corresponding values of
are B = 0.1017547291,0.08357357133, and 0.03440341948,
respectively.

Initially the system is placed in the stationary state (1*,v*).
We run the numerical simulations until they reach a stationary
state or until they show a behavior that does not seem to change
its characteristics any longer. In the numerical simulations,
different types of dynamics are observed, and we have found
that the distributions of u and v are always of the same type.
Consequently we can restrict our analysis of pattern formation
to one distribution. In this paper we just show the distribution
of v. Next, we will show the Turing patterns for the parameters
(o, B) located in the Turing space.

The parameter values of Figs. 4-6 are in the domain of
Turing space. All of the figures show the evolution of the
spatial patterns of the 0, 10 000, 100 000, 200 000, 300 000,
and 400 000 iterations, with random small perturbation of
the stationary solution (#*, v*) of the spatially homogeneous
system.

From Fig. 4 we can see that the H,; hexagon patterns prevail
over the whole domain finally, and the dynamics of the system
does not undergo any further changes. The parameter values
set in Fig. 4 satisfy pu, < u = 0.03689979760 < pus3. Ash =
—92.75375240 < 0, we can obtain that it just emerges H,
hexagon patterns under this circumstance according to the
analysis above. That is to say, the numerical simulation is
compatible with the theoretical analysis. At the same time,
we should pay attention to the situation that p is very close
to wy; i.e., B is very close to the Turing bifurcation line in
the Turing space. Under this circumstance, the stationary state
begins to lose stability and the H, hexagon patterns come into
being very slowly. This is the universal phenomenon of critical
slowing down.
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FIG. 4. (Color online) Snapshots of contour pictures of the time evolution of v at different instants with @ = 0.095,6 = 0.6,y = 0.9,d, =
0.01,d, = 1,8 = 0.098 and the parameter values in the Turing space. (a) 0 iteration; (b) 10 000 iterations; (c) 100 000 iterations; (d) 200 000

iterations; (e) 300 000 iterations; (f) 400 000 iterations.

Figure 5 shows that stationary stripe patterns and Hj
hexagon patterns emerge mixed in the distribution of the
predator quantity. The parameter values set in Fig. 5 satisfy
3 < = 0.2629335186 < 4. The numerical simulation is
corresponding to the theoretical analysis. The system is
bistable, and these two kinds of patterns can exist at the same
time. This phenomenon is called the pinning effect [66]. When
1 increases to the second critical point 3, the hexagon patterns
begin to lose stability, and the system transfer to the stripe
patterns from the hexagon patterns gradually.

Figure 6 shows that there are only H, hexagon patterns in
the distribution of the predator quantity. The parameter values
set in Fig. 6 satisfy u = 0.7543111731 > 4. The numerical
simulation cannot correspond to the theoretical analysis. This
phenomenon cannot be explained by the amplitude equations.
This is the reentry of the hexagon patterns and can be explained
as follows: When the system gets away from the Turing critical
bifurcation line, some of the primary slave modes turn into
active modes. We cannot adiabatically eliminate them when
deducing the amplitude equations. On the contrary, we should
add them into the amplitude equations. When the uniform-state
mode with 0(|k| = 0) turns into the active mode, another third-
order term, AgA, A3, is added into the amplitude equation of
Ajy. This term satisfies the resonance relationk; = —k, — k3 +
0 (the angles of ky,k; and k3 are all 27/3). At the same time,
ApA Az and AgA, A, are added into the amplitude equations
of A, and Aj. These new terms result in the stability of the
hexagon patterns again [65].

To gain more insight into the patterns, we perform the power
spectra of the simulation patterns using the two-dimensional

Fourier transform. In Fig. 7 we show our three simulation
patterns with their two-dimensional power spectra for f =
0.098,0.075, and 0.025, respectively. For 8 = 0.098 and
0.075, the figures have similar spatial frequency in the length
of the space unit, and they present one mode with different
wave numbers. For 8 = 0.025, we find that the figure has two
modes with different wave numbers.

IV. PATTERN FORMATION OF MODEL (5)

In this section we rely on numerical integration of model
(5). We consider spatiotemporal evolution of this system with
colored noise evolving in the time when the system lies within
the regime of Turing space. We are interested in how noise
affects the dynamics for fixed deterministic parameters and
the extent to which noise is capable of changing the patterns
exhibited by the deterministic system. Taking multiplicative
colored noise into account, we consider the noise-induced
patterns corresponding to the three typical types of patterns
in the deterministic system.

Figure 8 shows the spatial patterns, which are correspond-
ing to the H, hexagon patterns, for different values of the
noise intensity g and fixed temporal correlation 7.. When
there is no noise, the H, hexagon patterns emerge. For the
small value of noise intensity ¢ = 10!, the H, hexagon
patterns are only slightly perturbed by the noise as depicted in
Fig. 8(b), but the number of the patterns decreases. Increasing
the noise intensity to ¢ = 1077, the system transfers from the
H,, hexagon patterns to the regular stripe patterns through the
pattern transition. When the noise intensity is increased to
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FIG. 5. (Color online) Snapshots of contour pictures of the time evolution of v at different instants with @ = 0.095,6 = 0.6,y = 0.9,d, =
0.01,d, = 1,8 = 0.075 and the parameter values in the Turing space. (a) 0 iteration; (b) 10 000 iterations; (c) 100 000 iterations; (d) 200 000
iterations; (e) 300 000 iterations; (f) 400 000 iterations.
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(d)
FIG. 6. (Color online) Snapshots of contour pictures of the time evolution of v at different instants with @ = 0.095,6 = 0.6,y = 0.9,d, =

0.01,d, = 1,8 = 0.025 and the parameter values in the Turing space. (a) 0 iteration; (b) 10000 iterations; (c) 100 000 iterations; (d) 200 000
iterations; (e) 300 000 iterations; (f) 400 000 iterations.
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FIG. 7. (Color online) Stable Turing patterns that come from the numerical simulations of model (4) and their corresponding power
spectrum. Left-hand row: 8 = 0.098; middle row: 8 = 0.075; right-hand row: 8 = 0.025.

g = 1077, there are only H, hexagon patterns, but the H,
hexagon patterns are more regular. With regard to the pattern
transition, we can give an intuitive explanation as follows.
Noise can make the H, hexagon patterns become bigger and
bigger. As the increase of the noise intensity, the H,, hexagon
patterns break up into stripe patterns gradually, and these stripe
patterns join into regular stripe patterns eventually. When
the noise intensity is increased to a certain extent, the stripe
patterns break up into shorter stripe patterns, and these stripe
patterns join into regular H, hexagon patterns eventually.
Figure 9 shows the spatial patterns, which are correspond-
ing to the coexistence of H, hexagon patterns and stripe
patterns, for different values of the noise intensity ¢ and fixed
temporal correlation t.. When there is no noise, we notice the
coexistence of Hy hexagon patterns and stripe patterns. For
the small value of noise intensity ¢ = 10~!!, the H, hexagon
patterns remain nearly the same as depicted in Fig. 9(b), but the
number of patterns decreases. Increasing the noise intensity to

B

g = 1077, the stripe patterns dominate the domain eventually.
When the noise intensity is increased to ¢ = 1077, the system
transfers from the coexistence of Hp hexagon patterns and
stripe patterns to the regular stripe patterns through the pattern
transition. As described in Fig. 8, with the increase of the
noise intensity, noise can make the H, hexagon patterns and
stripe patterns become bigger and bigger, and the H hexagon
patterns and stripe patterns join into regular stripe patterns
eventually. However, the stripe patterns do not break up into
H, hexagon patterns again.

Figure 10 shows the spatial patterns, which are correspond-
ing to the Hj hexagon patterns, for different values of the
noise intensity g and fixed temporal correlation 7.. When
there is no noise, we discover the H, hexagon patterns. For
different values of noise intensity ¢ = 107!, ¢ = 10~°, and
g = 1077, the Hj hexagon patterns do not transfer to other
types of patterns, but the number of the patterns decreases
in each case, and the H, hexagon patterns become more and

FIG. 8. (Color online) Snapshots of contour pictures of v as the value of noise intensity g being increased. Parameter values used:
a=0.095,6 =0.6,y =09,d, =0.01,d, =1, =0.098,7. = 1.(a) g = 0; (b) g = 107" (c) g = 107°; (d) g = 10~".
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FIG. 9. (Color online) Snapshots of contour pictures of v as the value of noise intensity g being increased. Parameter values used:
a =0.095,8§ = 0.6,y =0.9,d; =0.01,d, = 1, =0.075,7. = 1. (a) ¢ = 0; (b) ¢ = 10715 (c) ¢ = 107%; (d) ¢ = 107".

more regular with the increase of the noise intensity. We can
see that noise has less effect on the Hy hexagon patterns. In
other words, the Hy hexagon patterns are more stable than the
other two types of patterns. Similarly, noise can make the H
hexagon patterns bigger. But different from the H, hexagon
patterns, there is no pattern transition in this case. The H
hexagon patterns just become more regular eventually.

V. DISCUSSION AND CONCLUSIONS

This study presents the Turing pattern selection and
noise-induced patterns in the Beddington-DeAngelis predator-
prey model. For the model without noise, we find that the
predator-prey model with a Beddington-DeAngelis functional
response has rich dynamical behaviors. More specifically, in
the range u, < @ < w3, H, hexagon patterns emerge; in
the range us < 0 < 4, there coexist Hy hexagon patterns
and stripe patterns; and in the range w > p4, there appear
Hy hexagon patterns. In this study we find an interesting
phenomenon that by increasing the systems’s prey carrying
capacity, i.e., decreasing the value of §, the density of the
predators decreases gradually. This is called a “paradox of
enrichment,” which has been studied by some researchers
[67,68]. However, in some previous work it is called the
hypothesis of “the paradox of enrichment” [69—73]. For this
reason, we consider the ecosystem as an open system to better
describe the real ecosystem. Taking the environmental noise
into account, we find that noise can decrease the number
of the patterns and make the patterns more regular. What is
more, noise can induce the typical pattern transitions from the
H, hexagon patterns to the regular stripe patterns and from
the coexistence of Hj, hexagon patterns and stripe patterns
to the regular stripe patterns. Another interesting result is
that the Hp hexagon patterns are more stable than the H,

hexagon patterns and the coexistence of Hjy hexagon patterns
and stripe patterns. We also find that noise can change the
density of the predators. In a word, noise can affect the pattern
structures.

Neuhauser and Pacala [74] formulated the Lotka-Volterra
model as a spatial model. They found the striking result that the
coexistence of patterns is actually harder to obtain in the spatial
model than in the nonspatial one. In this paper we obtain the
coexistence of stationary stripe patterns and hexagon patterns.
From the analysis and the numerical simulations in Sec. III, we
find this study valuable in two aspects. First, it establishes the
amplitude equations for the active modes, which determine the
stability of the amplitudes toward uniform and inhomogeneous
perturbations. Second, it illustrates different Turing patterns
close to the onset of the Turing bifurcation line through
numerical simulations, which indicate that the dynamics of the
model exhibit complex pattern replication. At the same time,
we find that when the system is not so close to the critical
points @, and w3, the numerical results cannot correspond
perfectly to our theoretical analysis, which can be seen in
Fig. 11. That is to say, our theoretical analysis is appropriate
just for the adjacent domains of the critical points w, and
3. When the system gets away from the critical points, the
theoretical analysis is not so accurate. Through the patterns in
this paper, we can find that the transition from H, hexagon
patterns to the coexistence of stripe patterns and Hy hexagon
patterns is a gradual progress. In the range uy < p < w3, as
© moves away from p,; i.e., with the decrease of g, the H,
hexagon patterns break up into stripe patterns gradually, and
these stripe patterns join into longer stripe patterns. When u
is very close to w3, there are nearly stripe patterns left. When
u exceeds s, the stripe patterns break up into Hy hexagon
patterns gradually. Finally, there are only H, hexagon patterns
left.

FIG. 10. (Color online) Snapshots of contour pictures of v as the value of noise intensity g being increased. Parameter values used:
a=0.095,6§ =0.6,y =09,d, =0.01,d, =1, =0.025,7. =1.(a) g =0; (b) g = 107", (c) g = 107°; (d) ¢ = 10~".
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FIG. 11. (Color online) Snapshots of contour pictures of v and the parameter values in the Turing space. (a) 8 =0.095, p =
0.06638245874 € (ua,13); (b) B =0.09, u = 0.1155202241 € (uz,pu3); (¢) B =0.085, pu =0.06638245874 € (u2,113); (d) B = 0.083,
n = 0.1155202241 € (3, 104); (€) B = 0.045, u = 0.5577601126 € (3, 14); (f) B = 0.035, u = 0.6560356433 € (13, 1a).
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