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Abstract

We consider a predator—prey model in a two-patch environment and assume that migration between
patches is faster than prey growth, predator mortality and predator—prey interactions. Prey (resp. predator)
migration rates are considered to be predator (resp. prey) density-dependent. Prey leave a patch at a migra-
tion rate proportional to the local predator density. Predators leave a patch at a migration rate inversely
proportional to local prey population density. Taking advantage of the two different time scales, we use
aggregation methods to obtain a reduced (aggregated) model governing the total prey and predator densi-
ties. First, we show that for a large class of density-dependent migration rules for predators and prey there
exists a unique and stable equilibrium for migration. Second, a numerical bifurcation analysis is presented.
We show that bifurcation diagrams obtained from the complete and aggregated models are consistent with
each other for reasonable values of the ratio between the two time scales, fast for migration and slow for
local demography. Our results show that, under some particular conditions, the density dependence of
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migrations can generate a limit cycle. Also a co-dim two Bautin bifurcation point is observed in some range
of migration parameters and this implies that bistability of an equilibrium and limit cycle is possible.
© 2007 Published by Elsevier Inc.

Keywords: Aggregation methods; Bifurcation analysis; Density-dependent migrations; Community stability; Spatial
predator—prey model

1. Introduction

In their review on spatial predator—prey models [1], Briggs and Hoopes classify these models by
reaction-diffusion, individual based and patch (global migration) and lattice (migration only with
local neighbour patches) models. In this work, we consider a predator—prey model in a system of
two patches connected by migrations. The main goal of this work is to study the effects of density-
dependent migrations on the dynamics of the predator—prey system. We assume that prey leave
faster a given patch the more predators are there at that time. Similarly, we suppose that the more
prey stay in a patch the slower predators would move to the other patch where the prey density is
unknown and may be small. In two previous contributions, with a similar setting, we investigated
separately the effects of prey density-dependent migration of predators [2], and of predator den-
sity-dependent prey migration [3] on the dynamics of a two-patch predator prey system. In this
work, we study the coupling of the two kinds of density-dependent migrations.

The interaction between local dynamics, changes over time in births and deaths within each lo-
cal community, and dispersal, migrations from one patch to another in an heterogeneous environ-
ment, has important consequences for community stability. Theory tells us that population
persistence in patchy environments results from an interaction between local interactions, dis-
persal and spatial heterogeneity [4,5]. Despite empirical evidence (see [4] and references there
in), few theoretical studies have addressed the effects of density-dependent dispersal. We could,
nevertheless, cite the following ones: [6-11]. On another aspect of the subject, most works consider
dispersal and local interactions taking place at the same time scale; we have found, apart from
[2,3], only in [12] that dispersal is assumed to occur at a fast time scale, though this might be
the case in many situations.

The inclusion of two time scales in the system has the advantage of allowing the reduction of
the system which may become, in this way, mathematically more tractable. Otherwise, taking into
account several patches and density-dependent migrations may lead to models so complex that
only few general results can be obtained analytically. The reduction of the proposed system is
undertaken with the help of aggregation methods which aim at studying the relationships between
a large class of complex systems, in which many variables are involved, and their corresponding
reduced or aggregated systems, governed by a few variables. Perfect and approximate aggregation
in population dynamics were introduced in [13,14]. The kind of aggregation methods to be used in
this work is based on time scale separation methods. For such methods we refer to [15-18]. Sev-
eral applications of these aggregation methods in population and community dynamics can be
found in [19-23].

The article is organized as follows. In Section 2, we present a general two-patch predator prey
model with density-dependent migrations. There, for a large class of density-dependent migration
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rules for prey and predators, we show that migration attaints a unique positive and stable equi-
librium for each fixed values of the prey and predators global densities. This fact together with the
existence of two time scales allow us to use time scale separation methods, leading to the construc-
tion of a reduced or ‘aggregated’ model governing the total prey and predator densities. In Section
3, we treat a particular case of the system presented in Section 2 with prey migration rates linearly
depending on predator local density and with predator migration rates inversely proportional to
prey local density. We perform numerical bifurcation analysis of the complete and aggregated
models to help in the study of the effects of density-dependent migrations on the stability of
the predator—prey system and in the light of that we revisit some earlier contributions. Section
4 is devoted to a discussion and conclusions.

2. A general two-patch predator—prey model with predator density-dependent migration of prey and
prey density-dependent migration of predators and fast migration

2.1. The complete model

In this section, we present a general model of a two-patch predator—prey system. The patches
are connected by migrations while locally there is a predator—prey interaction. We assume that
migrations occur at a fast time scale in comparison with the local predator—prey dynamics.
Parameter ¢, small and dimensionless, represents the ratio of fast to slow time scales. The com-
plete predator prey model reads as follows:

&= fH(p)na — filp)m +3[ (m)nn — nl)pl}
&= filp)m — fa(p)m + 8[¢2(n2)n2 nz)pz}
5 () — 1)y + & (01) + ()

% = gi(m)p, — & (m)p, + 3[ ¥a(p) + ',02(”2)192}

where 7 is the fast time scale and then 7 = ¢t the slow time scale. Prey densities on patch 1 and 2
are, respectively, denoted n; and n,; the corresponding predator densities are p; and p,.

Hypotheses. Functions f;, i = 1,2, are C!(R,), increasing and satisfy f{(x)>0 for x>0, and
functions g;, i = 1,2, are C'(R, ), decreasing and satisfy g{x) > 0 for x > 0.

Functions fi(p1) and f5(p,) represent prey migration rates from patch 1 to patch 2, resp. from
patch 2 to patch 1, and are assumed to depend on the corresponding predator local density. We
further assume that these functions are monotonically increasing with predator density describing
the fact that the more predators are located in a patch the more likely prey leave it.

Functions g(n;) and g»(n,) are predator migration rates from patch 1 to patch 2, resp. from
patch 2 to patch 1, and are assumed to be prey local density-dependent. Consequently, we also
assume that they are monotonically decreasing with prey density which reflects that predators
are more likely to remain in a patch where in the prey density increases.
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Functions ¢(n;) and ¢,(n,) are per capita prey growth rates on each patch. Similarly, y(p;)
and y,(p,) are predator mortality rates in absence of prey. The functional responses on each patch
are ¢(n;) and ¢,(ny) while (n;) and ,(n,) are predator per capita growth rates due to
predation.

As the complete model involves two time scales, we are going to use aggregation methods in
order to build a reduced model governing the total prey and predator densities. First, we study
the fast system of (1), then we give the aggregated model associated.

2.2. Fast system

The fast model is obtained by neglecting the slow dynamics, i.e. taking ¢ =0

dnl _f2(P2 ny — fi(py)m

)
dnz = filpy)m — f2(py)m 2)
%1 = &,(m2)p, — g1 (n)py
%1 =g (m)p, — &(n2)p,
Denoting n = n; + n, the total prey density and p = p; + p» the total predator density we see that
they are both constants of motion of system (2), so the study of the existence of fast equilibria and

their stability can be carried out for the next system

{dm = folp — p)(n—ni) = filp))m o)
% =g(n—m)(p—p;) — g (m)p
where we suppose that n and p are two positive constants and we have done the following substi-

tutions: n, =n — ny and p, = p — p;. Fast equilibria satisfy the following system:

{(”_”l)fZ(P—Pl) = filp))m 4)
(p—p1)ga(n—m) = g (m)p
which is equivalent to
nf>(p—p1)
m = Silpr) 2+f2(Pl -p1) (5)
_ _ pg(n—n)
Py = gt rer(nm)
Denoting
h(x) . an(p_x) and Z(X) _ pgz(n_x) (6)

_fl(x)‘i‘fZ(P_x) g1(x) + g2(n —x)

system (5) implies that
pi = h(h(p,)) (7)

Remark here that the functions 4 and 4 are continuous and positive in 10, p[ and ]0, [, respectively.
Moreover, we have
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H(x) = — nfi(x)f3(p —x) +nfalp — x)f{(x)
(ilx) + folp —x))?
Ty P&i(X)gh(n —x) + pg,y(n — x)gi (x)
h(x) =— 5
(&1(x) + g2(n —x))
The hypotheses on functions f; and g; make function / decreasing and function h increasing, which

implies that 4 o & is decreasing. Consequently, if a solution of (7) exists, it will be unique. Besides
we have that A(]0,p[)C]0,n[ and 4(]0,n[) C]0, p[, which yields

ho h(10, p]) CJ0. p|
and thus there exists a unique positive p; €]0, p[ such that

= (hoh)(p})
nfa(p pl)

with the correspondlng ny value: nj = TG
>(p—p7)
As for each pair (n,p) there exists a unique equilibrium (n},p;) of system (3), we denote

ny =ni(n,p) and pj=pi(np)
ny =ny(n,p) =n—nj(n,p) and p; = p;(n,p) =p—pi(n,p) (8)

Let us now study the stability of (n}, p}) for system (3). It is easy to see that the Jacobian matrix
evaluated at the equilibrium is given by

S < —f2(p—pi) — /i(p}) —(n=nm)f3(p—p) —ni‘f{(p’f)>
—(p— p1)gs(n — n}) — pig(n)) =& (n —nj) — & (n})

Therefore, using the fact that functions f; are positive and increasing and functions g; are po-
sitive and decreasing, we obtain Det(J) > 0 and Tr(J) <0, which implies that the fast equilibrium
is stable.

The aggregated model for the global variables 7 and p, expressed in terms of the slow time scale

t = ¢t, is obtained by substitution of the fast equilibrium into the complete model. This reduced
model reads as follows:

{_ = {¢,(n)n; + do(m)ns} — {r(n))p; + ba(n3)ps}
&= (i) T Ua(p2)} + (D (n)pi + (s

where n}, p; are all depending on n and p as given by (8).
We recall that to apply the method of aggregation of variables, [15,16], the following conditions
have to be satisfied:

©)

(1) The fast equilibrium has to be asymptotically stable for system (3).
(2) The parameter ¢ must be small enough (¢ < 1).

In conclusion, when the hypothesis conditions are satisfied condition 1 holds.
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3. Study of an example of predator—prey model with prey density-dependent migration of predators
and predator density-dependent migration of prey

3.1. The complete model with density-dependent migrations

This section is devoted to the study of a particular model that reads as follows:

% = (Otgpz + Oto)nz — (061[71 + Oﬁo)l’ll + 8[7‘11’11 <1 — 2—1]) — alnlpl}

(iff = (oupy + o)ny — (02p, + o)na + 8["2ﬂz<1 — Z—i) - a2”21’92}

dpy __ P
o= (/fznzi/fo ﬁ1n1+ﬁo> +el=mp + bimp)]

dpy )4
d_TZ B <ﬁ1”11+/50 /3zﬂz+ﬁo) + 8[ topy + bzl’lzpz]

We make a particular choice for functions f;. We choose a linear affine dependence of prey migra-
tion rates with respect to local predator density, f1(p1) = a1p1 + oo and f>(p2) = aps + o9 Where o,
o and o, are non-negative parameters. In absence of predators, prey move from one patch to the
other at the same constant rate oy We also choose particular predator migration rates with re-
spect to local prey density, g,(n,) = il +/f and g,(m) = Y +/3 , with fy, p; and f, non-negative
parameters. When there are no prey, pre(fators move from patch to patch at the same constant
rate, 1/f,.

Concerning local dynamics, we assume for prey a logistic growth on each patch with respective
intrinsic growth rates, r; and r,, and carrying capacities, K; and K5; for predators, in absence of
prey and we assume a natural mortality with constant per capita mortality rates, u; and u,. Fi-
nally we use a Lotka—Volterra linear functional response on each patch with predation coefficients
for prey, a; and a,, and predation coefficients, b; and b,, for predators. It is common supposing
that by = ea; and b, = ea, where e<]0, 1[ is a prey into predator biomass conversion parameter.

We will pursue the study of system (10) in two steps: first we give the explicit expression of the
fast equilibrium and the associated aggregated model and then we present results of numerical
bifurcation analysis of the aggregated model.

3.2. Fast equilibrium

To determine the fast equilibrium of (10), we suppose n and p positive constants and solve the
following system:

(0(2]72 + Ofo)l’lz — ((X[pl + O(())I’l] =0
D1 O (11>

P _p
Pama+Py  Pimi+Bo
which is then equivalent to
{ (02(p —py) + 20)(n — n1) = (cupy + o)
(p—p1)(Bini + Bo) = pi(Ba(n —n1) + By)

Making D = nyp; system (12) can be transformed into

(12)
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{ (20(0 + Olgp)nl + (OCzl’l)pl = (OC()I’I + Otzl’lp) + (062 — OC])D
(Bip)mi — (2By + Bon)py = (By — B)D — Bop

and using the following notations:

(200 + 02p) (o)
A= = —(20(0 + Oﬁzp)(zﬂ + ﬂ I’Z) — OCzﬁ np
(Bip) —(2By + Ban) o :
4, = (oton + opnp) + (o — o) D (0am) D+ B
(ﬁl - ﬁz)D — Bop —(2ﬁ0 + ﬁz”)
A, - (200 + 02p)  (oton + oanp) + (0t — o) D  CD+E
(ﬁ1p) (B1 — B2)D — Bop
with
A= on(fy — Br) — (2By + Pon) (o — o)
B = Byouanp — (2 + Pon) (oo + cop)n
C = (209 + po2) (By — P2) — Bip(o2 — o)
E = —fop(20 + poz) — Piap(otg + o2p)
we can express the fast equilibrium as follows:
., AD+B . CD+E . i . .
n = A y P11 = A y My=n—"n;, py,=p—P

where D is then the positive solution to
D_ AD+ B\ (CD+ E
B A A
or equivalently to the second order polynomial equation
(AC)D? + (AE +BC — A*)D + BE =0
and thus

—(4E + BC — %) — \/(4E + BC — 4°)? — 4(4C) (BE)

b= 2(4C)

Two cases must be considered:

Casel. 4A=0o0r C=0:

341

(13)

(14)

the polynomial equation becomes (AE + BC — A*)D + BE = 0 which is equivalent to D = (BE)/

(AE + BE — A?).

Case 2. 4 and C are different from zero: then expression (14) holds.

As we have already seen in the general Section 2 concerning the fast system, this fast positive
equilibrium is locally asymptotically stable for the fast dynamics. In what follows, we will use the
method of aggregation of variables to determine the aggregated model. In our case, the fast equi-
librium is asymptotically stable and assuming that parameter ¢ is small (¢ < 1), the method of

aggregation of variables can be applied.
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3.3. Aggregated system

The aggregated model (9) for the particular model (10) reads as follows:
= iy (1= 3) + raln = ) (1= %25) = (@i} + as(n = m)(p = )
& = —(wpi + (p = p)) + binipi + ba(n — n})(p = p})

where n} and pj are given by (13).

The structure of general aggregated model (15) is completely new with respect to both the local
dynamics included in the initial model (10) and to classical models generally found in mathemat-
ical ecology literature. However, for particular values of parameters we recover some classical
models.

Indeed, when we assume that oy = ffp = 0, a straightforward calculation shows that the fast
equilibrium is proportional to the total density; that is #i = 0n and p; = Op, where 0 and 0 are
constant and are expressed in terms of o, o, f; and f>. A similar result also holds for the density
independent migration case, i.e. when o; = o, =0, f; = i, =0 while a9 # 0 and Sy # 0. In this

last case, the fast equilibrium is simply the following one:
* n * p
n, = E and P = E

In both previous particular cases, the aggregated model (15) takes the next simple form corre-
sponding to the classical model studied in [24,25]

%:Rn(l —1%) —anp

L= —pp+bnp

(15a,b)

where R, K, a, 1 and b are positive parameters obtained in terms of the ‘local’ parameters of the
complete model. The mathematical analysis (steady states and stability) can be found in the ref-
erences cited above. We just recall that this classical model predicts:

e Predator extinction for a carrying capacity K smaller than a certain threshold.
e Otherwise, predator—prey coexistence at a positive globally asymptotically stable equilibrium.

3.4. Analytical results of the general aggregated model

We shall now give some analytical results regarding the general aggregated model (15).
First, we can observe that for n =0 we have n} = nj =0 and p| = p} = p/2 and, analogously,
for p =0 we have nj =n; =n/2 and p; = p; = 0. So, for system (15) we have that (0,0) is
an equilibrium {(0,p) € R*: p > 0} and {(n,0) € R*: n > 0} are invariant sets and, therefore,
the interior of the positive quadrant intR> = {(n,p) € R* : n,p > 0} is also an invariant set of
the aggregated system. Moreover, we prove in the following lemma that solutions are
bounded.

Lemma. All solutions of system (15) in Ri are bounded.
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Proof. Let us define the function WA(¢) = n(t) + p(¢), then the time derivative of W along the solu-
tions of system (15) is

dw . n; i n—n; . i .
G (=)t =) (1= ) = G+ o = D) + (0= i

K,
+ (by — ax)(n — ny)(p — py)

Supposing b; < a; and b, < a,, which is always possible by choosing the appropriate unities for
prey and predator biomasses, then for each x> 0 the following inequality holds:

dw N ni AT n—nj ,
E‘*‘MWéVlnl(;ﬂLl_Fll)+’”2(”_”1)<E+1_ X l>+[ﬂ—mm(ﬂlaﬂz)]l9

2 2
if we now take 0 < u < min(uy, i»), calling M = % <% + 1> + % <% + 1) and having in mind

* 2
that max [rin;? (rﬂ +1- Z—)} =k (4 + 1) ,i = 1,2, then we obtain that

p
n; !
1

dw
- e,ul‘W) — e/lt? + MG’MW g Me,ut

and integrating between 0 and ¢ we have

W (1) — W(0) < Ai(ew —1)

W) < WO+ (1 =)

which implies that W (f) < max (W(O) M) O

i

It is easy to show that the general aggregated model (15) has the following equilibria:

e A trivial equilibrium Ey = (0,0).
e A predator free equilibrium E; = (K,0), where K = 21472

e Possibly a positive predator-prey equilibrium E* = (n",p").

A straightforward calculation shows that the Jacobian matrix associated with Ey has two eigen-
values /; =232 and 4, = —(“3%2). Thus, E, is a saddle point.
For the axial equilibrium E;, denoting f{(n,p) the right-hand side of (15a) and g(n, p) of (15b),
the Jacobian matrix of the aggregated system (15) evaluated at it verifies that
0g
—(K,0)=0
an ( Y )
and, therefore, its eigenvalues are the diagonal elements Z (K,0) and g—i (K,0). After some calcu-

lations, including implicit derivation in equalities (12), we found that
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of 5 . rn+n

and
Og _ _ _ K K _
5(1{70) = (B1K + p,K +4p,) [— (M + Uy + bzlg — by g) (BiK +2p,)

+ (bz§ — Mz) (BiK + K + 4/30)]

Having in mind that (B,K + p,K + 4f3,) > 0 the stability of E,(K,0) depends on the following
quantity:
K K _ K _ _
q=— (#1 +  + b2§ — b 5) (BiK +2p,) + <b2§ - Mz) (BiK + BK +4p,)

as follows:

e E1(K,0) is stable if ¢ <0,
* E,(K,0) is unstable if ¢ > 0.

We can remark that ¢ is positive, and therefore E; is unstable, for large values of K.
Existence, uniqueness and stability of the positive equilibrium E* are checked numerically by
bifurcation analysis in the next section.

3.5. Numerical bifurcation analysis

3.5.1. Numerical bifurcation analysis of the aggregated model

This section is devoted to the numerical bifurcation analysis of the aggregated model (15). We
present bifurcation diagrams for the aggregated model. The bifurcation diagrams were calculated
using the software packages AUTO [26], LOCBIF [27,28] and Maple [29]. Fig. 1 is a two-param-
eter bifurcation diagram where ./, and K = K; = K, act as bifurcation parameters.

The fixed parameter values are given in Table 1. Below the transcritical bifurcation 7C at a low
carrying capacity K, only the prey populations exist in the two patches, in equilibrium £} = (K, 0).
Above the TC curve, the positive equilibrium E* = (n",p") exists.

For fixed K = 60, there is one supercritical Hopf bifurcation A~ for small values of the ratio
B-/Bo and one subcritical Hopf bifurcation H' for high values of the ratio. There is an interme-
diate critical point (K, 2/f89) where the Hopf bifurcation changes nature. The critical point is a co-
dim two Bautin bifurcation point. This point is denoted by B in the two-parameter bifurcation
diagram in Fig. 1. The tangent bifurcation of the limit cycle, denoted by T originates in this point.

In a one-parameter bifurcation diagram in Fig. 2 the biomass of the prey, n, (bottom panel) and
predator, p, (top panel) are plotted as a function of the free parameter f8,/f, while other param-
eters are fixed at values given, while K = 60. Stable equilibria are presented by a solid line and
unstable equilibria by a dashed line in which case there is a limit cycle that surrounds the unstable
equilibrium. The maximum and minimum values during one period are plotted as solid lines when
the limit cycle is stable and dashed lines when it is unstable.
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TC

¢
stable equilibrium 8 stable limit cycle

Ba/ Bo, rate ratio

K, carrying capacity

Fig. 1. The two-dimensional bifurcation diagram for the aggregated system using f,/f, and K (where K = K| = K,) as
bifurcation parameters. Supercritical Hopf bifurcation (H~) and sub critical Hopf bifurcation (H ") mark regions on the
right-hand side where the system cycles. On the right-hand side of the transcritical (7'C) bifurcation curve there is a
positive equilibrium. Parameters: free parameters are f§, and K. Fixed parameters values are given in Table 1.

Table 1

Parameter values for bifurcation analysis

Parameters Notation Value

Prey growth rate (ry =r,) r 0.6

Prey capture coefficient on patch 1 a 0.6

Prey capture coefficient on patch 2 a 0.3

Predator mortality rate (y; = po = p) u 0.3

Predator predation coefficient on patch 1 by 0.3

Predator predation coefficient on patch 2 b, 0.2

Prey density-dependent parameter for predator migration on patch 1 P 2.792403

Prey density-dependent parameter for predator migration on patch 2 b2 Bifurcation parameter
Inverse of predator migration rate when the prey density is equal to zero Po 10

Predator density-dependent parameter for prey migration on patch 1 o 2

Predator density-dependent parameter for prey migration on patch 2 o 1

Prey migration rate when the predator density is equal to zero % 10

Prey carrying capacity (K; = K> = K) K Bifurcation parameter

The system shows a stable equilibrium for ratio-values below H~ and above H'. Between these
two Hopf bifurcations there is an unstable equilibrium. In the region between H' and the tangent
bifurcation for the limit cycle 7 the stable equilibrium coexists with a stable limit cycle. The sep-
aratrix is formed by the stable manifold of the saddle limit cycle. The stable and saddle limit cycle
collide and disappear at the tangent bifurcation 7.

3.5.2. Numerical bifurcation analysis of the complete model
The bifurcation diagrams for the full model with ¢ = 0.01 are shown in Figs. 3 and 4. The over-
all picture of the diagrams is the same as for the aggregated model, however in the two parameter
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H- HT:
g L L1

max limit cycle

max limit cycle

Fig. 2. One-parameter diagram of the prey (bottom) predator (top) biomasses, n and p, respectively, with ratio ./f as
bifurcation parameter and K = 60. This point is above the Bautin bifurcation point B where the positive equilibrium
becomes unstable at a supercritical Hopf bifurcation H~, where stable oscillations occur. For these limit cycles the
maximum and minimum values are plotted. Parameters as in Fig. 1.

diagrams, the transcritical bifurcation curve remains at about the same position while the Hopf
bifurcation curve moves to the right when ¢ increases. Thus the system with more equal time scales
appears to be stable in a larger part of the diagram.

3.6. Two previous cases revisited
In two previous papers, we studied the two processes independently:

¢ Predator density-dependent migration of prey, «; = o, = 0, Mchich et al. [2].
e Prey density-dependent migration of predators, f; = /o =0 and K; = K, — oo, Mchich et al.

[3]

We shall now use our results to revisit the two special cases studied in these previous
articles.
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TC T,
£

stable equilibrium stable limit cycle

Baf By, rate ratio

0 20 40 60 80 100
K, carrying capacity

Fig. 3. The two-dimensional bifurcation diagram for the complete system using f,/fy and K as bifurcation parameters
for ¢ = 0.01. Supercritical Hopf bifurcation (H~) and sub critical Hopf bifurcation (H ") mark regions on the right-hand
side where the system cycles. On the right-hand side of the transcritical (7C) bifurcation curve there is a positive
equilibrium. Parameters: free parameters are 5, and K. Fixed parameters values are given in Table 1.

3.6.1. Special case 1 revisited: o; = o, =0
In [2], was analysed the case where o; = o, = 0. Substitution of these values in system (10) gives
the following equilibrium for the fast system:

(Bin +2By)p
(B + Bo)n + 4P,

A two-parameter bifurcation diagram, with the same conditions to that in Fig. 1, is shown in
Fig. 5 for this particular case a; = o, = 0. There is no Bautin point so there are two regions. For
low K-values only the prey population is present. For higher K-values there is coexistence of the
prey and predator populations. Between the curves T, and H ™ the system possesses a stable equi-
librium and on the right-hand side of H~ there is a stable limit cycle within a window of ratio 8,/

Po-

3.6.2. Special case 2 revisited: ;= > =0 and K; = K, — oo
In [3], a special case was analysed with §; = i, = 0 and K; = K, — oo. Substitution of these val-
ues in our general model leads to the following equilibrium for the fast system:

* (OCZP + 20{0)” * p
ny = and ==
! (061 =+ Otz)p + 40(() pl 2

and the following aggregated model:
G =rny +ra(n—nj) — (an; + ax(n —n7))§
% = (—(u + ) + binj + by(n — ”T))%

n
n’{zi and pj =

For the numerical values chosen in Table 1 (for 7, 1, a1, as, 1, a2, b1, bo, fo, % and o) and taking
as bifurcation parameter a», a critical point occurs at o, = 2. Here, the real part of the eigenvalues
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H- H+T,

max limit cycle

max limit cycle

B/

Fig. 4. One-parameter diagram of the prey (bottom) predator (top) biomasses, 7 and p, respectively, from the complete
model with ratio f»/B, as bifurcation parameter and K = 60 with ¢ = 0.01. This point is above the Bautin bifurcation
point B where the positive equilibrium becomes unstable at a supercritical Hopf H~, where stable oscillations occur.
For these limit cycles the maximum and minimum values are plotted. Parameters as in Fig. 3.

of the Jacobian matrix at the positive equilibrium E* = (n*,p") is zero, indicating a change in the
long-term dynamics when the parameter is varied. In [3] the criterion for a Hopf bifurcation (the
trace of the Jacobian matrix has to be zero) is worked out. The derived test-function reads

O(zbl + OClb2 = O‘lbl + OCgbz

They show that the equilibrium point at the critical parameter value is a centre. In the phase
portrait the trajectories are closed curves around the unstable equilibrium point. These trajectories
are neutral stable orbits, like in the classical Lotka—Volterra model. For a, <2, the aggregated
model for the reference parameters except K; = K, — oo and ff; = i, =0 the system is stable
and for o, > 2 it is unstable. When the equilibrium is unstable, by the use of the negative Dulac’s
criterion it is shown that the aggregated model cannot have closed orbits and that the predator—
prey system is not persistent.

Here we perform a normal form analysis of this critical point. We follow the procedure de-
scribed in [28] closely. The planar system is written as
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TC

B/ Bo, rate ratio

stable equilibrium stable limit

0 T T T T
0 20 40 60 80 100

K, carrying capacity

Fig. 5. The two-dimensional bifurcation diagram for the system analysed in [1] using B./Bo and K as bifurcation
parameters. Supercritical Hopf bifurcation (H ). Parameters: free parameters are f§, and K. Fixed parameters values are
given in Table 1.

dx

—=J(o)x + F(x,o

= (@) + F(x,2)

where x € R?, parameter o € R, J is again the Jacobian matrix and F(x,«) is a smooth function
representing the non-linear terms.

First the system is written in a coordinate system where the equilibrium is shifted to the origin of the
phase plane by a coordinate transformation and also the bifurcation parameter «, is translated such
that the critical point is at zero. Second, the planar system is written in a single ODE for the complex
variable z € C. Furthermore, using the eigenvector p and adjoint eigenvector ¢ of the Jacobian matrix
evaluated at the equilibrium, the linear part is transformed in the simplest form. The result is

dz _

a = ;u(d)Z + g(z,z, OC)
where 1 is the complex eigenvalue of the Jacobian matrix and g the complex valued function
which describes the non-linear terms. At the Hopf bifurcation for « = 0 we have 4, , = 1w, where
wo > 0. This function is replaced by its formal Taylor series in the two complex variables z and z

dZ 1 —]
G 3 e (16)
where
ak+l
gu(e) = s (p(a), F(zq + 2q, %)) | (17)

Third, this expression is simplified by a non-linear (complex) coordinate change by removing all
quadratic terms. Thereafter, in a similar manner, it is tried to eliminate the cubic terms. In general,
only one cubic term remains and this leads to the equation with only one cubic term denoted by
complex c¢; that is proportional to the first [28, Definition 3.3] Lyapunov coefficient /;(x). The
equation reads
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dz

dr
An expression of the real first Lyapunov coefficient /;(0) = Re(c¢;(0))/wo evaluated at the critical
point in the third-order terms is given in [28, Eq. (3.20)].

M)z + e (2)22 + O(|2*)

1 )
—5 Re(igyg) + ®ogy)

h(0) = 2w
0

Calculations using [29] revealed that this coefficient is zero and therefore the Hopf bifurcation is
degenerated and called a Bautin bifurcation point.

Because all cubic terms can be eliminated we continue with higher order terms. It appears to be
possible to eliminate all quadric terms without changing the cubic terms so the next interesting
terms are the fifth-order terms. Similar to the third-order terms only one fifth-order term remains
and this term is proportional to the complex coefficient c,(«).

% = W)z + 1 ()22 + c2(2)2°2 + O(|2[°)
The real second Lyapunov coefficient /5(«) is defined in [28, Definition 8.1] and an expression of
this coefficient is given in [28, Eq. (8.23)] expressed in the Taylor series expansion coefficients in
(16) evaluated at the critical point & = 0 where /5(0) = Re(c¢(0))/wy. Also this Lyapunov coeffi-
cient is, however, zero. Hence the two coefficients in the Poincaré normal form for the Bautin
point are both zero at the critical point. In conclusion, the bifurcation point is a degenerated Bau-
tin point. This explains the phenomenon described in [3] where a centre for the equilibrium was
found at the Hopf bifurcation.

To illustrate the link between analysis in [3] and the normal form analysis we consider the
expression obtained after the linear transformation, Eqgs. (16) and (17). It appears to be of the
form

dz . .

d—j — iwz + (a+ib)(F — 2)

where w, a, b € R. Notice that there are no higher order terms. When we write z = x =+ iy this sys-
tem is equivalent with

dx
- —wy + 4bxy

dy

T wx — 4axy
This is a special case of the classical Lotka—Volterra model where the birth rate of the prey equals
just the death rate of the predator. This result is in agreement with the simulation results given in
[3, Fig. 3]. The calculated trajectories are the well-known closed trajectories around the unstable
equilibrium. The periodic solution is neutral stable. This analysis shows also why there does not
need to be a tangent bifurcation curve for limit cycles originating from this point. For, with the
analysis of the normal form of the Bautin point it is required that beside a zero first Lyapunov
coeflicient, the second Lyapunov coefficient is unequal zero.
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n, prey and p, predator
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time ¢

Fig. 6. Limit cycle oscillations of patch prey and predator densities with time of the full model where B,/fy=0.4,
¢=10.01 and K = 60. see Figs. 3 and 4. The period was 1749 time units.

We conclude from this that for the aggregated system besides the Hopf bifurcation, there needs
to be no tangent bifurcation curve for limit cycles on the lower branch for small values of ff; and
P> and large values for K. In Fig. 6, the one-parameter bifurcation diagram is shown for the full
model discussed in [3] for three values of the parameter e.

4. Discussion and conclusions

To start we would like to stress a methodological point. Looking at Figs. 1 and 3 we observe
that they are consistent. This means that the bifurcation diagrams obtained for the aggregated
and complete models are almost similar for ¢ = 0.01. This result shows that the aggregated model
can be used for bifurcation analysis instead of the complete model as soon as ¢ is small enough.
Our numerical simulations show that it is not needed to consider a very small value for parameter e.
This is an interesting point because, in general, the complete model may involve a large set of
variables and parameters, and it may be difficult to handle. Consequently, it may be advantageous
to use the aggregated model with fewer variables and compound parameters to perform a
numerical bifurcation analysis of the system even if the fast time scale and the slow time scale
are not so different.

In [30-34], the within patch predator—prey system is described by the classical Lotka—Volterra
model and constant per capita dispersal rates from each patch. Various adapted versions have
been studied for the within patch dynamics, different prey birth [32] and delayed dispersal rates
[33].

Returning to the main goal of this work, the study of the effects of density-dependent migra-
tions on the dynamics of the predator—prey system with migrations acting at a faster scale than
predator—prey interactions, let us first recall that in the density independent migration case, which
corresponds to particular values of some of the parameters, namely oy =, =0 and f; =, =0
with oy # 0 and fy # 0, the general aggregated model (15) reduces to a classical model. As men-
tioned above, in this case, when the positive equilibrium E” exists, it is always stable. This stability
property is found for any value of K, the prey carrying capacity in the aggregated system. In other
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words, in the density independent case, there is no ‘paradox of enrichment’ and asymptotically,
prey and predator coexist at constant densities.

On the contrary, in the general density-dependent case, our results show that, for some values
of the ratio B,/By and when the carrying capacity of the prey K increases, the positive equilibrium
E” looses its stability via a supercritical Hopf bifurcation with appearance of a stable limit cycle.
Figs. 2 and 4 show amplitudes of total prey and predator densities along the limit cycle that occurs
in a given window of the ratio f8,/,. We also observe that, if we assume a maximum value for the
prey carrying capacity, the equilibrium E” is always stable for small as well as large ratio ./, see
Figs. 2 and 4.

The within patch dynamics in our model is described by the generalized Lotka—Volterra model
with always a stable positive equilibrium when it exists. So, only destabilizing effects by dispersal
can be observed. Under the conditions mentioned above, the predator density dependence of prey
migration coupled to the prey density-dependent predator migration destabilizes the predator—
prey equilibrium E* under enriched conditions (large K). However, the predator prey system still
remains persistent and we observe cyclic variations of total prey and predator densities according
to a limit cycle. Local patch densities are linked to total densities through complex fast

30

0.0001

20 0.001

10 - max limit cycle €=:0.01
equilibrium
5 L \_min limit cycle ~— |
T T T T T
1.98 2 2.02 2.04 2.06 2.08 2.1
a3z
60
0.0001
40 -
= 0.001
20 £=10.01
max limit cycle
equilibrium
0 min Jimit cle
T MLLeyee T T
1.98 2 2.02 2.04 2.06 2.08 2.1

as

Fig. 7. One-parameter diagram of the prey (bottom) predator (top) biomasses, n and p, respectively, for the special case
K, = K, =00 and f; = f/ =0 discussed in [2]. The full model is analysed with o, as bifurcation parameter for three
values of ¢, namely 0.01, 0.001, 0.0001. In the aggregated model for o, =2 the equilibrium is a centre.
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equilibrium expressions (13). Fig. 6 shows periodic oscillations of prey and predator patch
densities along the stable limit cycle which are almost in phase. This is an interesting point which
shows that fast migration between patches can result in synchronized oscillations and this result
could probably be extended to a system of N patches (N > 2).

In the limiting case K; = K> — oo, the generalized Lotka—Volterra model becomes the classical
Lotka—Volterra model that produces neutrally stable oscillations in which the amplitude of the fluc-
tuations depends on the initial conditions. From Fig. 7 we learn that there is a stabilizing effect in a
region of the a1, a, parameter space bounded by a Hopf bifurcation. In the case of fast emigration rates
where ¢ = 0, either there is stabilization or the system explodes depending on the «;, o, parameter val-
ues and these two regions are separated by a degenerated Bautin point analysed in Section 3.6.2.

We must also note that the equilibrium total prey and predator densities (or the average den-
sities for limit cycle), slightly increases as the ratio f,/f, also increases, see Figs. 2 and 4. This re-
sult shows that the density dependence of migrations has a positive effect on the total equilibrium
densities for prey as well as for predators.

Figs. 1 and 3 also show that in a small range of values of ratio f,/f,, there is coexistence of a
stable and unstable limit cycle. This kind of situations is rather unusual for predator—prey models
and results from the density dependence of prey and predator migrations. Such a case was also
obtained in a previous predator—prey model [23].
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