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ANALYTICAL STUDY OF A TRIPLE HOPF BIFURCATION IN
A TRITROPHIC FOOD CHAIN MODEL

JEAN-PIERRE FRANCOISE AND JAUME LLIBRE

ABSTRACT. We provide an analytical proof of the existence of a stable periodic
orbit contained in the region of coexistence of the three species of a tritrophic
chain. The method used consists in analyzing a triple Hopf bifurcation. For
some values of the parameters three limit cycles born via this bifurcation. One
is contained in the plane where the top—predator is absent. Another one is not
contained in the domain of interest where all variables are positive. The third
one is contained where the three species coexist. The techniques for proving
these results have been introduced in previous articles by the second author
and are based on the averaging theory of second—order. Existence of this triple
Hopf bifurcation has been previously discovered numerically by Kooi, Boer and
Kooijman.

1. INTRODUCTION

During these last 80 years, after the seminal works of Lotka [17] and Volterra [27],
one of the main topics in mathematical ecology has been the study of (di)trophic
food chains. This has been made by analyzing many different planar differential
systems under the common name of prey—predator models, for instance see [1,
7]. The existence of limit cycles, attractors, and several kind of bifurcations are
the characteristics of those models which have been used to explain the complex
behaviors observed in such systems.

In the late seventies some interest in the mathematics of tritrophic food chain
models (composed of prey, predator, and top—predator) appeared, see for example
[9, 10, 8] and Predator-Prey models with parasitic infection [11]. The model we
analyze in this article describes a tritrophic food chain composed of a logistic prey
(x), a Holling type II predator (y), and a Holling type II top—predator (z). After a
rescaling of the variables, it is given by the following system of ordinary differential
equations (see [12, 22, 16, 13, 20] for more details):
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In order to preserve the biological meaning of the model, the 8 parameters of this
system are assumed to be strictly positive. Similar types of systems have been
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studied in the case when time scales of the variables are different so that methods
of approximations of slow-fast systems can be applied [25, 26]. We emphasize
that we do need here this type of approximation. To clarify possible applications
of our result, we focus in a range where the population of the superpredator z
remains small (near z = 0). So in our view here the superpredator remains of small
amplitude compared with the two other populations. Within this range, we look
for the possibility of a periodic rhythms which is stable and where the three species
coexist,.

The bifurcation analysis can be carried out with respect to the two parameters
(d1,d2). The normal form analysis around one of the stationary points (called latter
ps in this article was first carried out by Klebanoff and Hastings ([13]) and latter
improved by [15]. These authors (Kuznetsov and Rinaldi) also discovered numeri-
cally the existence of a strange attractor. In the limit of slow-fast systems Muratori
and Rinaldi ([22]) developed a singular perturbation approach which supports the
existence of a homoclinic intersection of the stable and unstable manifolds of the
limit cycle which is contained in the (z,y)-plane. Classical arguments in the theory
of dynamical systems can then be used to deduce the existence of infinitely many
limit cycles of increasing period (but nothing is known in general on their stability).
See also ([25] and [26]).

We are interested in the limit cycles of system (1), mainly in the ones which come
from a Hopf bifurcation. There are several papers dedicated to these limit cycles
see for instance [19, 3, 4, 5, 6, 21, 16]. But in all these papers the existence of a
triple Hopf bifurcation was not proved analytically, the results there are essentially
numerical. The existence of the triple Hopf bifurcation was discovered in [14]. We
prove here that there are systems (1) having 1 or 3 small amplitude limit cycles
coming from a Hopf bifurcation, and we show how to study the type of stability
of such limit cycles. The tool for obtaining these results is the theory of averaging
of second order. In fact as we shall show from the singular point bifurcate 3 small
amplitude limit cycles one of them is contained in z > 0, the other in z = 0 and
the last in z < 0. Of course the unique small amplitude limit cycles which have
biological meaning are the ones contained in z > 0.

As a guide to the potential “ecological user”, we should emphasize that we can
prove the existence of a Hopf bifurcation of second order provided that the logistic
growth of the prey satisfies the two relations:

_ bi(a1 + d1)
((ll — dl)k ’
and
2&1 b%d1
(a1 — d1)?(arby — 2bad;)’
and that the rate of exponential decay of the superpredator satifies:

k:

alagb%
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There is also a fourth condition which defines a full open set in the parameter space:

a1by > 2bady.

dy =

These four conditions ensure the existence of a periodic orbit contained in the
domain of coexistence of the three species. A last inequality is required to ensure
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the stability of this periodic orbit. Although from the viewpoint of applications
imposing inequalities on the parameters is not constraining too much (provided
they are compatible and we check that the set of existence of a stable periodic orbit
is not empty by giving one example), it is of course much less natural to impose
the three first conditions above. These conditions seem necessary for the analytical
proof. Practically it might be enough to check that the values of the parameters
remain close to those prescribed above but this last point is beyond the dynamical
systems techniques we use here.

The paper is structured as follows. In the appendix 4 we summarize the basic
results on the averaging theory of second order that we shall need for studying the
Hopf bifurcation. The explicit results on the Hopf bifurcation are stated in Theorem
1 at the end of section 2. In this section is also proved Theorem 1. An example
showing the existence of three stable small amplitude limit cycles bifurcating from
a singular point of system (1) is given in Section 3.

2. THE HOPF BIFURCATION
We separate the study of the Hopf bifurcation in different subsections.

2.1. The singular point which will exhibit the Hopf bifurcation. The dif-
ferential system (1) can have the following six singular points:

b1 = (anvo)v
P2 = (kp70a0)a
_ ([ _hda _bi(bidy + (di —a1)k p) 0
D3 ay — dla (al — dl)zk ’ )
(o tede bads
b4 = ’ag—dg, ag—dg )
s = A+ \/E bods bg(al — dl)\/E — bQC(az — dg)
5 — ) ) ’
2(az — d2) " az — dy (ag — dy) <\/§+ D)
D6 = A—+VB  bady  ba(ar — d1)VB + boClas — da)
6

2(&2 — dg)’ ag — d2’ (a2 _ d2) <\/§ — D)
where
A= —agb; + bidy + ask p — dak p,
B = 4(a2 — dg)(ag(bl + kp)2 — dg(b% + 4a1bok + 2b1k p + k2p2)),
C= CL1b1 + b1d1 — alkp—|— dlkp,
D = a2b1 — b1d2 + a2kp — dgkp

Of course such singular points exist always that their denominators are nonzero
and the expression B > 0.

The study of the stability of p; and pg looks very tedious in full generality due
to the very long expressions of their eigenvalues. So the analysis of their possible
Hopf bifurcations is out of scope. Since the eigenvalues of p; and po are always
real, we must put our interest in the points ps and ps. We choose here to study ps
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because it seems more meaningful to proceed in the neighborhood of z = 0 if we
keep in mind the situation of biological interest we presented in the introduction.
It could be quite possible to proceed with py.

We shall study the Hopf bifurcation at the singular point p3. The eigenvalues at
this singular point are

1

Ap= —
+ 2a1(a1—d1)k

(—a1b1d1 b2+ ardik p— 2k p £ \/E> :

agbl(b1d1 + (—a1 + dl)k‘ p)
b%dl — bg(al — d1)2k + bl(fal + dl)kp

p=  —da+

where
A= dl(—4a1(a1 — d1)2k‘(—b1d1 + (a1 — d1)k‘ p) + dl(al(bl — kp) + d1(b1 + k‘p))Q)

It is well known that a necessary condition in order to have a Hopf bifurcation
at ps is that their pair of complex eigenvalues AL when A < 0 must cross the
imaginary axis. So we will take

7a1b1d1 — bld% + aldlkp - d%kp _ {—:2l

(2) Re(Ay) = Sar(ar — dy)k )

where ¢ is a small parameter necessary for applying the averaging theory in order to
study the Hopf bifurcation and [ is an arbitrary parameter. Initially we had taken
instead of €2 the expression el; + £2l,. But applying the averaging theory of first
order we do not obtain any information about the Hopf bifurcation and in order
that the averaged function of first order Fig (see the appendix) becomes identically
zero we must take [; = 0. This is the reason that now we are taking directly 21
instead of €ly + £215.

In order to apply the averaging theory we must write our differential system (1)
into the normal form of the averaging, i.e. into the form (12). Then we need to
take

3) p=e’m,

where m is an arbitrary parameter. As in the equation (2) at the beginning we
took emy + €2msq, but for the same reason than before we must take m; = 0. In
short we are taking directly e2m instead of em; + £2mo.

Solving equalities (2) and (3) with respect to dz and p we obtain that

alagb%dl + Ee? + 2a1b1 (dl — al)klm54
d1 (bgka% + (b% — 2b2d1k) ay + bgd%k + 2(11[)1 (CLl - dl)kl{:‘z)’

do =

(4)
. 2&1(@1 - dl)kZEQ + bldl(al + dl)
(a1 — dl)dlk ’
with £ = —bgkmd? + a1 (—mb% — 2a2klb; + 2b2d1]€m) dy + a%k(Qagbll — bzdlm).
Now the eigenvalues of the singular point p3 become
\/k (Ele(l€2 — 2aq —|—2d1) —bldl) 9
k 9,

2+
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2.2. The system in the normal form for applying the averaging theory.
One of the most difficult steps for applying the averaging theory to a given differ-
ential system, as our system (1) in order to study its limit cycles, is to write it in
the normal form (12) of the averaging theory. Moreover in our case we want to
study the small amplitude limit cycles coming from a Hopf bifurcation. For doing
all this we shall follow the next steps:

(i) First we translate the singular point p3 at the origin of coordinates doing the
change of variables (X,Y,Z) = (z,vy, z) — ps.

(ii) We write the linear part at the origin of the differential system (X,Y, Z) in its
real Jordan normal form. For this we do the change of variables

dik
L 1
7 0
X U
Y &%kl ) e2(2l —m) v,
Z F dy w
0 0 G

where

F = \/bid; — k (2k1(Ie® — 2a; + 2dy)),

G = HI/ [alagbldlk (2((11 - dl)klez + bldl)] 3

H = bgkd% + (Ll(b% — 262]€lb1 — 2b2d1k)d1 + a%k(2blle2 + b2d1),
I=k (m(m —20)e? + 2a1l — 2dll) e+ bid;.

(iii) We write the new differential system (U, V, W) in the cylindrical coordinates
(R,0,W) defined through U = Rcosf, V = Rsinf and W = W.

(iv) In order to study the small amplitude limit cycles around the origin of coordi-
nates we do the rescaling (R, 8, W) = (er, 0, cw).

(v) Finally the system (7, 6, w) is written as (1, w’) = (dr/df, dw/df) and we obtain
the tritrophic food chain model in the normal form of averaging:

7 =eF1(0,r,w) 4+ €2 Fo1 (0,7, w) + O(e3),
w' =eF2(0,r,w) + 2 Fae (0, r,w) + O(e3),

where
Fii = Ry/To,
Foy = (RoTy — RiTh) /T3,
Fyy = W1 /T,

Fyy = (WoTy — WhTy)/TE,
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and
d?r? —dy)r? 2d
R, = _ar cos® @ — u cos? fsin b — Lr os2 0+
a1vbidik b1 ark
Vbidi kw? —d .
! 12u) osf + (@ ) 2(b§k2a‘1’—|—
alk aiy/ bldlk (bzka% + b%al — 2b2d1ka1 + bgd%k)
(L2b1bQ]€2(L£11 — ?)b%dﬂCQ(lZll + 2b%b2k:a‘11 + b‘llazf + 2b§d%k‘2a? - 3a2b1b2d1k2a‘;’—
Qb%bzdlkCl% + 2b§d?k2a% + 3a2b1b2dfk2af + b%d1a% — 2bfb2d%ka,f—
3b3dik%a; — agbibad3k?ay + 2b3bad3kay + b3d5k?)rw cos O sin 0+
_ _ 2
(1 = d1)dr(d — an)kr cos 0 sin? 0+
alblvbldlkz
bi(a; — dy)?rw .9 (a1 — dy)w? .
§— ———sinf
boka? + b2ay — 2bydikar + bod2k ak o0
bok2r2 —dq)8 dir3 —d:)2
Ry = 2k"rZw(ay — di) 5 sin® 0 — arim — &) (a21 5 ) cos? 0+
arby (boka? + b2a; — 2badikay + bod?k) ayby
w3(a; —dq)? sinfd — r(w?a3 — 3dyw?a? — bilaj + 3d3w?a; — dw?) sin2 01
aybik ayby
—dy)d(di — ay)kr3 3(ay — d1)?vbidi kwr?
(a1 1>21( 1 a)kr cos® @ sin § + (a1 1)2 5 1T 0s3 —
albl\/ bldlk a’lblk
—di)3dikr® —di)?(2 d 2
—(a1 21)3 Lo cos? 0sin? 0 + (1 ) (2a21+ yJur cos? @ sin 0+
aiby aiby
20202 2 2 a2 9
(—3w?aj + biklay ;i—Gdlw ay — 3diw?)r cos? 4+ icos@sinQ o+
atb k K
bidikw3(a; —dy)? 2d 2(ay —dp)?
17 2w (a12 ) cosf — (1 + 21)7°w (@ ) cosfsind,
albldlk a1b1\/b1d1k
Vbidik
Ty= -2

k
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7= — (a1 — dl)dl’l’ cos3 0 — 2(d1 - al) bydikw cos2 60—
a1by a1bi k
budik(kai - 2d1§2ak1 +bids + dik)r cos? fsinf — 7((11 _ Zl)wz cos 0+
aq 1 a1 RT
(blka:{’ — 2b1d1ka% + 2b2d1kaf + 2b%d1a1 + bld%kal — 462d%ka1 + Qde?k)w cos fsin 0+
alk(bgka% + b%al — 2bodikay + bgd/%k)
—d)? L Vbidikw?
(= dy)r albll) " cos@sin 0 — i sin? 6 — 7&11 kl%w sin 6,
Wy = agblbg(al — d1)3(a1 + dl)kw sind
(boka? + b2ay — 2bsdikay + bod2k)®
agb%bg(al — d1)4(a1 + dl)zkw . 9
Wo = — 0.
27 T ka2 1 bPar — 2badikar + bad2k)3
where

J=  k(203K3dT — 12a163K3dS + 30a263K3d3 + 6arb2b3k2dS — 40a3b3k3di—
24a2b202K2d% + 30a2b3K3d3 + 363020223 + a2asbibakd? + 6a2bibakdd —
12633K3d2 — 240 V20222 — 303 asbbokd® — 12036 bokd? + 24305 d, +
20$03k*ds + 6afbib3h%ds + Batasbibokds + Gafbibakd, — afasbibak?)rw
(al - dl) )

K = a%b%\/ bldlk(bgk}a% + b%al — 2b2d1ka1 + bgd%k)g,

L= (a1 — d1)2\/ bldlkz(bnga‘ll + agblbgk‘za‘;’ — 4[)3(11/{?2@? + Qb%bgka? + b%a%—l—
Gbgd%kQ(I% — 2a2b1b2d1k2a% — 4b%b2d1k‘a% — 4b§d:1;]<)20,1 + agblbgd%kzal—l-
2b3byd2kay + bAdHK2)w,

M = albldlk(bgkaf —+ b%al — 2b2d1ka1 + bgd%k)Q

2.3. The computation of the small amplitude limit cycles. Now we compute
the function F}g, see Theorem 2, and we obtain

1 27 1 27
Flo(T, ’LU) = < / F11(¢9,7',w)d0,—/ F21(0,r,w)d9)
0 0

o 2

Nw
= O e ——
( ’ P ) ’
where

N = blka:f — 2b1d1ka% — 2b2d1ka% — Zb%dlal + bld%kal + 4b2d%ka1 — 2b2d?k‘,

P = albgka% + b%al — 2bsd1kar + bgd%k’)
Taking
2a1b%d1

(5) k= (a1 — dy)2(a1by — 2bady)’
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we obtain that the averaged function of first order is identically zero. We must
compute the averaged function of second order, for more details see the appendix.

We note that since in the expressions of Fj; with 4,5 € {1,2} appears Vk we
need that

(6) a1by — 2bady > 0.

From (13) the averaged function of second order Fyy(r,w) has the two compo-
nents:

Fao1(r,w) = 2\@2@% (2(a1 — d1)*(a1b1 — 2bady)(b1a3 — bidia? — dagbed?)w?—
a3bidy (4aylb? + dq(dy — a1)7‘2)),
Fopa(r,w) = fg(al —dy1)%(ayby — 2bady ) N3w
ayby
(a‘llmgb‘lL — 6ayazbadir?by — 2asbe(ay — dy)?dy(a1by — 2b2d1)w2) ,
where

albl
N = .
\/(a1 —d1)?(a1by — 2bady)

In order to look for the small amplitude limit cycles bifurcating from the origin
of system (1), after all the changes of coordinates that we did and according with
Theorem 2, we must find the zeros (rg, wg) with rg > 0 of the system

(7) F201 (7“, ’U}) = 0, FQOQ(T, U}) =0.
such that the Jacobian

0F51  0Fo0
or ow

0F502  0F5
or Ow (ryw)=(ro,wo)

(8) det

be nonzero.

It is easy to check that system (7) can have at most 3 solutions satisfying (8)
according with the values of the parameters of system (1). More precisely one
solution (ry,w) is

all
9 =2b1y| ————— =21/ Ry, =0;
(9) ™ 1 (a1 — dy)dy 1 1 w1
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of course it exists if Ry > 0. The other two possible solutions are (rs, +ws) where

, . a1by [aiby (a%bl(al - dl)m — 4(12172(1%([ + m)) _ a1by \/R—
2 - dl a2b2d1 (51)10% - 5b1d1a% - 240,2()2(1%) o d1 %
(10)
w _ a%b% 24a2b2d§l - a%bl (a1 — dl)m
2 \/§ agbg(al — d1)2d1 (2b2d1 — albl) (751)10,:1& -+ 5b1d1a% -+ 24a2b2d%)
a?b?
= /Wy

V2
of course again these last two small amplitude limit cycles will exist if Ry > 0 and
Wy > 0.

When the parameters of system (1) are such that we have 3 small amplitude
limit cycles, then the one which has initial conditions on the plane w = 0 (see
Theorem 2) remains in this plane because it is invariant by the flow of the system.
Again since this plane is invariant, the other two small amplitude limit cycles which
have initial conditions on half-spaces w > 0 and w > 0 remain in such half-spaces.
Of course the invariant plane w = 0 corresponds to the plane z = 0 in the initial
coordinates.

According with the statement (b) of Theorem 2 we can compute the type of
stability of these small amplitude limit cycles computing the eigenvalues of the
matrix (8). More precisely, let A1 and Ay be the two eigenvalues of the matrix (8)
evaluated on a zero (rg,wg) of system (7), then the small amplitude limit cycle
associated to the zero (rg, wo)

(I) is a local repeller if Re(A1),Re(A2) > 0,
(IT) is a local attractor if Re(A1), Re(A2) < 0,
(III) has two invariant manifolds, one stable and the other unstable, which locally
are formed by two 2-dimensional cylinders.

We note that conditions (4) with € = 0, (5) and (6) are necessary in order to
apply the second order averaging theory. More precisely we need that system (1)
satisfies the conditions

g — a1a2b%d1
27 @2bydik + bod3k + aydy (b2 — 2bydik)’
o= by (a1 + d1)
(11) (al - dl)k ’
b — 2a1b%d1

(a1 — d1)2(a1b1 — QbQCll)7

0< arby — 2b2d1,

in order that we can apply the averaging theory of second order for studying its
small amplitude limit cycles.

In short we have proved the next result.

Theorem 1. The following statements hold.
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(a) The tritrophic food chain model given by system (1) satisfying the four
conditions (11) has a triple Hopf bifurcation at the singular point ps if R1,
R and Wy are positive (these last three expressions are defined in (9) and
(10)).

(b) More precisely, under the assumptions of statement (a) three small am-
plitude limit cycles bifurcate from ps with initial conditions in the coor-
dinates (U, V,W) given by (er1,0,ewy) and (era,0, ews), where the val-
ues of r; and w; are given in (9) and (10). Moreover in the variables
(z,y,2) the small amplitude limit cycle coming from the initial conditions
(er1,0,ew) lies on the plane z = 0, the one coming from the initial condi-
tions (era,0,ews) lies in the half-space z > 0, and the remainder one lies
in the half-space z < 0.

(¢) Under the assumptions of statement (a) the kind of stability of the small
amplitude limit cycles is determined by the eigenvalues of the matriz (8) as
it is explained in (I), (II) and (III).

3. AN EXAMPLE
When ¢ = 0 the relations (11) for the values
a; = 5, as = 0.1, b1 = 3, b2 = 2, d1 = 0.47

become
de =0.09, p=2774, k=0.13, ai1b; —2byd; =13.4.
These values are compatible with the biological conditions. Moreover the parame-

ters [ and m are free. Taking [ = 400 and m = 1 we obtain that the eigenvalues of
the matrix in the expression (8) are

~154.96 and —0.32 for (r1,w;) = (221.16,0),
—135.14 and —0.29 for (re,we) = (207.24,39),
—135.14 and —0.29 for (re,ws) = (207.24,—39).

Therefore the three small amplitude limit cycles are local attractors for these values
of the parameters.

4. THE APPENDIX: AVERAGING THEORY OF SECOND ORDER

We shall use the following result.

Theorem 2 (Second order averaging method). We consider the following differ-
ential system

d ,
(12) CT;C = eFy(t,x) + 2 Fy(t, ) + 3R(t, x, €),

where F1,F :Rx D — R", R:Rx D X (—¢ef,e¢) = R" are continuous functions,
T—periodic in the first variable, and D is an open subset of R". We assume that
(i) Fi(t,-) € CY(D) for allt € R, F1, F», R and D, Fy are locally Lipschitz
with respect to x, and R is differentiable with respect to €. We define Fiy,
Foo: D — R™ as

1 T
Fio(z) = T/ Fi(s, z)ds,
0
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T s
(13) Fy(z) = %/0 |:DzF1(5>Z)'/O Fi(t,z)dt + Fy(s, z)| ds,

and assume moreover that
(ii) for V.C D an open and bounded set and for each ¢ € (—ey,e5)\ {0}, there
exists az € V' such that Fio(ae)+eFa0(as) = 0 and dg(Fio+eFs, V,a:) # 0.

Then the following statements hold.

(a) For |e| > 0 sufficiently small there exists a T—periodic solution p(t,e) of
system (12) such that p(0,€) = a..

(b) If the function Fyo+eFy is C1 the stability or instability of the limit cycle
©(t,e) is given by the stability or instability of the singular point a. of the
averaged system

dx
E = €F10(I) + EQFQ()(I),

corresponding to system (12). In fact, the singular point a. of the averaged
system has the stability behavior of the Poincaré map associated to the limit

cycle ¢(t,e).

The proof of statement (a) can be found in [2], and of statement (b) is standard,
see for instance [24, 23, 18].

The expression dg(Fio + eFao,V,a:) # 0 means that the Brouwer degree of the
function Fig 4+ €Fy : V — R™ at the fixed point a. is not zero. For instance it is
sufficient that the Jacobian of the function Fig 4+ €F5y at a. is not zero in order
that the mentioned Brouwer degree be nonzero.

If Fyp is not identically zero, then the zeros of Fig+ eFsg are mainly the zeros of
Fyg for e sufficiently small. In this case the previous result provides the averaging
theory of first order.

If F is identically zero and Fyg is not identically zero, then the zeros of Fyg+eFs
are mainly the zeros of Fy( for € sufficiently small. In this case the previous result
provides the averaging theory of second order.
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