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Abstract

Amplification is the main component of many collective phenomena in social and gregarious insects. In a society, individuals face
a mixed palette of odours coming from different groups (lines, strains) and individuals present discrimination capabilities. However,
often at the collective level, different groups may cooperate and act together. To understand this apparent contradiction, we use a
model of food recruitment where each group of foragers have its own blend of pheromone trail that is partly recognized by the
others groups. The model shows that a low level of recognition between signals is sufficient to produce a collaborative pattern
between groups and that beyond a critical value of recognition, only the aggregation of all the groups around the same food source
is observed. The comparison between this model and one describing the site selection by gregarious insects (e.g. cockroach) suggests
that such collective response is a generic property of social phenomena governed by amplification processes.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well established that many social insects are able
to discriminate between nestmates and non-nestmates
(Vander Meer and Morel, 1998; Lenoir et al., 1999;
Zanetti et al., 2001; Breed et al.,, 2004), but kin
discrimination inside a colony is largely controversial.
In honeybees the queen can mate with up to 20 drones
that give rise to a colony with 20 patrilines or sub-
families (Estoup et al., 1994). Each sub-family has a
hydrocarbon profile used by workers as sub-family
discrimination (Page et al., 1991; Arnold et al., 1996). In
laboratory conditions workers can discriminate between
supersisters (same patriline) and half-sisters (other
patriline) (Getz and Page, 1991; Moritz and Heisler,
1992). Despite individual discrimination capabilities,
when the collective behaviour takes place, it seems that
individuals behave independently of their sub-family
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origin. In swarming honeybees, Kryger and Moritz
(1997) did not find differences between the sub-families
composition of the primary and the after-swarm.
Kirchner and Arnold (2001) did not find evidences for
sub-family discrimination between bee dancers and
followers in a colony of two sub-families neither in a
colony of 17 sub-families. In Leptothorax ants, workers
prefer to follow their own trail but collective trails still
emerge (Aron et al., 1988). The gregarious behaviour of
the cockroaches (e.g. Blattella germanica L.) is mainly
based on the cuticular hydrocarbons recognition char-
acterizing the strain odour. The individuals prefer their
own strain odour from those of another strain (Rivault
et al., 1998). However, groups of two different strains of
Blattella germanica L. (with different odours) settle
together in the same shelter (Amé et al., 2004).

All these examples involve amplification mechanisms
that are widespread in social insects and gregarious
arthropods. Amplification governs behaviours like:
aggregation-sorting (Deneubourg et al., 1990; Deneu-
bourg et al., 1991; Couzin and Franks, 2003; Depickere
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et al., 2004; Leoncini and Rivault, 2005), defence (Millor
et al., 1999), exploration (Detrain et al., 1991; Four-
cassi¢ and Deneubourg, 1994), food recruitment
(Pasteels et al., 1987; Seeley et al., 1991; Detrain et al.,
1999) or nest moving (Vissher and Camazine, 1999).

Our hypothesis is that amplification processes, despite
a low level of recognition between groups can lead to
aggregation. To test this hypothesis we will use a model
of food recruitment as a case study. Recruitment is often
seen as the “‘archetype” of amplification mechanism
leading to collective decision. In our model, each group
have its own blend of pheromone and the probability for
an individual to choose a trail laid down by members of
its group is greater than the probability to choose the
trail of another group. The comparison between this
model and one describing the site selection by a multi-
strains population of gregarious individuals (Amé et al.,
2004) will show that such collective response is a generic
property of social phenomena governed by amplification
processes.

2. Model of recruitment by chemical trail

The model, based upon empirical findings about the
behaviour of the individual ants, describes the evolution
of the concentration of trail pheromone and, as a
consequence, the traffic of ants over each trail. It is an
extension of a model that has already been applied to
different types of choice experiments (Deneubourg and
Goss, 1989; Beckers et al., 1992, 1993; Nicolis and
Deneubourg, 1999; for a review see e.g. Detrain et al.,
1999; Sumpter and Beekman, 2003; Sumpter and Pratt,
2003). In a mass recruitment, when the ant finds a food
source it lays a trail pheromone that leads the other ants
to this food source. When ants are faced with a multiple
choice (in the laboratory, represented by a bridge with s

branches, Fig. 1) they are faced with two decisions: the
decision to leave the nest and those to choose one of the
trails leading to one of the identical food sources
equidistant from the nest (s food sources). The prob-
ability to choose one of the branches depends on the
pheromone concentration on this branch.

The ant departure from the nest to the food source is
based on the probability ¢ (s~') to leave the nest per
time unit (the flow of departure). In this model, we
neglect the time variation of ¢. This approximation does
not affect the dynamics of the collective choice
(Camazine et al., 2001). An ant leaves the nest, chooses
a path, reaches a food source, ingests food and promptly
returns to the nest laying a trail pheromone. We can
quantify the ant decision at a choice point by equation
(1) that depends on the values of the pheromone
concentration ¢; on each trail i (Deneubourg and Goss,
1989):

n
=S(k+—cl), i=1,...,s ()
> (k+a)

=1

P;

e 1 determines the level of nonlinearity in the response.
A high value of n means that if one branch has only a
very slightly higher amount of pheromone than the
others, the next ant that arrives at the branch fork
will have a very high probability of choosing it.

® k corresponds to the intrinsic degree of attraction of
an unmarked branch. The greater the k, the greater
the marking necessary for the choice to become
significantly non-random.

On its return journey from a food source, each ant
lays a quantity of pheromone ¢. Since in this case the
time needed to visit the food sources and return is equal
for both sources, we neglect the time delay between the
choice and the ant’s return. The evaporation rate of the

2. Aggregation state

1. Symmetrical state

3. Segregation state

4. Mixed state

Fig. 1. Schema representing the different stationary states of the model. Individuals from the two strains can choose between the two branches of the
bridge leading to two identical food sources equidistant from the nests (see text).



J. Millor et al. | Journal of Theoretical Biology 239 (2006) 313-323 315

trail pheromone will be proportional to the pheromone
concentration and to a constant v. This constant is the
inverse of the mean lifetime of the trail pheromone.
Thus, pheromone concentration is directly proportional
to the flux of individuals (¢) in the system. At each unit
of time a quantity g¢P; of pheromone is added to the
trail i and vc; is the rate of evaporation of this trail
pheromone. Here we give a dimensionless form of the
equation in relation to v and k by replacing ¢; and ¢ ,
respectively, by C;=c¢;/k, ® =q¢/(kv) and = vt
These relationships can be expressed in the following
system of s differential equations which describe the rate
of change in concentration of pheromone on trails 1 to s.
%:(DP,-—C,», i=1,...,s. 2)

Here we consider g groups of foragers. Each group
has its own blend of pheromone (e.g. a mix of trail
pheromone and footprint hydrocarbons) that may
influence the decision of the individuals of the other
groups. Ants choose a trail in relation to the relative
concentration on all trails. The probability to choose a
trail increases with the concentration of the pheromone
on this branch deposited by the individuals of the
different groups. The trail pheromone of one group can
be partially recognized by the other groups. The
influence between individuals belonging to the same
group is more important than that between individuals
from different groups. To take this into account, we will
include to Eq. (1) a parameter f§; of inter-attraction
between groups / and j.

9
Py = =

Sk L I=1,..
Y1+ Buewy)"
k=1 j=1

,gand i=1,...,s,

(€)

where P; is the probability for an individual of the
group / to choose the trail i

These probabilities increase with the concentration
of the pheromone on each branch deposited by the
individuals of the different groups adjusted by the
parameter 0< ;<1 that measures the level of recogni-
tion between both strains odour (j and /). f,;, =0
corresponds to two independent groups and ff; =1 to
an identical signal for the group jand / (8; = 1). We will
suppose that the inter-attraction of group j on group /is
the same that / on j and from then f; = f§; and all the
parameters ¢, n, and v are identical for the different
groups-pheromones.

Eq. (4) describes the rate of change in concentration
of pheromone on trail 7 for the group /

dCy
dr

=oP; - Cy. 4)

The flow of ants for the group / choosing the trail i
is quil

For two groups and two food sources, the rates of
change in concentration of pheromone are given by the
following expressions:

dcun _ 5 (14 Ci1 + BCi)’ e
de (1+ Cii 4+ BC12)* + (1 + Coy + Cn)’ ’
¢ _ 5 (14 Co1 + fCn)’ _ oy,
de (14 Cot + BC0)* + (1 + Cyy + BC12)? ’

dCp, _ (1+ Ci+ BCn) _C
dz (14 Ci+ BC1)* + (1 + Cx + BCo)? ®
dC» _ o (14 Cxn + BCa)* Oy
dz (14 Cn+ BCx)* + (1 + Cp + BC1y)? 7
(5)

where C;; and C; are the pheromone concentrations on
the branch 1 and 2 for the group 1, and Cj, and C,, the
pheromone concentrations on the branch 1 and 2 for the
group 2.

3. Results

At the stationary states, the flow of individuals of
group [/ choosing the path i, is proportional to Cj.
System (5) has four types of stationary states corre-
sponding to different distributions of the individuals
around the food sources (summarized in Figs. 1 and 2).
The details of the algebra are given in Appendix A.

(1) The symmetrical state: The pheromone concentra-
tions are equal on both paths and for both groups:
Cy= @/2 and the flows of both groups are equal on
each trail. This symmetrical states exist for all the values
of @ and f3. The stability analyse shows that this solution
is only stable for low flux values:

2
T+p ©

As 0< <1, this implies that for &>2, C;; = @/2 is
always unstable.

(2) The two aggregative states: The activity of the two
groups is focused on the same food source meaning both
groups have selected the same branch. The pheromone
concentrations are equal for both groups on both
branches. However, the selected branch presents a higher
concentration than the non-selected one. In this case, the
flows of both groups along one trail are equal. The
selected branch is chosen randomly (i.e. with a probability
of 0.5). This is summarized by the formula C;; = Cj»<
C21 = C22 or C]] = C12> C21 = C22. These solutions are:

> — (4/(B+ 1))
C11=C12=§i\/ 2/ﬁ ,

Cy=Cp=90—-Cy. 7

d<
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Fig. 2. The stationary states in relation to the level of trail recognition
between groups (ff) and the flux of individuals (®). Areas of the
condition of existence (A) and the condition of stability (B) of the
stationary states. The first curve (1) in (A), corresponds to the
condition of existence of the mixed states: @>2(1 + f)/(1 — B —4p)
(asymptote value f = 0.24, dashed line), the second curve (2) to the
condition of existence of the segregative states: @>2/(1 —3p)
(asymptote value ff = 1/3, dashed line) and the third one (3) to the
condition of existence of the aggregative states ®<2/(1 + f). In (B),
the first curve (1) represents the condition of stability of the segregative
states: @>2(1+ f)/(1 — B? — 4p) (asymptote value § = 0.24, dashed
line) and the second curve (2) the condition of stability of the
symmetrical states (identical to the condition of existence): #<2/(1 +
P) (see text). Dashed lines represent the asymptotes of the conditions of
solutions existence and stability.

These stationary states exist if @>2/(f+ 1) and under
this condition are always stable for any value of @ and f.

(3) The two segregative states: The majority of the
individuals of one strain focus their activity on one
branch and the individuals of the second strain on the
other one. In this case, the segregative steady states are
Ci1 = C»n#Cy = C1» and the pheromone concentra-
tions are giving by

o /O —4@p+ 1Y /(B - 1)
Ci=Cn===% ,

2 2
Cyy=Cp=0—-Cy. ®)

The segregative states exist if @>2/(1-3f) and never
appear for f>1/3. They are stable under the condition
(see Appendix A):

2(1+ p)
(1—p>—4p)

Inequality (9) shows that the stability of the segrega-
tive states depends on the level of recognition between
the trails of the groups (ff) but also on the flux of
individuals (see Fig. 2B). The lower the flux, the lower
must be  to observe a stable “split” or segregation
between both groups. Moreover, for f>+/5—2~
0.236, the segregative states are always unstable.

(4) The four mixed states: In this case
C11#£Cy#Cy1#£C5: the pheromone concentrations and
the traffic are different on both trails and for both

©)

groups. The four combinations of solutions are (see
Appendix A):

®  M™ (M —4Q)"°

C11=§+ 5 >
® M0‘5+ M —4Q 0.5
Cp= 3 XU (10)

@ M4+ (M —4Q)°
Ch=—=+ ( )

2 2 ’
0.5 _ 0.5
C12:?+M + (M —4Q) ’ (10b)
2 2
0.5 0.5
C”:gJF—M + (M — 49) ’
2 2
2405 _ 0.5
Cp=2 MM AD (10¢)
2 2
_dﬁ _M0A2_(M_4Q)OA5
C11—5+ 7 s
2402 . 0.5
C12=§+ M +(§/[ 42 , (10d)
with
Mo (B—17®B(1+(9/2) + (BP/2))
B -1
o Pp d 3P
‘(”5*7)(1‘5*7)’
0 pO
Q—1+5+7.
- 2(124-/5)
(1 —=p"—4p)
and
p<+/5-2. (11)

Eq. (11) is the same as Eq. (9). Indeed when the mixed
states disappear, the segregative states become unstable
(see Appendix A and Fig. 3).

The bifurcation diagrams show the value of the
stationary states (the trail concentration for one group
on one of the two branches) and their stability in
relation to the individual flux @ for a recognition
parameter of § = 0.22 (Fig. 3A) and in relation to the
recognition parameter f§ for a flux of @ = 10 (Fig. 3B).
For & >2 the solution Cy; = C;p=Cy; = Cy) (aggrega-
tive states) exists and is always stable (Fig. 3A). The
segregative states (Cj} = Cp#Cs = Cjp) become
stable only for large value of &(>34) when f§ =0.22.
For ¢ = 10 (Fig. 3B) the aggregative states are always
stable and the segregative states are stable for small
value of B(f<0.185). When >0.185, the mixed states
disappear.
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Fig. 3. Concentrations values of the trail odour for strain 1 on branches 1 and 2 in relation to @ for f = 0.22 (A) and in relation to f for @ = 10 (B).

unstable states; — stable states.

The phase space diagram illustrates the dynamics of
the system. Fig. 4 represents this phase space diagrams
putting the values of the trail odour concentration on
one branch for one group (Cp;) as a function of the trail
odour concentration on the same branch for the other
group (Cpo).

For low flux values of @ = 1 and low recognition f§ =
0.1 (Fig. 4A) only the symmetrical state exists. When ¢
is large and f small (f=0.1) all the states appear
(Fig. 4B). The unstable mixed states surround the
segregative one. The system will tend, depending of
the initial conditions, to the aggregative or the
segregative states that are stable for these parameters
values. Fig 4B shows that the basin of attraction of the
segregative states is small compared to those of the
aggregative states. So despite the fact that both solutions
are stable, the system is characterized by a higher
probability to adopt one of the aggregative states. For
®=10 and p =025 (Fig. 4C) the mixed states
disappear and the system tends to the stable aggregative
states. For #>0.33 (Fig. 4D) just the symmetrical and
aggregative states remain and the individuals from the
two groups “‘aggregate” using the same path and visiting
the same food source.

4. Discussion

With one unique strain, a pitchfork bifurcation
appears in the exploitation pattern of the food sources
leading to the collective selection of only one path
(Deneubourg and Goss, 1989). This selection is based on
the reinforcement of the trail: the highest the concentra-
tion of the trail i in front of the concentration of the
other trail, the highest the ants probability to choose this
trail (P;) and to reinforce it. In the present model the
choice function P; (3) assumes that the chemical signal
of one group increases the probability of the other group
to choose the same path. On one hand, the pattern
obtained by the recruitment amplification mechanism
depends on the size of the groups (¢) and on the other

hand, on the level of discrimination between strain
odours. For small population size, the individuals
distribute themselves in a symmetrical way on the two
food sources, i.e. both branches are concomitantly
exploited by both groups. As soon as the flow exceeds
a threshold, the pattern switches to the aggregative or
segregative states depending on the f value that
measures the level of strain odours recognition. For
low values of f (<0.24), groups can segregate on the
food sources because the odour signal from the other
strain plays only a little role on the amplification process
in comparison with its own trail odour. For these small
values of f3, aggregative states are also stable. The initial
conditions will determine whether the system choices
between segregative or aggregative solutions. However,
the analysis of the model shows that the selection of the
aggregative states is dominant due to the relative size of
their attraction basins. As soon as f§ reached a critical
value (f>0.24), the two groups focus their activity on
the same food source. To summarize, our results show
that a high discrimination between groups (correspond-
ing to a weak inter-attraction between them) permits to
keep segregation states between the groups when the
individuals rely solely on the amplification mechanisms
presented here. Moreover, the model shows that
different collective responses occur without the need of
changing the individual behaviour or the communica-
tion system.

The analysis for more than two groups and/or more
than two sources (not summarised in this paper) predicts
similar collective response and mainly the systematic
aggregation between groups with a weak inter-attraction
between them.

Another example is given by the aggregative beha-
viour on cockroaches. Gregarious behaviour in the
German cockroaches (Blattella germanica) is mediated
by the recognition of cuticular hydrocarbons. The larvae
prefer their own odour to that of other strains (Rivault
et al., 1998). However, Amé et al. (2004) have shown
that different strains are able to aggregate on the
same site and segregation is infrequently observed. The
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amplification mechanisms regulating site selection are
based on the modulation of the individual resting time
on the site. The probability for one individual belonging
to one strain (e.g. strain x) to leave (Q,) is a decreasing
function of the number of individuals present on the site
(X;):= X;". The influence of individuals belonging to
the same strain is more important than that of
individuals belonging to the other strain. In this case,
the probability is completed with parameters of inter-
attraction between strains x and y: B(Q; = (X;+
BY;)™"), being the number of individuals of strain y on
the site i. To express that an individual of one strain
tends to stay more with an individual of the same strain
than with individual of another strain, f is lower than 1.
A good agreement between the experimental results and
the stochastic version of the model (Monte-Carlo
simulation) was obtained. The preliminary study of the
differential equations version (Amé et al., 2004)
confirmed by the detailed analysis of this model (see
Appendix B) shows that both models have the same
behaviour. This strongly suggests that any phenomenon

based on similar modulation of the amplification
between groups or strains, shows the same collective
behaviours described in this paper.

This could be the case for many gregarious arthro-
pods species that form aggregates which persist due to
attraction modulated by chemical and thigmotactic
signals (Eickwort, 1981) or for insect societies that
organize items or workers spatially (Camazine et al.,
2001; Deneubourg et al., 1991; Franks and Sendova-
Franks, 1992). Many other collective behaviours in
social insects, like swarming, food recruitment or
defence are processes where amplification mechanisms
are involved (Visscher and Camazine, 1999; Seeley and
Visscher, 2004; Camazine and Sneyd, 1991; Millor et al.,
1999). Our results allow to understand why during these
collective behaviours there is no evidence of kin-
discrimination even if an individual is able to perform
such discrimination (Heinze et al., 1997; Kryger and
Moritz, 1997; Kirchner and Arnold, 2001).

The value of the recognition parameter § expresses
the capability to respond to a signal of another
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individual belonging to a different group. If f =0, the
individual is blind to this signal. We may formulate
different hypothesis on the origin of this recognition
factor. For social insects and many other arthropods,
the communications are largely based on pheromones
such as trail pheromones, cuticular hydrocarbons,...
Values of ff may correspond to a certain overlapping
between the chemical signatures of two groups. This
chemical profile is under genetic control but is also
determined by the environment and food consumption
(Page and Robinson, 1991; O’Donnell, 1998; Arnold
et al., 2000; Julian and Fewell, 2004; Wyatt, 2003). So,
genetic proximity or sharing common resource may
increase the similitude between two signals and con-
tribute to large value of f. In recruitment, the
amplification can be mediated by generic signals
common to all individuals (e.g. the trail pheromone)
and by specific signals such as the cuticular hydro-
carbons (Lasius sp., Yamaoka and Akino, 1994). In
these situations, the value of parameter f is mediated
by the relative contribution of the generic and
specific signals.

In this model we considered that f§ was a constant.
However, the interactions between individuals may lead
to a mixing of different chemical signatures and to the
apparition of a blended signature that may favour the
aggregation of different groups (ants: Lenoir et al., 2001;
between bumblebees species: Dronnet et al.,, 2005;
between cockroaches species: Everaerts et al., 1997).
This corresponds, in the model, to the increase of f as a
function of the interactions between the individuals. We
hypothesize that coupling the dynamics of our model
with the increase of f could systematically lead to the
aggregation of the different groups, even if the system
starts with small f.

One of the main hypotheses of the model is that the
resources are abundant and no crowding reaches
significant level (i.e. large shelters compared to the size
of the population, no traffic congestion, Dussutour
et al., 2004). We have shown that in such conditions,
where competition is weak between individuals, the
system adopts aggregative states. Preliminary analysis of
a modified version of the model that includes crowding
effects or limitation of the resource shows that the
segregative states are favoured, but the aggregative
states are still possible for a vast region in parameter
space. A second important hypothesis of the model is
that there is no agonistic behaviour between the
individuals of the different groups. However, if such
antagonistic behaviours are not too strong, preliminary
results of the model show that similar results are still
found. The main consequence is the increase of the f§
value for which segregative states disappear. Others
behaviours, that may affect such collective dynamics,
are not included in the model. Among them, there is a
lack of modulation of the emission of the signals as a

function of the social or chemical environment (Devigne
et al., 2004) or the odour familiarization of individuals
reared in multiple groups (Errard and Hefetz, 1997;
Lenoir et al., 2001).

To summarize, this model shows that collective choice
can be shared by different groups without the need of
specific signals or sophisticated behaviours. We focused
the discussion on the chemical communications of
insects. However, the basic elements of the model are
not specific to these types of communications or species
(e.g. vertebrates: Couzin and Krause, 2003; Hemelrijk,
2002; Parrish and Edelstein-Keshet, 1999). Similar
models could be developed for different structures based
on visual or sound communications and could explain
some aspects of the formation of inter-specific groups of
fishes, birds and mammals (Overholtzer and Motta,
2000; Stensland et al., 2003).
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Appendix A. Solutions and stability of the system

At the steady states, the concentrations Cj; remain
constant and their rate is equal to zero. The algebraic
equations (A.1) (for two groups and two food sources)
correspond to the steady states of Eq. (5):

(14 Cyi + BC)?

Cll = 7 7
I+ Cii+pCr) + (1 + Cy + fCx)
(A.1a)
Co = @ (14 Cy + BCp)?
(14 Cay + BCrn)* + (1 + Cyy + BC)
(A.1b)
Cp = (14 Cin+pCiy)?
(14 Ca+BCH)* + (1 + Cyy + BCa)*’
(A.lc)
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(14 Cn+ BCx)?
(14 Con + BCo)* + (1 4+ Cpy + BC11)?

Cn=9

(A.1d)
The ratio between C;; and C»; and Cj, and C», gives:

Cii (14 Cy+BCr)’

L , Alla
Cat (14 Cyy + BCx)? ( )

Co_(A+Cn+ BCu)’
Cn  (1+ Cxn+pCy)
The sum of the pheromone concentration of each strain

on the two branches is equal to the dimensionless flux @
and we can write:

(A.2b)

C21 =@—C11 and C22=€I)—C12. (A3)
The substitution of Eq. (A.3) in Eq. (A.2) gives:

Cu  _ (1+ Cii + BCp) y (A.4a)
(@—=Cn) (1+@—Ci+B(@—C))

1 2

Co  _ (1+Cpp+BCr1) - (A.4b)
(@—-Cn) (1+(®—-Cp)+p(@—Cn))
or
Cii(l+®— Cy1 + B(@ — Cp))’

= (¢ — Ci)(1 + Ciy + BCr)’, (A.52)
Co(14(® — Cpp) + B(P — C1))

= (®— Ci)(1 + Cpa + BC1y)™. (A.5b)
If we define the variables Z, W and ©:

0]
ZZC“_E’ (A6a)
®
W=Cp— 3 (A.6b)
® po

=1+—+— A.
@ + > + 7 (A.6c)
we can rewrite Eq. (A.5):
ZO*+ Z(Z + pW)? — PO(Z + pW) = 0, (A.72)
We?*+ W(W + BZ)* — dO(W + BZ) = 0. (A.7b)

Eqgs. (A.7a) + (A.7b) and Eqgs. (A.7a)—(A.7b) gives:
Z-WY(Z+W)Y —ZW(PB—1)

+ 60> —dO(1 — p)) =0, (A.8a)
We?*+ W(W + BZ)* — dO(W + BZ) = 0. (A.8b)
Eqgs. (A.8) have four groups of solutions:

Z=W=0, (A.9a)
Z = W#0, (A.9b)

Z =—-WH#0, (A.9¢)
Q

Z=— A.9d
W’ ( )

with

PO _ (1 +(2/2) + (BP/2))B
-1 B -1 '

Eq. (A.9a—d) corresponds respectively to the symme-
trical states (Cy = @/2), the two aggregation states (Eq.
(7)), the two segregation states (Eq. (8)) and the four
mixed states (Eq. (10)).

For the mixed states, coupling Eq. (A.9d) with
(A.8a,b) we obtain:

_ - D’®B(1+(2/2) + (52/2))

Q=

Z+WyY=M
(B =1
o Pf o 3P
—14+=+—— 1 —=+— A.l
( + 24 2)( LN ),( 0a)
Z+ W =+M, (A.10b)
Z2FM»Z4+Q=0. (A.10c)
Eq. (A.10c) gives four stationary states:
Z++ _ MO‘S + (M _ 49)045
2 b
W+_ _ M0.5 _ (M _ 49)0.5
2 b
Z+_ _ MO.S _ (M _ 49)045
2 b
W+_ _ MO‘S + (M _ 49)0.5
2 b
Z_+ _ _M0.5 + (M _ 4Q)0.5
2 B
—— _M0.5 _ (M _ 4Q)0.5
2 b
P _M0.5 _ (M _ 4Q)0.5
2 2
W_+ _ _M0.5 + (M _ 49)0.5 .
2
Or for C,; and Cj,:
& M™ (M —40)"°
Ch=++ ( ) ,
2 2
10 M0.5 —(M — 40 0.5
C12=5+ (2 ) , (A.11a)
& MO.S _ (M _ 4Q)0A5
Ch=—=
=z + 5 )
1) M0.5 M — 40 0.5
Co=++ *( ) (A.11b)

2 2 ’
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o —M" + (M —4Q)"°
Ch==+ al ) )
2 2
7)) _M0.5 M — 4Q 0.5
Ch=—=+ +( U (A.llc)
2 2
® _M0A5 —(M — 40 0.5
Ch=++ ( ) ,
2 2
® _M0.5 M — 40 0.5
Ch=24 + " (A.11d)
2 2
For C,; and C,, we have:
Cz] :Q)—C” and C22=(D—C12

The solutions are real and positive if M>0. This
condition implies that:

21+ p)

>~ and f<v/5-2 A.12
g (A.12)
The other condition is M—4Q >0 that gives:
2(1 —
> =P (A.13)
1+26+p

However if Eq. (A.12) is verified, Eq. (A.13) is also
verified. Indeed:

21+ P)
1—p>—4p

20-p)

1428+ 8> (B.14)

A.1. Stability of stationary states

For the analysis of stability for the symmetrical states,
the Jacobian matrix gives four eigenvalues:
P+pe—-2  3pP+2-
2+ &+ po’ 24+ 4 BQ°

The solutions are stable if the eigen values are

negative. The denominators are always positive. Then
the conditions of stability are:

~1; -1 (A.15)

2
O+ PP -2<0= d<——

G (A.16a)

30— D +2>0= d< (A.16b)

2
(1-3p)
For >0, (f+ 1) is always greater than (1 — 3pf) and
thus the first condition prevails.

For the stability of the stationary states for the
aggregation states, the Jacobian matrix gives four eigen
values:

P+ pP-2
op+1) 7

QB+ +26-2
op+17 ’

(A.17)

As &>2/(f+1) the numerators of the two first values
are always positive (denominators are always positive).

This implies that these two values are always negative
and the stationary states are always stable.

For the segregation states, the Jacobian matrix gives
the following eigenvalues:

2—®+3p0 PR HAPD — D+ 2B +2 T
o(1-p) OB —2p+1) ’ ’ ’

(A.18)

For 0< <1 the denominators are always positive. Then
the conditions of stability are:

2
26+ 1)
PR +4PD — Q4+ 2 +2<0= P> —
pe+4p +2+2<0=> >(1—ﬂ2—4ﬁ)
(A.19b)

The first condition is the same than the condition
of existence. For the second one when f>+/5-—2
(A.19b) becomes positive and the segregation state is
unstable.

Thus f<+/5 —2 = 0.236 represents a necessary con-
dition of stability for the segregation states.

For the mixed states, numerical resolutions show that
the solutions, that exist for f>+/5—2, are always
unstable.

Appendix B. The cockroach aggregation model

The model describes the variations of the mean
number of individuals on each of the resting sites and
consequently the traffic of individuals between the sites.
We have limited the study to two identical sites and two
strains having the same number of individuals (V). X;
and Y; are, respectively, the number of individuals of
strain X and Y in this site i. These equations have two
terms: first, a positive part reflects the arrivals of the
insects on the site and second, a negative part describes
their departure:

dXx
d—ll = _Qx,le + Qx,2X2 (Bla)
dYy,
T = _Qy,l Y+ Qy,2 Y,
X, =N-X,,
Yo=N— Y, (B.1b)

O,.; and Q,; are, respectively, the probabilities for an
individual X or Y to leave at each time step the site 7 for
the site J:
0 0
= v L ava2’ Qy,i = v Lav
k+(Xi+BY)) k+(Y:+ BX:)
(B.2)

Qx,i
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The greater X;, Y,, the lower the individual probability
to leave the site i. The influence of individuals belonging
to the same strain can be more important than that of
individuals belonging to the other strain. One individual
tends to stay more with individuals of the same strain
than with individuals of another strain. § (0<f<1) is
similar to the f used in the model of trail recruitment.

If we define Z = X—0.5N and W = Y;—0.5N and
we follow the same procedure as in Appendix A, we
show that the stationary solutions of this model are
similar to those of the model of recruitment (see text and
Appendix A).

The symmetrical state

X1 =Y = g (B3a)
The two aggregative states
X, =Y, =05N+ (0.25N2 - 72> ,
(1+p)
k 0.5
X, =Y, =0.5N— (0.25N2 — m) . (B.3b)

These states are real and positive if N >2k%° /(1 + p).
The two segregative states

2372\ 093
X1 = 05N + (0.251\72 - M) :
(1—=5
0.5
Y1 =05N - (0.251\72 - kJ“—ﬁzAZZ)
(1=5)
and
0.5
X =0.5N - (0.25N2 - Lﬂz]\f) ,
(1=p)
272\ 02
Y1 =0.5N + (0.25N? — k+p N . (B.3¢c)
(1-py

These states are real and positive if f<1./3 and
N>2k" (1 =28 =349
The four mixed states

0.5
—(A4 +20) 4 /(4 +20)* — 40?7
XTt =0.5N +

2 b
2]
Yt =—+——-=+0.5N,
b7 X T - 05N *
3 5 0.5
- —(A4+20)+ /(4 +20) — 40
Xl + = O.SN - 2 )
Yi"=———--+05N,
LT X T - 05N *

0.5
—(A420) — /(44 20)* — 467

Xi~=05N+ 5 ,
2]
Yi =—————+0.
b Xx—05N 05N
0.5
—(A+20) — /(4 +20)* — 46?7
X7~ =0.5N — ;
2
Y7 =——————+0.5N,
LT X —05N +
0.58N?
o= % A=k —025N?+ BN? + 0.254>N>.

(B.3d)

The mixed states are real and positive if 4<0. If
B>+/5—2, Ais always >0.

The stability properties of these different states are the
same as the corresponding states of the trail model.

References

Amé, J.M., Rivault, C., Deneubourg, J.L., 2004. Cockroach aggrega-
tion based on strain odour recognition. Anim. Behav. 68, 793-801.

Aron, S., Deneubourg, J.L., Pasteels, J.M., 1988. Visual cues and trail-
following idiosynchrasy in Leptothorax unifasciatus: an orientation
process during foraging. Insectes Soc. 35, 355-366.

Arnold, G., Quenet, B., Cornuet, J.M., Masson, C., De Schepper, B.,
Estoup, A., Gasqui, P., 1996. Kin recognition in honeybees. Nature
379, 498.

Arnold, G., Quenet, B., Masson, C., 2000. Influence of social
environment on genetically based subfamily signature in the
honeybee. J. Chem. Ecol. 26, 2321-2333.

Beckers, R., Deneubourg, J.L., Goss, S., 1992. Trails and U-turns in
the selection of a path by the ant Lasius niger. J. Theor. Biol. 159,
397-415.

Beckers, R., Deneubourg, J.L., Goss, S., 1993. Modulation of trail
laying in the ant Lasius niger (Hymenoptera: Formicidae) and its
role in the collective selection of a food source. J. Insect Behav. 6,
751-759.

Breed, M., Diaz, P.H., Lucero, K.D., 2004. Olfactory information
processing in honeybee, Apis mellifera, nestmate recognition.
Anim. Behav. 68, 921-928.

Camazine, S., Sneyd, S., 1991. A model of collective nectar source
selection by honeybees: self-organization through simple rules.
J. Theor. Biol. 149, 547-571.

Camazine, S., Deneubourg, J.L., Franks, N.R., Sneyd, J., Theraulaz,
G., Bonabeau, E., 2001. Self-organization in Biological Systems.
Princeton University Press, Princton.

Couzin, 1.D., Franks, N.R., 2003. Self-organized lane formation and
optimised traffic flow in army ants. Proc. R. Soc. London Ser. B
270, 139-146.

Couzin, [.D., Krause, J., 2003. Self-organization and collective
behaviour in vertebrates. Adv. Study Behav. 32, 1-75.

Deneubourg, J.L., Goss, S., 1989. Collective patterns and decision
making. Ecol. Ethol. Evol. 1, 295-311.

Deneubourg, J.L., Gregoire, J.C., Le Fort, E., 1990. Kinetic of the
larval gregarious behaviour in the bark beetle Dendroctonus micans.
J. Insect Behav. 3, 169-182.

Deneubourg, J.L., Goss, S., Franks, N., Sendova-Franks, A., Detrain,
C., Chrétien, L., 1991. The dynamics of collective sorting robot-like



J. Millor et al. | Journal of Theoretical Biology 239 (2006) 313-323 323

ants and ant-like robots. In: Meyer, J.A., Wilson, S. (Eds.), From
Animals to Animals. MIT Press, Cambridge, MA, pp. 356-365.

Depickere, S., Fresneau, D., Deneubourg, J.L., 2004. The influence of
red light on the aggregation of two castes of the ant, Lasius niger.
J. Insect Physiol. 50, 629-635.

Detrain, C., Deneubourg, J.L., Goss, S., Quinet, Y., 1991. Dynamics
of collective exploration in the ant Pheidole pallidula. Psyche 98,
21-31.

Detrain, C., Deneubourg, J.L., Pasteels, J.M., 1999. Decision-making
in foraging by social insects. In: Detrain, C., Deneubourg, J.L.,
Pasteels, J.M. (Eds.), Information Processing in Social Insects.
Birkhauser Verlag, Basel, pp. 331-354.

Devigne, C., Renon, A.J., Detrain, C., 2004. Out of sight but not out
of mind: modulation of recruitment according to home range
marking in ants. Anim. Behav. 67, 1023-1029.

Dronnet, S., Simon, X., Verhaeghe, J.C., Rasmont, P., Errard, C.,
2005. Bumblebee inquilinism in Bombus (Fernaldaepsithyrus)
sylvestris (Hymenoptera, Apidae): behavioural and chemical
analyses of host—parasite interactions. Apidologie 36, 59-70.

Dussutour, A., Fourcassie, V., Helbing, D., Deneubourg, J.L., 2004.
Optimal traffic organisation in ants under crowded conditions.
Nature 428, 70-73.

Eickwort, G.C., 1981. Presocial insects. In: Hermann, H.E. (Ed.),
Social Insects. Academic Press, New York, pp. 199-280.

Errard, C., Hefetz, A., 1997. Label familiarity and discriminatory
ability of ants reared in mixed groups. Insectes Soc. 44, 189—-198.

Estoup, A., Solignac, M., Cornuet, J.M., 1994. Precise assessment of
the number of patrillines and of genetic relatedness in the honeybee
colonies. Proc. R. Soc. Lond. B 258, 1-7.

Everaerts, C., Farine, J.P., Brossut, R., 1997. Changes of species
specific cuticular hydrocarbon profiles in the coackroaches
Nauphoeta cinera and Leucophaea maderae reared in heteropsecific
groups. Entomol. Exp. Appl. 85, 145-150.

Fourcassié, V., Deneubourg, J.L., 1994. The dynamics of collective
exploration and trail-formation in Monomorium pharaonis: experi-
ments and model. Physiol. Entomol. 19, 291-300.

Franks, N.R., Sendova-Franks, A.B., 1992. Brood sorting in ants:
distributing the workload over the work-surface. Behav. Ecol.
Sociobiol. 30, 109-123.

Getz, W.M., Page Jr., R.E., 1991. Chemosensory kin-communications
systems and kin recognition in honey bees. Ethology 87, 298-315.

Heinze, J., Elsishans, C., Holldobler, B., 1997. No evidence for kin
assortment during colony propagation in a polygynous ant.
Naturwissenschaften 84, 249-250.

Hemelrijk, C.K., 2002. Understanding of social behaviour with the
help of complexity science (invited paper). Ethology 108, 1-17.
Julian, G.E., Fewell, J.H., 2004. Genetic variation and task
specialization in the desert leaf-cutter ant, Acromyrmex versicolor.

Anim. Behav. 68, 1-8.

Kirchner, W.H., Arnold, G., 2001. Intracolonial kin discrimination in
honey bees: do bees dance with their super-sisters. Anim. Behav.
61, 597-600.

Kryger, P., Moritz, R.F.A., 1997. Lack of kin recognition in swarming
honeybees (Apis mellifera). Behav. Ecol. Sociobiol. 40, 271-276.
Lenoir, A., Fresneau, D., Errard, C., Hefetz, A., 1999. Individuality
and colonial identity in ants: the emergence of the social
representation concept. In: Detrain, C., Deneubourg, J.L., Pasteels,
J.M. (Eds.), Information Processing in Social Insects. Birkhauser

Verlag, Berlin, pp. 219-237.

Lenoir, A., Hefetz, A., Simon, T., Soroker, V., 2001. Effects of social

isolation on hydrocarbon pattern and nestmate recognition in the

ant Aphaenogaster senilis (Hymenoptera, Formicidae). Insectes
Soc. 48, 101-109.

Leoncini, I., Rivault, R., 2005. Could species segregation be a
consequence of aggregation processes? example of Periplaneta
Americana (L.) and P. fuliginosa (Serville). Ethology 111, 527-540.

Millor, J., Pham-Delegue, M., Deneubourg, J.L., Camazine, S., 1999.
Self-organized defensive behaviour in honeybees. Proc. Natl Acad.
Sci. USA. 96, 12611-12615.

Moritz, R.F.A., Heisler, T., 1992. Super and half-sister discrimination
by honey-bee workers (Apis-Mellifera L.) in a trophallactic
bioassay. Insectes Soc. 39 (4), 365-372.

Nicolis, S.C., Deneubourg, J.L., 1999. Emerging patterns and food
recruitment in ants: an analytical study. J. Theor. Biol. 198,
575-592.

O’Donnell, S., 1998. Genetic effects on task performance, but not
onage polyethism, in a swarm founding eusocial wasp. Anim.
Behav. 38, 83-88.

Overholtzer, K.L., Motta, P.J., 2000. Effects of mixed-species foraging
groups on the feeding and aggression of juvenile parrotfishes.
Environ. Biol. Fishes 58, 345-354.

Page, R.E., Robinson, G.E., 1991. The genetics of division of labour in
honey bee colonies. Adv. Insect Physiol. 23, 117-171.

Page, R.E., Metcalf, R.A., Metcalf, R.L., Erickson, E.H., Lampman,
R.L., 1991. Extractable hydrocarbons and kin recognition in
honeybee. J. Chem. Ecol. 17, 745-756.

Parrish, J.K., Edelstein-Keshet, L., 1999. Complexity, pattern, and
evolutionary trade-offs in animal aggregation. Science 284, 99-101.

Pasteels, J.M., Deneubourg, J.L., Goss, S., 1987. Self-organization
mechanisms in ant societies (1): trail recruitment to newly
discovered food sources. Experientia. 54, 155-175.

Rivault, C., Cloarec, A., Sreng, L., 1998. Cuticular extracts inducing
aggregation in the German cockroach, Blattella germanica. Anim.
Behav. 55, 177-184.

Seeley, T.D., Visscher, P.K., 2004. Group decision making in nest-site
selection by honey bees. Apidologie 35 (2), 101-116.

Seeley, T.D., Camazine, S., Sneyd, J., 1991. Collective decision-making
in honey bees: how colonies choose among nectar sources. Behav.
Ecol. Sociobiol. 28, 277-290.

Stensland, E., Angerbjorn, A., Berggren, P., 2003. Mixed species
groups in mammals. Mammal Rev. 33, 205-223.

Sumpter, D.J.T., Beekman, M., 2003. From nonlinearity to optimality:
pheromone trail foraging by ants. Anim. Behav. 66, 273-280.
Sumpter, D.J.T., Pratt, S.C., 2003. A framework for modeling social

insect foraging. Behav. Ecol. Sociobiol. 53, 131-144.

Vander Meer, R.K., Morel, L., 1998. Nestmate recognition in ants. In:
Vander Meer, R.K., Breed, M., Winston, M., Espelie, K.E. (Eds.),
Pheromone Communication in Social Insects. Westview Press,
Boulder, pp. 79-103.

Visscher, P.K., Camazine, S., 1999. Collective decisions and cognition
in bees. Nature 397, 400.

Wyatt, T.D., 2003. Pheromones and Animal Behaviour. Communica-
tion by Smell and Taste. University Press, Cambridge, pp. 34-36.

Yamaoka, R., Akino, T., 1994. Ecological importance of cuticular
hydrocarbons secreted from the tarsus of ants. In: Lenoir, A.,
Arnold, G., Lepage, M. (Eds), Les Insectes Sociaux, 12th Congress
of the International Union for the Study of Social Insect, Paris,
Sorbonne, pp. 222.

Zanetti, P., Dani, F.R., Destri, S., Fanelli, D., Massolo, A., Moneti,
G., Pieraccini, G., Turillazzi, S., 2001. Nestmate recognition in
Parischnogaster striatula (Hymenoptera Stenogastrinae), visual and
olfactory recognition cues. J. Insect Physiol. 47, 1013-1020.



	Individual discrimination capability and collective decision-making
	Introduction
	Model of recruitment by chemical trail
	Results
	Discussion
	Acknowledgements
	Solutions and stability of the system
	A.1. Stability of stationary states

	The cockroach aggregation model
	References


