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SUMMARY

A series of experiments shows how the ant Lasius niger uses its trail recruitment
system to select between two food sources. Simultaneously presented with two IM
sucrose solutions it concentrates on one of them. When offered a IM solution together
with a 0.IM solution it selects the richer source, uniess the trail to the 0.IM source had
become well-developed before the IM source was introduced. In the same situation,
however, the group/mass recruting ant Teframorium caespitum uses its more individual
transmission of information to switch to the IM source. A mathematical model describes
these processes and its dynamics reflect the experimental results.

RESUME

La prise de décision collective a travers le recrutement alimentaire

Nous présentons une série d'expériences qui montrent comment la fourmi Lasius
niger peut utiliser son systéme de recrutement par piste afin de sélectionner une des deux
sources de nourriture. Si on leur offre simultanément deux solutions IM de saccharose,
la société concentre son activité sur l'une des deux. Si l'on offre deux solutions, une de
IM et l'autre de 0.IM, elle sélectionne la plus riche, 4 moins que la piste qui méne a la
source 0.IM soit déja bien développée au moment ou l'on introduit la source IM. Face
a la méme situation, la fourmi Tetramorium caespitum, qui recrute par groupe/masse,
utilise son mode de transmission d'information plus individuel pour changer son exploi-
tation vers la source IM. Un modéle mathématique décrit ces processus, dont la dynamique
correspond bien aux observations expérimentales.



COLLECTIVE DECISION MAKING 259

INTRODUCTION

Socialitv provides an opportunity for the exchange of information
concerning profitable foraging locations, and numerous food recruitment
behaviors, the means by which a number of foragers are directed to a food
source, have been described for very different species (Social Insects:
WiLson, 1971 ; Ants: HOLLDOBLER, 1978 ; PASSERA, 1984 ; Supbp and FRANKS,
1987 ; Termites : LeutHoLp, 1975; RickLt and LeutHorp, 1986 ; Honeybees :
LINDAUER, 1961 ; voN FRriscH, 1967 ; SEeeLEy, 1985; Gregarious Caterpillars:
FITzGERALD and PETERsoN, 1983, 1988). In the case of birds, recruitment can
either be active or else simply a spying behaviour in which one animal sees
another feeding and moves to join in (WaRp and Zauavi, 1973 ; EMLEN and
DEmoMG, 1975 ; BROwWN, 1986 ; GOTMARK et al, 1986 ; GREENE, 1987). Recruitment,
however, is not only a system adapted to the exploitation of a patchy envi-
- ronment or of prey needing cooperative exploitation, but can also be the
touchstone of a collective decision-making svstem developed by animal so-
cieties, which we can term the natural selection of food discoveries. The
interplay between recruitments to different food sources generates complex
social decisions well beyond the capacity of an individual. Small differences
in the degree of cooperativity of the recruitment mechanism, as defined by
simple individual rules, can lead to totally different social decisions and
patterns of food exploitation. These ideas are illustrated for social insects,
the most socially integrated of animals, with a series of experiments on
ants recruiting to sugar sources and a simple model.

In a typical ant trail recruitment, a scout discovers a food source and
returns to the nest, laying a chemical trail. At the nest, other foragers
detect the trail (we neglect invitational differences) and follow it to the
source (e.g. Supbp, 1960 ; WiLsoN, 1962 ; WiLsoN, 1971 ; Ants : HOLLDOBLER, 1978 :
PAsserA, 1984 ; Subbp and FRranks, 1987). Those that arrive at the source load
food and return to the nest reinforcing the trail. Unsuccessful trail-followers
explore the foraging ground before either returning to the nest or finding
the food source. As the trail is reinforced, more ants are recruited and less
recruits lose the trail, and the recruitment is thus autocatalytic (CORNETZ,
1914 ; PasTEELS et al, 1987). Termite trail recruitment is very similar
(LeEutHoLD, 1975 ; RickLI and LEUTHOLD, 1986).

MATERIALS AND METHODS

In ecach cxperiment, a hungry colony of Lasius niger was presented with two
constantly replenished sucrose solutions, 60 cm apart and both 60 cm from the nest in an
80 x 80cm arena. The number of ants around each source was counted every minute.
The experiments were performed on the trail recruiting ant Lasius niger and the group/
trail recruiting ant Tetramorium caespitum. In this latter species, the number of ants
recruited in groups were counted. Also, as it has a smaller natural foraging arca, the
sources were offered 30 cm apart, 30 cm from the nest.
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RESULTS

When a colonyv was offered two identical sources at the same time, after
a short period of equal exploitation, a bifurcation is observed and one of the
sources becomes much more exploited than the other (fig. 1 A). If a second
is discovered after a recruitment is well under away to a first source, the
second always remains underexploited. Globally speaking, the colony
*“decides™ to exploit one source fullv and to keep the second in reserve, the
trail to it being maintained by a low level of exploitation.
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B: IM source introduced 50 mins after a 0.1M source, with L. niger (3
experiments);
C: IM source introduced 60 mins after a 0.IM source, with T. caespitum. (3
experiments).

Fig. 1. — Présente des expériences sur la fourmi Lasius niger, qui recrute par piste, et sur
la fourmi Tetramorium caespitum, qui recrute par groupe/piste. Dans chaque expé-
rience, on présente deux solutions de saccharose a une société affamée, et on mesure
la proportion de fourmis autour de chaque source en fonction du temps.

A : deux solutions I M introduites simultanément, avec L. niger (7 expériences) ;

B: solution IM introduite 30 min. aprés une solution 0.1 M, avec L. niger (3
expériences) ;

C: solution 1 M introduite 60 min. aprés une solution 0.1 M, avec T. caespitum (3
expériences).
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What happens if the colony is offered two sources of different sugar
concentrations ? If the richer source is discovered before or at the same time
as the poorer one it is always the more exploited. However, if the richer
source is discovered after the poorer one, then it is only weakly exploited
(fig. 1 B). As before, the colonv exploits the first source discovered, even
if this means neglecting a richer source for a poorer one. When faced with
two simultaneously discovered unequal sources it chooses the richer of the
two.

Identical experiments with the trail recruiting ants Iridomyvrmex humilis
and Pheidole pallidula, all three having very different life-stvles, gave the
same qualitative results.

Honevbees use a similar but different recruitment mechanism (LINDAUER,
1961 ; vox FriscH, 1967 ; SEELEY, 1985). A forager that has found a food source
personally transmits the information concerning its location to nestmates
by the dance ritual (in ant trail recruitment this information is contained in
the trail). Honevbee colonies when confronted with the same decisions as
described above choose differentlv. Whatever the order of discovery, they
always select the richer source and exploit two identical sources equally
(VELTHUIS, 1977 ; SEELEY and LEVIEN, 1987).

Honeybee recruitment is similar in its logic to group recruitment in
ants, in which a successful scout personallv guides a small group of nest-
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Fig. 2. — Presents the number of T. caespition workers recruited in groups to two
sequentially introduced sucrose sources (0.1 M followed by 1 M). The arrows mark
the moment in time at which each of the two food sources were introduced.
Fig. 2. — Présente le nombre d'ouvrieres de T. caespitum recrutées en groupe vers deux

sources de saccharose introduites en différé (0.1 M suivie par 1 M). Les fléeches
indiquent le moment auquel chaque source est introduite.
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mates to the source (e.g. WiLsoN, 1971 ; in tandem recruitment, a third me
chanism close to group recruitment, a scout guides, personallv and with care,
only one recruit - MOGLICH et al., 1974). One would therefore expect the same
set of decisions of choice as found in honevbess. It is, however, impossible
to verify this as all the species we know ol that practice group recruitment
also use trail recruitment. At the beginning of a recruitment, the recruiters
lead groups to the food, but also layv a trail between the food and the nest. As
this trail becomes strcnger, the groups become less frequent and trail
recruitment takes over.

These group/trail recruiting species combine the two sets of decisions
(PASTEELS er al., 1987). Like honevbees they exploit the richer source, whether
discovered first or second, and like trail recruiting ants they exploit two
equal sources asvmmetrically (fig. / C) (see also FowLeR, 1987 for the same
qualitative results for choice experiments between two different food tvpes
in T. caespitum). We show in figure 2 how groups of 7. caespitun appear at
the discovery of each of two sequentially introduced sucrcse sources, onlv to
disappezr rapidlv as mass recruitment takes over.

MATHEMATICAL MODEL AND MONTE-CARLO SIMULATIONS

What is behind these different sets of decisions ? A mathematical mode!
(see also PASTEELS er al., 1987) enables us to link the collective decisions to
the individual foragers’ behavior which defines the different recruitment
systems used and thus the model's kinetics.

Consider a colonv of N foragers, of which E are scouts or lost recruits,
X, are at food source i, and N-E-IZX, are waiting in the nest to be recruited.
The autocatlytic nature of the recruitment process can be represented by
stating that the number of recruits per unit time to source i is given by the
product between a rate constant, a, the number of foragers in the nest
and the number of foragers actively involved in exploiting that source. Of
these recruits, a fraction representing the recruitment accuracy, f,, reach the
source and the complement, 1-f, become lost ants. The scouts/lost ants can
return home on average everv 1/p time units or can find one of the two
sources every 1/c time units. The foragers stay on average 1/b time units at
the source before returning to the nest. Thus:

dX,/dt = aX{! (N-ZX;-E) - bX; + cE (i=12) (D

dE/dt = ZfaX/(1-f)) (N-ZX-E) - pE - 2cE (2)

The model’s time evolution and stationary states reproduce the compe-
tition between the recruitments to the two sources. The difference between

the three types of recruitment described lies in the recruitment accuracy, f,.
(Note that the less than perfect accuracy of these recruitment systems may
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often lead to the discovery of new sources nearby, especially if the sources
are clustered ; DENEUBOURG et al., 1982 ; see also for honeybees and review
TowNE and Gourp, 1988). In ant trail recruitment, the use of the trail to
transmit the food location information introduces an element of cooperativity
between the recruiters, and the recruitment accuracy increases with the
number of recruiters as the trail is reinforced. f, can be represented bv a
monotonic increasing function of X,, g(X;). In honeybee and ant group re-
cruitment, there is direct (worker-worker) rather than cooperative (worker-
trail-worker) transmission of the food location, and the accuracy with which
it is transmitted is constant and independent of the number of foragers
exploiting the source. f, can be represented by a constant k. In ant group/
trail recruitment both direct and cooperative transmission are present, and
f, may be represented by a linear combination of k and g(X)).

Both a, and f, increase with the source qualityv. The higher the quality,
the greater the quantity of trail pheromone laid per ant trail recruiter
(HANGARTNER, 1969), the more intense the dance per honevbee recruiter
(LINDAUER, 1961 ; voN FRIScH, 1967 ; SEELEY, 1985), or the more “motivated”
the ant group recruiter (PASTEELS er al., in prep.).

With cooperative transmission, the model reproduces the ant trail
recruiter’s set of decisions, with direct transmission it reproduces the honey-
bees’ set of decisions, and with both it reproduces the ant group/trail re-
cruiters’ set of decisions (fig. 3). Parameters N, a, b and p were estimated
from the analysis of four experimental recruitments to a single IM source,
bv relating the number of ants entering and leaving the arena to the numbers
at the source, in the arena and in the nest. Parameter ¢ was estimated theo-
retically from a random walk model.

DISCUSSION

Cooperative transmission is the source of the asymmetrical choice of
equal sources. One trail becomes by chance a little stronger than the other,
is followed more accurately, and is thus more reinforced and becomes even
stronger than the other, and so on. Once a trail is well established, a new
and weaker trail to a second, albeit richer source is unable to compete with
it. Without cooperative transmission one source cannot dominate an equal
or a later one.

Direct transmission enables a recruiter from a newly discovered source
to lead recruits to it in spite of a well established recruitment to a previous
source, even if this recruitment is cooperative. Without direct transmission,
a later source can never be well recruited to. This is clearly seen in the trail
recruiting army ants, where a forager must actively invite nestmates on a
principal trail to deflect them to a new source (CHADAB and RETTENMEYER,
1975).
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Fig. 3. —

Présente l'évolution du modele défini par les équations 1 et 2, et qui représente

la situation expérimentale de la figure I.

N=

150, b = 0.17 min—!, p = 0.04 min—1, ¢ = 0.02 min—!. Au temps t =0, X, = L.

w=0, E=0.
A: ( fig. la). a; =a,=0003min—!, f =g (Xi) =(15+ X2/ 30+ X3);
B: ( fig. Ib). a; = 0.0025, a, =0.0030 min—1, f, =g (X)) = (15 + X9/ (35 + X},

f,=2 (X)) = (5+X,2)/ (30 + X,%). Source 2 disponible apres 50 min.

C: ( fig. Jc). idem fig. 2b excepté que f, =03k, + 07g (X)), ou k, = 0.6. k., =09.

In terms of the model, the system with cooperative recruitment has
more than one stationary state, and the initial conditions (e.g. which source
is discovered first) and random events can determine which is finally reached
(GLANSDORFF and PRIGOGINE, 1971 ; Nicoris and PRIGOGINE, 1977 ; EDELSTEIN-

KESHET,

1988). For the same set of parameters, the system with direct recruit-

ment has only the symmetrical stationary state.

The

recruitments’ autocatalytic nature amplifies even small quantitative

differences in a, and f, in relation to the source's quality, leading to the
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selection of the rich source (unless a trail recruitment is well established
to the poorer source). Using this logic, we can predict that a nearer food
source will be preferred to a distant one (FowLER, 1987, shows that, for T.
caespitum, the further the source, the fewer ants are recruited). Similarly,
the selection of the best nest-site can be understood in exactly the same
terms, nest-moving in social insects being also regulated by recruitment
(e.g. LINDAUER, 1955 ; WILsON, 1971).

More generally, these foraging svstems illustrate certain organisational
characteristics that underlie many sorts of collective activity in animal so-
cieties. For example, the information ccnters described in relation to com-
munal roosting or colonial nesting bird species show a strong analogy with
social insect colonies. Without going into the evident and potential differences
between birds and social insects, such as individual complexity, or between
active or passive recruitment, similar complex decisional patterns have been
observed, and can be understood by similar if not identical analvses of the
individual Kinetics. Weaver birds, lor example, have been shown to switch
from a poorer food source to a richer one (DEGroot, 1980), and pigeons
concentrate on one source, neglecting nearby identical ones (LEFEBVRE, 1983).

It should be stressed that the choices described above are not the result
of individual foragers comparing the quality of the two food sources, nor
even the result of recruits in the nest comparing the signals from different
recruiters, as suggested bv CRAWFORD and RissiNG, 1983. Equivalent compa-
risons by “receiver” honevbees are an important factor in their recruitment
(LINDAUER, 1949, 1954 ; VELTHUIS, 1977 ; SeeLey and Leviex, 1987). Here we
show that while thev may exist and be important in ants, thev are not
essential for the collective decision to appear. Instead the collective decisions
appear as an unlooked for by-product of the competition between two rival
autocatalytic recruitments. Without perhaps it being initially “intended"”,
recruitment is thus more than just a means of concentrating foragers on
sources concentrated in time and space, and its variants are more than just
different techniques of achieving the same goal. The selection of one or the
other may depend on the adaptative value of the resulting decisions or
pattern.

These theoretical ideas contrast strongly with a more functional approach,
such as developed in a similar experimental context by TayLor (1977, 1978), in
which the colony is somehow supposed to maximise some metric of perfor-
mance. Our results suggest that a simpler mechanistic approach can gene-
rate a richer set of collective behaviours, questions and explanations than
one in which the experiments performed and explanations reached are dic-
tated by the experimenter's a priori hypotheses. By leaving open the reasons
for a behaviour, the mechanistic approach in fact raises more questions than
it answers, which is the very motor of scientific progress.
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