
Abstract Among social insects such as ants, scouts that
modulate their recruiting behaviour, following simple
rules based on local information, generate collective pat-
terns of foraging. Here we demonstrate that features of
the abiotic environment, specifically the foraging sub-
strate, may also be influential in the emergence of group-
level decisions such as the choice of one foraging path.
Experimental data and theoretical analyses show that the
collective patterns can arise independently of behaviour-
al changes of individual scouts and can result, through
self-organising processes, from the physico-chemical
properties of the environment that alter the dynamics of
information transfer by chemical trails.

A striking feature of insect societies such as those of
ants and bees is their ability to co-ordinate behaviours of
thousands of individuals and to reach group-level pat-
terns without central or hierarchical control. Collective
decisions arise through amplifying phenomena driven by
interacting individuals that follow simple behavioural
rules based on local information (Deneubourg and Goss
1989; Seeley 1995; Camazine et al. 2001). Such self-
organising processes apply to a wide range of group be-
haviour, including exploration of new areas (Deneubourg
et al. 1990, Detrain et al. 1991), nest moving (Visscher
and Camazine 1999), nest defence (Millor et al 1999),
clustering of brood within the nest (Deneubourg et al.
1991) and foraging (Deneubourg et al. 1989; Franks et
al.1991; Stickland et al. 1993; Detrain and Deneubourg
1997). The most familiar example of decentralised deci-
sion-making in ants is the collective choice of one of
many food resources that arises through competing

chemical trails which are signals stimulating the ants to
exit the nest, and also act as orientation cues channelling
foragers to feeding areas. Ant scouts are widely recog-
nised as the primary agents determining the foraging
choices of the whole colony, since they decide whether
or not to lay a trail and modulate the intensity of their re-
cruiting behaviour according to food characteristics (for
a review see e.g. Hölldobler and Wilson 1990; Traniello
and Robson 1995; Detrain et al. 1999). In the mass re-
cruiting ant, Lasius niger, scouts modify their trail-lay-
ing behaviour following functional criteria and local as-
sessment of food, thus enabling the colony to concen-
trate foragers on top-quality sources (Beckers et al.
1993; Mailleux et al 2000). The biotic environment, in-
cluding factors such as the distribution and abundance of
food resources (see Bernstein 1975; Hölldobler 1976;
Rissing and Wheeler 1976; Hahn and Maschwitz 1985),
the presence of competitors (see Hölldobler 1976; Acosta
et al. 1995) or the existence of predators (see Hunt 1983;
Nonacs and Dill 1988), is also known to influence the
foraging patterns in ants. For instance, Franks et al.
(1991) demonstrate how the distribution and abundance
of food acts upon the recruitment dynamics of army ants
and thus contributes to the emergence of self-organised
raiding patterns. By contrast, the influence of the abiotic
environment on the recruitment behaviour of individual
ants as well as on collective foraging choices remains
widely unknown. We therefore observed the ant L. niger
to determine (1) whether the surrounding substrate influ-
ences the foraging pattern of the colony (selection of a
path) and (2) whether the foraging choices observed at
the colony level arise from a modulation of individual
behaviour of scouts or simply as an outcome of the phy-
sico-chemical properties of the environment.

Experimental colonies of L. niger were starved for
4 days before observing food recruitment towards a sug-
ar-water food source. Each ant nest was given access to a
foraging area via a diamond-shaped bridge (Fig. 1). The
two branches of this bridge were identical except for the
basic weight of the papers covering their surface
(100 g/m2 and 125 g/m2). Though paper is an artificial
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substrate, very different from the natural one on which
ants deposit their trail, it allowed us to investigate, under
controlled conditions, the impact of a chosen ecological
factor on ants’ foraging decisions. After the discovery of
the food source, the choice of one foraging path by the
ant colony clearly depended on the substrate. In the ma-
jority of food recruitments (72%, n=32), the path cov-
ered with the lower-weight paper was preferentially fol-
lowed by more than half of foragers (Fig. 1). Small dif-
ferences between substrates thus led to clear-cut choices
of a foraging path by the colony. Surprisingly, this col-
lective preference for one foraging path could not be
linked to any substrate-related change in the individual
behaviours of scouts or recruiting ants (Table 1). During
the exploration of the experimental set-up, scouts be-
haved similarly over each branch of the bridge and
walked at the same speed (two-tailed t-test, t=1.67,
df=53, P=0.10). After the discovery of the food source, a
similar percentage of ants were engaged in trail-laying
whichever branch was followed on the bridge (two-tailed
t-test on square-root arcsine transformed values, t=0.52,
P=0.61). Furthermore, the same average numbers of

chemical marks were laid per trail-laying ant whatever
the substrate of their foraging path (two-tailed t-test,
t=0.70, df=165, P=0.49). Group-level decisions thus
arose through self-organising processes, without the
modulation of recruitment or any behavioural changes at
the individual level. 

Since no behavioural changes occurred among indi-
vidual ants, colony choices appear to be driven by the
substrate itself. Physico-chemical differences between
the two substrates might alter the accessibility of the trail
pheromone to foragers and ultimately lead, through re-
cruitment amplifying processes, to the selection of one
foraging path. Monte-Carlo simulations based on a pre-
viously validated trail-following model (Beckers et al.
1992a, b, 1993), were used to test this hypothesis by ex-
amining how substrate differences in the trail pheromone
lifetime affect ants’ collective choices (for details about
the model, see caption to Fig. 2). The trail lifetime value
used in the model stands for the time during which the
trail pheromone is actually perceived by the individual
ants. This functional time parameter reflects both the
perceptive abilities of ants and the accessibility of the
trail pheromone depending on its physico-chemical inter-
actions with the substrate. Since it is known that the
pheromone lifetime for L. niger is approximately 2,400 s
on the lightweight paper (Beckers et al. 1993), we ob-
tained a theoretical selection rate of this path (expected
selection rate of 73%; Fig. 2) similar to the experimental
value (observed selection rate of 72%; Fig. 1) by assum-
ing, in our simulations, a trail pheromone lifetime of
800 s (trail lifetime ratio of 0.3; Fig. 2) for the less fre-
quently selected substrate. Theoretical simulations thus
confirmed that collective choices could simply be the
outcome of physico-chemical differences in the abiotic
environment that altered the dynamics of trail phero-
mone accessibility to the ants. The observed collective
choices of a foraging path do not result from the simple
summation of individual decisions in which each ant is
more likely to perceive the trail on the lightweight paper;
in this case, all the colonies would have selected the
lightweight substrate with always more than 50% of ants
following this path. However, in both experiments and
simulations, collective choices were not so unanimous,
since several colonies (around 28%) chose the heavy-
weight substrate. These “unexpected” choices signify a
self-organised process in which “errors” or less likely
decisions taken at the individual level are amplified by
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Fig. 1 Collective choices of a foraging path by Lasius niger ants.
Distribution of food recruitments (n=32) as a function of path se-
lection expressed as the percentage of all of the ants traversing the
bridge that chose the lightweight paper (x axis). Between minutes
20 and 30 of each recruitment to a 1 M sucrose solution, the flow
of ants was quantified on each of the two branches of the experi-
mental set-up (upper left corner). Both branches were similar ex-
cept for the type of paper covering the path (lightweight,
100 g/m2; heavyweight, 125 g/m2)

Table 1 Individual behaviour of ants on different foraging sub-
strates. The running speed was measured before the start of food
recruitment, on 30 randomly chosen ants. The percentage of trail-
laying ants was calculated over the total ant traverses observed
during the first 20 min of recruitment (17 recruitments observed).

The intensity of trail-laying behaviour was compared between
substrates by measuring the number of marks laid per trail-laying
ant over a 7 cm section centred on each branch (observation on
video recordings magnified 10×). Means ± SD for all data

Running speed (cm/s) Percentage of Trail-laying intensity
trail-laying ants (%) (number of marks)

Heavyweight paper substrate 2.3±0.7 (n=30) 37.5±16 (n=17) 1.63±0.87 (n=35)
Lightweight paper substrate 2.1±0.5 (n=30) 34±17 (n=17) 1.74±0.81 (n=125)



Fig. 2 Expected rates of selection of a foraging substrate. The y
axis shows the selection rate of the foraging path covered with
lightweight paper resulting from 10,000 Monte-Carlo simulations.
This path is considered as selected when more than 50% of all of
the ants traversing the bridge choose the “lightweight” substrate,
between minutes 20 and 30 of the simulated food recruitment. The
x axis indicates the ratio between the trail lifetimes on substrate H
(heavyweight paper) and on the reference substrate L (lightweight
paper). As far as Lasius niger is concerned, expected rates of path
selection (filled squares) are calculated by taking a trail lifetime of
2,400 s on the reference substrate L (trail lifetime value drawn
from Beckers et al. 1993). The two other curves account for ant
species with shorter lived (1,200 s; filled circles) or longer lasting
(3,600 s; filled triangles) trail pheromones on the reference sub-
strate L. Simulations rely on an osmotropotactic model in which
the probability (PL) that an ant will choose the substrate L path is
PL=(k+CL)n/[(k+CL)n+(k+CH)n]. Each ant has a probability of
choosing one path, which depends partly on the amount of trail
laid by the ants (C). CH and CL are the trail concentrations on
paths covered with heavy- and lightweight paper, respectively.
The constant k stands for any factors other than trail, which may
influence the choice of a path (e.g. thigmotactic orientation). The
constant n value accounts for the sensitivity of ant choices to
changes in the amount of trail pheromone laid on each path. The
input flow of foragers linearly increased during the first 20 min
and remained constant during the last 10 min at a plateau value
determined by the experimental distribution of the ants’ flow. The
following parameters were fixed equal to values drawn from ex-
periments on L. niger (Beckers et al. 1993): k=6; n=2, travel time
on the branch is 10 s

which influences activity level, running speed, and
searching behaviour of individual workers. Our results
cast new light on environmental factors such as the
substrate, which determine collective choices of ant so-
cieties, without altering behaviour or acting as a con-
straint at the individual level. Indeed, the abiotic envi-
ronment can directly contribute to collective decision-
making by determining, through its physico-chemical
properties, the dynamics of information transfer by
chemical trails. This can also apply to other informa-
tion-laden signals, such as vibrations produced by
stridulating ants, where the recruitment range might de-
pend on the resonance properties of the substrate (Ba-
roni-Urbani et al 1988). Although the individual behav-
iour of recruiting workers remains the cornerstone on
which most foraging strategies are built, some collec-
tive decisions can arise automatically as a result of the
dynamic properties between the ant pheromones and
the abiotic environment, including the foraging sub-
strate. Through evolution, pheromones have been se-
lected for as an adaptation to the environment (Therrien
et al 1986; Beugnon and Dejean 1992) which, together
with simple individual decisions of foragers and self-
organising processes, has shaped the group-level be-
haviour of ant societies.
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