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In order to make effective collective decisions, ants lay pheromone trails to
lead nest-mates to acceptable food sources. The strength of a trail informs
other ants about the quality of a food source, allowing colonies to exploit
the most profitable resources. However, recruiting too many ants to a
single food source can lead to over-exploitation, queuing, and thus
decreased food intake for the colony. The nonlinear nature of pheromonal
recruitment can also lead colonies to become trapped in suboptimal
decisions, if the environment changes. Negative feedback systems can ame-
liorate these problems. We investigated a potential source of negative
feedback: whether the presence of nest-mates makes food sources more or
less attractive. Lasius niger workers were trained to food sources of identical
quality, scented with different odours. Ants fed alone at one odour. At the
other odour ants fed either with other feeding nest-mates, or with dummy
ants (black surface lipid-coated glass beads). Ants tended to avoid food
sources at which other nest-mates were present. They also deposited less
pheromone to occupied food sources, suggesting an active avoidance behav-
iour, and potentiating negative feedback. This effect may prevent crowding
at a single food source when other profitable food sources are available else-
where, leading to a higher collective food intake. It could also potentially
protect colonies from becoming trapped in local feeding optima. However,
ants did not avoid the food associated with dummy ants, suggesting
that surface lipids and static visual cues alone may not be sufficient for
nest-mate recognition in this context.

1. Introduction

Distributing labour and coordinating collective tasks is a challenge faced by
both social insects and human societies. A critical challenge is to allocate
effort to where it will be most productive, while avoiding crowding conse-
quences and queuing costs. This must be achieved without centralised
control in both social insect societies, and in many human endeavours (e.g. dis-
tributed computation, telecommunication networks). Social insects have
developed numerous strategies to inform nest-mates about valuable food
sources, allowing collective exploitation of resources in the surrounding
environment. For example, honeybees can share information about the direction
and distance of food sources with other nest-mates via the waggle dance [1].
Both the duration and the number of waggle runs increase when bees dance
for higher food qualities, thus increasing the likelihood that foragers are
recruited to better resources [2,3]. In ants, information about distance and direc-
tion is not directly shared with nest-mates. Instead, many ant species deposit
pheromone trails when returning from a resource, such as a food source or
new nest site. These pheromone trails lead other nest-mates to newly discovered
food sources. The more pheromone ants lay when returning from a food source,
the stronger the trail will be. Ants can modulate both their decision to deposit
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pheromone, and the intensity of pheromone deposition [4,5].
Both trail lay rates and pheromone deposition intensity
increase as the perceived value of the resources increases
[6-8]. Stronger trails result in more ants being recruited
from the nest and a higher proportion of ants following the
trail at a bifurcation [5,9,10]. This simple system results in a
positive feedback mechanism, leading to colonies often col-
lectively focusing their foraging effort on the most valuable
resources [4,11-14].

However, recruiting too many nest-mates to a food source
can lead to crowding and an overexploitation of food sources,
and thus decrease colony food intake [15,16]. For example,
although crowding increases foraging efficiency in leaf-
cutter ants [17], it decreases walking speed of ants affected
by head-on collisions [18] and can have negative effects
in other species as well. Many natural food sources are
limited by quantity and replenishment time. For example,
honeydew-producing aphids or extrafloral nectaries slowly
produce a variable amount of food over the course of a day
[19-21]. Depending on an ant’s crop capacity, even a single
individual may have to spend around 40 min at an extrafloral
nectary in order to fill its crop [22], and ants were shown to
invest much time in patrolling these food sources [20,23].
Due to long replenishment times, small groups of ants may
be capable of fully exploiting even larger patches of aphid
colonies or extrafloral nectaries. If a resource is fully
exploited, recruiting more individuals will lead to increased
waiting times and foragers returning to the nest without
food. An optimal distribution of foragers would allocate for-
agers to a resource until the efforts of any additional forager
would be better focused on a different resource.

Decentralised decision-making in non-limited situations
also poses challenges for positive-feedback based coordi-
nation systems. If recruitment feedback is nonlinear, as is
the case in mass-recruiting ants which deposit pheromone
trails [7,11,24,25], recruitment can rapidly become extremely
strong to one option. If the environment then changes, colo-
nies may not be able to break out of their previous decision
and become trapped in exploiting a temporal local optimum
[11,12,26,27], but also see [28].

The problems of overexploitation and crowding, and of
trapping in local optima, can be ameliorated or overcome
by building negative feedback into the collective decision-
making system. Social insects have developed a number of
negative feedback systems which decrease the number of
recruited nest-mates as recruitment progresses. These systems
include both active and passive processes [29,30]. Honeybees,
for example, use an acoustic signal as an active inhibitory
stop signal, stopping returning foragers from recruiting
[29,31-35]. Ants reduce pheromone deposition when walking
on a pheromone laden path and when encountering other
nest-mates on the trail [30,36].

In addition to active recruitment signals, social insects
also rely on cues when deciding where to forage. A very
important cue for a wide variety of animals is the presence
of fellow foragers, both con- and heterospecific [37,38]. In
ants, as in other social insects, cuticular hydrocarbons
(CHCs) are used to identify and distinguish nest-mates
from non-nest-mates [39-41]. The presence of nest-mates
has successfully been mimicked by presenting glass beads
coated with nest-mate CHCs in ants [42-45]. The presence
of conspecifics provides information about the safety and
productivity of a foraging patch. Naive bumblebees, for

example, prefer to visit food sources at which conspecifics [ 2 |

are already present [46—49]. Ants show a similar behavioural
pattern, preferentially choosing to follow paths on which
other nest-mates are present [50]. This is somewhat at
odds with the finding that ants reduce recruitment in the
presence of others ants [30,36]. This highlights a trade-off
foragers have to make: well-used patches imply productivity
and safety, but also competition for resources and potential
over-exploitation.

The aim of this study was twofold: firstly, we ask whether
the presence of nest-mates at a food source (as opposed to on
a trail [30]) triggers a negative-feedback effect by reducing
recruitment. Secondly, we ask whether unoccupied food
sources are more attractive than otherwise equally profitable
occupied food sources. We trained individual ants to two
alternating food sources associated with different odours.
At one food source, ants fed alone. At the other, either live
nest-mates or black glass beads coated with surface lipids
(containing CHCs and any other lipids soluble in dichloro-
methane) were present at the food source. After training,
odour preference was tested. If nest-mate presence has an
inhibitory effect in this context, the ants should follow the
odour associated with feeding alone, and deposit less phero-
mone when returning from occupied food sources. By
contrast, if nest-mate presence enhances the attractiveness of
a food source, ants should prefer the odour associated with
the presence of nest-mates or lipid-coated glass beads, and
deposit more pheromone when returning from occupied fee-
ders. Several studies have considered the effect of crowding
on trails or at a food source on individual and collective
path and food source choice [51,52], and shown that massive
overcrowding can lead to individual ants being physically
‘pushed’ towards alternative options. Other studies have
shown that the presence of nest-mates on paths can affect
individual and collective path use by decreasing U-turning
[50] and reduce pheromone deposition [30]. The presence of
pheromone on paths has also been shown to reduce further
pheromone deposition [36] Our study is the first to investi-
gate the effect of nest-mate presence (not massive crowding)
at the food source on the evaluation of food sources by
individual ants. It is also the first to investigate the effect of
nest-mate presence on food source evaluation using associat-
ive learning and binary choice assays, as opposed to simply
considering pheromone deposition.

2. Methods
2.1. Study animals

Eight stock colonies of the black garden ant Lasius niger were
collected on the University of Regensburg campus. Lasius niger
derive much of their carbohydrate intake from tending honeydew-
producing insects [54], but do not show task specialisation
within aphid-tenders (e.g. to guards, shepherds, and transporters,
[55]. The colonies were housed in 30 x 30 x 10 cm foraging boxes
with a layer of plaster covering the bottom. Each box contained
a circular plaster nest-box (14 cm diameter, 2 cm height). The colo-
nies were queenless with around 1000-2000 workers and small
amounts of brood. Queenless colonies forage and lay pheromone
trails, and are frequently used in foraging experiments [51,56].
As foragers rarely interact with the queen [57], a lack of queen
(but not brood, see [58]) should have little effect on the details of
forager behaviour. The colonies were fed with 0.5 M sucrose sol-
ution and received Drosophila fruit flies once a week. Water was
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Figure 1. (q,b) Experimental set-up used during training visits 1-8. A 1 M sucrose solution droplet was placed in the centre of a platform surrounded by a water
barrier. The platform was connected to the nest via a paper-covered 20 cm long runway and a 40 cm drawbridge. (a) The platform for visits on which the social cue
was absent. In this case, sucrose solution was presented with one odour (lemon or rosemary; lemon odour in the example used in figure 1) on the runway and in
the food. (b) The platform for visits on which the social cue was present. In this case, sucrose solution was presented with another odour on the runway and in the
food (lemon or rosemary; rosemary odour in the example used in figure 1). Half of the tested ants were confronted with live nest-mates as a social cue, the other
half was confronted with dummy ants (black surface lipid-coated glass beads). Social cue presence (and the associated odours) alternated each visit. (c) Y-maze used
on the 9th (test) visit. All arms were 10 cm long. The arm connected to the nest-box was covered with unscented paper overlays while the other two arms were
covered with lemon and rosemary scented paper overlays (one scent on each side). The first decision line was located 2.5 cm from the Y-maze centre and marked
the initial decision of an ant while the second decision line was placed 7.5 cm from the centre and marked the final decision.

available ad libitum. Colonies were starved for 4 days prior
to the experiments in order to achieve a uniform and high motiv-
ation for foraging [59,60]. During starvation, water was available
ad libitum.

2.2. Set-up and experimental procedure

2.2.1. Overview

All ants underwent a similar training protocol: individual ants
were allowed to make repeat visits to a food source, which was
alternatingly surrounded by social cues (other nest-mates or
dummy ants) and had alternating scents (figure 1). Pheromone
deposition was measured on each return to the nest. After
eight training visits ants were allowed to choose between
social- or non-social feeding odour cues in a binary choice assay.

2.2.2. Training

Two to four foragers were given access to a 20 x 1 cm long plastic
runway overlaid with scented paper via a 40 cm long draw-
bridge. Paper overlays were scented by storing them for at least
1 day in an airtight box containing a droplet of either lemon or

rosemary essential oil (rosemary: Rosmarinus officinalis; lemon:
Citrus limon, Markl GbR, Griinwald) on filter paper in a Petri
dish. Previous work has shown that Lasius niger foragers can
form robust expectations of upcoming reward quality based on
lemon or rosemary runway odour after just 1 visit to each
odour/quality combination [8,61,62]. A 5 mm diameter drop of
scented 1 M sucrose solution (Sigma-Aldrich) was placed in
the centre of a feeding platform (4 x4 cm; figure 1) surrounded
by a water barrier (1.75 cm wide and 1.3 cm deep, platform
size including the surrounding water barrier: 7.5x7.5cm) at
the end of the runway (60 cm from the nest). The solutions
were scented using either rosemary or lemon essential oils
(0.5l essential oil per ml sucrose solution). The first ant to
reach the feeder was marked with a dot of acrylic paint
(el Greco Acrylic Colors, C. Kreul, Germany) on its abdomen.
The marked ant was allowed to drink to repletion at the food
source, while all other ants were returned to the nest. When
the ant had filled its crop, it was allowed to walk back into the
nest. Inside the nest, the ant unloaded its crop to its nest-mates
and was then allowed back onto the runway for another visit.
The drawbridge was now used to selectively allow only the
marked ant onto the runway.
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The ant was allowed to make eight return visits to the feeder,
with alternating odour cues on each subsequent visit: in half of
the visits, ants were allowed to feed alone in the presence of
one odour. In the other visits, ants fed together with either
(i) five other nest-mates or (i) five black lipid-coated glass
beads (dummy ants which were placed in a semicircle around
the sucrose droplet at a distance of 5 mm, allowing unlimited
access to the food without disturbance) in the presence of a
second odour (figure 1, see below for dummy ant creation
details). Sucrose solutions and the runway overlays were scented,
with the ‘nest-mate’ and ‘alone’ treatments each having a fixed
odour. For half of the ants, lemon was associated with the
‘nest-mate’ treatment and rosemary with the ‘alone’ treatment,
and vice versa for the other ants. Companion nest-mates were
gently placed onto the feeding platform shortly before the test
ant arrived by allowing them to walk onto a piece of paper,
and walk off the paper onto the platform. They displayed no
signs of alarm behaviour and fed calmly at the food source
when they discovered it. It is thus unlikely that they emitted
alarm pheromones which may have led to the test ant avoiding
this food source [63]. Mimicking nest-mates with dummy ants
allowed us to control for movement cues, potential local feeding
cues [64], and pheromone which may be deposited on the
runway or the feeding platform by foraging or returning nest-
mates. In Lasius niger, black glass beads coated in nest-mate
lipids were shown to have a greater effect on ant behaviour com-
pared to clear beads [30]. In this study, we thus used black
surface lipid-covered beads to mimic nest-mates. Blank beads
which were not covered in nest-mate surface lipids did not
affect ant behaviour in other studies simulating crowding
[30,50], suggesting that ants note surface lipid-covered beads as
nest-mates while blank beads are ignored.

As the ant returned to the nest from the food source, we
counted the number of pheromone depositions performed. Indi-
vidual pheromone deposition behaviour correlates with the
(perceived) quality of a food source [4,5,8,61]. Individual ants
can adapt the strength of a pheromone trail by either depositing
pheromone or not, or varying the intensity of pheromone depo-
sitions [4,5]. Pheromone deposition behaviour in Lasius niger is
highly stereotypic. To deposit pheromone, an ant briefly inter-
rupts running to bend its gaster and press the tip onto the
ground [6]. Pheromone depositions were measured each time
the ant moved from the food source back to the nest (inward
trip), and each time the ant moved from the nest towards the
food source (outward trip). Because Lasius niger foragers
almost never lay pheromone when they are not aware of a
food source [6], we did not measure pheromone depositions
for the very first outward trip (visit 1). The presence of trail
pheromone on a path depresses further pheromone deposition
[36]. Thus, each time an ant had passed the 20 cm runway, the
paper overlay covering the runway was replaced by a fresh one.

2.2.3. Choice tests

On the ninth visit (the testing phase), the linear runway was
replaced with a Y-maze (figure 1c), with two 10 cm long arms
and a 10 cm long stem. The Y-maze stem was covered with an
unscented paper overlay while one arm was covered with the
odour overlay associated with the social cue present (e.g. rosem-
ary), and the other with the odour overlay associated with the
social cue absent (e.g. lemon). The trained ant was allowed to
choose between the two arms, and its decision was recorded.
We used two decision lines to define arm choice—an initial
decision line (figure 1c, 2.5 cm after the bifurcation) and a final
decision line (7.5 cm after the bifurcation). After an ant had
made a choice, it was allowed to walk onto a piece of paper at
the end of the Y-maze arm and moved to the beginning of the
Y-maze in order to allow it to make another choice. This was
repeated until an ant had made 3-8 choices in the Y-maze

(for a detailed overview of ant choices split by visit number in
the Y-maze please refer to electronic supplementary material,
figure S6). The number of choices made by an ant depended
on its motivation to make another choice, but was limited to a
maximum of eight choices.

After each experimental run, the ant was permanently
removed from the colony. In addition to observations by a stu-
dent sitting next to the experimental set-up, all experimental
runs were recorded with a Panasonic DMC-FZ1000 camera.

While data could not be collected blind, as the presence of
nest-mates or dummy ants could not be hidden, we used strict
behavioural definitions. More importantly, data were collected
by a naive experimenter blind to any a priori hypotheses about
the data, thus protecting against unconscious bias.

2.3. Preparation of dummy ants

To simulate the presence of other nest-mates, we used black glass
beads (dummy ants) coated in nest-mate surface lipids, which
included CHCs. CHC profiles differ between colonies and
allow ants to identify nest-mates and distinguish them from
non-nest-mates [65]. CHC-coated glass beads are regularly
used to mimic nest-mates [30,43,66] and non-nest-mates
[42,45,67] in ants, including Lasius niger. Bead preparation
followed Czaczkes et al. [30]: clean black glass beads (diameter
25mm, height 1mm; KnorrPrandell GmbH, Lichtenfels,
Germany) were first washed with pentane multiple times, then
baked for 1-2 h at 300°C and again washed with pentane after
baking to remove any substances or odours which may interfere
with nest-mate identification. To coat the beads in ant
CHC-profiles, 20 foragers out of the colony to be tested were
freeze-killed at —20°C for about 10 min. The ants were then
placed in a 2 ml extraction vial (Sigma-Aldrich) and covered in
pentane. To dissolve the surface lipids from the ants’ cuticle,
the vial was agitated for 5min at 30°C. To ensure that the
dummy ants were as realistic as possible, no further steps to
purify the CHCs were taken, and thus the beads were coated
with nest-mates CHCs and other surface lipids which may
have been present on the nest-mate cuticle. In the next step, the
ants of which surface lipids had been dissolved were removed
from the pentane solution containing ant surface lipids and
eight black glass beads (diameter 2.3 mm, height 1.5 mm) were
placed into the solution instead. The solution and beads were
then again agitated at 30°C until all the pentane had evaporated.
This procedure left the beads coated in surface lipids.

A pilot aggression test revealed that surface lipid-
coated beads elicited aggressive behaviour such as mandible
opening [68] when they were coated with non-nest-mate sur-
face lipid, while no aggressive behaviour was shown when
beads were coated with nest-mate surface lipid. This suggests
that beads were sufficiently coated to allow ants to recognize
them as other ants and differentiate between nest-mates and
non-nest-mates.

2.4. Statistical analysis

Statistical analyses were carried out in R v. 3.5.0 [69] using gen-
eralized linear mixed models (GLMMs) in the LME4 package
[70]. As multiple ants were tested per colony, and we took mul-
tiple measurements from each ant, colony identity and
individual ant identity nested in colony identity were added as
random effects to each model. GLMMs were tested for fit, dis-
persion and zero inflation using the DHARMa package [71].
The model predictors and interactions were defined a priori, fol-
lowing Forstmeier & Schielzeth [72]. All p-values presented were
corrected for multiple testing using the Benjamini-Hochberg
method [73]. A total of 49 ants (3—11 ants per colony) were con-
fronted with real nest-mates as a social cue, making a total of 278
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choices. In the bead treatment, a total of 43 ants (3-10 ants per
colony) was tested, of which 248 choices were made.

2.4.1. Choice tests

The initial and final choice of the ants matched in 92.4% of
choices, so for simplicity, we only considered final choices in
the statistical analysis. Choice preference was tested using a
GLMM with a binomial distribution. We included the fixed
factors social cue type (nest-mates or surface lipid-coated glass
beads; SocialCueType), the odour associated with the social
cue (lemon or rosemary, to test for innate odour preferences;
SocialCueOdour), the side of the social cue odour in the
Y-maze (right or left, to test for a side bias; SocialCueSide) and
a binomial factor indicating whether ants were confronted with
a social cue or fed alone on the first training visit (social cue
type at first training visit; SocialCueFirst) in order to test for pri-
macy and recency effects [74]. This resulted in the following
model formula:

finaldecision ~ socialcuetype + socialcueodour

+ socialcueside + socialcuefirst 4 (random factor: colony/AntID)

2.4.2. Inbound pheromone depositions during training
Inbound pheromone deposition behaviour (number of phero-
mone depositions on the way back to the nest) was analysed
using GLMMs with a Poisson distribution. First, we attempted
to predict pheromone deposition using the fixed factor social
cue type in interaction with whether social cues were present
that visit and a scaled visit variable included to model changes
in pheromone deposition over subsequent visits. This resulted
in the following model formula:

complete model: inboundpheromonedepositions ~
socialcuetype * socialcuepresence + visitnumber +
(random factor: colony/ AntID)

As the interaction was not significant (see Results), but social cue
presence had a significant effect on ant choices and visual inspec-
tion of the data showed a clear difference between ants
confronted with live nest-mates and those confronted with
dummy ants (figure 3), we ran two further models in order to
explore the data in more detail. We thus subsetted the data
according to social cue type. This resulted in the following
model formula:

split by socialcuetype: inboundpheromonedepositions ~
socialcuepresence + visitnumber + (random factor: colony/AntID)

3. Results

3.1. Choice tests

Only 34.8% (97 of 278) of choices in the Y-maze were
made for the odour previously associated with the presence of
other nest-mates, which is significantly different from chance
(figure 2, GLMM: estimate=-0.68, z=-3.07, p=0.002).
By contrast, when the social cue was dummy ants, 52.8%
(131 of 248) of choices were made for the arm containing
the social-associated cue, which does not differ from chance
(GLMM: estimate=0.16, z=0.79, p=0.43). Social cue type
had a significant effect on ant choices, with ants being
more likely to choose the social cue side in the bead treatment
compared to the nest-mate treatment (GLMM: estimate=
0.84, z=3.13, p=0.003). A significant effect of the first
presentation of the social cue during training was also

social cue absent

[[] present
100
—~ skskosk n.s.
IS
z
S 75
13
<
Q
=
=
=
£ 50 A 131
<
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=}
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g= 97
3 25 A
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e
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0 .
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Figure 2. Proportions of all final choices made by ants in the Y-maze. Ants fed
with either real nest-mates or with dummy ants (black surface lipid-coated
glass beads) when the social cue was present and fed alone when the
social cue was absent. Forty-nine ants were trained with real nest-mates
and 43 with dummy ants. Numbers in the bars represent sample sizes
(individual choices). ***p < 0.001, ns.: p > 0.05.

found. Ants were significantly more likely to choose the
social cue side in the Y-maze when the social cue was first
presented on the first training visit compared to the second
training visit (electronic supplementary material, figure S5;
GLMM: estimate=0.89, z=4.11, p<0.001). Furthermore,
ants showed side and odour biases, with significant prefer-
ences for lemon odour (electronic supplementary material,
figures S1 and S2) and the left side (electronic supplementary
material, figures S3 and S4) in the Y-maze (odour preference
GLMM: estimate = —0.61, z=—2.71, p = 0.0083; side preference
GLMM: estimate=-0.69, z=3.19, p =0.0029).

3.2. Inbound pheromone depositions during training
The GLMM analysing the complete dataset indicated a sig-
nificant effect of the social cue presence on the number of
pheromone depositions: ants deposited significantly less
pheromone when returning from a food source at which a
social cue (live nest-mates or dummy ants) was present
(GLMM: estimate=-0.13, z=-2.38, p=0.03). Ants further
deposited significantly more pheromone on later training
visits (GLMM: estimate =0.05, z=2.76, p=0.017).

We did not find a significant effect of social cue type
(GLMM: estimate=0.1, z=1.75, p=0.10) or the interaction
between social cue type and social cue presence (GLMM:
estimate =0.11, z=1.53, p =0.13) on choice (see electronic sup-
plementary material, figure S6). However, visual inspection
of the data (figure 3) clearly showed a difference between
ants confronted with live nest-mates and those confronted
with dummy ants. We thus examined the data more closely
by splitting it by social cue type and ran another GLMM to
check for the effect of social cue presence for each of the
two social cue types respectively. Ants deposited signifi-
cantly less pheromone when returning from a food source
at which other nest-mates were present compared to when
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Figure 3. Number of pheromone depositions deposited during the way back
to the nest on a 20 cm track right behind the feeding platform. Horizontal lines
are medians, boxes are along with interquartile ranges, whiskers are 5%/95%
ranges and dots are outliers. *p < 0.05, n.s.: p> 0.05.

they fed alone (GLMM: estimate=-0.13, z=-2.4, p=0.03,
figure 3). However, when beads were used as a social cue,
there was no significant effect of social cue presence on the
number of pheromone depositions during the ants’ return
to the nest (GLMM: estimate=-0.01, z=-0.18, p=0.85,
figure 3). The order of social cue presentation (first presen-
tation of a social cue on the first or second training visit)
did not have a significant effect on number of pheromone
depositions in both treatments (GLMM for live nest-mates
treatment: estimate=0.03, z=0.52, p=0.8; GLMM for
dummy ant treatment: estimate =0.08, z=1.29, p=0.26).

4. Discussion

Ants showed a significant preference for food sources at
which they fed alone over food sources at which other ants
were feeding, and also deposited more pheromone when
returning from solitary feeding (figure 2). However, surface
lipid-coated beads failed to elicit this effect.

These results demonstrate that ants actively avoided feed-
ing at already occupied food sources and recruited more
heavily to unoccupied food sources. The results further
suggest that the attractiveness of a food source is not solely
based on direct traits such as sugar concentration, flow rate
or distance to the nest [4,22,75,76], but can also be affected
by the status of occupancy and most likely also by other
indirect traits. The reduction of pheromone depositions on
crowded trails has already been described in Lasius niger
ants [30]. In addition to a similar effect from occupancy at
the food source, here we report an apparent aversion to occu-
pied food sources. Both behaviours may combine and lead to
the exploitation of numerous valuable food sources in the
environment rather than overexploiting only one good food
source. This may counteract the tendency of the positive-
feedback component of the ant recruitment system to result
in only choosing one option, a phenomenon termed sym-
metry breaking [11,25,52,77,78]. This may be beneficial for
two reasons: firstly, overexploitation can lead to queuing at

the food source and slower travel speed due to crowded
trails [15,16,18]. A reduction of pheromone strength on
already occupied trails and preference for unoccupied food
sources may lead to a more evenly distributed food exploita-
tion and thus a higher colony-level food intake. Secondly, an
aversion to occupied food sources may act as a negative feed-
back system, preventing colonies from becoming trapped in
local foraging optima. Nonlinear positive feedback systems
in general, and pheromone-mediated recruitment, particu-
larly in ants, can result in such a strong recruitment that
the system cannot react to changing environments. Thus, if
an ant colony is allowed to forage extensively at a good
food source, and then the quality of the food is reduced, colo-
nies often fail to refocus their foraging effort to newly
available, better food sources [11,12,25,78]. In this and other
species, trails cannot realistically become strong enough to
cause aversion [53]. The negative feedback system we
describe may be an effective method of mitigating these
effects, especially in combination with other negative feed-
back mechanisms, such as a simple downregulation of
pheromone depositions [52,77]. Note that there is no explicit
switch from positive- to negative-feedback causing beha-
viours—rather, both take place simultaneously. In the
current study, the negative feedback is a downregulation
of positive feedback behaviour (pheromone deposition),
which can proceed until positive feedback is completely
shut down, allowing negative feedback processes, such as
pheromone decay, to take over.

However, the presence of only five nest-mates at a rela-
tively large (5 mm) food source might not be reasonably
considered as a crowded food source. Furthermore, the pres-
ence of nest-mates at a food patch may serve as an indicator
for a safe and productive food source which is worth exploit-
ing and should be concentrated on while it is not yet
completely crowded [50]. Why then do the ants reduce
exploitation of such food sources? In Czaczkes et al.’s study
[50], even though ants downregulated pheromone depo-
sitions on crowded trails,
preference for paths on which dummy ants were present

colonies showed a clear
compared to control paths. The authors argue that the pres-
ence of nest-mates and a simultaneous absence of alarm
pheromones on a path inform foragers that the path is safe
and productive and is thus preferred over one at which
nest-mates are absent [50]. Furthermore, colonies may benefit
from increased information transfer and recruitment poten-
tial on paths where nest-mates are present [17,50,79-81].
Why then do ants reduce their pheromone deposition and
preference for a food source which is occupied by just a
few nest-mates? Nest-mate density at a food source may be
an indicator for how many foragers are already exploiting a
food source and may also inform ants about whether
additional nest-mates should be recruited [82]. Given the
positive-feedback nature of recruitment in these ants, even
the presence of a few nest-mates suggests that this food
source will soon be well occupied. Foragers with experience
of other, unoccupied, food sources could thus concentrate
on recruiting to other food source, or on scouting for new
ones. These foragers may thus accept the risk of feeding
alone at a newly discovered food source until more nest-
mates have been recruited. Such scouting ants have been
described in various ant species [59,83-85]. A similar pattern
was reported in foraging bumblebees: bees that were experi-
enced with a food source avoided occupied food sources, but
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naive bees preferred them [47]. The behavioural pattern
reported here and in Czaczkes et al. [50] can also be seen in
this light: in the current study, we trained individual ants to
food sources over the course of eight visits, allowing them
to become familiar with the food, odour and nest-mate pres-
ence or absence. By contrast, Czaczkes et al. [50] investigated
path preference of complete colonies in which path choice
was driven by the initial decisions of the first few, naive for-
agers. These naive ants would be more likely to visit
occupied food sources, while informed ants would rather
avoid them. Importantly, individual Lasius niger workers
are very flexible in their use of pheromone trails. While
naive and recruited workers can follow pheromone trails
with high fidelity [86], ants are not dependent on
pheromone decay to maintain flexibility: knowledgeable
individuals can completely ignore pheromone trails in
preference for conflicting route memories [87]. However,
knowledgeable individuals can again switch back to high
fidelity pheromone following, even in the face of conflicting
memories, when other third-source information sources
become available [88]. The current results build on this pic-
ture, demonstrating how flexible individuals, changing their
preferences due to perceived food crowding, may provide
information used to maintain colony flexibility.

The fact that dummy ants (black surface lipid-coated glass
beads) did not elicit a decrease in recruitment strength and
food attractiveness suggests that the mere presence of a
nest-mate odour may not be sufficient for nest-mate recog-
nition in this context. Although surface lipid-coated glass
beads have successfully been used in previous studies on
recruitment behaviour [44], including in Lasius niger [30,66],
the lack of other stimuli such as movement, home-range
markings [89-91], or feeding signals (e.g. local pheromone
recruitment or stridulation) [64,81,92,93] may have caused
the ants to underestimate the local density of ants, or have
prevented them from being perceived as nest-mates.

Ants showed a stronger preference for the odour associ-
ated with the absence of social cues when it was first
experienced on the first training visit, with only 34.1% of
choices for the odour at which a social cue was present. By
contrast, if the social cue was first presented on the first train-
ing visit, 51.8% of choices were for the Y-maze side covered in
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