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Abstract

Pheromones are perhaps the most common form of intraspecific communication in the animal kingdom and used in various
contexts. Their modulatory potential on cognitive processes has been demonstrated in both vertebrates and invertebrates.
Particularly interesting in this regard are social insects, due to their extensive use of pheromones to organise collective behav-
iour. Recruitment pheromones might be expected to encourage learning, but could also hinder learning due to a blocking
effect, whereby the pheromone already partially predicts the reward, hindering further cues being associated with the reward.
Here, we use free-running learning assays using realistic pheromone strength to test for a modulation effect on learning in
the black garden ant Lasius niger. We found no evidence that learning in three modalities (olfactory, visual, and spatial) is
affected by the presence of a realistic pheromone trail. Interestingly, this is in contrast to findings in honeybees. The fact that
associative learning does not seem to be influenced by recruitment pheromone in L. niger and reportedly the Argentine ant,
while it is in honeybees, the possibly best-studied social insect species, is noteworthy. We speculate that a species-specific
importance of social information use could drive modulatory effects of pheromones on a wide range of cognitive processes.

Significance statement

Pheromones have been shown to modulate associative learning in a variety of animals. Among social insects, attractive
pheromone has been found to enhance associative olfactory learning in honeybees but not in ants. In ants, recruitment
pheromone predicts a food source; therefore, it might hinder learning of a new cue for a food reward. We use a free-running
learning assay to test for an effect of trail pheromone on associative learning in three different modalities—olfactory, spatial,
visual—in Lasius niger, but find no evidence of any effect. Our learning assay demonstrated fast olfactory learning, moder-
ate spatial learning, and no visual learning after only one training visit. Based on our findings, and findings in two other ant
species, we speculate that the ecological foraging conditions of mass-recruiting ants, i.e. following a trail, have not favoured
a modulation potential of recruitment pheromone opposed to attractive pheromone in honeybees.
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Introduction
Communicated by M. Lihoreau Pheromones are used in various contexts across the animal
kingdom (Wyatt 2017), such as territory marking (Hedi-
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1979, p. 197; Gaskett 2007; Stowers and Liberles 2016),
oviposition (Seenivasagan and Vijayaraghavan 2010), feed-
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alexandrakoch.09 @ gmail.com et al. 2016), and recruitment (Crawford and Rissing 1983;
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2 latory potential of pheromones on learning processes was
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or inhibit associative learning in a variety of animals such
as rabbits (Schaal et al. 2003), rats (Carew et al. 2018),
moths (Murmu et al. 2020), honeybees (Vergoz et al. 2007;
Urlacher et al. 2010; Baracchi et al. 2020), and ants (Rossi
et al. 2020).

Particularly interesting are the modulatory effects of
pheromones in insects, since insect communication relies
heavily on pheromones, especially among social insects
(Wyatt 2017). The study of insect cognition offers insight
into the underlying mechanisms of cognitive processes in
arguably simpler and more tractable models (Menzel et al.
2006; Dornhaus and Franks 2008; Giurfa 2015; Czaczkes
2022). Furthermore, insect pheromones and their compo-
nents are well studied, thus enabling targeted hypothesis
testing (Murmu et al. 2020). In the honeybee Apis mellifera,
for example, Urlacher et al. (2010) showed that the sting
alarm pheromone impaired olfactory learning. The underly-
ing mechanism implicated in this impairment was changes in
motivation induced by the pheromone when exposed prior
to conditioning. Baracchi et al. (2020) showed that motiva-
tional changes, induced by aversive or attractive pheromone
components, were mediated via aminergic signalling and
can impair or enhance learning and memory (Baracchi et al.
2020). While there is a tendency to generalise from honey-
bees to other (social) insects, this is often not warranted:
The Argentine ant, Linepithema humile, when pre-exposed
to a trail pheromone component only showed an increased
sucrose acceptance, while olfactory learning and memory
were unaffected (Rossi et al. 2020). This implies that phero-
mones may modulate the perceived valence of a reward but
not necessarily impact associative learning.

In the above-mentioned studies, both species, honeybees
and Argentine ants, were pre-exposed to pheromone com-
ponents prior to conditioning, but did not experience the
pheromones concurrently with an unconditional stimulus.
While pre-exposure might be biologically meaningful in
some occasions (e.g. the use of alarm pheromone (Jeanne
1981)), in central place foraging ants, individuals are often
recruited to food sources using trail pheromones (Holldobler
and Wilson 1990; Detrain et al. 1999; Cassill 2003; Evison
et al. 2008). Recruited individuals thereby experience both
trail pheromone and stimuli associated with the food reward
simultaneously.

Using a free-running set up, the modulatory effects of
trail pheromone on sucrose acceptance and olfactory learn-
ing were tested over two studies in the black garden ant,
Lasius niger. In the first study on sucrose acceptance, Ober-
hauser et al. (2020) let individual ants walk on a runway
leading to a drop of sucrose, with either trail pheromone or
a solvent control on the runway. On reaching the sucrose,
they tested whether food acceptance changed depending on
pheromone presence. The ants showed no effect of phero-
mone on their sucrose acceptance rate, even when bitter
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quinine was added to the sucrose to avoid ceiling effects. In
a second study Oberhauser et al. (2022) tested whether trail
pheromone affected olfactory learning in this species. The
ants experienced a rewarded odour on a runway either simul-
taneously with trail pheromone or with a solvent control.
No difference in learning between control and pheromone
treatment was found. These results are in contrast to the pre-
vious findings in honeybees and partially to Argentine ants,
leading to the question of whether L. niger is unaffected by
pheromone modulation or whether it could not be detected
due to ceiling effects in learning rates.

However, presenting two conditional stimuli (CS) simul-
taneously during associative learning can also lead to cue
competition, i.e. reduced association of one or both of the
stimuli to the unconditional stimulus (US), or no association
of one as predicted by the concepts of overshadowing and
blocking (Mackintosh 1971). Both concepts explain how the
simultaneous presentation of two conditional stimuli results
in one stimulus having less or even no predictive power asso-
ciated with a reward (US). The difference between over-
shadowing and blocking is that overshadowing is observed
when one of the two conditional stimuli has a stronger
predictive power even though both stimuli were neutral to
the individual prior to associative learning (Pavlov 1927;
Mackintosh 1976; Schubert et al. 2015), while blocking is
based on one stimulus having a preestablished associative
relationship to the US thus blocking the other stimulus from
forming an association to the US (Kamin 1968). Previously,
overshadowing has been attributed to the salience of the con-
ditioned stimuli (Pavlov 1927; Mackintosh 1976); however,
more recent work on honeybees provided evidence that the
cumulative experience and the generalisation profiles of a
stimulus shapes the predictive power instead (Schubert et al.
2015).

We propose that trail pheromone could exert a similar
suppressive effect on associative learning. This assumes that
pheromone is innately predictive of the presence of food
(US). Indeed, Ito and Hojo (2022) have shown that under
certain conditions, pheromone presence can reduce associa-
tive learning in a free-running assay on ants. In honeybees,
blocking by queen pheromone (Vergoz et al. 2007) or pre-
conditioned olfactory or visual cues has been shown as well
as in other species (Blaser et al. 2006; Guez and Miller 2008;
Acebes et al. 2009).

Lasius niger has been shown to learn new associations
between salient stimuli such as odour cues and food rewards
within one training visit (Czaczkes and Kumar 2020; Ober-
hauser et al. 2022). Even in spatial learning assays using a
T-maze ants have achieved learning rates of 65-81% after
only one visit (Griiter et al. 2011; Czaczkes et al. 2015a;
Oberhauser et al. 2018). Such fast learning rates might result
in potential ceiling effects and hence could mask any posi-
tive effect of pheromone on learning. Testing stimuli with
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slower learning rates could uncover positive modulatory
effects of pheromones on learning, while faster learning
rates allow the investigation of negative effects.

Aside from the learning concepts, the relative impor-
tance of trail pheromones in navigation might also influence
whether these pheromones modulate learning: Although L.
niger has been shown to prefer individual memory over
pheromone as social information (Griiter et al. 2011), these
ants are unable to learn to avoid trail pheromones, but they
can learn to ignore them (Wenig et al. 2021). This implies
that pheromones have a strong, but not overwhelming,
impact on decision making in this species. Li. humile, for
example, is much more strongly influenced by trail phero-
mones (Aron et al. 1993; von Thienen et al. 2014). In order
to examine modulatory effects on learning—positive or
negative—the learned associations need to be weak enough
to avoid ceiling effects but strong enough to observe learn-
ing. Testing other modalities with less salient stimuli might
help disentangle potentially masked effects of pheromone
on learning in Lasius niger.

Thus, the aim of this study was to assess the impact of
trail pheromone on associative learning success in L. niger
while avoiding ceiling effects. We performed a series of
three experiments each testing a different modal stimulus—
olfactory learning, spatial learning and visual learning.

Material and methods
Study species

We used twelve queenless Lasius niger colony fragments
(henceforth colonies) consisting of ~ 1000 workers. Colonies
were collected on the campus of the University of Regens-
burg from twelve wild colonies and housed in plastic forag-
ing boxes (32.5 cmx22.2 cmx 11.4 cm) with a plaster of
Paris floor and PTFE-coated walls. Each box contained a
circular plaster nest (¢ 14 cm and 2 cm height) and were kept
ata 12:12 light—dark cycle at room temperature (21-26 °C)
with access to water ad libitum. Between experiments, ants
had ad libitum access to 0.5 M sucrose solution and were fed
three times per week with cockroaches. During experiments,
ants were deprived of sucrose solution 4 days prior to testing
to ensure high motivation.

Pheromone extraction

Artificial pheromone of realistic strength was produced
by dissecting eight worker hindgut glands and immersing
them in 2 ml of dichloromethane (DCM), following von
Thienen et al. (2014). The effectiveness of the artificial
pheromone was then tested on a Y-maze, where 5 pl phero-
mone were applied in a straight line on one arm. Pheromone

following rate of two colonies was assessed for each arm of
the Y-maze. Artificial pheromone was deemed suitable for
use when a following rate of around 70-85% was reached,
which corresponds to the pheromone following rate for nat-
urally-laid trails (von Thienen et al. 2014).

Setup and experimental procedure
General

We conducted three experiments, each testing associative
learning in one modality. The experiments consisted of one
trial each. During a trial, an ant had to undergo one training
visit and one test visit, i.e. a total of two visits. We chose
one training visit since previous experiments have resulted
in reliable learning rates of 65-81% after only one training
visit (Griiter et al. 2011; Oberhauser et al. 2018; Czaczkes
and Kumar 2020). A trial started with a training visit in
which an individual ant was allowed to enter either a runway
(20 cm long and 1 cm wide) or a Y-maze (arms and stem
10 cm long, 1 cm wide, tapering to 2 mm at the bifurcation,
see Fig. 1) via a drawbridge, depending on the modality (see
below). Drawbridge, runway, and Y-maze were covered with
disposable paper overlays on which either a trail of phero-
mone as treatment or dichloromethane (DCM) as a solvent
control was applied. In the case of the Y-maze, solution or
solvent was only applied on the stem. In the training visit,
ants were presented with a stimulus which was rewarded
with a 1 M sucrose droplet. After finding the sucrose, the ant
was allowed to return to the nest to unload her sucrose load
to her nestmates. During this time, the test apparatus was
prepared. Training details for each modality are described
below. The learning success of each ant was then tested in
the following visit. In the test, the ant could freely choose
between the two arms of a Y-maze, one of which would
present the trained stimulus while the other would not. The
side of the Y-maze offering the reward-associated cue was
systematically varied between ants. Since the Y-maze does
not restrict the ants to only one choice, we considered the
crossing of a decision line 2 cm past the bifurcation point
as the ‘initial choice’ and the crossing of a decision line
8 cm past the bifurcation point as the ‘final choice’. After
testing, ants were removed from the colony in order to avoid
pseudo-replication.

Olfactory learning

Training: The runway was covered with a lemon scented
paper overlay. Paper overlays were scented by storing them
in an airtight plastic box containing an open glass Petri dish
with 0.5 mL lemon food flavouring (www.flavorline.de) for
at least 12 h. Pheromone and DCM was balanced across ants.
On the overlay, either 10 uL pheromone or DCM was freshly
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Rewarded cues

Trial

Training (15! visit)

Test (2" visit)

lemon odour

olfactory stimulus:

visual stimulus:
light or dark grey

1M sucrose
lemon scented

paperoverlays
with either 10 pl
pheromone or DCM

alternating between ants

paperoverlay
with either 10 pl

light grey walls

spatial stimulus:
left or right side

left side

Fig. 1 Experimental procedure. Each ant underwent one trial (con-
sisting of a training and a test visit) in one of the presented stimu-
lus modalities—olfactory, visual, or spatial. The respective stimuli
were rewarded with 1 mol 17! of sucrose solution in the training visit.
Rewarded cues: For olfactory learning, ants were trained on lemon
scented paper overlays. Only one stimulus was used, since the sali-
ence of the stimulus has been shown to be sufficient in previous stud-
ies (Oberhauser et al. 2022). For visual learning, ants were trained on
either of the two contrasts (light or dark grey, hex codes: #AFABAB
and #3B3838) to improve salience of the cues during testing. Con-
trasts were chosen to exclude colour preference and to ensure compa-
rability to other species if needed. Each contrast was printed on paper
and presented on walls surrounding the runway. For spatial learning,
ants were trained to either side of the Y-maze, and to balance bias
towards a side, each ant was rewarded on the respective side it did not
visit first. Training (1st visit): Ants were freely allowed to forage on

applied in a straight line using a glass microcapillary (Servo-
pax GmbH, Germany). A drop of 1 M sucrose solution was
placed at the end of the runway on the overlay. In contrast
to the visual and spatial stimulus, ants were trained to only
one scent, as we knew from previous studies this is sufficient
to form a very robust memory (Czaczkes and Kumar 2020).

Test: The linear runway was replaced by a Y-maze. All
parts of the maze (stem and both arms) were covered with
paper overlays. One arm (balanced across ants) was covered
with a lemon scented paper overlay, while the others were
unscented.

@ Springer

pheromone or DCM

with either 5.5 pl
pheromone or DCM

dark grey walls

right side

the setup; the first ant to enter was then trained. Ants were trained on
either a straight 20-cm-long runway (olfactory and visual modalities)
or on a Y-maze with a 10-cm-long stem leading to a bifurcation with
two 10-cm-long arms each in a 60° angle (spatial modality). Phero-
mone or dichloromethane (DCM) was applied on the paper overlays,
either 10 pl on the 20-cm runway or 5 ul on the 10-cm stem of the
Y-maze arm. A drop of 1 mol 17! sucrose solution was placed on the
end of each paper overlay. After an ant was allowed to drink until ful-
filment during which she was marked with a dot of acrylic paint on
the gaster, the ant returned to the nest to unload her load to the nest-
mates. Test (2nd visit): Ants were tested on a Y-maze, the same as
used for spatial training. The trained stimulus was presented on one
side of the maze while nothing (olfactory learning) or the other was
presented on the other side. No reward was given and ants were per-
manently removed from the colony after testing

Visual learning

Training: A runway was covered with unscented
paper overlay and surrounded by a 3D printed wall
(23.4 cmx4.4 cm x 4.8 cm (length X width X height) and
2 mm thick). The wall was fully covered with either light
or dark grey printed paper (hex codes: #AFABAB and
#3B3838, respectively). We used these contrasts to pre-
vent potential biases due to colour or satiation preference
during testing, to ensure stimulus intensity, and for compa-
rability of the visual stimuli. Training of each contrast was
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balanced across ants, i.e. each ant was trained to one con-
trast. Either 10 uL of pheromone or of DCM was freshly
applied on the paper overlay of the runway. Pheromone
and DCM was balanced across ants.

Test: The linear runway and the surrounding wall was
replaced by a Y-maze which was completely surrounded
by a 3D printed wall (each arm and stem was 10.8 cm long
forming 3.6 cm wide corridors with 0.2 cm thick walls).
The Y-maze was covered with paper overlays. The inside
of the surrounding wall was covered with printed paper
so that one side of the maze was light grey and the other
side dark grey (see Fig. 1). Contrast sides were balanced
across ants.

Spatial learning

Training: A Y-maze was covered with unscented paper
overlays. On the overlay of the stem and both arms either
5 pL of pheromone or of DCM was freshly applied. Ants
were allowed to freely explore the Y-maze. The rewarded
and thus trained side was always the one which was oppo-
site to the first explored side of the ant. This ensures that
the ants were trained against any innate side bias which
they might have had. Sides and treatment were balanced
across ants.

Test: Paper overlays of the Y-maze were replaced with
fresh ones and the ant could freely choose between the sides.

Statistical analysis

The effects of pheromone and stimulus modality on learn-
ing success were analysed in R v.3.6.3 (http://www.r-proje
ct.org/) using a generalised linear mixed model (GLMM)
(Bolker et al. 2009). GLMMs were fitted using the glm-
mTMB package (Brooks et al. 2017). We used the following
logistic regression:

Final decision = treatment (pheromone/control) * stimu-
lus (olfactory/spatial/visual) + random effect (colony ID,
random intercept)

The independent variables, treatment and stimulus, were
included as an interaction to account for potential effects of
pheromone which might occur depending on the modality
of the stimulus. The level of significance was set at P <0.05.
Model fit, dispersion and zero inflation were checked using
the DHARMa package (Hartig and Lohse 2022). Model
results were obtained using the ANOVA function of the car
package (Fox et al. 2023). Post hoc tests were conducted
with estimated marginal means from the emmeans package
(Lenth et al. 2023). Figures were created using the ggplot2
package (Wickham et al. 2023) and the Effects package (Fox
et al. 2022).

Data availability

The entire code and analysis output is provided in electronic
supplementary material ESM 1. The entire raw data on which
this analysis is based is provided in electronic supplementary
material ESM2.

Results

The proportion of ants choosing correctly was not affected
by trail pheromone presence (X2 =0.32; P=0.58), which was
confirmed by post hoc tests (olfactory: odds ratio [OR] 0.58;
P=0.38; spatial: OR 1; P=1; visual: OR 0.89; P=0.73).
However, the proportion of correct choices was signifi-
cantly affected by the modality of the stimulus (X2 =22.97,
P <0.001, see Fig. 2). Post hoc analysis confirmed that this
was the case for all stimulus types: Ants trained on an olfac-
tory stimulus chose the correct arm significantly more often
than would be expected by chance, with a 90% probability
in the control (P <0.001) and 84% probability in the phero-
mone group (P <0.001). By contrast, ants trained on spatial

100% Treatment

B control

Pheromone
80%

60% 1
50% 1

40%

20% A

Proportion of correct decisions (%)

0%~

olfactory

spatial
Stimulus type

Fig.2 Proportion of correct decision. Ants trained on the olfactory
stimulus chose 90% and 84% correctly in the test in the solvent con-
trol and pheromone treatment, which was significantly above chance
(P<0.001) but was not significantly different between both groups
(P=0.38). Ants trained on a spatial stimulus chose 61% correctly in
both treatment groups, which was not significant from chance level
(P=0.14) and not significant between both groups (P=1). Ants
trained on a visual stimulus chose 61% and 55% correctly in the con-
trol and the pheromone treatment, which was not significant from
chance (P=0.8) and not significantly different between the groups
(P=0.73)
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stimuli in both control and pheromone treatment had a 61%
probability of choosing correctly (P=0.14 in each treatment
group). In the visual modality, ants had a 61% probability
of choosing correctly in the control treatment (P =0.38) and
a 55% probability in the pheromone treatment (P =0.80).
Given that we found no difference between treatment and
control groups in any modality, we reanalysed the data
leaving out treatment effect, to ask whether overall learn-
ing occurred. When considered this way, post hoc analysis
showed that ants in the spatial modality showed evidence of
learning with a probability of 61% (P =0.037), while ants
in the visual modality test still did not (55% probability,
P=0.38).

Discussion

In this study, we investigated a potential modulatory effect
of trail pheromone on learning success in the ant Lasius
niger using three different stimulus modalities. We found
no effect of trail pheromone on learning success, supporting
previous findings in the olfactory modality in this species
(Oberhauser et al. 2020, 2022). Furthermore, our results
demonstrated the impressive learning speed of L. niger when
trained on an olfactory stimulus, with at least 84% of ants
choosing correctly after a single training visit. These results
are in line with other studies reporting rapid olfactory learn-
ing in this (Oberhauser et al. 2020; De Agro et al. 2020;
Czaczkes and Kumar 2020) and other ant species (Piqueret
et al. 2019; Wagner et al. 2022). The spatial learning assay
resulted in 61% of ants choosing correctly which was still
significantly above chance when both control and treat-
ment group were pooled together (see “Results” section).
However, the visual learning assay resulted in 55% of ants
choosing correctly, which was not different from chance,
even when both control and treatment group where pooled.
This was surprising, as both modalities can be learned by
these ants after several training visits and show moderate
reliability of side learning after the first visit to the correct
arm (76%, Griiter et al. 2011; 70%, Oberhauser et al. 2019;
65-80% Oberhauser et al. 2018). Since data were collected
by one person and the setup had been successfully used in
previous studies, we cannot explain the low learning rate
in those two modalities. For spatial learning, we can only
speculate that the strict rule to reward the side visited second
might have made it more difficult than in other experiments
with pre-assigned rewarded sides.

Yet, this range of strong to very moderate learning is
precisely what we were aiming for. Although the high
olfactory learning rate might obscure any weak effect,
strong effects—positive or negative—could still be detect-
able. Ants have been shown to improve learning rates over
consecutive visits up to 100% (Oberhauser et al. 2018; De
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Agro et al. 2020); thus, strong enhancement of olfactory
learning could possibly still be observable, as well as of
course strong inhibition. Neither was the case here. Our
results of the spatial-learning assay further suggest that
trail pheromone has no effect on learning in L. niger. As
both treatment and control group exhibit the same chance-
level response rates, which when pooled result in signifi-
cant learning, this indicates that any modulation effect
would be reflected here. A positive effect would likely
show significant learning in the treatment group, while
we would expect a negative effect to lower the pooled
learning rate to a chance-level response rate. This assay
provides the strongest evidence of a lack of a pheromone
modulation effect, since both control and treatment group
showed the same response rate. For visual learning, there
was no clear learning to enhance nor block. Nonetheless,
proving a negative is notoriously difficult, and we refrain
from making strong statements here.

The presence of trail pheromone showed no evidence of
modulating learning in either this study or in Oberhauser
et al. (2022), and neither did it modulate sucrose accept-
ance in Oberhauser et al. (2020). This strongly suggests that
neither reward valence nor learning is affected by trail phero-
mone presence in L. niger in a free-running set up. These
results partially contrast previous findings in the Argentine
ant Linepithema humile and in the honeybee Apis mellif-
era, in which attractive pheromone components increased
reward valence, i.e. sucrose acceptance (Baracchi et al. 2017,
2020; Rossi et al. 2020). However, while an attractive phero-
mone component (geraniol) was found to improve learn-
ing in honeybees (Baracchi et al. 2020), learning was not
affected by pre-exposure to a trail pheromone component in
the Argentine ant (Rossi et al. 2020), mirroring the current
results. Interestingly, results of another recent study report
a negative effect of trail pheromone in high concentrations
on learning in the clonal ant Pristomyrmex punctatus. Ito
and Hojo (2022) tested the effect of trail pheromone follow-
ing at varying concentrations on olfactory learning using
a free-running set up almost identical to that used in our
experiment. The results suggest attention-like processes
based on intensity and order of stimulus to regulate between
following behaviour and learning: The effect could be dimin-
ished by priming the ants with the respective odour stimulus
(Ito and Hojo 2022). Note that further studies investigating
pheromone modulation of cognitive processes used phero-
mones with functions other than recruitment, such as alarm
(Urlacher et al. 2010), mating (Murmu et al. 2020), caste
differentiation (Vergoz et al. 2007), and feeding (Schaal
et al. 2003; Coureaud et al. 2006, 2010). Our findings only
refer to pheromone used in a recruitment context. We cannot
exclude that in L. niger, in another context, such as alarm,
pheromones could also inhibit appetitive learning (Urlacher
et al. 2010; Wang et al. 2016), facilitate aversive learning
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(Carew et al. 2018) or increase responsiveness to noxious
stimuli (Rossi et al. 2018) as it was found in bees and rats.

Why does pheromone modulation of learning differ
between eusocial insect species? Ecological conditions and
constraints during foraging could be the culprits. While
appetitive learning in three mass-recruiting ant species
seems to be unaffected by trail pheromone (Rossi et al.
2020; Oberhauser et al. 2022), in honeybees, possibly the
best-studied social insect (Menzel and Giurfa 2006; Men-
zel 2012), an attractive pheromone appears to upregulate
signalling of biogenic amines, leading to enhanced appeti-
tive learning (Baracchi et al. 2020). The potentially crucial
difference between ants and bees during foraging is simple:
ants walk and bees fly. This allows ants to follow a trail
and use this trail during route learning while paying atten-
tion to other cues and integrating these during navigation
(Czaczkes et al. 2013, 2016; De Agro et al. 2020; Ito and
Hojo 2022). Social bees such as honeybees, on the other
hand, are recruited in the colony or at a food source where
they are exposed to pheromones and where they may receive
instructions, e.g. through waggle dances, on how to navigate
to and from a food source (Wenner et al. 1969; Thom et al.
2007; Schiirch and Griiter 2014). Foraging without the guid-
ance of a pheromone trail could have therefore favoured the
quick modulation of associative learning in the appropriate
context.

It is also worth noting that biogenic amines involved in
foraging activities and cognitive processes in both bees
and ants (Barbero et al. 2023) seem to be regulated dif-
ferentially. In honeybees, sucrose acceptance and appe-
titive learning are positively affected by an attractive
pheromone component through increased biogenic amine
signalling, namely of octopamine and dopamine (Baracchi
et al. 2020). In ants, dopamine levels in foraging workers
are higher than in other workers, suggesting that dopa-
mine is involved in foraging activities (Seid and Tran-
iello 2005; Cuvillier-Hot and Lenoir 2006). In L. niger, it
was recently found that octopamine inhibition decreased
appetitive olfactory learning, suggesting that octopamine
is likely involved in the reward signalling pathway to
the mushroom bodies. Dopamine inhibition, in the same
study, led to interference of long-term memory forma-
tion (Wissink and Nehring 2021). Another recent study
on Argentine ants, using very similar methods to those
used in the current study, showed that the consumption
of neither octopamine nor dopamine affected appetitive
learning (Galante and Czaczkes 2022). Interestingly, Linn
et al. (2020) showed that the consumption of octopamine
decreased waggle dance following in honeybees compared
to the control group and increased the use of private infor-
mation, likely due to an increased perceived value of the
food source caused by octopamine. In the same study,
dopamine, expected to reduce perceived value, increased

dance following in the treated bees, but it did not increase
social information use. These results, although they did
not specifically test learning in honeybees, contrast with
those of Galante and Czaczkes (2022) on ants, further
emphasising a differential modulation potential of these
amines between the group of ants and bees, even though
both groups seem to have the same underlying regulatory
signalling pathways.

The modulatory effects of pheromone could be an adap-
tive function, reflecting the importance of associative learn-
ing in the presence of social information in a given ecologi-
cal condition. Social information can be more important for
some species than others, depending on their ecology (see
Griiter and Leadbeater 2014). Especially when colonies can
improve colony foraging success through efficient informa-
tion transfer from scouts or scouting foragers to recruited
nestmates (Schiirch and Griiter 2014; Czaczkes et al. 2015b;
Glaser et al. 2021; Shackleton et al. 2023). We speculate
therefore that the absence of continuous social informa-
tion such as trail pheromones during navigation could have
favoured a fast modulation of cognitive processes when
recruitment occurs, e.g. through signalling processes of
biogenic amines involved in foraging as can be observed in
the honeybee (Baracchi et al. 2020; Linn et al. 2020; Barbero
et al. 2023). While honeybee foragers have been shown to
prefer private over social information (Griiter et al. 2008;
I’Anson Price et al. 2019; Linn et al. 2020), colony foraging
success could still profit from modulatory effects of phero-
mone (Tait and Naug 2022). In ants, the constant guidance
of trail pheromone during the entire foraging trip (Czaczkes
et al. 2013, 2016; De Agro et al. 2020) might mean that
upregulating learning when in the presence of a trail is not
beneficial. In other words, since bees fly and their recruit-
ment pheromone is only present at the goal (a food source
or the nest entrance) (Free and Williams 1972), it might
make sense for the pheromone to upregulate learning. As
ants walk along pheromone trails for the majority of their
foraging cycle, upregulating learning over such a large area
could be unhelpful.

In summary, our results provide no evidence that trail
pheromone has an effect on learning of different stimulus
modalities in L. niger. The free-running paradigm used here
poses an ecologically realistic scenario of pairing stimulus
and pheromone. Therefore, we conclude that even if trail
pheromone would have weak undetected modulatory effects,
they appear to have no ecological relevance for L. niger.
However, it is important to note that other pheromones such
as queen or alarm pheromones could affect the cognitive
processes of L. niger differently and should be investigated
in future studies. Furthermore, a comparative approach
on studying modulatory effects of recruitment pheromone
shows great potential of gaining insights into the evolution
of communication in insect societies.
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