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Abstract Foragers of several species of stingless bees
(Hymenoptera, Apidae and Meliponini) deposit pheromone
marks in the vegetation to guide nestmates to new food
sources. These pheromones are produced in the labial
glands and are nest and species specific. Thus, an important
question is how recruited foragers recognize their nest-
mates’ pheromone in the field. We tested whether naive
workers learn a specific trail pheromone composition while
being recruited by nestmates inside the hive in the species
Scaptotrigona pectoralis. We installed artificial scent trails
branching off from trails deposited by recruiting foragers
and registered whether newly recruited bees follow these
trails. The artificial trails were baited with trail pheromones
of workers collected from foreign S. pectoralis colonies.
When the same foreign trail pheromone was presented
inside the experimental hives while recruitment took place
a significant higher number of bees followed the artificial
trails than in experiments without intranidal presentation.
Our results demonstrate that recruits of S. pectoralis can
learn the composition of specific trail pheromone bouquets
inside the nest and subsequently follow this pheromone in
the field. We, therefore, suggest that trail pheromone rec-
ognition in S. pectoralis is based on a flexible learning
process rather than being a genetically fixed behaviour.
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Introduction

An efficient food collection by foragers of stingless bee
colonies, which in some species can contain more than
100,000 adult workers (Michener 2000), is of major
importance to guarantee the survival of all individuals
within the nest. To achieve effectiveness in resource col-
lection, many species have evolved communication sys-
tems allowing workers to recruit additional nestmates to
collect at resources they have discovered (reviewed in Nieh
2004; Barth et al. 2008). Stingless bees of the genera
Trigona, Scaptotrigona, Geotrigona, Cephalotrigona and
Oxytrigona deposit pheromone marks at food sources and
in the vegetation on their way back to the nest to com-
municate the exact location of valuable food sources
(Lindauer and Kerr 1958, 1960; Kerr 1960, 1969, 1973;
Kerr and Cruz 1961; Kerr et al. 1963, 1981; Hebling et al.
1964; Cruz-Landim and Ferreira 1968; Blum 1970; John-
son 1987; Noll 1997; Schmidt et al. 2003; Nieh et al. 2003,
2004; Jarau et al. 2004, 2006, 2010; Sanchez et al. 2004;
Aguilar et al. 2005; Schorkopf et al. 2007). As a result of
the quick and precise recruitment of nestmates, some
species can even compete with the recruitment efficiency
of honey bees (Lindauer and Kerr 1958, 1960). In contrast
to the waggle dance, however, trail pheromones allow to
communicate the location of a food source in three
dimensions (Lindauer and Kerr 1958, 1960; Nieh et al.
2004), which appears advantageous in the tropical habitats
of stingless bees, where food sources often are located high
up in trees. On the other hand, foraging workers of other
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competing colonies could use the information of foreign
scent trails to reduce the time spent for searching for food,
a behaviour commonly known as eavesdropping (Nieh
et al. 2004; Slaa and Hughes 2009).

Stingless bee foragers secrete trail pheromones from
their labial glands (Jarau et al. 2004, 2006, 2010; Scho-
rkopf et al. 2007; Stangler et al. 2009; reviewed in Jarau
2009). After food uptake, a forager briefly lands on vege-
tation or stones and rubs her extended proboscis over the
substrate in order to deposit a scent mark before continuing
her flight back to the nest (Jarau et al. 2004). Several such
scent marks are deposited at the food source and partially
along the way back to the nest (Lindauer and Kerr 1958,
1960; Kerr et al. 1963; Johnson 1987; Nieh et al. 2003,
2004). Experiments with Trigona corvina (Jarau et al.
2010) and Scaptotrigona pectoralis (Hemmeter 2008; Jarau
2009) demonstrated that recruited bees preferred the trail
pheromone from their nestmates as compared to the pher-
omone from foreign, conspecific foragers. This behavioural
preference is explained by nest-specific quantitative dif-
ferences in the composition of the respective trail phero-
mone constituents (Hemmeter 2008; Jarau et al. 2010).
Thus, foragers of both species are able to recognize their
nest-specific trail pheromone and to distinguish it from the
pheromones secreted by foragers from other conspecific
nests, which only differ in the relative composition of the
same compounds.

To explain mechanisms involved in recognition pro-
cesses in the context of social encounters, several
hypotheses have been considered (Crozier 1987). In insect
societies, much interest has been devoted to the phenotype-
matching hypothesis (reviewed in Michener and Smith
1987; van Zweden and d’Ettorre 2010), which requires that
the discriminating individual compares a cue with a learned
template. For example, recruited bees may learn their
actual colony-specific pheromone composition within the
nest, for example during the recruitment process.

Alternatively, scent trail recognition by the bees may
result from an innate ability to recognize the pheromone
blend of their foraging sisters (see, e.g. Waytt 2010).
Pheromone recognition would then result in a rather fixed
communication mechanism.

Social bees are well known for their ability to learn
different cues, especially in regard to orientation and for-
aging (von Frisch 1965; Roubik 1989; Barth 1991; Bies-
meijer and Slaa 2004). Workers of honey bees (von Frisch
1965; Reinhard and Srinivasan 2009; Farina and Griiter
2009), bumble bees (Dornhaus and Chittka 1999, 2004,
Molet et al. 2009) and stingless bees (Lindauer 1956;
Aguilar 2004; Reichle et al. 2010) are able to associate
food with particular odours, which they learn inside the
nest. After leaving the nest, the workers’ previous odour
experience then influences their food preferences in the
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field (honey bees: Arenas et al. 2007; bumble bees:
Dornhaus and Chittka 1999, 2004; Molet et al. 2009;
stingless bees: Lindauer and Kerr 1960; Aguilar et al. 2005;
Reichle et al. 2010). Thus, it is possible that stingless bee
recruits not only learn food odours from their nestmates,
but they may also learn the composition of the trail pher-
omone bouquet during recruitment.

To test this, we investigated whether workers of
Scaptotrigona pectoralis can learn the trail pheromone
bouquets of foragers from foreign, conspecific colonies
when they perceive them during recruitment within the nest
and subsequently follow these pheromones in the field
when searching for food.

Materials and methods
Bee nests and study site

We used two nests of Scaptotrigona pectoralis (de Dalla
Torre 1896) (Hymenoptera, Apidae, Meliponini) that were
collected in the surroundings of Atenas, Alajuela Province,
Costa Rica. The experiments with the first nest (nest 1)
were carried out between September 2008 and January
2009 in the bee garden of the Centre for Tropical Bee
Research (CINAT) of the National University in Heredia,
Costa Rica (9°58.377'N, 84°07.754'W). The experiments
with the second nest (nest 2) were carried out in Atenas
(9°58.558'N, 84°25.640'W) between February and April
2009. Both colonies were kept in wooden nest boxes. A
small wooden box (10 x 10 x 4 cm; henceforth named
“recruitment box”’) was installed in front of the entrance of
each colony. The exchange of food between foraging bees
and bees within the hive mainly took place in these boxes,
where the foreign trail pheromones were presented during
the experiments, too (see below). The experiments were
always carried out between 9.00 and 12.00 am because in
the afternoon recruitment behaviour of the bees usually
decreased.

Head glands

Foraging bees were collected at sugar water feeders and
killed by freezing at —15°C. Their labial glands containing
the trail pheromone (see “Introduction”) were dissected
from the heads in saline solution under a stereo micro-
scope. All tissues other than the glands were carefully
removed. The glands were then left in solvent (hexane) for
24 h at room temperature, and the extracts were subse-
quently stored in a freezer (—15°C) unless they were in use
in experiments. For the bioassays, we extracted ten pairs of
cephalic labial glands in 1 ml hexane. Thus, 100 pl of
extract corresponded to the gland content of one individual
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bee. During the tests with each nest, we used the trail
pheromones from foragers of two different foreign colonies
(trail pheromones A and B), which were collected in the
surroundings of Atenas, Alajuela Province, in addition to
the two colonies used for the bioassays.

Training period

For each experiment, four bees were marked with colour
(non-toxic on water basis) and trained to collect unscented
2 M sucrose solution at a training feeder (TF) at a distance
of 20 m from the hive, widely following the training pro-
cedure described in Jarau et al. (2000). The feeders con-
sisted of laboratory glass dishes (25 mm high, 40 mm in
diameter) placed upside down on hexagonal plexiglass
plates (75 mm in diameter) with 16 radially arranged
grooves that allowed the bees to take up the sugar water.
The training food source was presented on a wooden
platform (10 x 7.5 x 2.5 cm) mounted on an iron rack
(height: 62.5 cm). Importantly, recruitment never occurred
during the training phase (due to the low-quality sugar
solution).

Experimental procedure

At its final location, the training feeder was replaced by a
clean feeder (henceforth the recruitment feeder) containing
an unscented 3 M sugar solution, at which free recruitment
(Jarau et al. 2003) was allowed. As soon as the first forager
began to scent-mark and to recruit nestmates from inside
the nest, we installed an artificial scent trail between the
nest and the recruitment feeder. The artificial trail branched
off from the natural trail (bifurcation angle 60°) 10 m away
from the nest and led to a test feeder that was identical to
the recruitment feeder in appearance and food supply (see
also Jarau et al. 2006 and Fig. 1 therein). The experimental
trail consisted of ten short wooden sticks that were put into
the ground at a distance of 1 m and baited with hexane
(control experiments) or with the trail pheromone collected
from foragers of a foreign, conspecific nest. We applied
10 pl of the solvent control or of a test substance (corre-
sponding to 0.1 bee equivalent of labial gland extracts) to
filter papers pinned on top of the wooden sticks and 30 pl
to the test feeder itself. To test whether a specific trail
pheromone blend can be learned by recruited bees within
the nest, 50 pl labial gland extract containing the respec-
tive pheromone were presented on a filter paper inside the
recruitment box simultaneously to the presentation of an
artificial scent trail in the field. To prevent contamination,
neither hexane (control) nor the foreign trail pheromone
had direct contact with the wooden sticks of the artificial
scent trail or with the wall of the recruitment box.
Untreated wooden sticks were placed along the last 10 m

towards the recruitment feeder (RF) in order to provide the
same structural conditions as for the artificial trail.

Six experiments with nest 1 and five with nest 2 were
carried out per setup (pheromones A and B, either with or
without pheromone presentation in the nest) and with the
hexane control treatment (making a total of 30 experiments
with nest 1 and 25 with nest 2). On a particular day, a nest
was used for no more than two experiments with a minimal
recreation of 1 h between them. The order of the tested
substances was randomized. Each trial lasted for 30 min,
and the marks were renewed every 10 min. All bees
arriving at the recruitment feeder for the first time were
marked with colours (water based). The bees that followed
the experimental trail and arrived at the test feeder were
captured, colour marked, and only released after the end of
the respective experiment. Only unmarked recruits, which
had never visited a feeder during a preceding experiment
(henceforth called newcomers), were considered for the
statistical analyses. The percentage of bees that followed
the experimental trail to the test feeder was calculated from
the total number of newcomers that were counted at both
feeders during an experiment (100% = sum of newcomers
arriving at recruitment and test feeder). We excluded three
experiments from the analysis, in which only 4, 7 and 8
newcomers were registered. With such small numbers the
impact of single individuals on the result would be very
high (25, 14.3 and 12.5%, respectively). In the remaining
experiments, between 16 and 42 newcomers were captured.

Statistics

The data obtained in the experiments with a particular for-
eign trail pheromone differed between the two nests (2 x 2
x*-analysis of contingency tables; all P values <0.05).
Therefore, we separately analysed the data for the two nests.
We applied non-parametric statistics because the data were
not normally distributed. We compared the median per-
centage of redirected bees that arrived at the test feeders in
the different experiments with Mann—Whitney U tests using
SIGMASTAT 3.5 (Systat Software). Due to the multiple
testing procedures, we applied a Benjamini—Hochberg cor-
rection to discover false positives.

Results

With the two nests, we tested a total of 1,304 individual
bees in 55 experiments conducted. During the experiments,
the new recruits followed the artificial scent trail in flight to
finally reach the feeder without having direct contact with
the pheromone marks. The newly recruited bees from both
nests followed the artificial scent trail baited with a foreign
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trail pheromone significantly more often when the respec-
tive pheromone was simultaneously presented within the
recruitment area of the nest as compared to experiments
without pheromone presentation in the nest or to solvent
control experiments, respectively (see Figs. 1, 2). This was
true for both trail pheromones. The following results are
given as medians with the first and third quartiles in
brackets.

Nest 1

When the foreign trail pheromone A was presented within
the recruitment box during the experiments, 58.0% (43.8/
62.5) of the recruits followed the simultaneously installed
artificial scent trail baited with the same pheromone. In
contrast, without the presentation of the pheromone in the
nest, only 5.3% (0.0/8.3) of the newcomers arrived at the test
feeders. When trail pheromone B was used for the experi-
ments, 24.3% (11.8/30.0) of the recruited bees were dis-
tracted by the artificial scent trail when the pheromone was
presented in the nest, whereas only 1.6% (0.0/7.7) followed
the pheromone trail when the respective extract was not
presented in the nest. The percentage of redirected recruits
was always significantly higher when the foreign trail
pheromone used to bait the artificial trail was also presented
in the recruitment box as compared to the experi-
ments without presentation of the pheromone in the nest
(pheromone A: U =36, N =N, =6, P, = 0.004;
pheromone B: U = 32, N; = N, = 6, P, = 0.039; Fig. 1).

Ly pheromone A
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bees choosing test feeder [%)

Fig. 1 Percentage of newcomers from nest 1 that followed artificial
scent trails baited with foreign trail pheromones, which were either
presented in the nest atmosphere during the experiments or not. Boxes
represent medians, whiskers the first and third quartiles, and n gives
the total number of bees tested during the experiments under a given
experimental condition (bees at RF + TF). The asterisks show
significant differences to the solvent control experiments (P < 0.05).
Significance levels (P value) calculated with Mann—Whitney U tests
and Benjamini—-Hochberg corrections
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Fig. 2 Percentage of newcomers from nest 2 that followed artificial
scent trails baited with foreign trail pheromones, which were either
presented in the nest atmosphere during the experiments or not. Boxes
represent medians, whiskers the first and third quartiles, and n gives
the total number of bees tested during the experiments under a given
experimental condition (bees at RF + TF). The asterisks show
significant differences to the solvent control experiments (P < 0.05).
Significance levels (P value) calculated with Mann—Whitney U tests
and Benjamini—-Hochberg corrections

Furthermore, significantly more bees followed pheromone-
baited trails when the pheromone was presented in the
recruitment box as compared to solvent control trails
(pheromone A: U =36, Ny = N, =6, P.o = 0.004;
pheromone B: U =36, Ny =N, =6, P.n = 0.004;
Fig. 1), whereas no significant differences were found
between experiments without pheromone presentation and
control experiments, respectively (pheromone A: U = 36,
Ny =N, =6, Peor = 0.087; pheromone B: U = 25,
Ny = N, =5, Peoy = 0.180; Fig. 1).

Nest 2

Similar to nest 1, the simultaneous presentation of the
pheromone used to bait the artificial scent trails within the
nest had a significant effect on its attractiveness to newly
recruited bees. Using trail pheromone A, 44.4% (43.6/52.0)
of the recruits were distracted by the previously experienced
pheromone, whereas 0.0% (0.0/8.6) followed the trails when
the pheromone was not present within the recruitment box.
The same was true for the trails with pheromone B, where
more worker bees followed the artificial scent trails when the
pheromone was presented in the recruitment box [with pre-
sentation 42.5% (41.0/47.6), without presentation 5.9% (0.0/
6.7)]. For both pheromones, the differences between the
percentages of redirected recruits during the experiments
with and without their presentation within the recruitment
box were statistically different (pheromone A: U = 25,
Ny =N, =15, P.y=0.016; pheromone B: U = 25,
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Ny = N, =5, Py = 0.016; Fig. 2). Like in the experi-
ments with nest 1, significantly more bees followed phero-
mone-baited trails when the pheromone was presented in the
recruitment box as compared to solvent control trails
(pheromone A: U =136, N; =N, =5, P = 0.016;
pheromone B: U =36, Ny =N,=15, P, = 0.016;
Fig. 2), whereas no significant differences were found
between experiments without pheromone presentation and
control experiments, respectively (pheromone A: U = 15,
Ny =N, =15, P = 0.690; pheromone B: U = 17.5,
Ny = N, =5, Peoy = 0.413; Fig. 2).

Discussion

Previous studies have demonstrated that newly recruited
workers of trail-laying stingless bees can be guided to a food
source by an artificial scent trail baited with the trail phero-
mone (labial gland extracts) of their nestmate foragers (Jarau
etal. 2006, 2010; Schorkopf et al. 2007; Stangler et al. 2009).
Likewise, it was demonstrated that an artificial scent trail
baited with the trail pheromone of a foreign, conspecific
colony is not (Trigona corvina: Jarau et al. 2010) or only little
(Scaptotrigona pectoralis: Hemmeter 2008) attractive to
recruited bees when presented in similar experiments (see
also Jarau 2009). Thus, foragers distinguish between the
pheromone bouquets of workers from different nests. In our
experiments, we could show that workers of Scaptotrigona
pectoralis can learn a specific trail pheromone bouquet in
their nest, even if it was taken from a foreign, conspecific
colony. Later on, the bees use this information in order to find
a food source marked with the respective pheromone in the
field. The differences in the results obtained with nest 1 and 2
are interesting. There may be several explanations for this
finding. The foreign trail pheromones may have been more
similar to the pheromone of one of the two colonies, leading
to different experiences with its compounds in the respective
workers, or the individual bees tested varied in their learning
capacities (for differences in learning capacities in bumble
bees see, e.g. Raine and Chittka 2009). Furthermore, envi-
ronmental conditions, like food availability at the two dif-
ferent sites, could have affected the experiments, too.
Similar to learning of flower odours in this species
(Reichle et al. 2010), the presence of the foreign trail pher-
omone within the nest atmosphere is sufficient for learning.
We, therefore, suggest that trail pheromone recognition is a
flexible learning process rather than a genetically fixed trait.
Despite the demonstration that S. pectoralis recruits can
learn a foreign pheromone in their nest, more bees still fol-
lowed their own trail pheromone in most of the experiments.
Possibly, these bees perceived their nest-specific pheromone
directly from a recruiting forager during trophallaxis and,
thus, associated this pheromone bouquet with food.

Unfortunately, the intranidal recruitment behaviour of trail-
laying species of stingless bees remains largely unknown and
certainly needs further observations. As a consequence, the
questions of how, when, where and whether learning of the
pheromone bouquet occurs during recruitment under natural
circumstances remains elusive.

For food exploitation, in particular for a quick locali-
zation of new resources, it could be advantageous if the
bees use the scent trail pheromones deposited by foragers
from foreign colonies, or even of a different species, to
minimize energetic costs otherwise spent with food
searching. For example, workers of the aggressive stingless
bee species, Trigona spinipes, can detect odour marks left
at artificial sugar water feeders by another species,
Melipona rufiventris (Nieh et al. 2004). In this case, the
bees apparently profit from the information and save
searching costs to reach new food sources by eavesdrop-
ping on the information of others (Nieh et al. 2004; Slaa
and Hughes 2009). On the other hand, in unaggressive
species that avoid competition, the ability to intercept
odour messages from aggressive species could help to
prevent serious attacks (Nieh et al. 2004). In their natural
habitat, T. spinipes frequently takes over food sources from
other species and aggressively drives them away, which
classifies them as competition winners. In the present
study, we have shown that Scaprotrigona pectoralis, which
shows no aggression when collecting at food sources aside
conspecific workers of other colonies (Johnson 1974;
Biesmeijer and Slaa 2004), are able to learn and to use
foreign trail pheromones. This makes sense because in this
species, following the scent marks of a foreign colony is
not associated with the risk of being killed in battles over
food sources. However, the bees apparently do not gener-
alize between their nestmates’ trail pheromone and that of
foreign foragers. As our results show, they first have to
learn a specific pheromone blend in order to use it as an
indication for food sources. Trail pheromone learning is
advantageous when the pheromone’s composition changes
due to varying environmental conditions or to changes in
the genetic structure of the nest population, e.g. due to the
take over of the nest by a new queen.

In our experiments, the bees learned the foreign phero-
mone within their nest. Under natural conditions, they
could learn it at food sources where they meet marking
workers from other colonies. In that way, the bees could
associate the scent marks from a foreign colony with food
in the field, just as they do with floral odours inside the nest
(honey bees: Gil and De Marco 2005; Arenas et al. 2007;
Farina et al. 2007; bumble bees: Dornhaus and Chittka
1999, 2004; Molet et al. 2009; stingless bees: Lindauer and
Kerr 1960; Aguilar et al. 2005; Reichle et al. 2010). The
actual meaning of learnt odour information may then
depend on positive or negative experience with the
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respective scent. A positive experience, such as undis-
turbed food collection at a rich food source, may animate a
bee to follow the foreign scent marks (local enhancement),
whereas a negative experience, such as aggressive attacks
by the original discoverer of the food, may lead to sub-
sequent avoidance of the respective odours (local inhibi-
tion). The influence of positive or negative experiences on
a bee’s decision to visit or to avoid a food source, i.e. to
lead to local enhancement or inhibition, has already been
shown for scent marks deposited by foragers at food
sources (Slaa and Hughes 2009). To fully understand the
foraging ecology of stingless bee species that use phero-
mones for nestmate recruitment, learning processes at food
sources have to be taken into account in future investiga-
tions. In particular, the way in which aggressive and non-
aggressive species use pheromone markings from foreign,
conspecific or heterospecific foragers could provide
important insights into processes involved in resource
partitioning and competitor avoidance in this important
group of pollinators in tropical habitats.
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