
REVIEW ARTICLE
published: 23 August 2013

doi: 10.3389/fphys.2013.00041

Behavioral and neural plasticity caused by early social
experiences: the case of the honeybee
Andrés Arenas †, Gabriela P. Ramírez , María Sol Balbuena and Walter M. Farina*

Grupo de Estudio de Insectos Sociales, Departamento de Biodiversidad y Biología Experimental, Facultad de Ciencias Exactas y Naturales, IFIBYNE-CONICET,
Universidad de Buenos Aires, Buenos Aires, Argentina

Edited by:

Elzbieta M. Pyza, Jagiellonian
University, Poland

Reviewed by:

Nigel R. Andrew, University of New
England, Australia
Randolf Menzel, Freie Universiät
Berlin, Germany

*Correspondence:

Walter M. Farina, Grupo de Estudio
de Insectos Sociales, Departamento
de Biodiversidad y Biología
Experimental, Facultad de
Ciencias Exactas y Naturales,
IFIBYNE-CONICET, Universidad de
Buenos Aires, Intendente Güiraldes
2160, Ciudad Universitaria, Buenos
Aires, C1428EHA, Argentina
e-mail: walter@fbmc.fcen.uba.ar.
†Present address:

Andrés Arenas, Department of
Behavioral Physiology and
Sociobiology, Biozentrum, University
of Würzburg, Würzburg, 97074,
Germany

Cognitive experiences during the early stages of life play an important role in shaping
future behavior. Behavioral and neural long-term changes after early sensory and
associative experiences have been recently reported in the honeybee. This invertebrate
is an excellent model for assessing the role of precocious experiences on later behavior
due to its extraordinarily tuned division of labor based on age polyethism. These studies
are mainly focused on the role and importance of experiences occurred during the first
days of the adult lifespan, their impact on foraging decisions, and their contribution to
coordinate food gathering. Odor-rewarded experiences during the first days of honeybee
adulthood alter the responsiveness to sucrose, making young hive bees more sensitive
to assess gustatory features about the nectar brought back to the hive and affecting the
dynamic of the food transfers and the propagation of food-related information within the
colony. Early olfactory experiences lead to stable and long-term associative memories that
can be successfully recalled after many days, even at foraging ages. Also they improve
memorizing of new associative learning events later in life. The establishment of early
memories promotes stable reorganization of the olfactory circuits inducing structural and
functional changes in the antennal lobe (AL). Early rewarded experiences have relevant
consequences at the social level too, biasing dance and trophallaxis partner choice and
affecting recruitment. Here, we revised recent results in bees’ physiology, behavior,
and sociobiology to depict how the early experiences affect their cognition abilities and
neural-related circuits.
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FRAMEWORK
Experiences at early stages of animals’ life can shape later behav-
ior in a dramatically and sometimes irreversible way. From the
most extreme example of imprinting describing the attachment
behaviors of geese soon after they hatched (Lorenz, 1935), a great
range of sensory and cognitive experiences have been reported to
play a role in shaping future behavior in many groups, including
humans (Neal, 1972; Cornwell-Jones et al., 1988; Cramer et al.,
1988; Gschanes et al., 1998; Matthews and Robbins, 2003; Pryce
and Feldon, 2003; Schäble et al., 2007). In the last three decades,
the honeybee Apis mellifera has been considered a model within
the invertebrates to study the behavioral and neural plasticity
caused by early experiences (Masson and Arnold, 1984, 1987;
Winnington et al., 1996; Sigg et al., 1997; Farris et al., 2001; Brown
et al., 2004). There are several reasons to justify this choice. First,
honeybees exhibit an excellent predisposition to learn and retain
neutral stimuli. Second, they have a relatively simple and accessi-
ble brain. Third, it is possible to manipulate the early experience
of honeybees by assessing responses under controlled conditions.
Finally and probably the most important reason is the changing
behavioral contexts at which they are exposed during the adult
lifespan.

Honeybees undergo an age-related polyethism which plays an
important role in task allocation and division of labor within their

colonies (Wilson, 1971; Michener, 1974). Newly emerged bees of
the worker caste mainly clean the comb cells and care for brood
inside the nest, while middle age bees process and store food until
they initiate foraging from the third week of the adult life (Rösch,
1925; Lindauer, 1952; Seeley, 1982). This dynamic makes hon-
eybees ideal models to analyze the effect of particular sensory
stimuli during young adulthood on later behavior. Division of
labor occurs because individuals differ in their preferred response.
In a honeybee hive, nest-mates of different ages display different
response thresholds to given stimuli, which enable the display of
specific behaviors (Robinson, 1992; Page et al., 1998). The transi-
tion from one task to the next requires major changes in sensory
and cognitive abilities which are accompanied by morphological
and physiological changes in the brain (Fahrbach, 2006). Shift
from in-hive tasks to foraging involves the development of a
series of new and integrated skills such as flight navigation, food
location and communication of information to the rest of the
colony. At foraging ages the neural pathways are fully developed
(Masson and Arnold, 1987; Winnington et al., 1996), provid-
ing bees with abilities to learn and retain relevant environmental
stimuli. Foraging bees can, for example, learn floral odors while
visiting rewarding flowers. Learning of olfactory cues can lead
to memories that are stored in different neural substrates of the
brain (Galizia et al., 2012; Giurfa and Sandoz, 2012; Menzel, 2012)
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and guide the foraging bee toward the learned stimuli (Dukas,
2008).

Whenever a successful forager returns to the hive, it searches
for nest mates to share the collected liquid food that is trans-
ferred via mouth-to-mouth trophallaxis. As foragers may carry
the scent of the flowers diluted in the nectar inside its crop, shar-
ing of scented food allows different worker groups, even those not
directly involved in foraging-related activities like nurse bees, to
learn the nectar scent and gain a key information about the cur-
rently exploited food source (Pankiw et al., 2004; Grüter et al.,
2006). Operational cast in charge of unloading nectar (receivers)
is mainly comprised of middle age workers. They can accept or
refuse to unload nectar mainly based on its quality (gustatory
cues) and the quality of the alternative sources that are currently
exploited in the field (Seeley, 1989). If the incoming nectar is too
diluted, receivers may refuse to unload it, a decision that affects
food distribution through the nest together with the spread of
olfactory and gustatory information (Ramírez et al., 2010).

According to the properties of the exploited floral patch and
the food storing level of the colony, successful foragers can result
stimulated to perform recruiting dances (von Frisch, 1967). This
signal communicates among other aspects the location of prof-
itable food sources encoded in the dancers’ maneuvers (von
Frisch, 1967; Dyer, 2002; Riley et al., 2005; Grüter and Farina,
2009). Several bees can simultaneously follow a dancer, including
experienced foragers that can be reactivated to collect resources
(Biesmejer and Seeley, 2005; Grüter et al., 2008) or novice for-
agers that search for reliable information to initiate their activities
(von Frisch, 1967; Riley et al., 2005).

As we can see, honeybees display a rich and interesting behav-
ioral repertoire, in which thresholds of response and associative
learning play a fundamental role in the framework of forag-
ing activities. Several protocols have been developed to address
these two main plastic components that influence the honey-
bees’ decisions. Taking advantages of the fact that honeybees
extend their proboscises as a reflex response to antennal stimula-
tion with a sufficiently concentrated sucrose solution (Kuwabara,
1957; Takeda, 1961; Bitterman et al., 1983), their response thresh-
old to sugar can be approximate by the lowest concentration that
elicits the extension of the proboscis within successive presenta-
tions of increasing sucrose solutions (Page et al., 1998; Pankiw
and Page, 1999). Olfactory memories can also be quantified using
the proboscis extension response (PER), as bees that have associ-
ated a conditioned odor with a nectar or pollen reward protrude
the proboscis when that stimulus is delivered onto the antennae
(Gerber et al., 1996; Sandoz et al., 2000).

Although many studies have focused on sensory and cognitive
capabilities of foraging age honeybees, very little is known about
the role and importance of early experiences in the development
of these abilities, their impact on long-lasting foraging decisions
and their eventual contribution to coordinate complex tasks at
a social scale. Some recent reports addressed the question about
how gustatory and olfactory information acquired early in the
adult life modifies the honeybee underlying individual and social
behavior as well as their concomitant neurobiological processes
and substrates. In this review we center on these new evidences
that focused on the honeybee foraging-related behavior.

CHANGES IN GUSTATORY RESPONSIVENESS IN YOUNG
HONEYBEES AFTER THE INCOMING OF SCENTED FOOD
Honeybees assess the value of a nectar source according to their
own perception (Scheiner et al., 1999, 2001) deciding, in turn,
whether to forage on it or not. We know now that gustatory
responsiveness rests on genetic bases (Page et al., 1998); how-
ever it can also be modulated by the environment (Pankiw et al.,
2004; Martinez and Farina, 2008). Under controlled conditions,
honeybees offered to forage high-concentration of a sucrose solu-
tion for 24 h presented higher thresholds to sucrose than those
fed with low concentrated solutions (Pankiw et al., 2001, 2004),
suggesting that previous foraging experiences can modulate the
thresholds of this behavioral response in the short-term. Not only
foragers, but pre-foraging bees are also able to adjust their sucrose
response thresholds to sucrose. Qualitative changes in incoming
nectar affect the behavior of 3–6 day-old members of the colony
(Pankiw et al., 2004). Moreover, recent evidence indicates that
receivers (pre-foraging bees of about 14 days of age) modify their
sucrose response thresholds according to the quality of the food
previously passed by the returning foragers (Martinez and Farina,
2008).

More experiments have been done to understand the role the
young pre-foragers play in the propagation of gustatory and olfac-
tory information of the food within the honeybee colony. Workers
of the same age maintained under controlled conditions in the
lab were subjected to different reward programs that changed in
food quality. This experiment showed that 14-day-old bees have a
higher modulation to adjust their response than bees of 7 days.
Moreover, this study suggests that gustatory responsiveness of
pre-foraging workers varied with the presence of a scent in the
food. Interesting, workers that showed PER toward the odor that
had been previously offered in their food (conditioned response,
CR) presented higher responsiveness than those bees that did
not extent their proboscises (Ramírez et al., 2010). Presence of
stable memories and changes in gustatory responsiveness (mea-
sured as Gustatory Response Scores, i.e., GRSs) in middle age
bees motivates the idea that olfactory memories could affect the
sensitization to sugar (Ramírez et al., 2010). In the laboratory
it has been described that immediately after a single associa-
tion between the odor (as conditioned stimulus) and the sugar
reward (as unconditioned stimulus) the learning process is domi-
nated by a sensitization component (Menzel, 1999). Then, during
paring the stimuli, sensitization to sugar could influence gusta-
tory responsiveness by lowering the response thresholds of the
conditioned bees.

In a second experiment performed in queen right colonies,
Ramírez et al. (2010) showed that 6/9- and 12/16-day-old bees
were able to increase their responsiveness 8 h after a con-
trolled influx of scented food (Figure 1A). Concomitantly with
changes in GRSs, olfactory memories to the incoming odor
were clearly detected in 12/16-day-old bees over the 24 h period,
but not in younger bees (Figure 1B). Interestingly gustatory
responsiveness did not change in foragers (Figure 1A), indicat-
ing that not all the age groups respond equally to variations
in chemosensory information. One possibility is that varia-
tions among bees of different ages were related to the currently
activity the workers perform. Higher sensitivity to sugar in
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FIGURE 1 | Gustatory responsiveness and memory retention of

free-flying bees after the influx of scented sucrose solution. Bees of
different age groups: 6/9 days old, 12/16 days old, and foragers were
captured from the hive. Gustatory response scores (GRSs) (A) and proboscis

extension responses (PER) (B) to the odor solution (LIO, black bars), a novel
test odor (phenylacetaldehyde, PHE, gray bars), or both (dark gray bars) were
measured during the incoming of unscented sucrose solution (15% w/w)

(Continued)
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FIGURE 1 | Continued

(0 h) or after 8 h and 24 h of foraging on a scented sucrose solution
(linalool, LIO, 15% w/w). In addition, number of trophallaxis events
per bee during a 10min-observation period was counted from the
experimental colony while foragers collected 15% w/w sucrose solution
for 8 h (C). White boxes represent the reward program number 1 (P1) in
which the colony collected unscented 15% w/w sucrose solution. Gray

boxes represent the reward program number 2 (P2) in which bees fed for
4 h from a LIO-scented sucrose solution (15% w/w) and afterwards from
an unscented solution of equal concentration. The asterisks indicate
statistical differences (Panel A: ∗p < 0.05, ∗∗∗p < 0.001, n.s., not
significant; Dunn comparison after Kruskal–Wallis test; Panel B: ∗∗p < 0.01;
G-test; Panel C: ∗∗p < 0.01; Mann–Whitney test. After Ramírez et al.,
2010. With permission).

middle age receivers might play a role during nectar distribu-
tion, adjusting the probability of accepting food from incom-
ing foragers according to both gustatory and olfactory nectar
characteristics (Pankiw et al., 2004). Lowering sucrose response
threshold after memory formation could be thereafter a mech-
anism that, by increasing the occurrence of mouth-to-mouth
food exchanges (trophallaxis) between incoming foragers and
food-receiving bees, contributes to the coordination of col-
lective tasks soon after an influx of scented nectar. Higher
number of trophallaxis events quantified 4 h after a controlled
influx of scented food into the hive (Figure 1C) supports this
hypothesis.

CHANGES IN MEMORY RETENTION ACCORDING TO THE
AGE: THE ROLE OF EARLY OLFACTORY EXPERIENCES AND
THEIR CONSEQUENCES ON LATER MEMORY FORMATION
Prior studies described young honeybees as poor learners because
they did not perform consistently under laboratory conditions
until they were 6/7 days of age (Ray and Ferneyhough, 1997;
Morgan et al., 1998; Ichikawa and Sasaki, 2003). Recent reports
however, have shown that the honeybee behavior is more plas-
tic at early ages than first thought (Arenas and Farina, 2008;
Behrends and Scheiner, 2009). It is assumed that the poor learn-
ing performance in newly emerged honeybees is related to the
ongoing development of the antennal lobe (AL), which is an
important neuropile for olfactory information processing of the
bee brain learning (Masson and Arnold, 1984; Morgan et al.,
1998). Although part of the honeybee central nervous system
involved in olfaction is fully innervated at 2 days adult emer-
gence (Masson et al., 1993), it is believed that the formation
of neural circuits concerned in olfactory learning is activity-
dependent and young bees need to be subjected to a range of
chemosensory stimuli to achieve good learning and memory abil-
ities (Winnington et al., 1996; Farris et al., 2001; Maleszka and
Helliwell, 2001; Ichikawa and Sasaki, 2003). Sigg et al. (1997)
showed that volumetric increases of the AL glomeruli temporally
correlate with activity-dependent improvement in learning per-
formance. In this sense, Brown et al. (2004) showed that changes
in the AL are dependent on the performance of foraging activities
as the induction of precocious foraging behavior leads to signif-
icant increases in both the volume and the number of synapses
in this olfactory processing center. Active-dependent maturation
is further supported by responses measured in peripheral ner-
vous system. Electrophysiological responses of olfactory antennal
receptors increase steadily since emergence up to 4 days of age
and remain high until 8 days of adult life (Masson and Arnold,
1987), point where the response to odors decreases if the bees are
olfactory deprived (Masson and Arnold, 1984).

More evidence highlighting the plasticity at pre-foraging ages
comes from experiments that measured the effect of early olfac-
tory learning later in life (Arenas and Farina, 2008). These exper-
iments showed that associative odor memories established as
early as a few days after emergence can be retrieved when bees
achieve foraging ages (17 days old; Arenas and Farina, 2008).
Furthermore, the same study showed that retention of odor mem-
ories is not time-dependent and the learning events that occurred
between 5–8 days of adult bees resulted in better olfactory reten-
tion than the same learning events occurring before (1–4 days
old) or even after (9–12 days old) this period. Such an age-
dependent effect of early learning could be observed in bees
reared under laboratory conditions, where an odor diluted in
the food for 4 consecutive days was the only “floral” odorant
source the bees perceived in their whole lives. On the contrary,
differences between age groups could not be seen in individuals
reared inside the hive (i.e., memories established at both 5–8 and
9–12 days of age were equally well retrieved). Patterns of memory
retention depending on the timing the experience took place and
the rearing conditions (incubator vs. hive) emphasize the com-
plex interplay between the age of acquisition and the environment
during the development of the olfactory pathway.

Because consolidation of olfactory memories established at
5–8 days of age might take place through changes that mod-
ify structure-function relations when the olfactory system finally
matures (Masson and Arnold, 1987; Masson et al., 1993;
Winnington et al., 1996; Farris et al., 2001), early olfactory experi-
ences could be important for the complete maturation of the neu-
ral pathways. To test whether olfactory memories established later
in life are better retrieved if the honeybees have been previously
exposed to an early olfactory stimulation, memories established
in 5–8 or 9/12-day-old bees were tested after the exposure to a
rewarded or unrewarded experience (Arenas et al., 2009a). Briefly,
memories established at 5–8 or 9–12 days of age (by means of the
offering of scented food, for details see Arenas and Farina, 2008;
Figure 2A) were contrasted against those obtained in bees that, in
addition to the latter experience, had been subjected to the offer-
ing of a second and different scented food at 1–4 or 5–8 days of
age (Figure 2B), or exposed to a pure volatile compound deliv-
ered in the rearing environment (Figure 2C). Memories quan-
tified in the PER-paradigm by the repeated presentation of the
conditioned stimulus (CS) without reinforcement (i.e., 5-trials
extinction test; Garelick and Storm, 2005) differed according to
the timing and the nature of the prior sensory input (Figure 2).
Memories recorded in bees pre-exposed to the rewarded olfactory
input (Figure 2B) differed from those obtained in single-odor
exposure bees (Figure 2A). These results indicate that early expe-
riences either at the first 4 days of adulthood or at 5–8 days
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FIGURE 2 | Extinction response of early olfactory memories during five

testing events in the proboscis extension response (PER). Schedules
along the adult lifespan were indicated above for each experimental series.
(A) Caged bees were offered a scented sugar solution for four consecutive

days (gray boxes), and their olfactory memories evaluated at 17 days of age
(black arrow). PER to LIO (left panel) or PHE (right panel) were tested when
they were offered alone in the sugar solution. (B) In addition to the scented

(Continued)
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FIGURE 2 | Continued

solution received for four consecutive days at 5–8 and 9–12 days of age
(gray boxes, see A), an alternative scented food was previously offered
(1–4 or 5–8 days old, dark gray boxes). As result three different
treatments were obtained: 1–4 + 5–8, 1–4 + 9–12, and 5–8 + 9–12. (C)

An odor was exposed as volatile compound for four consecutive days
(crossed boxes) before caged bees were offered the scented sugar

solution (gray boxes). Whenever LIO was used as the rewarded odor,
PHE was used as the non-rewarded or exposed one and vice versa. The
asterisks indicate statistical differences between age classes
(∗∗∗p < 0.001, ∗p < 0.05; post-doc comparison after RM-ANOVA test). The
number of subjects within each experimental series was balanced and
the number per treatment is indicated on each graph. (After Arenas
et al., 2009a. With permission).

of age clearly enhanced the level of retention of odor-rewarded
memories established later in life (at 5–8 or 9–12 days of age).
Interestingly, memories established at 9–12 days of age were also
improved by the pre-exposure of volatiles in the rearing envi-
ronment, though its effect was weaker than the one found for
the odor-rewarded experiences (Figure 2C). Results coming from
rewarded and non-rewarded experiences that precede associative
learning showed that relatively brief olfactory stimulations at the
early stages of the adult bee’s lifespan improve the memorizing
process of new learning events.

Together, evidence suggests that young worker bees need to be
subjected to the input of chemosensory stimuli, like odors in the
food or in the rearing environment, to achieve proper associa-
tive learning and memory retention at older ages. Within the hive,
bees are constantly exposed to diverse scents and young bees may
have the chance to learn odors whilst performing tasks such as
nursing or food processing. Thus, learning processes along the
in-hive period might prepare workers for later tasks, including
those such as foraging, which require the integration of complex
cognitive abilities.

MORPHOLOGICAL AND FUNCTIONAL PLASTICITY OF
FORAGING AGE BEES WITH EARLY ODOR-REWARDED
EXPERIENCES
The AL (Figure 3) is the primary integrative center of odor infor-
mation in the insect olfactory system. It is constituted of spherical
subunits, the glomeruli, where olfactory receptor neurons from
the antennae synapse with local interneurons and second-order
neurons connecting with multimodal processing centers such as
the mushroom bodies. Odors sensed by olfactory receptors are
coded in the AL by patterns of glomerular activity (Friedrich and
Korsching, 1997; Joerges et al., 1997; Galizia et al., 1998, 1999;
Rubin and Katz, 1999; Sachse et al., 1999; Uchida et al., 2000;
Carlsson et al., 2002; Sachse and Galizia, 2002). The arrangement
and number of glomeruli that result activated by a particular odor
is very well-conserved across adult honeybees; however, this neu-
ral code is dynamic and activity patterns can result modified by
experience with odors (Faber et al., 1999; Sandoz et al., 2003; Rath
et al., 2011).

During the last decade there has been a growing interest in
using optical imaging techniques to explore odor-evoked neural
activity in the ALs of insects (Joerges et al., 1997; Galizia et al.,
1998, 1999; Sachse et al., 1999; Carlsson et al., 2002; Sachse and
Galizia, 2002). Using this technique, Wang et al. (2005) recorded
neural activity in honeybees of different ages. They showed that
odor-evoked neural activity already occurs in the ALs of individ-
uals as young as 1 or 2 days of age. Despite the relatively weak
responses to odors in young bees, glomerular activity patterns

were odor-specific, suggesting that the neural substrate for odor
representation is already set up before emergence.

To study the changes induced by early associative learning
events on the functional and structural properties of adult neu-
ral networks of the honeybee, the activity in the AL of 17-day-old
honeybees which have experienced 1-Nonanol (1-NON) diluted
in sucrose solution 5–8 days after emergence were recorded
(Arenas et al., 2009b). This study showed that the conditioned
odor evokes enhanced glomerular activity and modifies spa-
tiotemporal response patterns. Figure 3 shows how the glomeru-
lar maps of calcium responses evoked by 1-NON in control
bees (naïve) and in bees subjected to early learning (T5–8)
look like. Differences between the response patterns between
these two groups are presented in Figure 3B. Map of relative
response change shows the additional activation of glomeruli 23,
24, 36, and 62 as the main variation induced in learned bees
(Figures 3A–C).

To investigate whether this reorganization translates into
structural changes within the AL, the volume of 15 identified
glomeruli in control and T5–8 bees, which had established mem-
ories with 1-Hexanol or 1-NON were also measured (Arenas
et al., 2012). By comparing data from treated bees to bees with-
out such experience, we showed that early olfactory learning
results in the AL structural modifications (i.e., glomerular vol-
ume variations). Increases in glomerular volume appeared to be
specific to the learned odor as 1-Hexanol and 1-NON long-term
memories-induced changes in selective sets of glomeruli.

Comparison between volumetric measures and functional
modifications in the AL network (i.e., calcium-imaging record-
ings) determined that those glomeruli showing structural changes
after early learning were those that exhibited a significant increase
in neural activity. Map of volume change in bees subjected to early
learning events with 1-NON shows that the four newly recruited
glomeruli (23, 24, 36, and 62) were those that also exhibited the
largest volume increases (Figure 3B). Moreover, the hypothesis
that glomerular volume changes took place in the same set of
glomeruli that change the most in their odor-evoked activity was
consistent with the glomerulus-wise correlation found between
structural and functional changes (Figure 3C).

These results indicated that early olfactory learning results
in long-lasting structural and functional modifications of the
AL network in the form of glomerular volume variations and
on the activation of new glomeruli upon olfactory stimula-
tion with the odor that has been learned. It is then showed
that early odor-rewarded experience induces a stable reorgani-
zation of olfactory circuits that accompanies the high plastic-
ity of behavior, presumably because the olfactory system fin-
ishes its maturation at that stage (Masson and Arnold, 1987;
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FIGURE 3 | Morphological and functional glomerular plasticity in 15

identified glomeruli of the honeybee antennal lobe (AL). (A) Schematic
representation of the honeybee antennal lobe (AL) showing the 15 identified
glomeruli of the AL labeled with their numbers. (B) Glomerular maps of
calcium activity in response to 1-Nonanol in 17-day-old control bees (left)
and in T5–8 bees (right), that were offered scented food 5–8 days after
emergence. (C) Change in odor-evoked activity after early olfactory

experience (left) and volume change obtained between control and
experienced bees (right). Response intensity and volume changes were
categorized in five equal bins from 0 to 100% or –100 to 100% respect (see
Galizia et al., 1999; Hourcade et al., 2009). (D) Structural and functional
changes were positively correlated after a glomerulus-wise Pearson
correlation (r = 0.52, P = 0.045, df = 13). (After Arenas et al. 2012.
With permission).

Winnington et al., 1996). This study demonstrated that the AL
is a site in which both structural and functional plasticity can be
observed following the formation of long-term olfactory memo-
ries (Grünbaum and Müller, 1998; Müller, 2000; Hourcade et al.,
2009).

EARLY ODOR-REWARDED EXPERIENCES ON SOCIAL LIFE
AND THEIR EFFECTS ON RECRUITMENT
Successful foragers perform waggle dances to communicate hive
mates the location of the site they are visiting (von Frisch, 1967).
In addition to spatial information, following bees can learn the
odors of the exploited food source when small samples of food
are shared via trophallaxis between the dancing bee and the
follower during the short interruptions in-between dance maneu-
vers (Díaz et al., 2007). Floral scents learned in the recruiting
context represent thereafter an important informational cue that
assists recruited followers while search for the advertised goal
(von Frisch, 1967; Dyer, 2002).

It has been shown that “unemployed” foragers that had vis-
ited a scented food source preferred to follow dancers carrying the
odors they knew from previous field trips (Grüter et al., 2008). As
a consequence, they were more likely to be reactivated to resume
foraging tasks (Biesmejer and Seeley, 2005; Grüter et al., 2008).
Biases in choice patterns however, may not be restricted to for-
agers that experienced the scent outside the hive, but may also
involve followers that have experienced the floral scents inside the
nest many days ago (Farina et al., 2005; Arenas et al., 2008; Grüter
et al., 2009).

By introducing newly emerged color-marked bees into a glass-
wall hive we study whether an influx of scented food offered
at pre-foraging ages influence bees’ interaction patterns and the
chances of being recruited many days later (Balbuena et al., 2012).
Eight days after introducing 70 ml of scented food into the hive
by means of trained foragers, the number of color-marked bees
either engaged in following dancers coming from distant feeders

scented with the experienced odor or scented with a novel odor
was quantified (Figure 4A). Bees that experienced the odor at
1–6, 4–11, and 8–13 days of age showed a stronger bias toward
following the dancers carrying the experienced scent than with
dancers carrying the novel scent (Figure 4B). Concomitantly with
the increase in the number of bees following these dancers,
more color-marked bees arriving at the feeders characterized
with the experienced scent were observed (Balbuena et al., 2012;
Figure 4C). Then, alteration in the patterns of interaction during
dances suggests that previous experiences with the odor impact
the chances of followers to be recruited by dancers that carried
the experienced scent.

Preferences in the choice of dancing partners and biases in
recruitment might be explained by stable and long-term olfac-
tory memories acquired inside the hive during the influx of
scented food 8 days ago (Arenas et al., 2007, 2008; Arenas
and Farina, 2008; Grüter et al., 2009). The idea that dance
followers acquired floral scent information while performing
in-hive (non-foraging-related) tasks influenced recruitment on
a long-term scale is consistent with the retrieval of olfactory
memories established early in life and tested at foraging ages
(Arenas and Farina, 2008; Grüter et al., 2009). Therefore, these
results provide evidence that food-related information acquired
by honeybees while performing in-hive tasks is functional (and
putatively adaptive) in the recruiting context by facilitating
the decoding of the spatial information transmitted in the
waggle dance.

REMARKS AND CONCLUSIONS
A honeybee colony can forage several floral species simultane-
ously when available. Thus, each successful foraging bee brings
back different types of nectar (differing in smell and taste) to
the hive. Within this complex chemical environment, middle
age workers involved in food reception can learn food odors
through mouth-to-mouth trophallaxis while they unload and
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FIGURE 4 | Biased behavior within the recruiting context. (A) Schematic
representation of the biased following behavior in both experimental
situations: novel scent (above) and in-hive experienced scent (below).
(B) Number of dance followers engaged with dancers carrying either the
experienced scent or a novel scent introduced 8 days ago by means of

foragers. (C) Number of arrivals to the foraging location advertised by dancers
carrying either the experienced scent or a novel scent. The asterisks indicate
statistical differences between situations (number of dance followers:
∗∗∗p < 0.001, after GLMM test; arrivals: ∗∗p < 0.01, after Fisher’s exact test).
(After Balbuena et al., 2012. With permission).

store the scented food. One-week-old bees performing tasks
such as nursing have similar opportunities when handle scented
food directly from comb cells to feed the brood (Winston,
1987).

Although it was suggested that young honeybees did not learn
consistently under laboratory conditions until they were 6/7 days
of age (Ray and Ferneyhough, 1997; Morgan et al., 1998; Ichikawa
and Sasaki, 2003), today there is enough evidences support-
ing that olfactory experiences gained soon after emergence are
important to achieve proper learning and the abilities to form
memories (Arenas and Farina, 2008; Arenas et al., 2009a; Grüter
et al., 2009). Tuning the olfactory system by means of different
rewarded and unrewarded odor inputs might prepare workers to
face more complex tasks later in life. Consolidation of early odor

memories (i.e., established at 5–8 days of age) may take place
through changes that modify the structure and the function of the
AL (first neuropile that process odor information), by the time
the nervous system involving in olfaction goes through its final
steps of maturation (Masson and Arnold, 1987; Winnington et al.,
1996).

At the individual and social level the presence of long-lasting
odor information might have important consequences during the
resource exploitation. The novice foragers might be prompted
to search for sources whose scents are reminiscent of the odors
learned at early ages. Furthermore, retrieval of early olfactory
memories may participate in the coordination of collective tasks,
leading to non-random interactions between foragers and experi-
enced followers within the dancing context. Biases in the choice of
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dancing partners favor recruitment of foragers that despite naïve
for the advertised food source, known in advance how it smells.

Floral odorant cues also alter how early and middle age bees
perceive and respond to nectars of different qualities. Given
the fact that the speed and extent the information propagates
amongst nest mates rest on the quality and odorant cues of the
food (Ramírez et al., 2010; Farina et al., 2012), individuals with a
high plasticity in their response to changes in nectar characteris-
tic have profound effects on the overall balance between foraging
and processing capacity of the colony. In changing environ-
ments, accurate modulation of sensory-response systems in bees
in charge of linking out and in-hive duties seems to be important
to ensure the incoming of the best quality nectars available in the
surrounding. To what extent variations in chemosensory infor-
mation are triggered by associative learning in young adult bees
remains a subject to study.

Abundance and composition of flower species have pro-
found ecological consequences on pollinators since both can

change over their short lifespan (Kearns and Inouye, 1993;
Willmer and Stone, 2004). As long as rewarding floral types
remain stable for a few weeks, early experienced bee would
enhance the chances of the colony of foraging accurately
and efficiently on these alternatives. Once the floral market
changes and the odors precociously learned are no longer
available by the time the bees initiate their foraging-related
activities, the extraordinary neural plasticity of bees (Menzel,
1999, 2012; Giurfa, 2007) would allow adjusting their for-
aging preferences according to new and more profitable
opportunities.
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