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Abstract Transfer of information about food source
characteristics within insect societies is essential to colo-
ny-foraging success. The food odor communicated within
honeybee hives has been shown to be important for food
source exploitation. When successful foragers return to the
nest and transfer the collected nectar to hive mates through
mouth-to-mouth contacts (trophallaxis), potential recruits
receiving these samples learn the food odor by associative
learning. The food then becomes rapidly distributed among
colony members, which is mainly a consequence of the
numerous trophallaxes between hive-mates of all ages
during food processing. We tested whether the distribution
of food among hive mates causes a propagation of olfactory
information within the hive. Using the proboscis extension
response paradigm, we show that large proportions of bees
of the age groups representing the main worker castes, 4 to
9-day-old bees (nurse-aged bees), 12 to 16-day-old bees
(food processor-aged bees), and actual foragers (about 17+
day old bees) associatively learn the food odor in the course
of processing food that has been collected by only a few
foragers. Results further suggest that the information is
shared more or less equally between bees of the three age
groups. This shows that olfactory information about the
flower species exploited by foragers is distributed within
the entire colony and is acquired by bees of all age groups,
which may influence many behaviors inside and outside
the hive.
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Introduction

Information acquisition and transfer among individuals in
an insect society is crucial for adaptive colony-level
responses to relevant ecological parameters in a variable
world; the better informed a colony, the better it can adjust
its behavior to meet the demands of its environment
(Seeley 1995; Dall et al. 2005). Olfactory information
transferred within the hive can help experienced foragers
exploit known food sources (von Frisch 1923; Johnson
1967; Reinhard et al. 2004) and new recruits locate food
sources advertised by dances (von Frisch 1923, 1967,
Wenner et al. 1969). Recruits can perceive both the food
odor clinging on the returning foragers’ bodies (von Frisch
1923, 1967) and that contained in the nectar transferred
during mouth-to-mouth contacts (trophallaxis) (von Frisch
1923, 1967; Farina et al. 2005). The latter has been shown
to be more important for recruitment (von Frisch 1923,
1967). Successful incoming foragers unload their nectar
through several trophallactic contacts of different durations
to their hive mates (von Frisch 1923; Farina and
Wainselboim 2001). Receivers are either food processors
(main unloading contacts) (Seeley et al. 1996, Pirez and
Farina 2004) or other foragers (short contacts) (De Marco
and Farina 2003). During short contacts, small samples of
food can be transferred, thereby allowing the receivers to
taste and/or smell the nectar (Farina and Wainselboim
2001, 2005). However, only recently, it has been shown
that receiving foragers learn the odor/food association
during trophallaxis within the hive by directly testing
recruits in the laboratory using the proboscis extension
response (PER) assay (Farina et al. 2005).

Trophallaxis plays a key role in the organization of food
processing of many species of social insects as it links the
various subtasks in a partitioned task, i.e., the sequential
stages in the handling and processing of material (Wilson
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1971; Ratnieks and Anderson 1999). Food processing
involves honeybees belonging to the three main worker
castes: nurses, food processors, and foragers (Nixon and
Ribbands 1952; Seeley 1995), which are bees of three
different age groups (Lindauer 1952; Seeley 1982). While
foraging is normally performed by bees older than about
20 days, food receiving and processing (distribution and
storage) is performed by middle-aged bees (between 11—
20 days old) (Rosch 1925; Seeley 1982). Nurse bees are
young bees, normally 3-11 days old, that are largely
responsible for preparing nutrients from pollen and distribute
the nutritionally valuable proteins produced by their hypo-
pharyngeal glands, nectar, and honey to larvae and practically
all hive mates (Crailsheim 1998; DeGrandi-Hoffman and
Hagler 2000). The distribution of food within the hive has
been shown to be rapid and extensive, i.e., a large proportion
of all hive bees comes into contact with the nectar within a
few hours (Nixon and Ribbands 1952; DeGrandi-Hoffman
and Hagler 2000). The circulation of food within the hive via
trophallaxis not only serves nutritional purposes, but is also
considered to have informational importance, even though
there exists little direct evidence (Crailsheim 1998). It is not
yet known, for example, whether young hive bees, e.g., bees
performing nurse tasks, also learn the odor of the incoming
nectar. However, information cues present in the circulating
nectar may provide the colony with global information,
which means that the information leads to a response in most
colony members and provides them with information about
the current foraging opportunities (Pankiw et al. 2004).

In a recent attempt to test olfactory experiences made
within the hive, it was shown that the PER assay offers a
powerful method to test associations established between odor
and sugar present in the liquid solution transferred amongst
colony members (Farina et al. 2005). Bees reflexively extend
their proboscis to drink solution when the antennae are
touched with sucrose solution (unconditioned stimulus; US).
In classical conditioning in the laboratory, an odor as a
conditioned stimulus (CS) is paired with the US, which causes
the odor itself to become capable of eliciting proboscis
extension as a conditioned response (Kuwabara 1957;
Bitterman et al. 1983). During trophallaxis, the solution
transferred functions as unconditioned stimulus (US), while
the food odor functions as CS (Gil and De Marco 2005).

We hypothesized that the distribution of food bearing a
floral scent also distributes olfactory information among

workers of different age groups performing different tasks
within their caste. The nectar distribution amongst workers
during the course of food processing could result in many
olfactory conditioning events within the hive. To test our
hypothesis, we fed foragers with scented solution and then
captured four groups of bees belonging to three different
age groups to test their proboscis extension response on the
first presentation of the solution odor and a novel odor in
the laboratory (proboscis extension response; PER). The
four groups were (1) 4-9 days old bees, normally
performing nurse tasks at this age, (2) 12-16 days old
bees, normally performing food-processor tasks at this age,
(3) a group of randomly captured foragers, and (4) foragers
recruited to the scented food source.

In this study, the PER assay allowed us for the first time
to (1) measure the propagation of information about a food
source characteristic (floral scent) within the different age
groups, (2) measure the speed of information acquisition
day by day during our experimental periods, and (3)
compare the proportions of bees that learned the food odor
between the age groups.

Materials and methods
Study site and animals

The experiment was performed at the end of the nectar flow
season (March—April 2005) at the experimental field of the
University of Buenos Aires. We used two two-frame
observation hives (H1 and H2) containing a colony of
about 3,800 European honeybees (Apis mellifera ligustica)
each (Table 1). Colonies had a queen, brood, and reserves.
A group of bees was trained to collect 1 M unscented
sucrose solution at an artificial feeder located 160 m from
the hive. Bees were marked individually and a number of
about five to 10 foragers was maintained throughout the
experiment by training new foragers whenever necessary.

Experimental procedure
At the beginning of the experiment, combs with preemerg-

ing brood from several hives housed in the apiary of the
University of Buenos Aires were obtained and maintained

Table 1 Experimental conditions in part 1 and part 2 in the experimental hive (EH) and the control hive (CH)

Part 1 Part 2
Hive 1 EH CH
Hive 2 CH EH
Solution odor Linalool Phenylacetaldehyde
Mean number of trained bees/day 7.2 7.9
Mean quantity of fed solution/day 11.8 ml 12.6 ml
Start End Start End
Population hive 1* 3,740 3,900 3,900 3,270
Population hive 2° 3,700 3,800 3,800 3,180

“Estimation following Seeley 1995



in an incubator (temperature: 32°C, relative humidity
55%). On the day of emergence, bees were color-marked
and introduced to H1 and H2. Honeybee colonies readily
accept newly emerged bees (Breed et al. 2004). Using a
different color every 2 days made it possible to determine
the age of the marked bees in H1 and H2.

The experiment consisted of two parts. The trained and
marked foragers (that were trained to the 1 M unscented
sucrose solution) of the experimental hive (EH) collected
scented solution during 6 days (part 1) and 7 days (part 2)
for 3 h each day at a feeder offering 2 M sucrose solution
(about 70 pl/min flow rate). The solutions were scented
with 50 pl pure odor per liter. The control hive (CH) had no
access to solution offered at an artificial feeder. All the
nectar that entered the CH was collected by foragers
foraging at natural food sources. In part 1, H1 was used as
experimental hive (EH) and H2 as control hive (CH). In
part 2, the situation was reversed. Information about the
odors used, population sizes of both colonies, number of
collecting bees per day and amount of solution collected
per day can be found in Table 1.

Bee capture

In the experiment, three groups of bees (foragers, 4-9 days
old bees and 12—16 days old bees) were captured each from
EH and CH. An additional group of bees (recruits) was
captured from the EH (bees recruited to the experimental
feeder are very likely to have interacted with our numbered
foragers, von Frisch 1923, 1967). During part 1, bees were
captured on days 0, 2, 4, and 6 from the EH and on days 3
and 5 from the CH. During part 2, bees were captured on
days 0, 1, 3, 5, and 7 in the EH and on days 2, 4, and 6 in
the CH. This sampling schedule was used to reduce time
effects on learning performance that could cause differ-
ences in learning performance between EH bees and CH
bees. The interval between part 1 and part 2 was 6 days.

During the 3 h when the numbered bees collected
scented solution, recruits arriving at the feeder (EH only)
were captured with plastic tubes on the feeding platform
before they touched the scented solution, otherwise they
were killed with alcohol. Captured bees were fed a drop of
2 M unscented sucrose solution.

About 60 min after the 3-h sampling period, we started
to capture bees of the following three groups.

— Foragers. A group of random foragers was captured
with plastic tubes while feeding from a small plate
(about 8 cm @), filled with 2 M unscented sucrose
solution at a distance of some centimeter from the
entrance. Foragers leaving the hive and passing the
plate will normally accept the offered solution at this
time of the year. If they had color marks, their age was
determined (about 10-20% of the captured bees had
marks). There was no difference in forager age
between the two colonies (ANOVA: F| ¢9=0.49,
P=0.826, mean: 23.9+5.97 and 24.2+5.03 days old,
H1 and H2, respectively).

709

— Four to nine days old bees (nurse aged bees) and 12—

16 days old bees (food processor aged bees). Bees were
identified by their color mark and captured from the
hive. The windows of the observation hive were
movable acrylic walls (movable horizontally). In the
middle of these walls were rectangular holes (the height
of'the holes almost equaled the height of the walls). The
rectangles contained acrylic slides that were movable
vertically (up and down). The acrylic slides contained
an aperture (3.5 cm width) that allowed to capture the
bees with a plastic tube. This device allowed us to scan
the whole comb area.

None of the captured bees had contact with the scented
solution at the feeding station and associations could
therefore only have been established within the hive.
Captured bees of all groups were harnessed in plastic tubes
so that they could move freely their mouthparts and
antennae (Bitterman et al. 1983). They were fed 1.8 M
unscented sucrose solution ad libitum and kept overnight in
an incubator (25°C, 55% relative humidity, darkness). This
guaranteed that bees had similar motivation levels when
they were tested the next morning.

PER testing

The morning after harnessing, we tested the bees once for
their responses to the solution odor (LIO in part 1, PHE in
part 2) and once for their spontaneous responses to a novel
odor, which was 2-octanol (2-OCT) in both parts. The
interval between the two presentations lasted about 15 min.
A device that delivered a continuous air flow was used for
odorant application. We used 4 ul of pure odor impreg-
nated on a filter paper (about 30x3 mm), which was placed
inside a syringe. When odor was presented, the air flow
produced by our setup passed through this syringe. Only
bees that showed the unconditioned response (the reflexive
extension of the proboscis after applying a 1.8 M sucrose
solution to the antennae) and that did not respond to the
mechanical air flow stimulus were used (this was tested
when the harnessed bees were put in the continuous air
flow before presenting the odors. Less than 1% of all tested
bees did respond to the air flow). Test trials lasted for 46 s
and consisted of 20 s of air flow, 6 s of odor (CS), and 20 s
of air flow. The three odors are natural components of
flower odors (Knudsen et al. 1993) and were obtained from
Sigma-Aldrich, Steinheim, Germany.

Statistical analyses

G-tests were used to compare PER frequencies between
groups. We used the Williams’ correction for adjustment of
G-values, except in cases were we had 0 responses. In these
cases, the more conservative Yates’ correction was used
(see Sokal and Rohlf 1981 for discussion of the two
corrections). For statistical analysis, we pooled the data of
control hive (CH) bees for all four groups in part 1 and
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separately in part 2. Forager age comparison and the
relation between percentage of PER and amount of scented
solution (general linear model, GLM, with odor as a fixed
factor and amount of scented solution as a covariate to
explain the percentage of PER) that entered the colony,
were done using parametric statistics as assumptions were
met (Grafen and Hails 2002). The descriptive statistics are
given in mean+£SE.

Results

Proboscis extension response frequencies for the solution
odor (bees responding only to the solution odor) increased
over experimental time and reached values between 30%
for 4-9 days old bees (nurse-aged bees) and 56% for

recruits on the last day of part 1 (day 6 using linalool;
Fig. 1a, Table 1), and between 30% for foragers and 43%
for 12-16 days old bees (processor-aged bees) on the last
day of part 2 (day 7 using phenylacetaldehyde; Fig. 2a,
Table 1). PER frequencies of control bees for the solution
odor were low during both parts (Figs. 1b and 2b). Neither
in part 1 (comparison between day 3 and 5: 4-9 days old
bees: G-test, G,4;<0.001, df=1, P=0.99; 12-16 days old
bees: G-test, G,4=0.027, df=1, P=0.87; foragers: G-test,
Gag=1.61, df=1, P=0.20; Fig. 1b) nor in part 2 (comparison
between days 2, 4, and 6: 4-9 days old bees: G-test,
Gagi=0.34, df=2, P=0.84; 12-16 days old bees: G-test,
Gagi=0.58, df=2, P=0.75; foragers: G-test, G,q=1.15, df=2,
P=0.56; Fig. 2b), did we find significant differences in PER
frequencies for the solution odor (bees responding to the
solution odor only). There is also no reason why the

Fig. 1 Proboscis extension re- a s
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4-9 days old bees, 12-16 days 60 1 6 3 “g
old bees, foragers, and recruits \812 123
(EH) (the percentage of bees N ‘°.§
that extended the proboscis on 50 A 17 23 910 w 8 0
the first presentation of the odor G s 6 3
in the laboratory) for the solu- ' 174 T s 4%
tion odor (filled bars), the novel 40 | ’ + 4 2 2
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response frequencies for the solution odor should change
during the course of the experiment in CH bees, as these
bees never had access to the offered scented solution. For
further statistical analysis, we pooled the data obtained on
days 3 and 5 in part 1 and the data obtained on days 2, 4,
and 6 in part 2 for the three groups of bees (4—9 days old
bees, 12-16 days old bees, and foragers) separately. The
differences between PER frequencies of experimental bees
at the end of the experimental periods of part 1 and 2 and
control bees were wide (between 23.3% for 4-9 day old
bees (nurse-aged bees) and 56% for recruits (compared to
foragers of the control group) in part 1 and between 26.2%
for foragers and 39.3% for 12-16 days old bees (food
processor-aged bees) in part 2; Figs. 1a and 2a). Therefore,
we compared the PER frequencies of bees captured in the
experimental hive on day 6 (i.e., at the end of conditioning)
in part 1 with the PER frequencies of bees captured from
the CH (days 3 and 5) in part 1 and on day 7 in part 2 with
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the PER frequencies of bees captured from the CH in part 2
(days 2, 4, and 6). We found significant differences in all
cases, except for 4-9 days old bees (nurse-aged bees)
during part 1 (Figs. 1a and 2a; Table 2). Unfortunately, the
number of bees belonging to this category was very low,
making the detection of significant differences difficult.
(Table 2). Neither in part 1, nor in part 2, did we find
significant differences in PER frequencies between the four
groups (Table 3). To visualize the increase in PER
frequencies in the entire colony and its relation to the
amount of scented solution entering the hives, we summed
the data of the different bee groups in Fig. 3a,b. There is a
significant positive relationship between the amount of
scented solution that entered the hive and the percentage of
PER, but no difference between the odors (GLM: amount
solution X percentage of PER: F| g=42.7, p=0.001; odor x
percentage of PER: F| ¢=5.36, p=0.06).

Fig. 2 PER frequencies for a
4-9 days old bees, 12-16 days . g 14
old bees, foragers, and recruits 60 PHE in solution s 1 12
(EH). a EH: the PER frequen- g 1038
cies measured on days 0, 1, 3, 5, 50 4 20 2 10 g
and 7 after starting to feed with 5 s ¢a
scented solution (H2 was used 14 E j : £
as EH). Phenylacetaldehyde, 40 4 . 13 + 12 3 45 6 7 ¢
PHE, was used as solution odor. 11 Day of treatment period &
b CH: the PER frequencies o 21 z
measured on days 2, 4, and 6 B 50 0
after starting to feed with X
scented solution (H1 was used 10 10
as CH) 20 A 1
13
10 124, 171613 14
ol ] il
o L fo
01357 01357 01357 1367
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b
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i
w50 -
®
20 -
;
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Table 2 Comparison of PER frequencies between experimental hive (EH) bees on day 6 (part 1) or day 7 (part 2) and control hive (CH)

bees
N G-value P

Part 1

4-9 days old EH vs CH 10/30 2.81 0.09
12-16 days old EH vs CH 17/30 9.41* <0.005
Foragers EH vs CH 14/41 13.75% <0.001
Part 2

4-9 days old EH vs CH 20/38 13.04 <0.001
12-16 days old EH vs CH 14/55 11.90 <0.001
Foragers EH vs CH 10/53 4.78 <0.05

N refers to the number of bees in both hives
3G-values adjusted using the Yates correction

Discussion

Within a honeybee hive, transfer of information between
bees allows the colony to adaptively respond to its
changing environment. Previous studies suggested that
the food odor transferred within the hive is an important
information cue for foraging decisions of honeybees
(von Frisch 1923, 1967, Wenner et al. 1969). However,
extensive olfactory information propagation within honey-
bee colonies in the course of the processing food has never
been reported. Our experiment allowed measuring the
patterns of information propagation within the colony over
time and comparing information acquisition between the
different worker castes. The high PER frequencies for the
solution odor, but not for the novel odor, observed in all
tested groups and the low PER frequencies for the solution
odor for CH bees demonstrates that propagation of
olfactory information within the hive occurs. Results,
therefore, clearly show that also very young hive bees (4—
9 days old) having the age of nurse bees learn the odor of
the incoming solution. The pattern of information propa-
gation was different in the two colonies. While in part 1,
PER frequencies on day 2 were above 25% for all groups,
PER frequencies on day 3 in part 2 remained below 20%.
The propagation pattern will be modified by many

variables, e.g., hive population, the number of employed
foragers, and the amount of solution entering the hive. A
decrease of about 20% in colony size during part 2,
combined with the low amount of solution that entered the
EH in part 2 until day 3 and the increased nectar influx
from day 4 on may explain to some extent the different
pattern found in the second part and it shows a correlation
between the speed of information propagation and the
amount of solution entering the hive, and consequently the
number of collecting foragers. The social structure of a
colony (i.e., the age and the number of bees performing
tasks) is also likely to influence the pattern of propagation
of olfactory information. However, we found no difference
in forager age between the two colonies and have no
evidence of a difference in the social structure between the
two colonies. Variables such as food odor characteristics
(Smith 1991), previous olfactory experience of bees
(Sandoz et al. 2000), sugar response thresholds (Scheiner
et al. 2004), time of year (Ray and Ferneyhough 1997), and
genotype (Bhagavan et al. 1994) are related to learning
performance of honeybees and are therefore likely to
influence the pattern of information propagation in yet
unknown ways.

It is interesting that our results do not show consistent
differences in PER frequencies between the four groups of

Table 3 Comparison of PER frequencies between the different bee groups (4-9 days old bees, 12—16 days old bees, foragers, and recruits)

df N G-value P

Part 1

Day 0 3 7/16/7/10 3.61 0.31
Day 2 3 8/17/12/23 0.1 0.99
Day 4 3 23/17/16/15 1.76 0.62
Day 6 3 10/17/14/16 2.15 0.54
Part 2

Day 0 2? 12/17/07 0.14* 0.93
Day 1 3 13/16/14/10 0.66 0.88
Day 3 3 14/13/10/9 2.91 0.41
Day 5 3 13/21/11/8 3.35 0.35
Day 7 3 20/14/10/11 0.44 0.93

N refers to the number of bees per group
*No data about recruits collected
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bees. In neither part 1 nor part 2 did we find significant
differences in PER frequencies between the different age
groups. It seems that the information is shared more or
less equally between bees of the three age groups.
Differences in olfactory learning performances between
bees of different age are also likely to influence the
propagation of information within the hive. Earlier
studies suggest that the acquisition process is similar in
bees older than 8 days (Bhagavan et al. 1994; Laloi et al.
2001; Ichikawa and Sasaki 2003). For bees younger than
8 days, previous studies provided contradictory results
(Ray and Ferneyhough 1997, Laloi et al. 2001; Ichikawa
and Sasaki 2003). While some studies showed age-
dependent learning abilities (Ray and Ferneyhough
1997; Ichikawa and Sasaki 2003), others did not
(Bhagavan et al. 1994; Laloi et al. 2001).

Olfactory associative learning relies on the discrete
pairing of odor and reward and cannot be accomplished by
passive exposure to the scent in the hive, which has been
shown to have inhibitory effects on associative learning
(Menzel et al. 1993; Gerber et al. 1996; Sandoz et al. 2000).
It is likely that the information propagation relied mostly
on trophallaxis, rather than on individual feeding from the
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honey cells because the season and the small amount of
scented food gathered by the foragers prevented an
accumulation of scented solution within the colony. Food
offerings via trophallaxis is a common behavior of
returning foragers (von Frisch 1923, 1967), and it is
often seen in nectar processors after receiving the incoming
food (Pirez and Farina 2004). However, stored honey may
be an important source of olfactory information, function-
ing like an “odor library” of previous and present food
sources (Free 1969).

Solution gathered by only 5-10 bees (about 1% of all
foragers of our colonies, estimation after Seeley 1995) is
likely to become mixed with other nectar samples during
the course of food processing, which would cause different
US and CS intensities experienced by bees of the different
age groups involved at different stages of food processing.
This affects the strength of the association made between
odor and sucrose solution (Pelz et al. 1997; Gil and De
Marco 2005) and therefore makes a simple relationship
between number of trophallactic contacts and PER
frequencies found in the three age groups unlikely. More
studies are needed to unravel the food transmission
pathways and functional identity of bees involved at the
different stages of food processing.

It has recently been shown that the rate at which a
receiver unloads nectar to another bee is positively
correlated with the rate at which she received it from a
food donor (Goyret and Farina 2005a). Therefore it could
be that also quantitative aspects of trophallaxis are
propagated during food distribution among honeybees.
Propagation of chemosensory (olfactory and gustatory)
information during the course of food processing is a
highly economic information transfer that could influence
many within-hive behaviors of young bees. It has been
shown, for example, that experience with olfactory cues
present in solution during trophallaxis would lead to the
observed nonrandom occurrence of trophallaxis between
foragers and receivers (Goyret and Farina 2005b). Transfer
of information about floral scents also provides bees not
involved in foraging with information about the food
sources currently and recently exploited. It establishes
associations in preforagers between nectar and floral odors
they are likely to encounter some days later when they
become foragers. In other words, bees leaving a hive for a
foraging trip (independently of whether the bee is an
experienced forager or a novice forager leaving for the first
foraging trip) acquired information about foraging oppor-
tunities many times in the past during social interactions.
This challenges the traditional scout-recruit concept, an
important concept in honeybee foraging (Résch 1925,
Lindauer 1952; Seeley 1995; Anderson 2001; Biesmeijer
and de Vries 2001; Dechaume-Moncharmont et al. 2005) in
which foragers are divided into two groups: scouts that set
out independently and recruits that use information
provided by returning foragers (see also Biesmeijer and
de Vries 2001 for a criticism). Even if foragers leave the
hive without following dances that provide location
information, they possess memorized information about
food source characteristics acquired inside the nest.
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Therefore, the question seems not to be whether a bee
should use information regarding foraging opportunities
provided by other foragers (Dechaume-Moncharmont et al.
2005), but what kind of information she should use at any
given moment. Foraging honeybees are capable of using
more than one sensory cue to enhance their foraging
efficiency in the field. While learned odors may help
foragers to identify rewarding flowers when they come
near to the food source, visual cues that are not learned
inside the hive may attract their attention when they are still
some distance away from the source (Giurfa et al. 1994,
Galizia et al. 2004). Then, the notion of scout might be still
valid when referred, for instance, to visual guidance.
Adaptive decisions will then depend on the costs and
benefits of using the different forms of information that are
available (Dall et al. 2005).

Even if treated bees did not show a PER towards the
solution odor, they may have experienced the combination
of odor and solution previously (Menzel 1999) and as a
consequence, learn the odor faster than bees without this
experience (Farina et al. 2005). Olfactory learning by
means of trophallaxis leads to long-term memory (Farina et
al. 2005; Gil and De Marco 2005) and the behavior of bees
and therefore the colony-foraging pattern could be affected
for several days.
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