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Could learning of pollen odours by honey bees (Apis
mellifera) play a role in their foraging behaviour?
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Introduction

Abstract. The role of pollen odour cues in the foraging behaviour of honey bees
(Apis mellifera L.) is poorly understood. Using classical conditioning of the
proboscis extension response, in which bees learn to associate an odour with a
sucrose reward, the present study tests whether odours of bee-collected pollen
from the hive environment or odours of fresh pollen on the anthers of flowers
could be used in pollen foraging. Honey bees efficiently learn odours from field-
bean (Vicia faba) bee-collected pollen and oilseed-rape (Brassica napus) bee-
collected pollen, hand-collected pollen, anthers and whole flowers, demonstrating
that honey bees can learn pollen odours associatively in biologically realistic
concentrations. Honey bees learn pollen odours of oilseed rape better than field
bean and, although they generalize these two odours, they easily distinguish
between them in discrimination tests, suggesting that pollen odours may be used
in species recognition/discrimination. There is little evidence that honey bees can
recognize whole flowers based on previous experience of bee-collected pollen
odour. However, they generalize the odours of oilseed-rape anthers and whole
flowers, suggesting that anther pollen in situ may play a more prominent role than
bee-collected pollen in foraging behaviour.

Key words. Discrimination, learning, odour, pollen, proboscis extension
conditioning.

efficiency of the workers. However, despite the importance
of pollen, little is known about how honey bees use floral

Pollen is collected from flowers by foraging honey bees
(Apis mellifera L.) to provision their colony with food. It
provides a variety of essential nutrients, including starch,
sterols, lipids, vitamins and minerals (Roulston & Cane,
2000). It is also the only source of protein for a colony,
and is vital for brood-rearing and the glandular development
of young worker bees (Winston, 1987). The survival and
growth of the entire colony therefore depend on the foraging
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cues, and in particular pollen cues, to locate pollen-rewarding
flowers (Dobson & Bergstrom, 2000; Pernal & Currie,
2002). The present study tests the odour-learning ability
of honey bees, which could enable them to use pollen
odour cues to maximize their foraging efficiency.

The foraging efficiency of honey bees is augmented by the
foragers’ communication of the location and type of forage to
new recruits in the hive, and by the ability of the bees to learn
and use floral cues, such as shape, colour and odour, to locate
rewards on subsequent foraging occasions. Of the floral cues,
odours are learnt by bees most readily, and play a prominent
role in the recognition of rewarding food sources, particularly
at close range (Menzel & Miiller, 1996). Floral odours
comprise mixtures of many volatile compounds (Knudsen

© 2005 The Royal Entomological Society



etal., 1993). They are species-specific, enabling honey bees
(and other insects) to distinguish between species (reviewed
by Dobson, 1994), but they also vary intraspecifically, both
qualitatively and quantitatively, with factors such as cultivar
and phenology (Pham-Delégue et al., 1989), damage (Dicke
& van Loon, 2000) and climatic conditions (Robaker ez al.,
1982). Therefore, once a honey bee has learnt the odour of a
rewarding flower, it is unlikely to encounter another odour
whose components are in exactly the same relative concen-
trations, even within the same floral species. To reconcile this
problem in identifying future rewarding food sources with the
need to remain flower-constant when foraging, honey bees
both generalize nonidentical odours that they perceive to be
similar, and discriminate between similar but detectably
different odours (Smith, 1993; Pelz et al., 1997).

Most studies investigating odour learning and recognition
by honey bees have been carried out using single-compound
odours; there have been very few studies performed using
mixtures of volatile compounds or floral odours that can be
directly related to foraging ecology (Pham-Delégue etal.,
1986; Laloi et al., 2000; Wright et al., 2002). Recognition of
mixtures of volatiles/floral odours is now assumed to be
based on a few key compounds present in the total mixture
(Blight etal., 1997; Pham-Delégue et al., 1997; Laloi etal.,
2000). However, the origins of these compounds, and whether
or not any derive from pollen, have never been investigated.
In many plant species, each floral structure, including pollen,
produces a distinctive blend of volatiles that contribute to
the whole flower odour (Dobson efal., 1990; Knudsen &
Tollsten, 1991; Bergstrom et al., 1995). Some of the behav-
iourally active components involved in flower recognition
may derive from pollen, and may be learnt from rewarding
flowers to improve future foraging efficiency of this vital
resource. However, the ability of bees to learn pollen odour
associatively has never been investigated to date.

Honey bees do not only come into contact with pollen
when foraging. Their first experience of pollen is inside the
hive from the stored pollen used as food, and from the pollen
loads carried in the corbiculae of returning pollen foragers.
Later, as foragers, they will encounter fresh pollen directly on
the anthers of flowers. Although pollen from different species
has been shown to have species-specific odours (reviewed in
Dobson & Bergstrom, 2000), it is not known whether bees
can learn these differences and subsequently use them to
recognize and discriminate between species. If so, bees could
learn pollen odour either within the hive from bee-collected
pollen (Wenner et al., 1969; Free, 1970) or in the field from
pollen on the anthers of flowers, and use it to help them locate
rewarding plants when foraging.

In the present study, the ability of restrained honey bees to
learn pollen odours from oilseed rape (Brassica napus L.) and
field bean (Vicia faba L.), two agriculturally important crops
that are pollinated by bees (Free, 1993), is examined, along
with their relative recognition, using the proboscis extension
response bioassay (Bitterman ezal., 1983). The extent to
which honey bees perceive odours of bee-collected pollen,
fresh pollen on dehiscing anthers and whole flowers to be
similar to each other is also investigated using oilseed rape as

Responses of honey bees to pollen odours 165

a model plant. The experiments relate to two hypotheses
regarding the potential uses of odours from bee-collected
pollen and fresh pollen in flowers in the foraging behaviour
of honey bees: (i) foragers use experience of bee-collected
pollen from the hive in locating forage in the field and
(i1) foragers use fresh pollen on the anthers of flowers in floral
recognition and species discrimination and also to discrimin-
ate between pollen-rewarding and nonrewarding flowers.

Materials and methods
Honey bees

Honey bees were collected as they left the hive entrance
of a colony located at Rothamsted Apiary, Harpenden,
Hertfordshire, U.K. These bees were mainly foragers, but
the possibility that some were guards cannot be excluded.
The colony was kept outside and the bees allowed to forage
normally; however, oilseed rape and field bean (the experi-
mental species) were not flowering either at the time of the
experiments or 3 weeks before the start of each, so pre-
experimental conditioning was avoided. The honey bees
were restrained in the laboratory in accordance with the
procedure described by Bitterman ezal. (1983). Bees were
individually harnessed in small glass tubes, leaving their
antennae and mouthparts free, protruding from the top.
Each bee was fed with 30% sucrose solution for 5s, then
starved for 3h. Bees were then tested for the proboscis
extension reflex by touching one antenna with the sucrose
solution. Only honey bees that extended their proboscis in
response to this stimulation were used in the experiment;
nonresponders (approximately 20%) were discarded.

Odour-delivery device

A device based on that developed by Pham-Delegue et al.
(1993) was used to deliver the odour stimuli (see below) to the
honey bees. A constant airflow (1.05 L min~"), comprising a
main airflow of 1Lmin~! and a secondary airflow of
5mLmin~!, was delivered from a compressed air cylinder
through a glass tube (1 cm in diameter). The secondary airflow
was delivered continuously into the main airflow through
either a disposable Pasteur pipette (glass) containing/or deli-
vering the odour stimulus, or an identical empty ‘control’
pipette. New pipettes were used each time that the odour sti-
mulus was changed. The odour stimulus was delivered over a
period of 6 s, after which the secondary airflow reverted back to
the default ‘control’ airflow. A computerized system controlled
a solenoid valve used to switch between the two airflows.

Odour stimuli
Pollen. Pollen from oilseed rape and field bean was either

bee-collected or hand-collected (see below). The pollen was
placed in the ‘odour’ pipette of the secondary airflow of the
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odour-delivery device. The pollen’s headspace odour was
thus delivered to the honey bee. A small plug of glass-wool
placed at the end of the pipette prevented the pollen from
falling out. The ‘control’ pipette of the secondary airflow in
experiments using pollen odour stimuli contained a similar
plug but no pollen.

Bee-collected (corbicular) pollen loads were obtained from
a pollen trap fitted to the entrance of a honey bee colony
placed amidst a crop of flowering field beans on Rothamsted
farm. Pollen loads collected from the trap were sorted to
species using colour (Kirk, 1994), and grain shape, size and
exine features (Sawyer, 1981), and then stored at —20°C.
Before use in an experiment, pollen samples were defrosted
and reased apart using a mounted needle.

Hand-collected pollen was gathered from young oilseed-
rape and field-bean flowers excised from glasshouse grown
plants (cv. Aries and Alfred, respectively). With oilseed-rape
flowers, the petals were held back as the pollen was gently
scraped from the exposed anthers (dehisced) using a scalpel.
For field-bean flowers, the standard petal was pulled back
to extrude the stamens, and the pollen was scraped off with
the scalpel. The keel petals were then split apart, allowing
the pollen plug within to drop into the sample.

Anthers. Anthers of glasshouse-grown oilseed rape
plants (cv. Aries) that had dehisced to expose their pollen
were cut from the filaments of flowers and were placed in a
pipette plugged with glass-wool as described above. The
‘control’ pipette used in conjunction with this stimulus in
the secondary airflow was empty but similarly plugged.

Flowers. Ten oilseed-rape flowers, which were still
attached to the terminal raceme of an intact glasshouse-
grown oilseed rape plant (cv. Aries), were enclosed in a
100-mL glass chamber (PA Brooks Scientific Glassware,
Witney, U.K.). Poly tetrafluoroethylene (PTFE) tape was
wound around the stem of the raceme to prevent damage
and the chamber was sealed with a small plug of Blu-Tack
(Bostik Findley Ltd, U.K.). The chamber’s headspace was
delivered to the ‘odour’ dispensing pipette via PTFE tubing
(1/4inch in diameter; Supelco, Bellefonte, Pennsylvania).

Conditioning and testing procedure

The proboscis extension reflex of honey bees is elicited
when the tarsi or antennae contact nectar (Minnich, 1932).
The reflex can be trained in a Pavlovian (classical) condi-
tioning procedure by presenting an odour (the ‘conditioned
stimulus’ or CS) in temporal association with a sucrose
reinforcement (the ‘unconditioned stimulus’ or US)
(Bitterman etal., 1983); the association results in the
odour being able to elicit the proboscis extension response,
which is known as the conditioned response.

Restrained honey bees were randomly assigned into
groups. In each experiment, each group was subjected first
to a conditioning phase and then to a test phase. This

procedure was continued each day until at least 30 bees
had been tested to each odour. Bees were used only once
in the experiments: new bees were restrained, conditioned
and tested each day. The order in which the groups were
used was randomized.

During the conditioning phase, each bee within a group
was subjected to either three (all experiments except
Experiment 2) or 16 (Experiment 2) conditioning trials.
A rewarded CS-US conditioning procedure was adopted,
based on the work of Bitterman et al. (1983), in accordance
with that described by Pham-Delégue ez al. (1993). For each
conditioning trial procedure, the first bee from a test group
was placed 2cm from the end of the outlet tube of the
odour-delivery device, and left for 15s to allow it to famil-
iarize to the airflow and experimental context. The odour
stimulus was then delivered to the bee for 6. After the first
3, 30% sucrose was applied to both antennae. Proboscis
extension was rewarded by allowing the bee to feed on the
sucrose for the remaining 3 s of the odour presentation. The
bee was then returned to her group, and the procedure was
repeated until all bees in the group had received one
conditioning trial in succession. During each conditioning
trial, it was noted whether or not bees exhibited a proboscis
extension response to the odour within the first 3s of the
odour stimulus presentation. It was also noted whether
the bee licked the sucrose reward, and bees that did not
take the reward in any one of the conditioning trials were
excluded from all analysis (only 1% of the 654 bees condi-
tioned in this study).

After conditioning, a test phase was conducted using the
‘learners’ (honey bees that had learnt the conditioning
odour). ‘Nonlearners’ (honey bees that did not respond
with at least one conditioned response during conditioning;
see Laloi et al., 1999), were excluded in this phase (9% of the
654 bees conditioned throughout this study). The test phase
comprised a generalization or discrimination bioassay (see
below) followed by a second test in which the stimulus was
the clean air ‘control’. The second test was not performed
on honey bees that had been conditioned to the ‘control’ as
an odour stimulus. Honey bees that showed a conditioned
proboscis extension response in this latter test (5% in the
study) were termed ‘nonselective learners’ (Laloi efal.,
1999) and were discarded from all analyses because it
could not be certain whether they had been responding to
the odour stimuli or merely to the airflow or other mechan-
ical/physical stimulation associated with the conditioning
process. Finally, all honey bees were re-tested by stimulat-
ing one antenna with sucrose solution. Those that did not
respond (only three bees) were subsequently excluded from
all analyses.

Experiment 1: associative learning and generalization of the
odours from bee-collected pollens

This experiment was conducted to ascertain whether or not
honey bees can associatively learn the odour of bee-collected
pollen, and whether they perceive pollen odours from
different plant species to be similar (or different).
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In the conditioning phase, restrained honey bees were
randomly assigned to three groups. Each group was condi-
tioned using the procedure described above over three
conditioning trials (C1-C3) to one of three odour stimuli:
(1) bee-collected oilseed-rape pollen (25 mg; approximately
two corbicular loads); (ii) bee-collected field-bean pollen
(25mg); or (iii) the clean airflow (‘control’). The same
pollen sample was used for the odour stimuli in each trial
and intertrial intervals were 15 min.

In the test phase, half of the honey bees in each group
conditioned to pollen odour were tested for their responses
to their conditioning odour whereas the other half were tested
with the alternative, novel odour stimulus. The test odour
stimuli consisted of fresh samples of corbicular pollen
(25mg in both cases) that were presented to the bee as in
conditioning trials, but unrewarded. A positive (a condi-
tioned proboscis extension response) or negative (no pro-
boscis extension) response was recorded over the duration
(6s) of the odour presentation for each bee.

Experiment 2: discrimination between the odours of
bee-collected pollens

This experiment was conducted to ascertain whether
the odours from bee-collected oilseed-rape and field-bean
pollens contain any differences that can be learnt by honey
bees and used to differentiate between them (i.e. can bees
discriminate pollen odours from different plant species?).
To determine whether a bee can discriminate one odour
from another may require differential (discriminative) condi-
tioning, involving presentations of a rewarded conditioning
odour stimulus (CS™) and an un-rewarded or punished
conditioning odour stimulus (CS") (Bitterman ezal., 1983;
Getz & Smith, 1987). The use of salt solution as a negative
reinforcement of the CS™ (Getz & Smith, 1987; Bhagavan &
Smith, 1997), which forces animals to show their best discrim-
inative ability, was adopted for this experiment.

In the conditioning phase, restrained honey bees were
randomly assigned to two groups. Each group was condi-
tioned using the procedure described above except that for
one group (OSR™/FB"), the odour of oilseed-rape (OSR)
pollen (bee-collected; 25 mg) was reinforced with a positive
reward of 30% sucrose (CS™); and presentations of field-
bean (FB) pollen odour (bee-collected; 25 mg) were nega-
tively reinforced by application of salt solution (3 M sodium
chloride; CS") to the antennae and proboscis if it was
extended (although bees never actually fed on this solution).
The reverse conditioning procedure was carried out for the
other group (FB*/OSR").

Each pollen odour was presented eight times, such that
16 conditioning trials were carried out in total, honey bees
receiving either positively or negatively rewarded odours in
individual trials with intertrial intervals of 8 min. The same
pollen sample was used for each of the odour stimuli in each
trial and conditioning odours in the trials were presented in
a pseudo-randomized order (Smith & Getz, 1994):
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OSR™/FB™ group: 2 x (FB~ OSR* OSR* FB~ OSR" FB~
FB~ OSR™)

FBT/OSR™ group: 2 x (OSR™ FB" FBT OSR™ FB™ OSR™
OSR~ FB)

In the testing phase, half the conditioned bees in each group
were tested to a fresh sample of the CS™ odour whereas the
other half were tested to a fresh sample of the CS™ pollen
odour. The tests were unrewarded and the number of posi-
tive (conditioned proboscis extension) and negative (no
proboscis extension) responses during test odour presenta-
tions were recorded.

Experiment 3: associative learning and generalization of the
odours from hand-collected pollens

This experiment was conducted to ascertain whether bees
could associatively learn the odour of hand-collected pollen
and whether they perceive odours of hand-collected
pollen from different plant species to be similar or different.
This second point enabled a comparison with bee-collected
pollen, to determine if generalization of bee-collected pollen
odours, as seen in Experiment 2, is due to ‘bee-derived’
volatile components present in both pollens (a result of the
collection process by the honey bee), rather than due to there
being similarities between pollen odours. The experiment
was conducted exactly as Experiment 1 in all aspects, except
that hand-collected pollen (25 mg for both species) was used
in place of bee-collected pollen.

Experiment 4: associative learning and generalization of the
odours from bee-collected pollen, anthers and flowers

The response of honey bees to the odours of bee-collected
pollen, pollen on freshly dehiscing anthers and the whole
flower were examined to determine how similar bees per-
ceive these odours to be.

In the conditioning phase, restrained bees were randomly
assigned to three groups. Each group was conditioned using
the procedure described above over three conditioning trials
(C1-C3) with 10-min intertrial intervals. The conditioning
odour stimulus for each group was either: bee-collected
oilseed-rape pollen (approximately 60mg; 4-5 pollen
loads; oilseed-rape anthers (60 dehiscing anthers weighing
approximately 0.06g from 10 flowers); or oilseed-rape
flowers (10 flowers attached to the raceme of an intact
potted plant). Thus, similar quantities of pollen were
present in each sample. The same samples were used for
each of the odour stimuli in each conditioning trial.

In the test phase, a generalization test was conducted in
which all honey bees were tested to all three odour stimuli,
presented unrewarded, one after the other in a randomized
order. A positive or negative response was recorded as
above.
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Data analysis

Odour aquisition. For Experiments 1, 3 and 4, the pro-
portion of honey bees exhibiting a proboscis extension
response during the first 3s of the conditioning odour
presentation at each conditioning trial (C1-C3) was plotted
to produce odour acquisition curves for the three odour
stimuli tested in each of these experiments. Differences in
learning efficiency at C3 were tested in each experiment
using a log-linear model (McCullagh & Nelder 1989) with
terms for the three conditioning groups and the responses.
If a difference was found, pairwise comparisons of the
means were conducted using Fisher’s exact test. All analyses
carried out in this study were conducted using GenStat
software (GenStat, 4.2, VSN International Ltd, U.K.).
For Experiment 2, the proportions of proboscis extension
responses exhibited on each of the eight conditioning trials
for both the positive (CS™) and negative (CS") conditioning
odour were plotted to produce acquisition curves for the two
groups of bees (OSRT/FB~ and FBT/OSR"). To compare
responses with the CS™ and the CS™ in each group, a
Wilcoxon’s Matched Pairs test (signed ranks; Siegel &
Castellan, 1988) was used, counting how many times each
bee responded to each stimulus (in theory, between 0 and 8
times).

Generalization test. The generalization test measures
the similarity between two odours by testing whether
responses conditioned to one stimulus can also be elicited
by other odours (Kalish, 1969; Smith & Getz, 1994). It
compares the proportion of bees exhibiting a conditioned
proboscis extension response to the conditioning odour
with the proportion of responses to a novel odour at the
test. A difference in the proportions indicates that bees
discriminate between these two odours; no difference
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indicates generalization (but does not mean that the bees
cannot discriminate). For Experiments 1 and 3, the propor-
tions of positive and negative responses to the two pollens
were compared for both groups (oilseed rape-conditioned
and field bean-conditioned in Experiment 1, and OSR*/FB~
and FB*/OSR™ in Experiment 3) in two Fisher’s exact tests.
In Experiment 4, differences in the responses of bees to
the three test odour stimuli were analysed within each of
the three groups using Cochran’s Q-test (Siegel & Castellan,
1988); a planned contrast was then carried out between the
two ‘fresh’ flower odours untouched by bees (anthers and
whole flowers) with the probability of a type 1 error
controlled using o/2, where o is the level of significance
(Marasculio & McSweeney, 1967).

Discrimination test. For Experiment 2, the proportion of
positive and negative conditioned proboscis extension
responses when tested to field-bean or oilseed-rape pollen
odour was compared for each group by Fisher’s exact test.

Results

Experiment 1: associative learning and generalization of the
odours from bee-collected pollens

The number of proboscis extension responses to pollen
odour increased from 13 to 20% spontaneous responses
(see Menzel et al., 1993) at the first conditioning trial (C1)
to 90-100% at C3, indicating that learning occurred quickly
(Fig. 1A). Conversely, the proportion of honey bees
responding to the blank air ‘control’, when this was
presented as a conditioning stimulus, did not alter between
conditioning trials, remaining below 10% (Fig. 1A). There
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Fig.1. Learning and generalization of bee-collected pollen by restrained honey bees. (A) Odour acquisition curves of oilseed-rape
(OSR; n=82) and field-bean (FB; n=_80) bee-collected pollen odours and clean air (control; n = 35). Data points represent the percentage of
bees showing a proboscis extension response during the first 3 s of odour presentation in three conditioning trials (C1-C3); at C3, “a’ differs
significantly from ‘b’ (P <0.01) and both differ from ‘c’ (P <0.001). The error bar indicates the maximum + SE, based on the binomial
distribution. (B) Percentage of bees (+ SE) conditioned in (A) to either oilseed-rape or field-bean bee-collected pollen odours showing a
conditioned proboscis extension response when presented with oilseed-rape or field-bean odours in an unrewarded test. Neither test is

significantly different (P > 0.05).
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was a difference in the learning efficiency of the three
groups at C3 (log-linear model x> =126.3, d.f.=2,
P <0.001) with both pollen odours being different from
the control (both Fisher’s exact P < 0.001), and the number
responding to oilseed-rape pollen was higher than to
field-bean pollen (Fisher’s exact P=0.006) (Fig. 1A).

Honey bees generalized between oilseed-rape and field-
bean bee-collected pollen odours (Fig. 1B) with 90-100%
bees responding to both odours, regardless of conditioning.
Honey bees conditioned to oilseed-rape pollen did not differ
significantly in the proportion of conditioned proboscis
extension responses exhibited to either the odour of
oilseed-rape or field-bean pollen (Fisher’s exact P=0.616).
Similarly, bees conditioned to field-bean pollen odour did
not differ significantly in their responses when tested to
these odours (Fisher’s exact P=0.115). The results might
indicate that the honey bees were unable to differentiate
between the two bee-collected pollen odours. This possibil-
ity was further examined in Experiment 2.

Experiment 2: discrimination between the odours of
bee-collected pollens

After some initial generalization, honey bees quickly
learnt to discriminate the odours, learning to respond to
the CS™* odour associated with the sucrose reward and not
to the CS™ odour associated with salt. For both groups,
responses to CS™ started at a rate of 28-40% at C1 and
reached 96-100% at C8, whereas responses to CS™ started
between 21 and 30%, increased to approximately 80% at C2
then sharply decreased to < 4-12% by C8 (Fig. 2A, i and ii).
Differences in responses to the CS™ and CS™~ were signifi-
cant for both groups: Wilcoxon test statistic = 0.000, n =63,
P <0.001 for the OSR™/FB™ group, and for the FB*/OSR™
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group, Wilcoxon test statistic=0.000, n=156, P <0.001
(Fig. 2A, i and ii).

Significantly more honey bees in both groups responded
to the odour associated with the positive reward than the
negatively rewarded odour (OSR*/FB~ group: Fisher’s
exact P<0.001; FB*/OSR™ group: Fisher’s exact
P <0.001; Fig. 2B). These results clearly show that although
honey bees may generalize between OSR and FB pollen
odours, they are able to differentiate between them.

Experiment 3: associative learning and generalization of the
odours from hand-collected pollens

Honey bees learnt the three odours with significantly
different degrees of efficiency (log-linear model x> =40.95,
d.f.=2, P<0.001; Fig. 3A). Responses ranged from < 5%
for all three odours at Cl to 82% to oilseed-rape pollen
odour, 57% to field-bean pollen odour and 16% for the
control at C3. Both pollen odours produced more responses
than the control (both Fisher’s exact P < 0.001) and oilseed-
rape pollen was learnt better than field-bean pollen (Fisher’s
exact P=0.010). Bees therefore learnt to associate the odours
of both oilseed-rape and field-bean hand-collected pollens
with the sucrose reward, but not the clean air control.

Honey bees from both groups generalized between the
odours. Bees conditioned to the odour of hand-collected
field-bean pollen responded equally well (94%) to oilseed-
rape and field-bean odours in the generalization bioassay
(Fisher’s exact P =0.332; Fig. 3B). When conditioned to the
odour of hand-collected oilseed-rape pollen, 96% bees
responded to the presentation of oilseed-rape pollen odour
but fewer (76%) responded to the field-bean pollen (Fisher’s
exact P=0.056; Fig. 3B). These results indicate that
hand-collected field-bean pollen was less rapidly learnt
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Fig.2. Discrimination of bee-collected pollen odours by restrained honey bees. (A) The percentage of proboscis extension responses exhibited
during eight successive paired presentations of a positively reinforced (sucrose solution) and negatively reinforced (salt solution) odour [either
oilseed-rape (OSR) or field-bean (FB) bee-collected pollen] during discriminative conditioning: (i) bees positively conditioned to oilseed rape,
negatively conditioned to field bean (OSR™/FB") (n = 64), where the curves differ significantly (P < 0.001); (ii) bees positively conditioned to
field bean, negatively conditioned to oilseed rape (FBT/OSR™) (n=61), where the curves differ significantly (P <0.001). The error bar
represents the maximum + SE, based on the binomial distribution. (B) Percentage of bees (= SE) from (A) showing a conditioned proboscis
extension response when presented with the odour of oilseed-rape or field-bean bee-collected pollen odours in an unrewarded test after
conditioning to either OSR™/FB~ or FB*/OSR". Both tests differ significantly (P < 0.001)
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Fig.3. Learning and generalization of hand-collected pollen by restrained honey bees. (A) Odour acquisition curves of oilseed-rape (OSR;
n=0606) and field-bean (FB; n=56) hand-collected pollen odours, and of clean air (control, n»=36). Data points represent the percentage of
bees showing a proboscis extension response during the first 3 s of odour presentation during three conditioning trials (C1-C3); at C3, ‘a’ and
‘b’ differ significantly (P <0.01) and both differ from ‘c’ (P <0.001). The error bar represents the maximum 4 SE, based on the binomial
distribution. (B) Percentage of bees (+ SE) from (A) conditioned to either oilseed-rape or field-bean hand-collected pollen odours showing a
conditioned proboscis extension response when presented with oilseed-rape or field-bean hand-collected pollen odours in an unrewarded test.
Neither test is significantly different (P >0.05)

than oilseed-rape pollen, and that generalization was slightly, In the generalization test, a high proportion (95-100%) of
but not significantly lower from hand-collected oilseed rape honey bees in each group responded to their conditioning
to field bean than from field bean to oilseed rape. odour (Fig. 4B), indicating efficient learning of all three

odours. There were significant differences between bees’
responses to the three test odour stimuli for each of the

Experiment 4: associative learning and generalization of the groups and, in each case, this was due to the difference in
odours from bee-collected pollen, anthers and flowers responses between bee-collected pollen odours and the
‘fresh’ floral odours because there were no significant dif-
All three odours were learnt quickly; responses rising ferences in the contrasts between anthers and whole flowers
from 2 to 16% at C1 to 81-95% at C3, with no differences (bees conditioned to bee-collected pollen: Q =32.08,
in response between the three odours (log-linear model P <0.001, contrast=2.83, P=0.058; bees conditioned to
x2 =4.331, d.f.=2, P=0.115; Fig. 4A). anthers: Q=9.33, P<0.01; contrast=0.33, P=0.585;
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Fig.4. Learning and generalization of odours from oilseed-rape bee-collected pollen, anthers and whole flowers by restrained honey bees.
(A) Odour acquisition curves: bee-collected pollen (n=43), anthers (n =44), whole flowers (n=43). Data points represent the percentage
of bees showing a proboscis extension response during the first 3s of odour presentation during three conditioning trials (C1-C3); at C3,
not significant (P > 0.05). The error bar represents the maximum =+ SE of the proportion, based on the binomial distribution. (B) Percentage
of bees (£ SE) conditioned in (A) to the odour of either bee-collected pollen (n=43), anthers (n=39) or flowers (n=34), showing a
conditioned proboscis extension response when presented with each of these odours in unrewarded tests. In each group, responses to the three
odours differ significantly (P <0.001) but responses between anthers and whole flowers are not significantly different (P > 0.05).
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bees conditioned to whole flowers: Q=30.47, P<0.001,
contrast=0.35, P=0.563; Fig. 4B). The odour of bee-
collected oilseed-rape pollen is therefore perceived by bees
as different from the odours of pollen-bearing anthers and
whole oilseed-rape flowers, which are perceived to be similar.

Discussion

The present study shows that honey bees can learn to
associate the odour of bee-collected pollen with a sucrose
reward, which they generalize between oilseed-rape and
field-bean bee-collected pollen odours, but they can discrim-
inate these two pollen odours. Honey bees can also learn the
odours of pollen from dehisced anthers (hand-collected in
this study) and generalize between hand-collected pollen
types. Honey bees generalize between the odours of anthers
and whole flowers, but less so between each of these odours
and bee-collected pollen. These experiments demonstrate
that honey bees can associatively learn pollen odours.
Moreover, pollen odours are learnt quickly and efficiently
at biologically realistic concentrations. The roles that
odours of bee-collected pollen and fresh pollen in situ
could therefore play in the foraging behaviour of honey
bees is discussed below.

The role of bee-collected pollen odours in foraging

Because honey bees, at all stages of their lives, are in
contact with bee-collected pollen odours in the hive, they
could learn such cues and use them at a later stage when
foraging. There are two possible ways by which this might
happen: (i) via passive exposure or (ii) by learning, during
development and/or as adults. It is possible that bees could
learn pollen odours during development when they are fed by
nurse bees and thereafter use these odour cues to help them
locate forage as adults. The present study does not test the
ability of honey bee immatures to learn pollen odours. How-
ever, previous studies indicate that it is unlikely that any such
olfactory conditioning influences foraging behaviour. Boelter
& Wilson (1984) found that honey bees reared on pollen from
a range of species did not exhibit foraging preferences for the
pollen upon which they had been fed as they developed.
Furthermore, Sandoz et al. (2000) found that the odourous
environment during pupal development of honey bees had
little influence on their later behaviour. Moreover, the pollen
from the same flowers upon which bees were reared upon
may no longer be available by the time the bee finally begins
to forage if the flowering period is short.

The possibility that honey bees could use bee-collected
pollen odours in foraging, through learning as adults
the odours from the corbicular loads of returning foragers
(Von Frisch, 1967; Wenner etal., 1969; see also Pernal &
Currie, 2002), appears to be of more adaptive value because
it could assist them to locate flowers from currently reward-
ing species. The odour learning could occur passively
(through simple exposure), or possibly through associative
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conditioning if the odours from the pollen loads are rein-
forced with a reward given through trophallaxis (Calderone
& Johnson, 2002). Odour exposure at the early adult stage
in honey bees can influence later orientation behaviour;
bees subjected to either passive olfactory exposure or to a
Pavlovian associative learning procedure afterwards
orientated in a choice test towards the conditioning odour
whereas naive bees avoided it (Sandoz ez al., 2000). In add-
ition, the introduction into the hive of an odour previously
learnt when foraging has been shown to stimulate foragers
to return to the site where the odour was presented with
reward (Reinhard efal., 2004). Given that odours in the
hive may influence later behaviour, bees must be able to
recognize fresh pollen on dehiscing anthers or the whole
flower, based on experience of bee-collected pollen odours,
for there to be a possible role of bee-collected pollen in
foraging. It may also be beneficial if bees could discriminate
between different plant species on the basis of pollen odour
alone because bees could use this information as an add-
itional cue in finding rewarding forage upon recruitment.

The evidence presented here suggests that bees can indeed
discriminate between species on the basis of pollen odours.
When honey bees are conditioned to associate the odour of
bee-collected oilseed-rape pollen with a sucrose reward,
they generalize their response to the novel odour of field-
bean pollen and vice versa (Experiment 1). This indicates
that these odours have important similarities. These could
be due to the intrinsic similarities in field-bean and oilseed-
rape pollen volatiles (pollen-derived components) or to
odours added by the bees during the pollen-collecting
process (bee-derived components). The generalization tests
using hand-collected pollen (Experiment 3) show high
generalization between field-bean and oilseed-rape pollen
odours, and it is likely that pollen-derived components are
at least partially responsible for the generalization observed
in Experiment 1. Despite such similarities between bee-
collected oilseed-rape and field-bean pollen odours, honey
bees are able to discriminate between them (Experiment 2),
which further indicates that bee-collected pollens contain
enough species-specific material to allow discrimination.
This supports chemical evidence indicating that pollen
odours are species specific (Dobson & Bergstréom, 2000),
and suggests that honey bees can detect these differences
and could learn to use them in species discrimination.
Indeed, previous studies have suggested that bees can
discriminate between different plant species on the basis of
their pollens (Levin & Bohart, 1955; Schmidt & Johnson,
1984; Cook etal., 2003). However, the present study
demonstrates that bees can discriminate between plant
species based on pollen odour alone.

The precondition for use of bee-collected pollen odour
cues in foraging is that honey bees can recognize whole
flowers on the basis of bee-collected pollen odour. The
present experiments reveal that bees generalize only to a
limited extent between bee-collected oilseed-rape pollen
odours and those from either oilseed-rape anthers or
whole oilseed-rape flowers (Experiment 4). This indicates
that bee-collected pollen odours are somewhat different
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from those of the pollen present on anthers in situ (and this
is supported by chemical analysis; Cook, 2000) and of
whole flowers (note also that generalization is lower
between bee-collected pollen and anthers/flowers in Experi-
ment 4 than it is between the two sorts of bee-collected
pollen in Experiment 1). Therefore, the data suggest that
the collection process induces a thorough modification of
the pollen odour, and that probably only a few components
learnt by bees in bee-collected pollen odour are present in
the aroma of either pollen on dehiscing anthers or whole
flowers. Further tests on a wider range of pollens than those
used in the current study are needed to confirm this. How-
ever, based on the available data, it is unlikely that honey
bees use the odour learnt from bee-collected pollen to
forage selectively in the field. However, this does not pre-
clude that odour from fresh pollen (see below) on the bodies
of returning foragers could influence the behaviour of
recruits (Von Frisch, 1967), nor that recognition of bee-
collected pollen plays a role in foraging (e.g. as an stimulus
for workers to collect pollen; Calderone & Johnson, 2002).

The role of anther pollen odour in foraging

A totally different question is whether pollen volatiles are
part of the floral aroma learnt by honey bees when foraging.
Floral odours are recognized by bees on the basis of a few
key components of the mixture (Blight ez al., 1997, Pham-
Delégue etal., 1997; Laloi etal., 2000). Some of the key
components learnt and used in flower recognition could
derive from pollen. Furthermore, these compounds may
be used to determine pollen-rewarding from nonrewarding
flowers, thereby increasing foraging efficiency. For these
hypotheses to be plausible, honey bees must be able to
detect and learn pollen odours presented in realistic con-
centrations. Honey bees do associatively learn the odours
from oilseed-rape and field-bean hand-collected pollens, but
less well than they learn the odour of bee-collected pollens
(cf. Experiments 1 and 3). This may be due to differences in
their concentrations. Odours at high concentration support
stronger associations (Pelz ez al., 1997) and are learnt faster
than odours of lower concentrations (Wright & Smith,
2004a). However, the odour of anthers from only 10 oilseed-
rape flowers was learnt well, and these results suggest that,
at least for oilseed rape and field bean whose flowers occur
in groups on racemes, pollen odours exist in nature in
concentrations that can be detected and learnt by bees,
alluding to a role in foraging behaviour.

This study further suggests that pollen odours are a signifi-
cant part of the whole flower aroma. In Experiment 4, bees
generalize the odours from oilseed-rape whole flowers and
their anthers, indicating that these odours are perceived to be
similar; at least some of the components learnt in the recogni-
tion of one odour are present and detectable in the other. Bees
conditioned to the odour of whole flowers also respond to the
odour of anthers and this indicates that some of the key
components learnt in whole flower recognition derive from
anthers. Because bees can detect the odour of anthers

amongst the whole floral odours and can detect species-
specific differences in pollen odours, they could be used as
an additional cue in species discrimination during foraging.

Both Von Aufsess (1960) and Von Frisch (1967) indicate
that honey bees can differentiate between pollen odours and
other floral parts, suggesting that odours are distinct within
the whole flower context. However, analyses conducted to
date on the floral volatiles from different species that reveal
the chemical basis of these differences (reviewed in Dobson &
Bergstrom, 2000) have not yet been extended to oilseed rape.
To test whether or not there are detectable differences between
the aroma of whole oilseed-rape flowers and the odour of the
anthers, a discrimination experiment involving these two
odours should be conducted. Such studies would shed light
on whether or not honey bees could use pollen odours to
discriminate pollen-rewarding from nonrewarding flowers,
as has been suggested for bumble bees (Dobson et al., 1999).

The importance of pollen odours in foraging behaviour
may vary between plant species. There is some evidence
from the present study that oilseed-rape pollen is learnt
more efficiently than field-bean pollen. As with differences
between bee- and hand-collected pollens, this could be
attributed to differences in concentration, and may explain
why, in Experiment 3 (the generalization bioassay involving
hand-collected oilseed-rape and field-bean pollens), bees
conditioned to field bean generalize to oilseed rape, but
bees conditioned to oilseed-rape pollen generalize less,
but not significantly less, to field bean. At low concentra-
tions, generalization by honey bees between similar odours
is higher than at high concentrations (Bhagavan & Smith,
1997; Wright & Smith, 2004a, b).

The present study uses restrained honey bees and classical
conditioning methods to investigate the learning and recogni-
tion abilities of honey bees with respect to pollen and floral
odours. These experiments show that honey bees possess the
odour-processing abilities to learn these odours, and to gen-
eralize or discriminate between them. Thus, although it
appears unlikely that honey bees learn the odour of bee-
collected pollen within the hive and use this knowledge
when foraging, pollen odours from dehiscing anthers could
play an important role in honey bee foraging behaviour
through their use in floral recognition, species discrimination
and, possibly, in assessing reward availability. Previous
experiments have demonstrated that the results of the pro-
boscis extension response bioassay closely match those
investigating instrumental learning (based on operant
behaviour) in bees using free-flying bees in a choice situation
(Mauelshagen & Greggers, 1993; Pham-Delegue ez al., 1993;
Laloi ezal., 2000). However, tests must also be carried out
using free-flying bees in more natural situations, where they
can learn as a result of their choices, to show whether or not
pollen odours do play a role in honey bee foraging behaviour.
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