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honeybeees capacity for complex memories is limited tofeeder locations were reached, 120 m from the hive as
two locations at any one time. In the present study, we shown in Fig. 1a. In this phase of the training, the
therefore investigated the recall of two and three scent- feeders were o ered alternately: we “rst oered the
associated locations in detail, in experiments involving rose-scented feeder at location one for 20...30 min, until
larger feeder distances and greater angular bearings beeach marked bee had visited the feeder at least three
tween the feeder locations, as well as additional visualtimes; then the lemon-scented feeder at location two for
cues on the feeders. 20...30 min, until each marked bee had visited the feeder
at least three times; then the rose feeder again at
location one, and so on, thus ensuring that the same
Materials and methods bees visited both feeder locations regularly and equally
often. During the training, the scents were o ered only
The experiments were carried out from February to at the feeders: they were not blown into the hive. The
April 2004 in a “eld site with "ower patches, bushes, and training was carried out over 2...3 consecutive days, and
trees, ensuring ad lib food resources and providing a unmarked bees visiting the feeders were removed
variety of naturally occurring landmarks for navigation. whenever possible. This was done in order to prevent
The experimental honeybee hiveApis mellifera L.) was unmarked bees from being trained, thus ensuring that a
set up in a shed located at the edge of the area. Foragingfresh, na%e group of bees was used for the subsequent
bees entered and left the hive through a Perspex tubeexperiments.
(length 20 cm, diameter 4 cm). The tube carried an
arrangement, described in detail in Reinhard et al.
(2004b, to blow scent into the hive entrance when de-
sired. Three experiments were carried out in sequence, . -
each involving tFr)aining and testing. Experiment 1qused At least 2 h before starting a test, the training was

two feeders (described below) and served as benchmarit€/Tupted and the feeders were removed to minimize
for performance, against which the performance in random foraging around the feeder stations. During the

Experiments 2 and 3 (which each used three feeders) Wa%ests, we o ered empty, unscented feeders at the training

compared. The three experiments were performed ocations. The scent was never o ered at the feeders
sequentially, as it would have been impossible to during the tests. Instead, it was blown into the hive,

simultaneously train three di erent groups of bees, from using a sr_nall fan qonnected to the h'V(.e entranqe/exﬂ.
the same colony, to participate in three di erent exper- For a detailed description of the scent delivery device see

iments without bees from one experiment also interfer- Reinhard et al. 2004h). Using this device, we blew rose

ing with the other experiments. Despite the sequential Zcem fo|58_m|n mtohthe h'\t/e.’ ?nd tlhen Iemon tscer&t {c;}r
procedure, results were comparable as the environmen-n Tnlgler zl;r?gg dgﬁtc't ?)Cfetrhemn?jr'v%, a\1ll\1e ;?:?rllfe?jrebeese
tal conditions were similar across all three experiments u ' Ity individuaily

and the beese general behaviour was consistent acros isiting the two test feeders, noting f°F each beg W.hiCh
the entire duration of the study eeder she visited “rst, the number of circlings (sightings

of a bee "ying around the feeder within a radius of
50 cm), the number of landings (touching down on the
feeder), and the total number of visits to each feeder
(sum of all circlings and landings, including “rst visits).
Unmarked bees were not registered. The 8 min scent
interval guaranteed su cient numbers of visits while at
the same time preventing bees from forming a lasting
negative association, namely the lack of reward at the
| test feeders. The test was carried out “ve times. Between
tests, training was resumed for short periods (ca. 1 h) to
maintain the level of learning and motivation.

Tests

Experiment 1: Association of two locations
with two scents

Training

Honeybees were trained to forage at two arti“cial
feeders, consisting of 500 ml bottles containing a 2 mo
sugar solution with 3 ml scent per litre sugar solution.
Each feeder was placed on top of a white PVC cylinder
(12 m high, 30 cm dia), and carried a di erent scent. As
scents we used Natural Flavouring Essences (Queen

Fine Foods Pty Ltd., Australia): rosewater essence and Experiment 2: Association of three locations

lemon essence. Both scented training feeders were iniwith three scents

tially oered simultaneously and next to each other,

5 m from the hive until the bees had learnt and ac- Experiment 2 was performed 2 weeks after concluding
cepted the feeders as a food source. Ca. 30 bees visitingxperiment 1. In the interim period all previously
the feeders were marked individually with enamel paint marked bees were removed. This precaution, together
on the thorax and/or abdomen. The feeders were then with the procedure of removing unmarked bees visiting
moved progressively away from the hive, in 10 m steps,the feeders during training, ensured that the bees trained
always ensuring that enough bees had learnt the newin the second experiment had no prior experience with
locations before taking the next step, until the “nal the “rst experiment.
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Fig. 1 Experiment 1: Scent-triggered navigation in individual bees, from “ve tests for each scent, and are shown separately for “rst
trained alternately to a rose-scented, and a lemon-scented feederyisits, circlings, landings, and total visits. The number of
each placed at a di erent location.a Experimental con“guration, individually marked bees that visited the test feeders, the number
showing feeder locations relative to the hiveb Pie charts, showing of choices (), and the result of the statistical analysis (observed vs.
the distribution of visits to two empty, unscented test feeders at the expected frequency Chi square test, *** indicates’<0.001) are
former training locations, when the respective scents were blown shown below the pie charts. The expected frequency, based on
into the hive (white former rose feeder location;light grey former random choice among the two test feeders, was 50%

lemon feeder location). In each experiment data are accumulated

Training to each location for the same duration of time in all

experiments, and had the same number of training visits
Honeybees were trained in the same way as in Experi-to each feeder, which is even more important for
ment 1, but this time we used three sugar water feedersJearning than the training time per se. The variation in
each placed at a dierent location. One carried rose- training cycle time (Experiment 1: 40...60 min to com-
water essence, the other almond essence, and the thirgblete a cycle with two feeders; Experiment 2: 60...90 min
lemon essence (Fig2a). We used almond as additional to complete a cycle with three feeders) did not seem to
scent, as earlier work (Reinhard et al.2004a b) had have an e ect on learning performance. During the en-
shown that bees could distinguish almond scent easilytire training period of 2...3 days, bees returned to the
from rose and lemon, when the scents were o ered in a training feeders with the same frequency as in Experi-

pair-wise fashion, i.e. rose versus lemon, rose versus alment 1, i.e. irrespective of the number of feeders used.
mond, and lemon versus almond. Using another scent

should in itself not pose a problem to the bees, as

learning performance in scent-triggered navigation is Tests

independent of the scents used (Reinhard et a2004b.

Ca. 30 honeybees were marked individually and trained. The tests were carried out in the same way as described
The training was carried out as before, but the feeders above, placing an empty, unscented test feeder at each of
were presented in a cyclic fashion: we “rst o ered the the three training locations. We blew rose scent for
rose-scented feeder at location one for 20...30 min, unti8 min into the hive, then almond scent for 8 min, and
each marked bee had visited at least three times, then the'nally lemon scent for 8 min. During each scent interval,
almond-scented feeder at location two for 20...30 min,the marked bees visiting the test feeders were registered,
then the lemon-scented feeder at location three for 20..as described above. The test was carried out four times.
30 min, then the rose feeder again etc., thus ensuringBetween tests, training was resumed for ca. 1 h. The
that the same bees visited all three feeder locationsnumber of tests conducted for Experiment 2 was
regularly and equally often. This way bees were trained less than for the other experiments, as fewer tests were
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Fig. 2 Experiment 2: Scent-triggered navigation in individual bees, accumulated from four tests for each scent, and are shown
trained cyclically to a rose-scented, an almond-scented, and aseparately for “rst visits, circlings, landings, and total visits. The
lemon-scented feeder, each placed at a dierent locationa number of individually marked bees that visited the test feeders, the
Experimental con“guration, showing feeder locations relative to number of choices ), and the result of the statistical analysis
the hive. b Pie charts, showing the distribution of visits to three (Bonferroni corrected observed vs. expected frequency Chi square
empty, unscented test feeders at the former training locations, when test, n.s. denotesP>0.05, * indicates P<0.05) are shown below the
the respective scents were blown into the hivevfite former rose pie charts. The expected frequency, based on random choice among
feeder location;dark grey former almond feeder location;/ight grey  the three test feeders, was 33.3%

former lemon feeder location). In each experiment data are

needed to obtain su cient and comparable numbers of The odour...colour combinations were chosen at ran-
bees and visits. dom, as earlier experiments had shown that learning

performance in scent-triggered navigation is indepen-

dent of the combinations of scents and colours used
Experiment 3: Association of three locations with three (Reinhard et al. 20048. There does not seem to be an
scents and three colours innate bias towards certain combinations, bees can

easily be trained to any odour...colour association
Experiment 3 was performed 2 weeks after concluding including those which potentially contradict eenaturales
Experiment 2, and again all previously marked bees werecombinations, such as lemon...blue or rose...yellow. The
removed. coloured/scented training feeders were placed at the
same locations as in Experiment 2 (Fig3a), with each
scent representing the same location as before. Ca. 30
honeybees were marked individually and trained, as in
Experiment 2.

Training

Honeybees were trained in the same way as in the
second experiment, but with one modi“cation to the
procedure. Here, the three training feeders o ered not Tests

only scent cues, but also visual cues: each feeder was

wrapped with a di erently coloured piece of cardboard. The tests were carried out in the same way as described
Thus, bees were trained to a white rose-scented feederabove, but the empty, unscented test feeders were in
a blue almond-scented feeder, and a yellow lemon-addition wrapped with coloured cardboard. Each test
scented feeder. The three colours were chosen based ofeeder carried the same colour that the bees had expe-
preliminary training experiments showing that the bees rienced at that particular location during training. Thus,
could discriminate clearly between all three of them. a white test feeder was placed at the former rose feeder
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Fig. 3 Experiment 3: Scent-triggered navigation in individual bees, location). In each experiment data are accumulated from “ve tests
trained cyclically to a white rose-scented, a blue almond-scented, for each scent, and are shown separately for “rst visits, circlings,
and a yellow lemon-scented feeder, each placed at a dierentlandings, and total visits. The number of individually marked bees
location. a Experimental con“guration, showing feeder locations that visited the test feeders, the number of choices:), and the
relative to the hive.b Pie charts, showing the distribution of visits result of the statistical analysis (Bonferroni corrected observed vs.
to a white, a blue, and a yellow test feeder (empty and unscented) atexpected frequency Chi square testn.s. denotes P>0.05, *
the former training locations, when the respective scents wereindicates P<0.05, ** indicates P<0.01, and *** P<0.001) are
blown into the hive (white former rose feeder location;dark grey  shown below the pie charts. The expected frequency, based on
former almond feeder location; light grey former lemon feeder random choice among the three test feeders, was 33.3%

location, a blue test feeder at the former almond feeder
location, and a yellow test feeder at the former lemon Results

feeder location. The three scents were blown into the

hive in turn, for 8 min each and the marked bees visiting EXPeriment 1: Association of two locations with two
the coloured test feeders were registered, as describe8Cents

above. The test was carried out “ve times. Between tests, ) ) ) )
training was resumed for ca. 1 h. The aim of the “rst experiment was to investigate

whether honeybees can learn to associate two di erent
locations with two di erent scents, if the feeder loca-
tions are at a signi“cant distance from the hive (120 m)
Statistical analysis and from each other (more than 200 m) (Fig.la).
Owing to the large distances, the undulation of the
For each experiment, the data collected for individual terrain and the bushy vegetation, neither of the feeders
bees were added up, thus obtaining for each scentcould be seen from the hive, and neither feeder was
interval the overall number of “rst visits, circlings, visible from the other feeder. During the tests, when
landings, and total visits made to each feeder. Chi squarerose scent was blown into the hive, the overwhelming
tests, comparing observed versus expected frequencymajority of individually marked bees visited the former
were used to determine whether the relative preferencesose feeder location (Fig.1b). On the other hand, when
for the test feeders were signi“‘cantly dierent from Iemon scent was blown, most of the same bees visited
random-choice levels, and additional Bonferroni cor- the former lemon feeder location (Fig.1b). This was
rections were carried out for Experiments 2 and 3. true regardless of how the beese choices were measured:
Choice frequencies were evaluated separately for “rst“rst visits, circlings, landings, or total visits. The
visits, circlings, landings, and total visits. trained bees performed very well in the tests: over 70%
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of the total visits occurred at the location that corre- — ]
sponded with the injected scent. This experiment con- DIScussion

“rms our earlier “ndings (Reinhard et al. 20043 and ) ) L
demonstrates that, even in challenging natural terrain, L€arning of two scent...location associations

bees can easily learn to associate two dierent food ) . ]
locations with two di erent scents. The results of this 1he results of Experiment 1 con“rm and extend earlier

experiment provided a benchmark for performance, data (Reinhard et al. 20043 b) demonstrating clearly

against which we compared performances in Experi- that even under challenging natural conditions with
ments 2 and 3. undulating terrain and long distances between feeder

locations, honeybees are able to associate two di erent

locations with two di erent scents. When the training
Experiment 2: Association of three locations scents are blown into the hive, they trigger recall of
with three scents speci“c visual and navigational memories in the trained

bees, guiding them to locations that were previously

The aim of the second experiment was to investigate@ssociated with the respective scents.

whether individual honeybees can learn to associate

three dierent locations with three dierent scents ) ) o

(Fig. 2a). During the tests, when each of the three scentsFailure to learn three scent...location associations?
was blown into the hive, in turn, the honeybees did not ) L

show any preference towards the feeder location asso-1Ne results of Experiment 2 extend preliminary obser-
ciated with the scent, irrespective of the scent that wasVvations (Reinhard et al. 20049 that bees seem to have
blown (Fig. 2b). This was true regardless of how the di culty in learning to associate three di erent scents
beese choices were measured. In most cases, the locatioféth three dierent locations. In the present experi-
of “rst visits, circlings, landings, and total visits were Mental situation the feeders were placed much further
randomly distributed among the three feeders. The only @way from the hive than in the preliminary study (120 m
signi“cant preference registered was in the distribution @ 0pposed to 50 m), and they were much further apart
of «“rst visitse when rose scent was blown into the hive. (120 m between neighbouring feeders, as opposed to

However, the preference was not for the rose feeder, but2> M). These large distances, together with the undula-
for the almond feeder. tion of the terrain and the bushy vegetation meant that

none of the feeders could be seen from the hive, and no
feeder was visible from any other feeder. Despite the
distinctness of the three locations, the bees behaved as if
Experiment 3: Association of three locations with they were unable to distinguish between them. They
three scents and three colours visited all three locations equally often, irrespective of
the scent blown into the hive. However, in the third
The aim of the third experiment was to investigate experiment, when colour cues were added to the feeders,
whether honeybees can learn to associate three di erentthe honeybees showed a preference for the appropriate
locations with three di erent scents, if a distinct colour location. They preferentially visited the feeder associated
cue is added to each of the locations (Fig3a). This with the scent blown into the hive.
time, the honeybees did show clear preferences when The lack of discrimination in the second experiment
the scents were blown into the hive during the tests. cannot be due to the inability of the bees to discriminate
Regardless of how the beese choices were measuretthe three scents, as bees are able to distinguish between
(“rst visits, circlings, landings, or total visits), the the same scents when they are oered in pair-wise
majority of trained bees visited the feeder location that fashion, i.e. rose versus lemon, rose versus almond, and
carried the colour associated with the scent that waslemon versus almond (Reinhard et al.2004g b). The
blown into the hive (Fig. 3b). Thus, when rose scent earlier studies as well as Experiment 1 clearly show that
was blown, it was the white feeder that received the under the same natural conditions, bees are very good at
greatest proportion of visits. When the scent was al- learning to associate any two scents with two locations.
mond, the bees showed a signi“cant preference for theClearly, learning performance in scent-triggered navi-
blue feeder, and when it was lemon, the bees signi“-gation is independent of the scents used, and the drop in
cantly preferred the yellow feeder. With the rose and performance in Experiment 2 can neither be due to the
lemon scents, it was only the number of circlings that particular scent combination that was used nor can the
was statistically indistinguishable from a random dis- lack of discrimination be due to not having learnt all
tribution. However, even in these cases, the bees circledhree of the feeder locations. Tests were only started
more often around the appropriate feeder, although the once all marked bees visited all three feeders equally
preference was not signi“cant. Interestingly, the pref- often during training, clearly demonstrating that they
erences were strongest for slandingse, reaching 65.6 antiad learnt the locations. Also, the short "ight durations
73.7%, respectively, when rose and lemon scents werdetween hive and feeders during the tests (15...20 s on
blown. average, J. Reinhard, unpublished observation) indicate
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that the results of Experiment 2 are not due to random forming only the scent...colour associations, and not the
foraging in the area, but that the test bees "ew straight scent...location associations. The second interpretation
to the feeder,be it the correct one or not,on per- seems more likely, given that the number of circlings is
ceiving scent in the hive. Furthermore, given our earlier not always signi“cantly biased towards the correct fee-
“nding that bees can distinguish between feeder loca-der, whereas the number of landings always shows a
tions that are as closely separated as 30 m (Reinhardhighly signi“cant preference for it (Fig. 3b). There could
et al. 20043 b), it is very unlikely that the bees would be ways to test between the two hypotheses, e.g.
have diculty in distinguishing between the feeder removing the colours during the tests to see if the bees
locations in Experiment 2, which were 120 m apart. It is continue to arrive at the correct feeder. If they do, it
also highly unlikely that the lack of performance in would mean that bees have learnt the complex odour...
Experiment 2 compared to Experiment 1 is merely due colour...location association. However, if the colours are
to the slight methodological adjustments in the training removed during the test and the bees no longer perform,
and testing procedures, such as increased training cyclét would not necessarily mean that they have not learnt
times and odour delivery cycle times, when using threethe odour...colour...location association. The bees might
feeders and three scents. If these adjustments would havédave learnt the association and "own towards the cor-
a negative e ect on learning performance, the results for rect feeder when odour is blown into the hive, but on
Experiment 3 should have been the same as for Exper-approach get confused by the lack of the expected col-
iment 2, as the procedures were the same in those casesur. Lack of such a distinct visual signal might be
If bees can discriminate three dierent scents, and interpreted as sewrong locationes by the approaching bee,
three di erent locations, why do they not learn three making her turn away. Another interesting option would
distinct scent...location associations? Possibly, threbe to use harmonic radar to track the beese "ights as they
scent...location associations as presented in Experiment 2ave the hive when the scent is blown (Riley et a1996).
involve too many complex or overlapping cues for the Information on the directions and durations of "ight
bees to recall reliably. Instead of learning to associate could tell us whether the trained bees "y straight to the
each speci“c scent with a particular location, the bees correct feeder in the tests, or whether they inspect each
might in this context prefer to switch to the strategy of feeder from a distance, to determine its colour, before
learning a simpler general rule, namely, escent in the hiveapproaching the correct one.
equals food in one of the previously visited locationse.
Scent would then trigger the bees to emerge from the
hive and to inspect all three feeders in the area, leadingConclusion
to a random distribution of visits. It would be interesting
to investigate whether the beese capacity to form multi- Our study brings an important point to light, namely,
ple scent...location associations improves if the anglethat the honeybeees capacity for complex memories is
between the feeders are larger (e.g. 120ather than 60) not strictly limited to two. Rather, it is a plastic system
or if the feeders are further away from the hi- in which multiple associative memories can be forged at
ve,although this possibility seems unlikely, as discussed the same time, depending on the types of cues that are
above. available. For example, the number of associative
memories that are formed could depend not only on the
colours of "owers but also upon their shapes, as well as
E ect of additional colour cues upon the layout and properties of the surrounding
landmarks. Should the cues be insu cient with respect
The surprising e ect of adding colour cues on the beeseto number, distinctiveness, or salience, the honeybee
performance, revealed in Experiment 3, can be explainedmight switch to learning a general rule. Menzelss early
in two ways. One possibility is that the addition of dis- study (1969, showing that bees have di culty in learn-
tinctive cues helps the bees to discriminate between andng three colour...reward associations at the same time,
therefore remember the three locations. For example, could possibly also be explained in this way: The
the training scent could trigger recall of the associated experimental colours and training paradigms used in
colour, which could in turn trigger recall of the location, that study might have induced the bees to switch to a
similar to using di erently coloured dots on study cards general rule strategy. A recent study (Benard and Giurfa
while studying for an exam to improve recall of complex, 2004 suggests that memory constraints preclude bees
inter-related facts. Another possibility might be that from solving more complex problems such as making
colours are less complex cues to learn than locations,transitive inferences (e.g. if A>B and B>C then A>C).
thus causing the bees to form three scent...colour assddowever, our study suggests that seemingly e<harde
ciations and to combine this with the general rule scent memory constraints can be overcome if the environment
in the hive equals food in one of the previously visited provides useful additional cues. Thus, the honeybeess
locationse. Scent would then induce the bees to inspectcognitive capacities might be even richer than previously
all three feeders in the area, but to approach and land assumed. The ability to adapt memory strategies to the
only on the feeder bearing the correct colour. Thus, the available cues may be the key to the honeybeess foraging
bees know all three locations, but in addition they are success. But clearly, further experiments are required to
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fully understand how bees form complex foraging Menzel R, Mueller U (1996) Learning and memory in honeybees:
associations. from behavior to neural substrates. Ann Rev Neurosci 19:379...
404

. . . Menzel R, Brandt R, Gumbert A, Komischke B, Kunze J (2000)
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