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Abstract
Among the so-called simpler organisms, the honey bee is one of the
few examples of an animal with a highly evolved social structure, a rich
behavioral repertoire, an exquisite navigational system, an elaborate
communication system, and an extraordinary ability to learn colors,
shapes, fragrances, and navigational routes quickly and accurately. This
review examines vision and complex visually mediated behavior in the
honey bee, outlining the structure and function of the compound eyes,
the perception and discrimination of colors and shapes, the learning of
complex tasks, the ability to establish and exploit complex associations,
and the capacity to abstract general principles from a task and apply
them to tackle novel situations. All this is accomplished by a brain that
weighs less than a milligram and carries fewer than a million neurons,
thus making the bee a promising subject in which to study a variety of
fundamental questions about behavior and brain function.
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INTRODUCTION

The worker honey bee, by virtue of its lifestyle,
is a spectacularly suitable organism for studying
fundamental principles of color vision, pattern
recognition, learning and memory, flight con-
trol, and navigation (55, 75, 78, 84, 89). Gath-
ering nectar and pollen is the raison d’être of
a forager’s existence. To forage successfully, a
bee has to learn and remember the color, shape,
and fragrance of flowers that are bountiful in
these nutrients, and also how to get to them.
Because the flowers that are in bloom are likely
to change every few days, the bee needs, and has
evolved, an impressive ability to learn (and re-
learn) colors, odors, shapes, and routes quickly
and accurately. A bee can learn a new color in
about half an hour (after it has made about five
visits to collect a food reward), a new pattern
in about half a day (after 20–30 rewarded vis-
its), and a new route to a food source in about
3 to 4 visits (provided the route is not through
a complex labyrinth). It can learn to visit dif-
ferent species of flowers at different locations,
at different times of the day. The biology of
the honey bee thus offers a tailor-made oppor-
tunity for studying the mechanisms by which
sensory stimuli are perceived, recognized, and
categorized, and how navigational strategies are
learned and applied. This review concentrates
on the female (worker) honey bee, Apis mellifera,
about which more is known, in these contexts,
compared with the queen or the male drone.
Hence, we occasionally refer to our subject as
“she,” rather than “he” or “it.”

We begin with a brief description of the
structure and optical organization of the honey
bee’s compound eye, which is essential for a
proper appreciation of this animal’s visual ca-
pacities. We then describe the honey bee’s per-
formance in relation to some of the questions
posed above.

THE COMPOUND EYE

Most insects, including honey bees, possess two
compound eyes. A succinct schematic illustra-
tion of the compound eye of a honey bee is
given in figure 2.5 of Reference 31. In the

female (worker) honey bee, each compound eye
consists of about 4500 “little eyes,” or omma-
tidia. Each ommatidium consists of a small lens
(approximately 15–20 μ in diameter), which fo-
cuses light onto a group of nine photoreceptors.
Each ommatidium collects light from a small
patch of the world—it accepts incoming light
from a cone-shaped region subtending about
2.5◦ (46). The angular width of this cone is
known as the acceptance angle. Neighboring
ommatidia view neighboring regions of space,
with their optical axes (viewing directions) sep-
arated by about 2◦ (67).

This angular separation is termed the in-
terommatidial angle. The nine photoreceptor
cells within each ommatidium can be grouped
into three classes according to the spectral
sensitivity of the light-sensitive pigment (pho-
topigment) that they contain: UV sensitive
(with a peak sensitivity at 340 nm), blue sen-
sitive (peaking at 463 nm), and green sensitive
(peaking at 530 nm) (53). Each cell is elon-
gated in shape, aligned radially, and carries a
set of slender tubular structures, called mi-
crovilli, which contain the photopigment. The
microvilli are present throughout the length of
the cell body of each photoreceptor and are ori-
ented at right angles to the optical axis of the
ommatidium.

Absorption of light by the photopigment
causes a chain of events (the so-called photo-
transduction cascade), which ultimately leads to
a change in the electrical potential across the
cell membrane (a so-called depolarization). It
is this change in potential that is signaled to the
brain and which ultimately leads to the percep-
tion of light. The microvillar regions of the nine
different cells are closely juxtaposed to form a
cylindrical, central column that runs along the
length of the ommatidium. This cylindrical col-
umn, known as the rhabdom, is surrounded by
the photoreceptors. It possesses a higher opti-
cal refractive index than the surrounding pho-
toreceptors and functions as an optical wave-
guide, thus confining the incoming light to the
rhabdom and encouraging its absorption by
the photopigment. As light travels down the
rhabdom, it is absorbed (to different extents) by
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the three different spectral classes of photore-
ceptors, depending upon its intensity and spec-
tral composition. It is the magnitude and the
relative stimulation of the three photoreceptor
classes within each ommatidium that convey in-
formation on the brightness and the color of
the impinging light. Each ommatidium there-
fore carries information on the brightness and
color of the light that it receives. The totality
of approximately 9000 ommatidia (about 4500
in each eye) therefore captures a panoramic,
pointillistic representation of the surrounding
world.

The axons of the nine photoreceptors within
each ommatidium project to the next neuropil,
the lamina, for further processing. Visual infor-
mation is then conveyed to the next ganglion,
the medulla, for further processing, and even-
tually to the lobula, where complex analysis of
the image takes place, leading to the perception
of color, shape, and motion (for a recent review,
see Reference 28).

The acceptance angle of the ommatidium,
the interommatidial angle, and the distribution
of photoreceptor classes within each ommatid-
ium are not constant over the entire compound
eye. They show important variations, reflect-
ing regional specializations that serve specific
requirements. For example, the frontal region
is specialized for high visual acuity (67), the
fronto-ventral region of the eye is specialized
for color vision, and the region at the dorsal
rim of each eye is specialized for the percep-
tion of the polarized light patterns in the sky
(45, 46).

PERCEPTION AND LEARNING
OF COLORS

The honey bee has figured prominently in the
history of the study of color vision. After hu-
mans, the honey bee was the second nonhuman
organism for which the existence of color vision
was demonstrated, only a year after the discov-
ery of color vision in fish. Both of these discov-
eries were made by the Nobel Laureate Karl
von Frisch. von Frisch trained a group of indi-
vidually marked bees to collect a food reward

placed on a piece of blue cardboard (83). He
then tested whether the bees had learned this
color by removing the reward and surrounding
the blue card with cards of varying brightness
(gray levels), ranging from black to white. He
found that the trained bees consistently landed
on the blue card in search of the food—although
it no longer carried any reward—and regardless
of where this card was positioned in relation to
the other cards.

The use of cues derived from scents or
pheromones was excluded by using a fresh blue
card in the tests. The trained bees also found
the blue card when it was surrounded by cards
of other colors. These experiments demon-
strated, clearly and convincingly, that bees per-
ceive color, and that they perceive it as a dis-
tinct sensation—one that is different from the
sensation of brightness. Convincing as these
experiments were, it was a long time before
the scientific community was willing to accept
this conclusion and to acknowledge that a crea-
ture as humble as the bee could distinguish
colors. We now know that a bee can learn a
color in about half an hour—after it has made
about 3 to 4 visits to a food-bearing source
(50).

In the decades since this groundbreaking
discovery, microspectrophotometric analyses
of the visual pigments in the photoreceptors of
the honey bee’s compound eye have revealed
the existence of three different types of pho-
topigments that absorb light maximally in the
UV, blue, and green regions of the spectrum,
respectively (53, 58). Intracelluar recordings of
the electrical responses of these photoreceptors
have confirmed this by revealing that the pho-
toreceptors can indeed be grouped into three
different spectral classes, with peak sensitivi-
ties in the UV (around 350 nm), blue (around
440 nm), and green (around 540 nm) regions
of the spectrum, respectively (2, 54). The genes
that encode the three different photopigments
have now been determined (6, 81).

In the meantime, sophisticated behavioral
analysis of color discrimination, using a range
of monochromatic colors, as well as color mix-
tures, has demonstrated that color vision in the
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honey bee is fully trichromatic, just as it is in
humans (17, 18, 50–52, 85). That is, the honey
bee’s visual system analyzes color by making
full use of the information provided by all of
its three spectral classes of photoreceptors. The
major differences between color vision in honey
bees and humans are as follows. First, the vi-
sual spectrum of the bee (with its UV, blue, and
green photoreceptors) is shifted toward shorter
wavelengths (bees see UV, but not red, whereas
humans see red, but not UV). The UV sensi-
tivity is useful for bees, enabling them to de-
tect and distinguish between flowers that re-
flect UV and also to see the so-called nectar
guides—UV patterns that some flowers carry,
which function as signposts to direct the visit-
ing bees toward the nectar within. Second, the
bee’s three photopigments are spaced uniformly
along the bee’s visual spectrum. Presumably,
this design is optimal for evaluating the colors of
the flora that occur naturally (10, 86). A com-
prehensive overview of the evolution of color
vision in insects is given by Briscoe & Chittka
(4).

In humans, two of the photopigments (red
and green) are closely spaced and have broadly
overlapping sensitivities (with peak sensitivities
at 563 nm and 534 nm, respectively), whereas
the third pigment, blue, is positioned much far-
ther away (with peak sensitivity at 420 nm) (3).
It has been suggested that this arrangement
is suitable for assessing the ripeness of fruit
against a background of foliage (57, 80).

What are the factors that determine the per-
formance and the accuracy of bees’ choices in
color discrimination tasks? Chittka et al. (8) and
Dyer & Chittka (20) observed that bumble bees
are less accurate at discriminating colors that
are spectrally closely separated compared with
colors that are distinctly different—the choice
frequency for the correct color is higher in
the latter case. Although this is not surpris-
ing, they also found that discrimination per-
formance with the closely spaced colors can
be improved if the training paradigm is mod-
ified to include a mild punishment when bees
make the wrong choice—the incorrect stimulus
carries unpleasant-tasting quinine. Thus, with

bees, the carrot-and-stick approach to train-
ing appears to be more effective than the car-
rot approach alone. Furthermore, they found
that bees spend more time making a decision
when the colors are closer. Thus, the harder
the task, the longer the bees spend deliberating
on it. Another observation was that for a given
individual, there appears to be a trade-off be-
tween accuracy and decision time—longer de-
cision times are correlated with higher accura-
cies. Finally, across individuals, bees that made
more rapid decisions tended to be less accu-
rate. Longer inspection durations may improve
the signal-to-noise ratios underlying the dis-
crimination, and thus enhance the accuracy of
performance.

Like humans, bees possess color constancy,
which is the ability to determine the true color
of an object (that is, its spectral reflectance)
more or less independently of the spectrum of
the illumination under which it is viewed, al-
though this performance is not 100% robust
(19, 49, 92). The spectrum of the light that is
reflected from an object can vary dramatically,
as the spectrum of the light that illuminates it
is varied. Nevertheless, it appears that humans
(and bees) “discount the illuminant” and ascer-
tain the true color of the object over a large
range of illumination spectra. For bees, this ca-
pacity enables accurate identification of the col-
ors of flowers whether they are in the sun or
under the shade of a tree—where the spectrum
of the illumination can be different because it
comes not directly from the sun, but from the
sky and from light reflected by foliage.

SPATIAL ACUITY OF
HONEY BEE VISION

How much spatial detail can the eye of a honey
bee resolve? The spatial resolving ability of the
compound eye is determined primarily by two
parameters: the acceptance angle of the omma-
tidium (symbolized by �ρ) and the interomma-
tidial angle (symbolized by �φ). �ρ determines
the extent to which the image of the world is
smeared, or blurred, by the optics of the com-
pound eye: The larger the value of �ρ is, the
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greater the blur is, or the lower is the amount of
spatial detail that is captured by the optics. �φ

determines the fineness of the visual mosaic of
the compound eye: The smaller the value of �φ

is, the greater is the capacity of the eye to sam-
ple the detail in the image that is transmitted
by the optics. In most compound eyes, includ-
ing that of the honey bee, these two parameters
are closely matched; that is, the optics transmit
only as much detail as the mosaic can sample (or
represent) accurately. This is good engineering
design: Severe distortions of the image, caused
by undersampling, can occur if the mosaic is
too coarse to resolve all the detail transmitted
by the optics (71). In engineering terms, the
compound eye seems to have evolved to obey
the Sampling Theorem (68, 69). In the frontal
region of the honey bee compound eye, �ρ is
about 2.6◦ (24, 44, 46). �φ is about 2.1◦ in the
horizontal plane (67) and about half this value
in the vertical plane (because of the hexagonal
arrangement of the ommatidia). Taken together
these figures indicate that, in the honey bee, the
spatial resolving power is limited primarily by
�ρ, and not by �φ. From the value of 2.6◦ for
�ρ, one can calculate that the eye is capable
of resolving angular spatial frequencies of up to
about 0.38 cycles per degree, using the criterion
developed by Snyder (70).

The above figure for the resolving ability of
the honey bee’s compound eye has been con-
firmed independently by behavioral measure-
ments of visual acuity (73), in which bees were
trained, by reward, to distinguish between ver-
tical and horizontal gratings (striped patterns)
in a Y-maze (Figure 1). One of the orientations
(e.g., horizontal) offered a food reward con-
cealed behind the pattern, whereas the other
did not. Once the bees had learned to distin-
guish the orientations of coarsely striped, eas-
ily resolvable gratings, the spatial frequency
of the gratings (their fineness) was increased
systematically to determine the highest spa-
tial frequency at which the bees were still able
to discriminate the horizontal from the verti-
cal orientation. These experiments—which are
akin to the vision tests that humans undergo
to obtain a driver’s license—indicate that the

R

10 cm

Figure 1
Illustration of a Y-maze apparatus for testing the bees’ ability to discriminate
visual stimuli using a dual-choice paradigm. The stimuli are presented on the
(vertical) end wall of each tunnel. One of the stimuli (usually termed the
positive stimulus) offers a reward of sugar solution (R) in a feeder that is placed
behind it and is accessible though a short tube in the middle of the stimulus.
The other stimulus (usually termed the negative stimulus) carries no reward,
but it carries a visually identical tube that is closed at the back end. During
training, the positions of the vertical and horizontal gratings and the associated
reward are frequently swapped to ensure that the bees learn to choose the
pattern with the correct orientation and not simply the arm of the apparatus
that carries the reward. The gratings shown illustrate the patterns that have
been used to measure the spatial acuity of honey bee vision. The bee is not
shown to scale. Modified with permission after Reference 73.

honey bee’s visual system is capable of resolv-
ing gratings with a spatial frequency of up to
0.35 cycles per degree. By comparison, the hu-
man eye can resolve angular spatial frequencies
of up to 60 cycles per degree (5), which implies
that we can see about 170 times more detail in
the world than a honey bee can.
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SHAPE AND PATTERN VISION

The study of pattern vision in the honey bee
has seen three major milestones, or eras (72,
74, 39). The studies of the first era, by Karl von
Frisch (83) and Hertz (36), were carried out by
cutting two or more patterns out of black pa-
per, placing them flat on a horizontal table, and
training a group of bees to collect a reward of
sugar water at one of the patterns. The posi-
tions of the patterns were varied frequently to
ensure that the bees learned to come to a spe-
cific pattern, rather than to a specific location on
the table. By analyzing the bees’ performance
in this task, they proposed the so-called flicker
hypothesis, namely, that honey bees discrim-
inate between visual patterns in terms of the
frequency of on/off stimuli experienced by the
compound eye as they cruise above the patterns
(37).

The next era commenced with the work of
Wehner & Lindauer (91), who began experi-
menting with patterns presented in the verti-
cal plane (48). Although this may seem a sim-
ple modification at first glance, it opened up
a whole new dimension in research on pattern
recognition in bees. The reason was that one
could now ask, for the first time, whether bees
can learn the orientation of a pattern. (This
could not be done with a pattern laid flat on a
table, as the bees could approach such a pattern
from any direction.) An interesting observation
made in these studies was that, during training,
the bees tended to hover stably in front of the
training pattern for a second or two before land-
ing on the entrance tube leading to the reward
behind the pattern (90). This led Wehner to
propose the so-called template hypothesis; that
is, bees fixate the pattern and memorize it in a
photographic sense. When, after training, the
bee is offered a choice between the rewarded
pattern and another pattern, the bee evaluates
the two patterns by comparing the extent to
which each pattern matches the stored tem-
plate that the bee has acquired of the rewarded
pattern during training (87, 89). The template
theory of pattern recognition was reinforced
by the work of Gould (32, 33), who showed

that bees could be trained to distinguish rather
small differences between patterns, suggesting
that recognition does indeed involve a precise
evaluation of the extent to which regions in the
viewed pattern match up with corresponding
regions in the template.

The third, and most recent, era of pattern
recognition in honey bees commenced when
people began to ask whether bees could learn
abstract features, or properties, of patterns in-
stead of, or in addition to, memorizing them
photographically. This was an important step
toward gaining insights into the cognitive ca-
pacities of the honey bee brain. In the next sec-
tion, we outline some aspects of the progress
made in this era.

LEARNING GENERAL
PROPERTIES OF PATTERNS

There can be little doubt that bees use some
kind of neural “snapshot” to remember and rec-
ognize patterns and landmarks (12, 42). How-
ever, is pattern recognition really that simple?
In their daily lives, bees are required to remem-
ber a number of different patterns and their
properties, such as the shape of the nest or hive,
shapes representing nectar-bearing flowers, and
shapes of important landmarks on the way to
the food source and back. If snapshots were the
only mechanism for remembering shapes, bees
would require a large memory to store all these
images. Given that the brains of bees contain
far fewer neurons than do ours, it seems un-
likely that they can afford the luxury of a large
memory.

One might conjecture, therefore, that bees
also possess other, more economical means of
representing patterns. Can bees abstract the
general features of a pattern, such as its ori-
entation, without memorizing the pattern in its
entirety? An early paper by Wehner (88) hinted
that bees could indeed do so. This question
was pursued further by van Hateren et al. (82),
who presented random gratings at two different
orientations in a Y-maze apparatus, as shown
in Figure 2a. In these gratings, the width of
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88%
Rewarded

Train

a

12%
Unrewarded

%
100

0
p < 0.001; n = 409

Test

b

Test

e

91% 9%%
100

0
p < 0.001; n = 64

77% 23%%
100

0
p < 0.001; n = 197

Test

c

Test

f

90% 10%%
100

0
p < 0.001; n = 59

89% 11%%
100

0
p < 0.001; n = 54

Test

d

Test

g

73% 27%%
100

0
p < 0.001; n = 138

62% 38%%
100

0
p < 0.001; n = 275

Figure 2
Illustration of some of the training and test stimuli used to investigate orientation discrimination in honey bees. Bees, trained on several
pairs of random gratings, as in (a), are subsequently able to discriminate the orientations of similarly oriented patterns (b–f ), which they
have never previously experienced, including patterns that display illusory contours ( g). The percentages represent the relative choice
frequencies for the two patterns, n denotes the number of choices analyzed, and p is the result of a test for statistically significant
difference from the random-choice level of 50%. Modified with permission from Reference 82.

each bar (black or white) was distributed ran-
domly over a prescribed range, and the widths
of successive bars were statistically indepen-
dent. Two properties of the apparatus and train-
ing paradigm prevented the bees from acquir-
ing a template of the positive pattern. First,
the bees had to choose between the two stim-
uli at a considerable distance away from them;
the stimuli could not be fixated at this distance.
Second, the gratings were frequently replaced
by other random gratings that were similarly

oriented but had different spatial structures.
Thus, to identify the positive stimulus correctly,
the bees had to abstract its orientation and not
merely memorize a pattern in a photographic
way.

Van Hateren et al. found that bees could be
trained in this way to distinguish between ver-
tical and horizontal orientations, as well as be-
tween two oblique directions (+45◦ and −45◦).
Furthermore, bees trained to distinguish be-
tween two mutually perpendicular orientations
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discriminated the orientations of other, simi-
larly oriented patterns that they had never en-
countered previously—such as sinusoidal grat-
ings, single stripes, edges, and even figures that
produced illusory contours in the appropri-
ate orientations (Figure 2b–g). Thus, pattern
recognition in honey bees is not restricted to
matching photographically memorized images.
This notion has been supported by several sub-
sequent studies (23, 27).

Further work has revealed that bees can de-
tect and learn other general properties of pat-
terns, such as radial, circular, and bilateral sym-
metry. They appear to be particularly adept
at distinguishing between patterns that rep-
resent radial and circular symmetry, presum-
ably because such patterns represent different
classes of flower shapes (47). Bees can also
learn to detect bilateral symmetry in patterns,
as well as to discriminate the axis of symme-
try (29, 38, 40). Indeed, bumble bees have been
shown to prefer symmetrical flowers to asym-
metrical flowers, and there is evidence to indi-
cate that symmetry in a flower is an indicator
of good health and a bountiful nectar supply
(56).

Bees can also abstract characteristics of ob-
jects, such as their color and size, without hav-
ing to memorize the objects’ images literally
(41, 63, 64). There is also evidence that bees
are particularly good at distinguishing between
patterns that are topologically distinct, such as a
disc versus a ring (7). Honey bees can be trained
to recognize and discriminate between images
of human faces and can evidently commit faces
to long-term memory (21). They can recognize
faces from novel viewpoints by interpolating
between images learned from views already
experienced (22). This has striking parallels
with some models of face recognition in hu-
mans (43). In parallel with human percep-
tion, bees discriminate familiar faces poorly
when the images are presented upside down
(21).

Studies of color and shape perception in
other invertebrate species are described, for ex-
ample, in References 4, 53, 59, and 89.

HIGHER-LEVEL PERCEPTION
AND COGNITION

Until relatively recently, insect behavior has
been assumed to be rather rigid, stereotyped,
and inflexible. Even if certain insects demon-
strate the ability to learn, their learning ca-
pacity has been considered to be fully prepro-
grammed. Over the past decade, however, new
evidence is beginning to suggest that at least
some insects may be more sophisticated than
we had originally imagined. Here we describe a
few examples of what is known about the cog-
nitive capacities of honey bees.

Perceiving Camouflaged Objects

One study investigated whether honey bees use
previously acquired knowledge to detect and
distinguish between objects that are otherwise
poorly visible or camouflaged. It is difficult
to train bees to distinguish between textured
objects of different shapes, when these shapes
are presented against similarly textured back-
grounds. However, if bees are initially trained,
in a Y maze, to distinguish between uncamou-
flaged versions of the same shapes (say, black
shapes against white backgrounds, which they
learn quickly and well), they can then read-
ily distinguish between the camouflaged ver-
sions (98, 99). Evidently, the trained bees use
prior knowledge, or top-down processing, to
break the camouflage and discriminate between
objects that were previously indistinguishable.
Thus, bees can learn to look at their world in
novel ways and to detect objects that are nor-
mally invisible to them.

Learning Mazes and Labyrinths

The ability to learn mazes has been investigated
extensively in a number of vertebrates, notably
rats, mice, pigeons, and fish. However, until re-
cently, relatively few studies have explored the
capacity of invertebrates to learn to navigate
mazes.

Zhang et al. (93) explored the ability of
bees to learn to fly the correct route through a
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complex labyrinth, consisting of several cham-
bers, to get to a reward at the destination. The
labyrinth was assembled from a 4 × 5 rectangu-
lar array of boxes. Each box carried a transpar-
ent lid through which the bees’ flights through
the maze could be observed. The path through
the maze was created by leaving open some
of the holes between boxes and blocking oth-
ers. Bees had to learn to fly through a specific
sequence of boxes to reach their goal—a feeder
containing sugar solution.

In one experiment, bees had to find their way
through the maze by learning to follow a mark
that signaled the correct exit in each box. The
mark was a small green square, placed immedi-
ately below the appropriate exit in each box to
indicate the correct path. The bees learned this
task within half a day (after about 20 rewarded
trials) and showed good performance. After
training, over 70% of the bees flew through the
maze without making even a single error. Per-
formance continued to be good when the bees
were tested on a new path, created by rearrang-
ing the boxes and marks. Evidently, the trained
bees had learned to follow the mark to get to
the goal and immediately used this rule to trace
novel paths through the maze.

In another experiment using the same con-
figuration of boxes, Zhang et al. investigated
whether bees could learn to negotiate mazes by
using a symbolic cue. Left and right turns were
signaled by different colors placed on the back
wall of each box where a turn had to be made:
For example, blue meant “turn left” and yel-
low meant “turn right.” The results revealed
that bees learn this task well, too—in fact, just
as well as the task of simply following a mark.
Here again, bees, trained to use the symbolic
cue on a particular route, immediately used the
cue to trace novel paths through the maze.

A final experiment in this study explored the
ability of bees to learn to navigate unmarked
mazes. Here bees were trained step-by-step
through the entire path, from the entrance
to the reward box. The bees’ performance in
these experiments was not as good as in the
experiments described above. Nevertheless,
the performance of the trained bees was

significantly better in the training maze than
in a control maze that offered an unfamiliar
route (93). Thus, bees can learn routes through
completely unmarked mazes. Presumably, this
is accomplished by memorizing the sequence
of turns that have to be made at each point
(box) along the route.

When bees that have learned to negotiate
a maze with the aid of marks or symbolic cues
are tested on the same routes with the marks
or cues removed, their performance is substan-
tially poorer than when the bees are trained on
unmarked routes in the first place. It appears
that, when bees are given marks or symbolic
cues, they rely almost entirely on these signals
for navigation: They hardly pay any attention
to the route they take through the maze—in
contrast to the bees that are forced to learn an
unmarked route. In this respect, bees appear to
be similar to humans—when we drive to an un-
familiar destination, we are less likely to learn
the route if we are guided by a passenger or by
a GPS-based navigation system.

Bees can also be trained to choose specific
visual patterns at specific stages of a multistage
maze. Thus, they can learn to navigate through
a maze by choosing pattern A over pattern B at
stage 1, B over C at stage 2, D over E at stage
3, and so on (13). Other work, using unmarked
mazes, has shown that bees are better at learning
mazes that involve regular patterns of turns—
if they are able to recognize such patterns—
compared with random mazes (96). For ex-
ample, bees readily learn to navigate through
constant-turn mazes, such as right-turn mazes
(where the goal is reached by making a right
turn in each chamber) or left-turn mazes (where
the goal is reached by always making a left turn).
Bees can also learn zigzag mazes, where the goal
is reached by alternately turning left and right.

Learning Complex Associations

Mazes are useful not only for studying the learn-
ing of complex routes, but also for probing the
ability of animals to perform a variety of per-
ceptual tasks. One example of such an applica-
tion is the so-called Delayed Match to Sample
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DMTS: Delayed
Match to Sample

DSMTS: Delayed
Symbolic Match to
Sample

LEARNING COMPLEX ASSOCIATIONS

Reinhard et al. (60, 61) took the investigation of complex, cross-
modal associative recall one step further by showing that scents
can trigger recall of navigational memories in foraging honey
bees. They trained bees to forage alternately at a rose-scented
feeder at an outdoor location A and at a lemon-scented feeder
at a different location B. Bees trained in this way could then be
triggered to visit location A or B simply by blowing the associated
scent into the hive, even when A and B no longer carried the food
or the scents. This finding demonstrates that scent can trigger the
recall of specific, complex navigational memories.

(DMTS) task. Here an animal is shown a sample
stimulus and shortly afterward is presented si-
multaneously with two comparison stimuli, of
which one is identical to the sample and the
other is different. The animal is required to
choose the comparison stimulus that matches
the sample. This task requires memorizing the
sample that is encountered (on a short-term
basis, i.e., place it into working memory), and
then comparing this memorized sample with
each of the comparison stimuli to determine
which one of them is appropriate. Learning the
task itself—that is, learning the matching rule—
would be the province of long-term memory,
which is obviously also involved in this exercise.

Until recently, only humans, monkeys, and
pigeons were known to perform DMTS tasks.
In 2001 this capacity was explored for the first
time in an invertebrate, the honey bee (30). Bees
were trained in a Y-maze, which presented the
sample stimulus at the entrance and the com-
parison stimuli at the ends of the two arms of the
maze. In one experiment, a group of bees was
trained to match colors: When the sample was
yellow, the bees had to choose the yellow com-
parison stimulus to get a food reward; when the
sample was blue, they had to choose the blue
stimulus. Bees learned the DMTS task well,
choosing the matching color 70% of the time
after 60 rewarded visits. The trained bees were
then tested with a novel set of sample and com-
parison stimuli: vertical and horizontal gratings.
These bees immediately showed a clear and

statistically significant preference (of over 75%)
for the comparison grating that matched the
sample grating at the entrance. Thus, bees that
have been trained to match colors are capable
of learning the concept of matching and apply-
ing it to deal with stimuli that they have never
previously been trained upon or even encoun-
tered. Experiments in which the distance (and
therefore the delay) between the sample stimu-
lus and the comparison stimuli is systematically
increased reveal that the sample stimulus can be
held in working memory for a duration of up to
5 s (94).

In a further extension of this experiment,
conducted using a slightly different apparatus
(30), bees were trained to match scents (lemon
and mango). They learned this task well. The
trained bees were then tested with colors (blue
and yellow). They immediately matched the
colors. Thus, bees can learn the concept of
matching in one sensory modality and apply it
to a task in an entirely different modality.

Finally, bees can also learn the concept of
nonmatching. That is, bees can be trained, us-
ing the paradigm described above, to choose the
comparison stimulus that does not match the
sample. Furthermore, as in the matching task,
they can transfer the concept of nonmatching
to novel stimuli (30).

A task of greater complexity is the Delayed
Symbolic Match to Sample (DSMTS) task.
Here the experimental subject has to use the
identity of a sample stimulus (which can be A
or B) to choose between two other comparison
stimuli (C and D) that are presented simulta-
neously in a subsequent chamber. The subject
has to learn to choose stimulus C if the sample
is A, and stimulus D if the sample is B. In other
words, the subject has to learn to associate A
with C, and B with D. In this task, neither of
the comparison stimuli matches the sample in
a literal sense: the matching is symbolic.

Until recently, only vertebrates—humans,
monkeys, dolphins, and pigeons—were known
to be able to learn DSMTS tasks (1, 16, 65,
62). Zhang et al. (95) explored this capacity in
honey bees, using a multilevel maze with two
stages of decision chambers and with a sample
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stimulus presented at the entrance. The sample
stimulus was a black-and-white grating that was
oriented horizontally or vertically. The first de-
cision stage presented comparison stimuli con-
sisting of colors (blue and green discs), and
the second decision stage presented comparison
stimuli consisting of patterns (a sectored pattern
and a pattern composed of concentric rings).
When the sample stimulus was a horizontal
grating, the bees had to learn to choose blue
in Chamber 1, and the sectors in Chamber 2,
to get to the food reward. On the other hand,
when the sample stimulus was a vertical grat-
ing, the bees had to learn to choose green in
Chamber 1 and the rings in Chamber 2. The
bees learned this task, choosing the correct
stimulus at each stage at a rate significantly bet-
ter than that corresponding to random choice.
This type of associative recall helps the bees
make the correct decision at each stage of this
elaborate maze and find their way through it.
In nature, exposure to one landmark along a
particular foraging route, for instance, would
trigger recollection of all the other landmarks
that are expected on the way.

Associative recall can extend across stimulus
modalities. It is a common human experience
that a whiff of perfume or cologne, for exam-
ple, can remind us of an old friend, and that
listening to a piece of music can trigger recall
of a long-forgotten event. The scent that is as-
sociated with a food source can trigger recall
of its color and vice versa. In a Y-maze con-
figuration, bees could be trained to choose the
color blue (for example) in a decision cham-
ber if they encountered the scent of lemon at
the entrance, and the color yellow if they en-
countered the scent of mango. Conversely, bees
could also be trained to choose a particular
scent in the decision chamber, depending upon
the specific color that they encountered at the
entrance (79).

Learning What to do
Where and When

Collett & Kelber (14) were perhaps the first
to demonstrate that bees learn tasks in a

context-specific way. That is, the choice that a
bee makes can be driven by the context in which
she finds herself. Collett & Kelber placed an
identical, square constellation of four cylinders
(two blue cylinders on one side, and two yellow
cylinders on the other) in each of two huts, 33 m
apart. A group of individually marked bees was
trained to find a food reward placed between the
two yellow cylinders in Hut 1, and to the east
of the two blue cylinders in Hut 2. Tests con-
ducted after training, with the reward removed,
showed that the bees searched for the food be-
tween the two yellow cylinders in Hut 1, and
to the east of the two blue cylinders in Hut 2.
Even though the constellations in the two huts
were identical, the identity of the hut (defined
by its location relative to the hive) determined
the choices that the bees made.

The choices that a bee makes can also be set
by the time at which the decision has to be made.
Gould & Gould (34) trained a group of indi-
vidually marked bees is to visit a blue, triangu-
lar, peppermint-scented feeder between 9 and
10 am. The same group of bees was then trained
to visit a yellow, circular, lemon-scented feeder
at the same location between 10 and 11 am.
After this training pattern had been repeated
daily for four to five days, the bees were pre-
sented with both feeders full and placed side
by side, and their behavior was observed during
the course of the entire morning. The trained
bees first appeared at the site at around 8:45 am,
indicating that they had learned the schedule.
Between 8:45 and about 9:45 am, they landed
exclusively on the blue triangle. Between 9:45
and 10:15 am, the bees switched to the yellow
circle and thereafter fed exclusively at this site
even though the blue circle continued to offer
food. More amazingly still, all the trained bees
ceased to visit the setup after 11:15 am, even
though both stimuli continued to offer food.
These observations indicate that bees can learn
tasks in a time-dependent way.

The ability to learn to make flexible choices
that vary with changes in space and time is
invaluable to a flower forager like the honey
bee, as the availability of nectar-bearing flow-
ers in the environment can vary with location
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as well as time of day. A number of studies have
extended these findings by showing that bees
can be trained to make diametrically opposite
choices of colors (or patterns) depending upon
whether they are visiting a feeding site or re-
turning to the hive (11, 26, 77, 97). Further-
more, bees can be trained to reverse this entire
ensemble of preferences at a different time of
day. Bees are quicker at learning opposite tasks
at the feeding site and at the nest if they are
made to learn these two tasks sequentially (e.g.,
feeder task first, nest task later). Interference ef-
fects occur, initially, when one attempts to train
bees on both tasks concurrently (25).

Counting

Chittka & Geiger (9) posed the intriguing ques-
tion of whether bees are capable of count-
ing landmarks on the way to a food source.
They placed four large landmarks (yellow tents)
equidistantly along a line leading away from
a beehive, and trained bees from the hive to
find a food reward placed halfway between the
third and the fourth tents. After training, the
feeder was removed and the bees’ ability to pin-
point the correct former location of the feeder
(between Landmarks 3 and 4) was evaluated
in a series of tests in which the positions and
separations of the landmarks were varied, and
the visits of the trained bees were counted at
a number of dummy feeders, carrying no re-
ward, placed along the training route. In these
tests, the trained bees did indeed show a signif-
icant tendency to search for the food at a lo-
cation between Landmarks 3 and 4. This find-
ing suggested that the bees were indeed capable
of keeping track of the number of landmarks
that they had passed to get to the food source
during the training. This apparent ability to
count objects sequentially was a first for inver-
tebrates. However, the majority of the bees in
the tests did not search after they had passed
the correct landmark, Landmark 3. Rather, they
searched at a position that corresponded to the
distance that the bees had flown to get to the
feeder during the training. It is well known
that bees are capable of learning the distance

that they need to fly to get to a food source,
and that they report this distance to their nest-
mates through the so-called waggle dance when
they return to the hive (84). Thus, in these
experiments, the odometric signal may have
been in conflict with the counting signal, lead-
ing to a seemingly less-than-optimum counting
performance.

Dacke & Srinivasan (15) repeated the above
study by training bees to fly in a tunnel and
to obtain a food reward after passing a fixed
number of landmarks. However, in these exper-
iments, the separation between the landmarks
was frequently varied during the training. This
procedure ensured that the food was always
present at the correct landmark, but random-
ized the distance that the bees had to travel to
get to it. When trained in this way, the bees
showed a strong and dominant tendency to
search at the correct landmark, and not at any
particular distance along the tunnel. Evidently,
the bees had learned from the training that the
landmark count was the critical cue and that
flight distance was irrelevant.

Training and testing experiments with the
feeder placed successively at Landmarks 1, 2, 3,
4, and so on revealed that bees can count up to
a maximum of four objects when they are en-
countered sequentially during flight. Further-
more, bees trained in this way counted novel
objects that they had never previously encoun-
tered, thus demonstrating that they are capable
of object-independent counting.

Recently, Gross et al. (35) have shown that
bees are also capable of assessing numerosity,
that is, of comparing numbers of objects. By
training bees to discriminate between different
numbers of objects in a delayed match to sample
task, and controlling for the use of extraneous
cues such as object area, perimeter, shape, and
configuration, they showed that bees can dis-
tinguish between one and two objects, between
two and three objects, and between three and
four objects, but not between four and five ob-
jects, or higher numbers.

It is interesting to note that the upper limit
of four appears in sequential counting, as well
as numerosity determination. Whether this is
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of some significance, or simply a coincidence,
remains to be examined.

CONCLUDING REMARKS
AND OUTLOOK

Research over the past thirty years or so is be-
ginning to suggest that learning and percep-
tion in insects are more intricate and flexible
than originally imagined. Honey bees are ca-
pable of a variety of visually guided tasks that
involve cognitive processes that operate at a sur-
prisingly high level. Bees can abstract general
properties of a stimulus, such as orientation or
symmetry, and apply them to distinguish be-
tween other stimuli that they have never previ-
ously encountered. They can be taught to use
new cues to detect camouflaged objects. They
can learn to use symbolic rules for navigating
through complex mazes and to apply these rules
in flexible ways. Honey bees form concepts to
group and recall stimuli associatively. The as-
sociations that are formed and recalled can be
complex. Although the processes of learning
and perception are undoubtedly more sophisti-
cated in primates and mammals than in insects,
there seems to be a continuum in these capac-
ities across the animal kingdom, rather than a
sharp distinction between vertebrates and in-
vertebrates. The abilities of an animal seem to
be governed largely by what it needs to pur-
sue its lifestyle, not by whether it possesses a
backbone.

Unfortunately, our current knowledge of
the behavioral capacities of honey bees greatly

surpasses our insights into how the nervous sys-
tem realizes them. Despite all the effort that has
been directed toward investigating the princi-
ples of visual processing in a wide variety of an-
imals, ranging from insects to cats to primates,
it is probably fair to say that we still know lit-
tle about the language of pattern recognition.
What are the features of the image that are ex-
tracted by the visual system, and how are they
assembled to form a compact and reliable rep-
resentation of an object that can be used to rec-
ognize it when it is encountered again? How
does the nervous system set up associations be-
tween sights, smells, and navigational routes,
and recall these associations when needed? The
honey bee, with its impressive behavioral reper-
toire and a relatively small nervous system com-
prising fewer than a million neurons, offers
a promising model in which to pursue these
challenges.

Owing to space constraints, this review has
not addressed a number of additional, impor-
tant aspects of honey bee vision, such as the
perception of movement and its role in visu-
ally guided flight, polarizational sensitivity, and
navigation. Some of these topics, and the ap-
plications of the emerging principles to the de-
sign of biologically inspired aerial vehicles, are
described, for example, in References 76 and
78. This review has concentrated on the cog-
nitive capacities of individual honey bees and
not discussed the collective intelligence of the
colony as a whole—an important and fascinat-
ing topic that has been covered extensively in,
for example, Reference 66.

SUMMARY POINTS

1. Bees, like humans, possess trichomatic color vision and exhibit a degree of color con-
stancy. The visual spectrum of bees is shifted toward shorter wavelengths, compared with
that of humans.

2. The visual acuity of honey bees is about 170 times poorer than that of humans.

3. Bees can be trained to discriminate visual patterns. They can abstract general properties
of the training patterns (such as orientation or symmetry) and use them to distinguish
novel patterns.
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4. Bees can be trained to detect camouflaged patterns and to distinguish between them.

5. Bees can learn to use signposts (literal as well as symbolic) to navigate through complex
mazes. They can also learn complex routes through unmarked mazes.

6. Bees are capable of complex associative recall. Colors can trigger recall of patterns, and
scents can trigger recall of colors.

7. Bees can learn tasks in a context-dependent and time-dependent way.

8. Bees can count up to a maximum of four objects presented sequentially or simultaneously.
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