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ABSTRACT

A pervasive idea among pollination biologists is that bees cannot see red flowers.
This idea has led many workers to assume that red coloration is an adaptation by
which flowers exclude bees as visitors. However, recent empirical and theoretical
evidence strongly supports the alternative view, that red flowers are visible to bees.
Our purpose is to marshal this evidence from physiology, behavior, and ecology.
First, we define the spectral boundary between orange and red, and show that the
visual spectrum of all bee species studied to date extends enough into long wave-
lengths to provide sensitivity to red light. Such sensitivity differs from the ability to
discriminate different monochromatic lights, and we argue that bees will be unable
to discriminate such lights above about 550 nm. Second, we point out that flowers do
not reflect monochromatic lights. Instead many of them, particularly those that
appear red, orange, yellow, and white to humans, have reflectance patterns that are
essentially step functions. We predict that bees should be able to discriminate such
reflectance patterns over a range of 550—-650 nm, since reflectance functions with
steps at such wavelengths will occupy different loci in bee color space and thus be
distinguishable. In this sense, bees should distinguish between green-, yellow-,
orange-, and red-reflecting objects, even if these do not reflect in shorter wave-
lengths (including UV). A behavioral experiment shows that bumblebees can indeed
perform this task. Third, we present information on the spectral reflectance of some
typical "red” flowers, combined with field observations of bee visitation to such
flowers. We end with a preliminary reassessment of the adaptive significance of red
flower coloration, using North American “hummingbird” flowers as an example; we
also stress some of the pitfalls facing evolutionary biologists who continue to
assume that bees are blind to red objects.

INTRODUCTION

The assertion that bees cannot see red flowers has
reached the level of dogma in pollination biology. To
take a typical example, the excellent new book on polli-
nation by Proctor et al. (1996, p. 49) states that “most
insects are sensitive to ultra-violet radiation but have
little or no sensitivity to red . . . 7. The authors then
proceed to elaborate on the assertion with reference to
various insect groups, including bees. And Vogel
(1996), in a new edited volume on floral biology, lists
“red-blindness” as one of several noteworthy modern
discoveries about insect pollinators.

The assumption of red-blindness in bees is perhaps

understandable given contradictory and confusing state-
ments in the literature, dating to the earliest days of
research on bee color vision. Karl von Frisch (1914,
1914/15) trained honeybees (Apis mellifera) to pick blue
and yellow targets from different shades of gray, but
found that the animals could not perform this task with
red targets. Conversely, Molitor (1937, 1939) found that
several species of bees and wasps could be trained to
red. Kugler (1943) reported that bumblebees (Bombus
lapidarius) could learn even “far red” targets (wave-
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lengths unspecified), but the bees learned the task more
slowly (and forgot it more quickly) under natural light
than under artificial illumination. Kiihn (1924) deter-
mined the long-wavelength (A) boundary of bee vision
as 650 nm, and concluded that bees see red, whereas
Daumer {1956) and Frisch (1967) concluded that they
see only to orange, based on the same A boundary.
Kevan (1983) specified the boundary as 700 nm, but
also concluded that bees only see yellow and orange.
Kiihn (1924) and Helversen (1972) both found that bees
cannot discriminate wavelengths between 530 and 650
nm (i.e., green to red), but Daumer (1956) succeeded in
training bees to distinguish between 530, 580, and 616
nm (which he named green, yellow, and orange).

The take-home message that many pollination biolo-
gists extracted from this confusion was that bees cannot
see red, and red flowers are thus invisible to them (e.g.,
Raven, 1972; Harborne, 1982; Bradshaw et al., 1995;
Proctor et al., 1996). However, the conclusion of red-
blindness immediately confronted thoughtful workers
with several enigmas. If bees cannot see red flowers,
why does one often find bees visiting such flowers (we
will return to examples below)? How do bees distin-
guish yellow flowers from leaves when they cannot
discriminate in the entire range from green to red, as
claimed by Kiihn and Helversen (see above)? How can
it be true that bees can neither distinguish red from
yellow, nor red from gray, but can distinguish yellow
from gray?

Our intent here is to resolve such enigmas about
bees’ color vision. We will show that much of the confu-
sion is generated by failure to differentiate conceptually
between monochromatic lights vs. broadband spectral
reflection of objects (including flowers); and between
the range of colors that bees perceive vs. those they
discriminate from one another. In addition, the theoreti-
cal and empirical understanding of bee vision has ad-
vanced rapidly beyond the level exemplified in the pa-
pers cited above. Thus we are able to present recent
evidence from physiology, behavior, and ecology that
bees see red objects (including red flowers) and dis-
criminate them from other objects. We end by discuss-
ing some ecological and evolutionary implications of
red flower coloration in light of this evidence, and by
pointing out some pitfalls of continuing to ignore the
evidence.

THE VISIBLE SPECTRUM OF BEES

Before we ask whether bees can see red, we must agree
on what “red” means. In the present context what is
meant is how we ourselves perceive color, so we will
derive our definition from human psychophysical stud-
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ies. These studies variously assess the A boundary be-
tween “orange” and “red” as lying between 593 and
625 nm, with a mean of 611 nm (LeGrand, 1968, and
references therein). The variation from study to study
derives in part from different experimental methods, but
also from intrinsic differences among human observers.
For example, LeGrand describes one experiment in
which a light of 605 nm was judged by 40 subjects as red
and by 40 as orange, with 20 undecided. In what follows
we will consider the average value of 611 nm as the
boundary between red and orange. The question of
whether red light is invisible to bees thus boils down to
whether they can see A > 611 nm.

The ancestor of all insects was likely equipped with
UV, blue, and green receptors with maximal sensitivi-
ties (Xmax) at about 350, 440, and 520 nm, respectively
(Chittka, 1996). The ancestral insect long-wave receptor
(L-receptor) A__ of about 520 nm contrasts with a hu-
man value of about 565 nm (Smith and Pokorny, 1975;
Jacobs, 1993; Fig. la). However, modern insects in
many orders possess L-receptors with greater A___than
this. For example, the values for many Lepidoptera lie in
the range of 600 to 630 nm (e.g., Struwe, 1972; Arikawa
et al., 1987), and some Coleoptera (Hasselmann, 1962;
J. Schorn and R. Menzel, unpublished) and Odonata
(e.g., Yang and Osorio, 1991) are similar.

Within the Hymenoptera, such high values of L-
receptor A, are less common. Behavioral studies with
the ant Cataglyphis bicolor indicate A___ of 570 nm
(Kretz, 1979), but electrophysiologists have so far not
found this receptor (Paul et al., 1986). Three species of
primitive wasp (Symphyta) have A__ between 596 nm
and 604 nm (Peitsch et al., 1992). Among more than 50
species of bees (Apoidea), the Andrenid Callonychium
petuniae is an outlier with an L-receptor A___ of 600 nm
(Menzel and Backhaus, 1991; J. Schorn and R. Menzel,
unpublished). All other bees examined so far are UV-
blue-green trichromats with receptor A, values most
commonly positioned at 340, 430, and 540 nm (Peitsch
et al., 1992; Chittka, 1996; Fig. 1b). When we speak of
bees in what follows, we mean trichromats with these
properties. Can these animals see light which appears
red to us, i.e., of A > 611 nm?

The answer is yes. The spectral sensitivity curve of
the L-receptor of most bees peaks at around 540 nm, but
has an extended tail towards longer wavelengths, and
reaches zero at about 650 nm (Fig. 1b). Hence, there is a
large overlap between wavelengths humans see as red,
and those to which bees are sensitive. It is correct to say,
however, that bees do not see as far into the red as
humans do. This is because the bee L-receptor is posi-
tioned at slightly shorter wavelengths (A = 516 to
560 nm; Peitsch et al., 1992) than that of humans (Kmax =
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Fig. 1. Spectral sensitivity functions for (a) human color receptors and (b) honeybee (Apis mellifera) color receptors. The
honeybee functions are representative for a large number of Apoidea (Peitsch et al., 1992). (c) Dashed line: the spectral
discrimination function of the honeybee, as determined behaviorally by Helversen (1972); solid line: spectral discrimination
functions for step functions. (d,e) Continuous line: spectral sensitivity function of the bee UV receptor. Dashed lines: step
functions with Xswp at 380 nm (d) and 340 nm (e); these theoretical functions reflect 100% of all light above, and no light below,
me. Shaded areas (black and gray): areas of overlap (convolution) between spectral sensitivity functions of the bee UV receptor
and step functions. If Xs!ep is shifted 10 nm to longer wavelengths in both graphs, the convolution is reduced by the area shaded in
black. The difference in receptor stimulation by any pair of monochromatic lights can be assessed directly by evaluating the
receptor’s sensitivity at the two wavelengths in question. (f) An example of the step functions used to calculate the spectral
discrimination function in Fig. 1c and in Fig. 2, inner solid line. This particular function has kmp at 450 nm; in contrast to the
functions in Fig. 1d and 1e it reflects only 50% of all incident light at wavelengths above Xstep.
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565 nm; Smith and Pokorny, 1975; Jacobs, 1993), al-
though the difference is marginal in some species, e.g.,
the Megachilid Osmia rufa (Xmax = 560 nm). The value
of A__also varies somewhat between studies and mea-
surement techniques, so that, for example, a value of Kmax
as great as 556 nm has been reported for the honeybee
(Menzel and Backhaus, 1991). Hence the statement that
the bee visual spectrum is shifted relative to that of hu-
mans (e.g., Kevan, 1983) is mostly true in an asymmetri-
cal sense: while the differences on the long wavelength
end are relatively small (see above), the differences
between the A__of the bee and human short-wave re-
ceptors (S-receptors) are consistently around 100 nm for
all species of Apoidea so far tested (Peitsch et al., 1992).

It is also critical to keep in mind that the visual
spectrum of an animal does not have absolutely fixed
boundaries because the eye adapts to different condi-
tions. Thus it is misleading to evaluate a graph in which
sensitivity is plotted on a linear (as opposed to a loga-
rithmic) scale, and to conclude that the visual spectrum
ends where spectral sensitivity curves reach zero. The
sensitivity of a dark-adapted eye can increase by several
log units (Laughlin, 1989), making lights on the far
periphery of a receptor’s spectral sensitivity curve per-
ceptible. Thus dark-adapted humans can see infrared
light with A > 1000 nm (Griffin et al., 1947). Mazokhin-
Porshniakov (1969) reported that the blowfly
Calliphora responds to flashes of 710 nm when placed
in the dark, even though A ___ for its L-receptor is 530 nm
and the response of this receptor in a light-adapted eye
reaches zero on a linear scale at around 620 nm (Hardie,
1986). The threshold energy to evoke a response at
710 nm is 2000 times higher than at 620 nm, but a
response is evoked in the fly. ,

Scientists wishing to experiment with insects in dark-
ness, while being able to observe them, have sometimes
used lamps covered with red foil which transmits all
wavelengths above 600-620 nm (Chittka, unpublished
measurements). Taking into account the above informa-
tion, this is unlikely to create complete darkness for any
insect! Bumblebees (Bombus impatiens), for example,
exhibit visual orientation, and normal (although some-
what slowed) flight activity, when kept in a room illumi-
nated with a 40-W dark-red light bulb (§82134; Osram
Silvania, Inc., L. Chittka, unpublished).

THE RANGE OVER WHICH BEES DISCRIMINATE
COLORS

From the evidence above, we conclude that bees are
sensitive to red light. However, this does not necessarily
mean that they experience red as a unique perceptual
quality, as humans do. Mazokhin-Porshniakov (1969)
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stressed that “there are two different problems that must
be clarified: (1) what kind of radiations the insect eye is
able to distinguish, and (2) whether it can distinguish
one radiation from another.” The previous section dealt
with Mazokhin-Porshniakov’s first point. Here we will
discuss his second point.

What is the spectral range over which bees can dis-
criminate between lights of different wavelengths inde-
pendently of differences in intensity? To answer this
question, we must first understand the necessary equip-
ment for wavelength discrimination. By analogy, con-
sider the auditory system, and imagine you were trying
to estimate the direction of a sound with only your left
ear. Without moving your head, this would not be pos-
sible, because you would not be able to tell whether
hearing a weak sound meant that there was a soft sound
to your left, or a louder sound to your right. To estimate
stimulus direction, you must compare the signals from
two different sensors. Visual systems face a similar
problem. To discriminate colors in a given range of
wavelengths, visual systems must possess more than
one receptor type sensitive to those wavelengths. If only
a single color receptor sends a signal to the brain, the
brain cannot decipher if the receptor is moderately
stimulated at its wavelength of peak sensitivity, or
strongly stimulated at a wavelength far from its A__ .
Thus, discrimination of colors independently of inten-
sity is only possible in the wavelength range where the
spectral sensitivity functions of two color receptor types
overlap.

One way to quantitatively judge color vision abilities
of an animal is to measure its spectral discrimination
(inverse AA / A) function (Menzel and Backhaus, 1991;
Jacobs, 1993). A AA / A function depicts the minimal
wavelength difference AA needed to produce a just-
noticeable difference (or a difference of a fixed behav-
ioral criterion, such as 70% discriminability; Helversen,
1972) relative to a reference wavelength A. Inversion of
this function allows a straightforward judgment of the
wavelength discrimination abilities of an animal since
peaks of the function denote spectral regions of particu-
larly keen discrimination between closely adjacent
wavelengths, whereas minima indicate areas of poor
discrimination. Where the function reaches zero, wave-
length discrimination is no longer possible.

The honeybee was the first insect in which a spectral
discrimination function was measured (Helversen,
1972); other Apoidea have qualitatively similar func-
tions (Chittka, 1992, and references therein). This "bee
spectral discrimination function” has peaks around
400 nm and 500 nm (in the bee-UV-blue and blue-
green) and a region of poor discrimination in the blue at
about 450 nm. The function reaches zero at 350 nm on



the short wavelength end and at 550 nm on the long
wavelength end (Fig. 1c). Thus, while the visible spec-
trum of bees reaches up to the red at about 650 nm,
discrimination of single wavelengths is only possible in
the range from near UV (350 nm) to green (550 nm).
Hence monochromatic lights from green to red are in-
distinguishable for bees, so long as they are adjusted for
equal brightness according to Abney’s law (equal sum
of voltage signals of the three color receptor types;
Backhaus, 1991; Chitika, 1992). The latter point is criti-
cal: since the spectral sensitivity of the bees’ L-receptor
rapidly decreases at A > 550 nm, the intensity of the
stimulus must be increased as one moves to longer
wavelengths for the bee to perceive the same stimulus.
If the physical intensity of the light is kept constant over
the range from 550 nm to longer wavelengths, this will
not change the angular position of the stimulus in color
space (its hue in terms of human perception); rather, the
light will be increasingly dim, until, at >650 nm, it will
become imperceptible for the light-adapted eye.

The features of the spectral discrimination function
can also be predicted from the locations of monochro-
matic lights in a color space. A color space is arepresen-
tation of an animal’s color perception, designed so that
distances between points generated by two colors are
related to the animal’s predicted ability to distinguish
those colors. To create an appropriate color space we
need to know not only the physical properties of the
colors, but also what signals these colors cause the
animal’s photoreceptors to send to the brain, and how
the brain integrates the signals. In the case of bees, we
can calculate the signal generated by the three color
receptor types described above (for details see Chittka,
1992). If we normalize the receptor voltage signals so
that they range from zero (no signal) to unity (maximum
signal), we have defined a cubical vector space that
describes how the receptor system responds to any
color. This receptor space, however, does not ad-
equately describe color perception because it ignores the
processing of receptor signals in the brain. It turns out
that the bee’s brain integrates the signals via a color-
opponent system (Backhaus, 1991; Menzel and
Backhaus, 1991; Chittka et al., 1992), as the human
brain does also (Jacobs, 1993). A color-opponent sys-
tem compares inputs from different color receptor types
s0 as to extract information about the spectral properties
of an object. Thus, the appropriate color space for a bee
is one that represents color-opponency. It can be shown
by some simple geometry that a projection of the cubical
receptor excitation space onto two dimensions, which
yields a hexagon, provides the desired representation of
color opponency. Points within this hexagonal color
space are defined by constant difference between recep-
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tor signals, which is just the sort of algorithm performed
by the color-opponent system in the bee’s brain
(Chittka, 1992).

The hexagonal color space is shown in Fig. 2. The
outer solid line within the hexagon is the spectrum
locus, a curve which connects the color loci of mono-
chromatic lights in 10-nm steps from 300 to 650 nm.
Distances between adjacent points can be used to pre-
dict how well the bee will discriminate pairs of wave-
lengths which differ by 10 nm. In agreement with the
spectral discrimination function experimentally deter-
mined by Helversen (1972), resolution is good around
400 nm and 500 nm, with a minimum between these
values (Backhaus, 1991; Chittka, 1992). Above 500 nm,
distances between points become increasingly smaller,
and all values >550 essentially fall on a single point in
color space.

Do these findings mean that bees cannot distinguish

E(B)

E(U) YE(G)

Fig. 2. Color loci of monochromatic lights, adjusted for equal
brightness according to Abney’s law (sum of relative photore-
ceptor voltage signals XE = 1.5; see Backhaus, 1991 for
details), from 300 to 650 nm (outer solid line, circles); and loci
of step functions with kmp values for the same range of wave-
lengths (inner solid line, triangles), both shown within a hex-
agonal color space for bee vision (Chittka, 1992). The circles
and triangles mark loci in 10-nm steps; filled symbols indicate
50-nm steps. Thin lines connect each locus for monochromatic
light with the corresponding locus for step functions. For
example, the filled circle marked “400” denotes the locus of a
monochromatic light of 400 nm; a thin line connects this point
to a triangle on the inner solid line, which denotes the locus
corresponding to a reflectance function with a ?‘.S‘ep positioned
at 400 nm.
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