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Abstract Colour constancy allows for visual systems to
be view stimuli independent of changes in spectral illu-
mination. Chromatic adaptation is likely to be an
important mechanism in colour constancy and can be
explained by use of the von Kries coefficient law.
Chromatic adaptation is compared for the honeybee and
three hypothetical visual systems. It is shown that the
spectral breadth and asymmetry of photoreceptors in the
honeybee may limit colour constancy. In particular, it is
demonstrated that the absorption of short-wavelength
radiation by the cis-band of chromophore is responsible
for a poorer correction for bee colours rich in ultraviolet
reflectance. The results are discussed in relation to the-
oretical considerations of von Kries colour constancy
and the physiology of eye design in some other species
for which colour constancy has been demonstrated.

Key words Bees - Colour constancy - Photoreceptors -
Spectrally variable illumination - Flower colour

Abbreviations UV ultraviolet -+ CCT correlated colour
temperature - HV'S hypothetical visual system - SWS
short-wavelength-sensitive - M WS medium-wavelength-
sensitive - LW long-wavelength-sensitive

Introduction

Spectrally variable illumination is a problem for colour
visual systems because the spectral reflectance of an
object is determined both by its spectral absorption
characteristics and the spectral composition of the ra-
diation source. Sunlight is the primary illumination for
most diurnal animals and is highly variable in spectral
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content due to many modifiers including wavelength-
specific scattering and filtering in the atmosphere (Ko-
ndratyev 1969), filtering by forest canopies (Endler
1993), and selective absorption of radiation in water
(Lythgoe 1979). The ability to respond accurately to
colours in spite of changes in spectral illumination is
termed colour constancy (Hurvich 1981; MacAdam
1985) and has been demonstrated in primates, birds,
fishes, cats, amphibia and insects (see Neumeyer 1998
for review). One model of colour constancy is von Kries
chromatic adaptation where the spectral sensitivity of
each photoreceptor does not change, but the scalar co-
efficients of the photoreceptors vary to achieve con-
stancy (von Kries 1902 in MacAdam 1970; Hurvich
1981; MacAdam 1985). Worthey and Brill (1986) pro-
duced a theoretical analysis which showed that the
correction offered by von Kries adaptation is limited by
both an increase in the breadth of photoreceptor spectral
sensitivity functions, and an increase in the overlap be-
tween photoreceptors. They show that the von Kries
coefficient law would achieve only approximate colour
constancy when considering broad overlapping photo-
receptors.

The honeybee (Apis mellifera) has trichromatic colour
vision with photoreceptors maximally sensitive at about
350 nm, 440 nm and 540 nm (Autrum and Zwehl 1964;
Menzel and Blakers 1976; Menzel et al. 1986). Each of
the bee’s three photoreceptors also has a second com-
mon absorption peak at about 340 nm due to absorp-
tion of radiation by the cis-band of the chromophore
(Stavenga et al. 1993). The main absorption peak is
termed the a-band and the secondary absorption peak
the B-band. Figure 1A shows the spectral sensitivity of
the honeybee’s three photoreceptors plotted with a vi-
tamin A; photopigment spectral absorption template
described by Stavenga et al. (1993). The B-band has little
effect on the relative spectral sensitivity of the short-
wavelength-sensitive (SWS) photoreceptor, but becomes
distinctly noticeable for the medium-wavelength-sensi-
tive (MWS) and long-wavelength-sensitive (LWS) re-
ceptors. The B-band results in the MWS and LWS
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Fig. 1A—C Spectral sensitivity of various visual systems with the
height of the photoreceptors arbitrarily adjusted to a maximum of 1.0.
A The honeybee (Apis mellifera) plotted using a vitamin A; template
described by Stavenga et al. (1993) and considering the o-band
photoreceptor peaks to be maximally sensitive at 350 nm, 440 nm and
540 nm, and the B-band peaks to be maximally sensitive at 340 nm.
B A hypothetical vision system (HVS1) based only on the a-band
photoreceptor peaks described above for the honeybee. C A broad
non-overlapping set of photoreceptors (HVS2, unbroken line) and a
narrow non-overlapping set of photoreceptors (HVS3, dashed line).
The breadth of these photoreceptors approximately matches that of
the hypothetical retinas described by Worthey and Brill (1986)

photoreceptors being spectrally broad and having con-
siderable overlap with the SWS photoreceptor.
Behavioural experiments have shown that bees can
discriminate colours as food signals (von Frisch 1914a,
b; Daumer 1956, 1958; Helversen 1972), and colour is an
important cue for insects orientating to flowers (Daumer
1958; Chittka et al. 1997). It is important then for insects
to be able to detect flower stimuli relatively independent
of changes in spectral illumination, and behavioural
studies have demonstrated colour constancy in bees
(Mazokhin-Porshnjakov 1966; Neumeyer 1981; Werner
et al. 1988). Neumeyer (1981) showed that bees have

colour constancy by training single freely flying bees to
land on one of nine sequentially coloured test fields that
were presented on a grey background. The illumination
source was then changed with coloured filters to see if a
bee could still correctly choose the training field. The
field was preferred under nearly all the new illumination
sources, but the frequency of correct choices fell the
more the new source colour varied from the training
source, showing that bees have approximate colour
constancy. In similar behavioural experiments bees
demonstrate simultaneous colour contrast (Neumeyer
1980) and successive colour contrast (Neumeyer 1981).
The results suggest that chromatic adaptation could be
an important mechanism in colour constancy and Ne-
umeyer (1981, 1998) suggests that physiological mecha-
nisms underlying chromatic adaptation may include
neuronal interactions between photoreceptor channels,
variations in the equilibrium of visual pigment concen-
trations due to relatively slow mechanisms of receptor
adaptation, and central retuning processes that adjust a
neutral point of colour perception.

It has been observed that insect pollinators sometimes
restrict their visits to one flower type even when other
rewarding flowers are available (Bennett 1884; Christy
1884; Heinrich 1976; Chittka et al. 1997). This temporary
loyalty to one species is termed flower constancy (see
Waser 1986 for review) and increases the fitness of an-
giosperms by enabling the effective and efficient transfer
of genetic material between plants of the same species
(Waser 1983a, b, 1986; Barth 1985; Proctor et al. 1996).
Flower constancy may benefit insects because of im-
proved foraging efficiency once a flower’s characteristics
have been learnt (Darwin 1876; Waser 1983a, b, 1986;
Chittka and Thomson 1997; Chittka et al. 1997). Flower
colour is an important determinant in flower constancy
(Waser 1983a, b; Chittka and Menzel 1992; Chittka et al.
1997) and the reproductive success of some plants may
depend on the ability of insects to correctly choose flower
colours in spectrally variable illumination. Dyer (1998)
showed that a model of honeybee vision based on the von
Kries coefficient law leads to a correction to spectrally
variable illumination that depends on the position of a
colour in bee colour space. Reflectance curves that have
colour lociin the centre right-hand side of colour space are
well corrected for, but the correction is relatively poorer
for bee colours on the left-hand side of colour space
(Fig. 3B). This region represents colours that are rela-
tively rich in ultraviolet (UV) reflectance, and Chittka
et al. (1994) reports that UV-coloured flowers are rare in
nature and comprise only about 1.6% of a worldwide
sample of flowers. It was thus suggested by Dyer (1998)
that the relatively poorer solution of chromatic adapta-
tion for UV-coloured flowers is a possible or part expla-
nation for the rarity of these flowers in nature, because
they are harder for insects to identify (and hence visit
constantly) in spectrally variable illumination. Other
possible reasons for the rarity of certain flower colours in
nature may include phylogenetic or biochemical con-
straints (Menzel and Shmida 1993; Chittka 1997),



although it is likely that most plant families have the po-
tential to generate a wide variety of flower colours
(Menzel and Shmida 1993).

In this study it is hypothesised that: (1) the absorp-
tion of short-wavelength radiation by the cis-band of
chromophore is responsible for the asymmetry of chro-
matic adaptation reported in Dyer (1998), and (2) the
breadth of spectral-sensitivity curves limits the accuracy
of colour constancy for all colours in colour space. To
test these hypotheses, a series of 99 computer-generated
reflectance curves that provide a good coverage of a
Maxwell colour triangle (Dyer 1998) are plotted con-
sidering spectrally variable illumination and three hy-
pothetical visual systems (HVS): HVSI1, three photore-
ceptors based only on the a-band sensitivities of vitamin
Ay; HVS2, three non-overlapping broad photoreceptors;
and HVS3, three non-overlapping narrow photorecep-
tors. Each of the visual systems is evaluated both with-
out any mechanism for colour constancy, and with a
model of von Kries colour constancy. The results are
compared with the model of honeybee vision in spec-
trally variable illumination (Dyer 1998).

Materials and methods

The methods used to model chromatic adaptation for the three HVSs
are those used previously for honeybee colour vision (Dyer 1998).
The only parameters varied are the spectral sensitivities of the HVS
(Fig. 1B, C), and the resulting von Kries scalar coefficients (Table 1).
The four visual systems evaluated were determined as follows.

The honeybee visual system

The results are taken directly from Dyer (1998). The spectral sen-
sitivity of the photoreceptors was modelled using a photopigment

Table 1 The colour of radiation sources and the weighting (W) of
short-, medium- and long-wavelength-sensitive photoreceptors to
plot a stimulus reflecting radiation equally in the centre of a
Maxwell colour triangle according to the von Kries coefficient law

Radiation source Short (W) Medium (W)  Long (W)
colour in terms of

correlated colour

temperature (K)

The honeybee (from Dyer 1998)

10 000 1.94 1.01 1.00
6500 3.54 1.32 1.00
4800 7.10 1.80 1.00

Hypothetical visual system (HVS) 1

10 000 2.22 1.01 1.00
6500 4.31 1.35 1.00
4800 8.98 1.85 1.00

HVS2

10 000 1.57 1.00 1.44
6500 2.50 1.00 1.06
4800 5.43 1.32 1.00

HVS3

10 000 1.60 1.00 1.46
6500 2.61 1.00 1.07
4800 5.73 1.32 1.00
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spectral absorption template (Stavenga et al. 1993) and assuming
the o-bands absorb radiation maximally at 350 nm, 440 nm and
540 nm, and the B-bands all absorb radiation maximally at 340 nm
(Fig. 1A).

HVS1

A template of photopigment spectral absorption described by
Stavenga et al. (1993) was used to determine the a-band spectral
absorbance of vitamin A;. The absorption peaks for the three
HVS1 photoreceptors were taken to be 350 nm, 440 nm and
540 nm to match the a-band absorption peaks of the honeybee.
This produces a hypothetical visual system with three well spaced
and approximately symmetric photoreceptors (Fig. 1B). The HVSI1
photoreceptors are essentially honeybee photoreceptors without
the radiation absorption by the cis-band of the chromophore.
A comparison of HVSI1 and bee visual systems allows an evaluation
of the effect of the B-band absorption peaks on von Kries colour
constancy. The theoretical considerations of von Kries colour
constancy demonstrated by Worthey and Brill (1986) suggest that
the narrower HVS1 photoreceptors should provide improved col-
our constancy. Since the photoreceptors for HVSI1 are well spaced
and approximately symmetric, it is also expected that the von Kries
coefficient law should produce a symmetric solution of colour
constancy in colour space.

HVS2 and HVS3

To model the theory that non-overlapping, and narrower photo-
receptors should improve von Kries colour constancy (Worthey
and Brill 1986), a set of three broad non-overlapping photorecep-
tors (HVS2), and a set of three narrow non-overlapping receptors
(HVS3) were used. The breadth of the HVS2 and HVS3 photore-
ceptors approximately matches that of the hypothetical retinas
(HR3 and HRI, respectively) described by Worthey and Brill
(1986). The photoreceptors were chosen to be sensitive in the UV,
blue (400-500 nm) and green (500-600 nm) regions of the spectrum
(Fig. 1C) to allow the changes in spectral illumination to match
those modelled for the honeybee.

Illumination sources

The illumination sources used for the modelling were equivalent to
a correlated colour temperature (CCT) of 4800 K, 6500 K, and
10 000 K (Fig. 2), based on the data of Judd et al. (1964). A CCT
of between 4800 K and 6500 K approximates direct sunlight, and a
CCT of 10 000 K approximates diffuse skylight (examples in Dyer
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Fig. 2 Spectral distribution of typical daylight with the relative
quantity of radiation normalised to 1.0 nm at 560 nm. Curves are
based on the data of Judd et al. (1964) and represent correlated colour
temperatures of 4 10 000 K, B 6500 K and C 4800 K
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1998). Varying the spectral quality of illumination from 4800 K to
10 000 K simulates a problem that foraging insects would en-
counter when visiting flowers in both direct sunlight and shade.

Computer-generated reflectance curves

The most frequently occurring flower colours do not cover the
whole of bee colour space (Menzel and Shmida 1993; Chittka et al.

colour distance (Backhaus and Menzel 1987) but are used to
evaluate relative colour shift in different areas of colour space.
Possible errors from mapping reflectance curves onto a two-di-
mensional colour space (Backhaus 1991, 1992; Chittka 1992) were
minimised by using broad-band reflection spectra and limiting
theoretical variations in illumination to natural daylight conditions
(see Dyer 1998 for discussion).

The distance between colour loci of a reflectance curve in
spectrally variable illumination is given by:

1_ 2
X tan 30°) - (ﬂ — mwsy X tan 300)} + [mwsy — mws2)*,  (4)

cos 30°

1994). To examine the effect of spectrally variable illumination on a
broad range of colours theoretically visible to the honeybee a series
of 99 computer-generated reflection curves has previously been
used (Dyer 1998). The reflectance curves were derived from the
many flower colours that have a steep gradient at about 375 nm
and 500 nm (Chittka and Menzel 1992). The generated reflectance
curves were tested for the three HVSs and found to also give a good
coverage of their respective colour spaces.

Colour triangle contour plots of reflectance curves
in spectrally variable illumination

For each of the visual systems, the amount of radiation absorbed
by the photoreceptors P (SWS, MWS, LWS) was calculated by
numerically integrating the product of photoreceptor absorption
S(X), relative spectral illumination D(A), and spectral reflectance
I(}) at 10-nm steps from 310 nm to 670 nm (Eq. 1). The variable W
was used to weight each of the three photoreceptors:

670
P=W- S(I(M)D(A)d\. (1)
J310

The values of P (SWS), P (MWS) and P (LWS) were then used to
calculate chromaticity coordinates (Eq. 2) (Wyszecki and Stiles
1967). Chromaticity coordinates (sws, mws, lws) are given by:

sws/P(SWS) = mws/P(MWS) = Iws/P(LWS)
= 1/(P(SWS) + P(MWS) + P(LWS)), )

and sws + mws + lws = 1

Maxwell colour triangles are conventionally used to plot chroma-
ticity coordinates for trichromatic visual systems (Rushton 1972;
Goldsmith 1990) and the values were plotted in separate equilateral
triangles to represent the colour spaces of the honeybee, HVSI,
HVS2, and HVS3 (see below).

For each visual system, the three photoreceptors P (SWS, MWS
and LWS) were weighted by the variable W to simulate chromatic
adaptation to the various illumination sources (4800 K, 6500 K
and 10 000 K, see Fig. 2). The value of W (Table 1) was deter-
mined by the ratio of the three photoreceptors required to plot a
stimulus reflecting radiation equally (equal white) in the centre of a
colour triangle for a given illumination source (Eq. 3). This simu-
lates colour constancy based on the von Kries coefficient law.

For chromatic adaptation to equal white reflecting an illumi-
nation source, the ratio of the values of W were varied such that:

sws = mws = lws = 1/3. (3)

The relative colour shift (cs) of a reflectance curve I(LA) in two
spectrally different illumination sources was quantified by con-
verting chromaticity coordinates to Cartesian coordinates and ap-
plying Pythagoras’ theorem (Eq. 4, derivation given in Dyer 1998).
The resulting unit of measure is relative to the height of a colour
triangle (100 units), and represents the change in the position of a
reflectance curve in colour space for a given change in the spectral
quality of illumination. The values cannot be treated as perceptual

where swsy, sws, and mws;, mws, are the chromaticity coordinates
of I(A) under two spectrally different illumination sources.

Results
The visual systems with no colour constancy

The effect of spectrally variable illumination for each of
the visual systems without colour constancy was deter-
mined by maintaining a set value of W for a CCT of
6500 K (Table 1), and varying the value of D(A) such
that CCT = 4800, 6500 and 10 000 K. The colour shift
of the 99 reflectance curves as illumination varied from
4800 K to 10 000 K was calculated for each visual sys-
tem (Eq. 4). These numeric values were plotted onto
separate colour triangles, representing each of the visual
systems, at the coordinates where the 99 reflectance
curves would lie for a CCT of 6500 K. The numeric
values were then converted into contour lines of con-
stant colour shift. The distribution of some plant colours
that are very common in nature (Dyer 1998) were plot-
ted onto the triangles considering a CCT of 6500 K to
evaluate the correlation between plant colour loci and
contour shape.

The results for HVS3 with no colour constancy were
very similar to HVS2 and are not separately shown.
Without any mechanism for colour constancy, spectrally
variable illumination produces a large colour shift for all
of the visual systems with values ranging from 8 units to
40 units (Fig. 3A, C, E). Each of the 99 reflectance cur-
ves are able occupy a large number of positions in colour
space, and without colour constancy colour recognition
in spectrally variable illumination would be impossible
for any of the visual systems. The shape of the contours
is symmetric in the colour spaces, with a similar degree
of colour shift on either side of the triangle. There is no
correlation between contour shape and the colour loci of
common plant colours (Fig. 3A, C, E).

Chromatic adaptation based
on the von Kries coefficient law

Chromatic adaptation for the various hypothetical vi-
sion systems was simulated by using a specific value of



W for each photoreceptor depending upon the illumi-
nation source used (Table 1). The colour shift of the 99
reflectance curves as illumination varied from 4800 K to
10 000 K was calculated (Eq. 4), and these numeric
values were plotted onto separate colour triangles at the
coordinates where each of the 99 curves would lie for a
CCT of 6500 K. The numeric values were then con-
verted to contour lines of constant colour shift, and the
distribution of plant reflectance curves that are common
in nature (Dyer 1998) were plotted onto the colour
spaces (Fig. 3B, D, F). The results for HVS3 are not
shown since the calculated values were extremely small.

Chromatic adaptation for the honeybee
visual system (results from Dyer 1998)

Compared with the system of no colour constancy
(Fig. 3A), chromatic adaptation for honeybee shows a
reduced colour shift with values ranging from 0 to 11.0
units (Fig. 3B). The chromatic adaptation model pre-
dicts an asymmetric correction that is best in the centre
right-hand side of bee colour space, and this is the region
where the loci of many common plant colours lie.

Chromatic adaptation for HVS1

Chromatic adaptation for HVS1 shows a large reduction
in the degree of colour shift for all reflectance curves,
with the best correction in the centre of colour space
(Fig. 3D). The relative colour shift values range from 0
to 6.0 units, and provide a better overall correction than
chromatic adaptation for the bee where values range
from 0 to 11.0 units (Fig. 3B). Contours of colour shift
for HVS1 are symmetric in colour space, offering a
correction that is similar on either side of the triangle.
There is no correlation between contour shape and plots
of common plant reflectance curves, and the contours
are different in shape from chromatic adaptation for the
bee (Fig. 3B).

Chromatic adaptation for HVS2

The correction to spectrally variable illumination re-
sulting from chromatic adaptation for HVS2 (Fig. 3F)
shows a large improvement over the correction for
HVSI1 (Fig. 3D). The colour shift values range from 0 to
2.0 units. The contours are approximately symmetrically
orientated in colour space with a high level of correction
in the centre of the triangle. There is also a high level of
correction shown on the bottom left-hand side of the
triangle because these reflectance curves only stimulate
the SWS photoreceptor, guaranteeing colour constancy.

Chromatic adaptation for HVS3

Chromatic adaptation to spectrally variable illumination
for HVS3 provides for almost perfect colour constancy
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for all theoretically visible colours. A small colour shift
was calculated for some reflectance curves resulting in a
mean colour shift of 0.03 units (SD = 0.03). As colour
constancy is nearly perfect, there are no contours of
colour shift to plot. The results for the hypothetical vi-
sual systems are in agreement with the theoretical con-
siderations proposed by Worthey and Brill (1986), that
non-overlapping and narrower photoreceptors improve
von Kries colour constancy.

Discussion

The contour plots of colour shift for HVSI show that
for approximately symmetric and evenly spaced pho-
toreceptors the von Kries coefficient law produces a
symmetric solution in colour space (Fig. 3D). The
correction is incomplete, however, showing that chro-
matic adaptation for HVS1 achieves only approximate
colour constancy. A comparison of chromatic adapta-
tion for HVSI (Fig. 3D) and for the honeybee (Fig. 3B)
shows that absorption of UV radiation by the cis-band
of the chromophore is responsible for the asymmetric
solution of chromatic adaptation reported previously
for the honeybee. Dyer (1998) suggests that the poorer
solution of bee chromatic adaptation for colours that
are relatively rich in UV reflectance is a possible or part
explanation for the rarity of UV-coloured flowers in
nature, because these flowers might be harder for bees
to constantly find using colour as a cue. If this is the
case, then the absorption of UV radiation by the cis-
band of the chromophore may have played an impor-
tant role in natural selection not favouring some flower
colours. However, behavioural studies that demonstrate
different levels of colour constancy for different
bee colours would be required to substantiate this
hypothesis.

Electrophysiological measurements of photoreceptor
spectral sensitivities (e.g. Peitsch et al. 1992) show that
for some insects that the sensitivities may vary from
Stavenga et al. (1993) photopigment template predic-
tions, probably because of spectral filtering by screening
pigments, waveguide effects and/or self-screening in the
photoreceptors (Stavenga et al. 1993; Gribakin et al.
1995). Peitsch et al. (1992) recorded that in some hy-
menopteran species that the spectral sensitivities of the
MWS and LWS receptors had considerable overlap
with the SWS receptor, whilst in other species the
overlap was small. In a study of white-eyed insect
mutants Gribakin et al. (1996) showed that spectral
sensitivities of visual pigments may also vary from the
predictions made by the template, and that the effect of
the B-band on receptor sensitivities in some insects may
be smaller than template predictions. A comparison of
Figs. 3B and 3D shows that as there is a change in the
effect of the B-band on the absorption of radiation by
the MWS and LWS receptors, there should be a relative
change in the performance of von Kries chromatic
adaptation.
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Fig. 3A-F Interpolated contour plots of colour shift in a Maxwell
colour triangle for spectral illumination varying from a correlated
colour temperature (CCT) of 4800 K to 10 000 K. The contours
represent colour shift for 99 computer-generated reflectance curves
whose loci provide a good coverage of the Maxwell triangle. The
colour shift distance is relative to the height of the triangle (100 units).
Numbers on the contours represent the distance a colour in that region
of colour space would shift under the spectral illumination change.
Triangles on the left-hand side of the figure (A, C, E) show plots made
with the weighting of photoreceptors kept constant for a CCT of
6500 K to simulate no colour constancy. Triangles on the right-hand
side of the figure (B, D, F) show plots made with the weighting of
receptors varied based on the von Kries coefficient law (see text). Note
that the colour shift values are much lower for triangles on the right-
hand side, and the contour intervals are different. A, B Predicted
colour shift for honeybee photoreceptors. C, D Predicted colour shift
for a hypothetical visual system (HVS1) which is based only on the
a-band spectral sensitivities of vitamin A;. E, F Predicted colour shift
for a hypothetical visual system (HVS2) based on three broad non-
overlapping photoreceptors. The centre of the triangle represents a
stimulus that reflects radiation equally at all wavelengths (EW). The
corners of the triangles represent short-, medium- and long-
wavelength-sensitive photoreceptors (SWS, MWS and LWS), respec-
tively. The distribution of common plant colours is shown on all
colour triangles: petals (#); flower centres (CJ); and foliage (A). The
spectral locus is a plot of pure spectral radiation, but is not shown for
the non-overlapping photoreceptors as the locus would be incomplete

A comparison of Figs. 3B, 3D and 3F shows that
chromatic adaptation to spectrally variable illumination
is improved by narrowing photoreceptor spectral sensi-
tivity breadth. Improved colour constancy has been
suggested as a possible function of oil droplets in pi-
geons and Pekin robins (Vorobyev et al. 1998). The
spectral sensitivity of the birds’ four photoreceptors is
narrowed by the coloured oil droplets present in the eye,
and modelling shows that this reduces the expected
colour shift of natural colours in avian tetrachromatic
space when considering von Kries colour constancy.
They also show that spectral tuning by oil droplets may
improve the discrimination of some coloured objects,
but the benefits of narrower receptors may be traded off
against increased receptor noise and poorer discrimina-
tion of monochromatic lights.

The spacing, number and spectral breadth of photo-
receptors in visual systems is likely to be influenced by
many different needs and constraints including colour
constancy, colour discrimination, receptor noise, visual
acuity (e.g. Barlow 1982; Goldsmith 1990) and chemis-
try of the visual pigments (e.g. Goldsmith 1990; Britt
et al. 1993). For narrow non-overlapping photorecep-
tors (HVS3), nearly perfect colour constancy is achieved
for a broad range of theoretically visible colours. In
nature, however, visual systems based on non-overlap-
ping photoreceptors would be poor at discriminating the
broad range of reflectance curves available as informa-
tion to animals. For example, in the honeybee it has
been shown that the regions of the spectrum where
colour discrimination is highest is where there is overlap
between two photoreceptors of different spectral sensi-
tivity (Helversen 1972; Chittka and Menzel 1992; Peitsch
et al. 1992), because small differences in the wavelength
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of reflected radiation cause a large difference in the ex-
citation of the two photoreceptors, and thus maximise
signal divergence for the bee’s colour opponent system
(Chittka and Menzel 1992).

For a vision system based on the three HVS3 pho-
toreceptors there would be a number of different reflec-
tance curves that would produce identical stimulation of
the receptors, and it would be poorly suited to foraging
amongst natural colours. To achieve good colour dis-
crimination a natural vision system may thus have lim-
itations on the correction to spectrally variable
illumination available through chromatic adaptation. A
solution to this constraint may be evident in stomatopod
crustaceans, which have ten or more classes of spectrally
narrow photoreceptors (Cronin and Marshal 1989;
Osorio et al. 1997). Modelling shows that stomatopods’
narrow but overlapping photoreceptors would provide
improved von Kries colour constancy compared to
spectrally broader receptors, and would still allow for
good colour discrimination (Osorio and Vorobyev 1997;
Osorio et al. 1997).

In human vision the photosensitive pigments are
based on vitamin A; (see Stavenga et al. 1993) and ab-
sorb radiation maximally at about 420 nm, 534 nm and
564 nm (Bowmaker and Dartnall 1980). The photore-
ceptors also have the potential to absorb UV radiation
because of the cis-band of the chromophore (Stavenga
et al. 1993), and this produces spectrally broad photo-
receptors. The retina is not exposed to UV radiation,
however, due to the strong absorption of radiation be-
low 400 nm by pigmentation in the lens (Wald 1952).
Pigmented lenses that absorb short-wavelength radia-
tion are common in fishes, primates and sciurid mam-
mals, and are present in some other mammals,
amphibia, and reptiles (see Muntz 1972; Douglas and
Marshall 1999 for reviews). Several reasons have been
suggested for the function of the pigmentation in the
optics of some animals, including limiting chromatic
aberration, protection of the retina from damaging UV
radiation, reduction of haze and glare (Muntz 1972;
Douglas and Marshall 1999). It is also possible that
pigmentation in the optics of the eye improves colour
constancy by narrowing spectral-sensitivity curves (al-
though colour vision and colour constancy is yet to be
demonstrated in many animals possessing pigmented
lenses). In particular, filtering out UV radiation before it
is absorbed by the cis-band of the chromophore may
prevent the asymmetric type solution of chromatic ad-
aptation shown for the honeybee (Fig. 3B).

Colour constancy is important if animals are to make
robust judgements about reflectance spectra in variable
illumination conditions. Colour constancy has appar-
ently evolved independently in primates, birds, fishes,
amphibia and insects (Neumeyer 1998), which is strong
evidence that it has importance in the survival or re-
productive success of many species. Theoretical consid-
erations of von Kries colour constancy (Worthey and
Brill 1986), and the models presented here, show that
only approximate colour constancy would be achieved
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for animals with broad overlapping photoreceptors. The
inability of colour constancy to fully correct for changes
in illumination may place selective pressure on some
species. For example; Endler and Thery (1996) report
that birds displaying in forests compete for patches of
specific illumination, which might be to maximise the
communication of colour signals in the absence of per-
fect colour constancy, and the relatively poorer solution
of chromatic adaptation for honeybees may place se-
lective pressure on plants with UV-coloured flowers
(Dyer 1998). The results presented here support the
hypotheses that the absorption of short-wavelength ra-
diation by the cis-band of the chromophore is respon-
sible for the asymmetric results of chromatic adaptation
for the honeybee, and that the breadth of spectral-sen-
sitivity curves limits the accuracy of colour constancy for
all colours in colour space.
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