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Chapter 4 Advertisement in flowers

4.3 Flower colour as advertisement - By Lars Chittka and
Peter G. Kevan

4.3.1 Introduction

Many pollinators’ spectral perception extends from ultraviolet (UV)
through to the red part of the electromagnetic spectrum. For natural
daylight, this range is, practically speaking, from 300 nm to about 700
nm. Most animals with colour vision have three (trichromatic) or four
{tetrachromatic) systems involving perceptions in UV, blue, green,
and red. Trichromats may use UV, blue, and green (as in many
insects) or blue, green, and red (as familiar for human beings). Many
mammals are blue-green dichromats (Jacobs 1993), whereas
arthropod dichromats typically have UV and green receptors, or blue
and green receptors (Chittka 1996a; Briscoe and Chittka 2001).
Many insects have multiple (more than four} spectral receptor types
(Briscoe and Chittka 2001). It is important to recognize that each of
these primary wavebands constitutes only one of at least two, and
perhaps mostly three or more involved in colour perception (Kevan et
al. 2001). Thus, singling out UV reflections is improper in studies of
pollination (Kevan et al. 2001), although that practice may have merit
in narrower contexts (e.g. taxonomy, biochemistry, biophysics)
(Eisner et al. 1973; Burr et al. 1995). Similarly, ignoring the nature of
the colours of the backgrounds against which flowers are presented is
improper (Kevan 1978; Chittka et al. 1994). Flowers and floral parts
change as flowers age, proceeding through various reproductive
phases and possibly offering different rewards to pollinators. Such
changes may or may not be visible to the human eye. The signals
may improve the corporate images of groups of flowers, vet guide
pollinators only to sexually receptive cnes in the group (Weiss 2001).
Thus, floral colours should be considered ideally with regard to:

e The colour vision system of the receiving animal.

= The colour of the background against which the flower blooms.
s The colour contrast between flower and background.

« Other simultaneously presented cues (visual and olfactory).

s Presence and exposure of rewards.

+ Other co-flowering species.

The methods for measuring or designating floral colours must be
such that they are meaningful to other scientists {i.e. standard) and
replicable. Table 4.3 presents the commonly used ways in which
flower colours are described or measured or both.

For most methods of measuring floral colours, the flowers
must be removed from the plants, and placed in a setup that fulfils the
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conditions stipulated for each method. This is not a problem,
however: most flowers do not usually change their colours within
hours or a day, so they can be carried to the laboratory without
problems. They can even be sent long distance with courier and rapid
postal services. For transport, flowers should be packed in conditions
which prevent desiccation. They should be placed in plastic bags or
sealed containers, with some moisture, for example by spraying a few
drops of water into the bag before closing. The containers should not
be exposed to heat. If they are kept in containers for longer periods
of time, it can also help to keep them in cooler bags, possibly with
freezer gel packs.

4.3.2 Human visual evaluation

Floral colours can be typified by reference to human abilities to
distinguish and match colours. Although this method does not take
into account the ultraviolet component of floral colours, it can be
useful. We advocate the use of standard arrays of colours to identify
floral calours in a way that can be understood by other people. One
of the internationally recognized standards for identifying colours is by
the Munsell Book of Colour (www.munsell.com), but horticultural
colour charts are smaller and specifically aimed at the colours of
flowers and vegetation (1996 Horticuitural Colour Chart issued by The
British Colour Council in collaboration with The Royal Horticultural
Society, www.rhs.org.uk).  Horticultural colour charts provide
numerical designations, standardized names in several languages,
and examples from specific flowers. A similar approach can be
through  colorimetrically standardized commercially produced
materials, The Pantone ® Colour Formula Guide (1997;
www.pantone.com) is especially good in that both flat {for most
flowers) and glossy (for some like buttercups) colour samples are
provided with numerical designations. The Pantone colours are not
diverse from white to pale grey, though. Patterns of floral colouration
can be typified by use of these charts and drawings.

The use of colour photographs also serves well, but one should be
aware that films vary in how true they are to colour, and may fade
differentially with age. Digital photography is also highly useful.
However, colour imagery is expensive to reproduce with the level of
accuracy needed to transfer information on colouration. Approaching
floral colours through human appreciation has been useful in making
generalizations about changes in floral colours as flowers age, with
respect to colour polymorphisms, seasonal changes and
biogeographical differences in the frequency of occurrence of floral
colours (Kevan 1983). Nevertheless, caution must be used in making
inferences about pollination because human appreciations of colour
are not analogous to the capacities of other animals to distinguish
colours.
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Table 4.3 Methods of colour determination and measurement.

Method

Advantages

Challenges and Disadvantages

Human visual
evaluation

A rapid method for large samples, data can be
assembled from existing floras and records.
Standard colour charts can be used.

UV patterns can not be discemed. Various authors
use different criteria for colour naming. Different
colour charts provide different designations.
Standard colour charts are expensive.

Spectrophotometry

Gives accurate measurements of reflectance
(spectral reflectance curve) over the entire
spectrum. Data can be stored automatically on
computer spread-sheets. Colour loci can be
calculated and presented on standard diagrams.
Rapid calculations allow for colour contrasts, efc. to
be presented. Modem technology makes this
approach relatively easy to use.

Equipment is somewhat expensive and requires
computer interface. Fine details of colour pattems,
floral guides, etc. can not be readily assessed with
accuracy. Requires careful calibration for incident
light, white and black standards, as data are being
collected.

Reflectance
spectrophotometry
(double beam
scanning
spectrophotometry
with integrating
sphere for reflectance
measurements).

Gives accurate measurements of reflectance
(spectral reflectance curve) over the entire
spectrum. Data can be stored automatically on
computer spread-sheets, Colour loci can be
calculated and presented on standard diagrams.
Rapid calculations allow for colour contrasts, efc. to
be presented. Allows calibration simultaneaus with
measurements.

Equipment is somewhat expensive and requires
computer interface. Fine details of colour patterns,
floral guides, etc. cannot be readily assessed with
accuracy.

Laboratory instrument with internal standard light
source. Spectral reflectances of coloured samples
placed on one of the integrating sphere's ports are
compared with a white standard placed on the
other.

Method

Advantages

Challenges and Disadvantages

Photegraphy with
wide-band mono-
chromatic filters and
UV refiecting grey
scale.

Adlows for capturing images of fine details in colour
pattems. Provides approximate spectral reflectance
curves based on matching reflectance of study
objects with that of the grey scale. Simpler and
cheaper, but less accurate, adaptations can be
used. Film is inexpensive.

Requires care. Cuartz lenses to allow for bast
images in UV to be captured are expensive. Glass
lenses attenuate UV (use with care), and haze-
coated glass lenses block it (do not use for UV
images: artefacts rasult). Care must be taken with
focus adjustments, especially at shorter
wavelengths. Artefacts result from overexposures,
especially in UV.

Black and white
video-viewing

Handy to use in the field. Can be used with wide-
band monochromatic filters and grey scale as in

photography.

Use with UV-passing filter will also capture Infrared
images, so these need to be separated. Mo bee-
subjéctive colours can be calculated.

Colour video viewing

Can be used to produce analogous colour images
(UV becomes blue, blue becomes green, and green
become red).

Technologicalty highly specialized and beyond the
scope of this manual. Trichromacy only. Hardly
used. No bee-subjective colours can be calculated.

computerised images
taken through a
serigs of interference
filters (Chiao sf al.
2000),

method for evaluating floral colour in conjunction
with pattem.

Digital photography The in_axpensiue digital cameras are not sensitive, or | Untested, but probably prone to difficulties in
not uniformly sensitive in ultraviclet. interpreting the images. Mo bee-subjective colours
can ba calculated,
Hyperspschal Images contain information on spectral content as Equipment is expensive; evaluation of data is
imaging; weil as spatial arrangement of colours; a promising complex and beyond the scope of this chapter,




Chapter 4 Advertisement in flowers

4.3.3 Photography with respect to pollinator vision by using
broad-band monochromatic filters and grey scale

4,3.3.1 Background and theory

Flower photography is an important way of recording floral form and
colours, and offers a way of visualising patterns that are invisible to
human beings. Because many pollinators, including insects and
birds, see in the ultraviolet part of the spectrum, there has been great
interest in recording ultraviolet reflections from flowers (Kevan et al.
2001). Flower photography to examine the optical features of flowers
that potentially are useful as cues to flower visitors must consider all
salient wavebands of reflection. This means that photegraphy needs
to consider the three primary colours in trichromats, such as most
bees (ultraviolet, blue, and green) and human beings (blue, green,
and red) and the four (and possibly more} primary colours for
tetrachromats or polychromats such as some birds and butterflies.

Some components of floral colour and colour patterns can be
inferred within the confines of human colour vision {as noted above)
but ultraviolet is one waveband of reflection that must be captured by
instrumentation (photography or reflectance spectrophotometry or
both)., The same instrumentation can also be used to capture
reflections in the other primary wavebands, so, for the sake of rigour
and completeness, why not use it for that as well? The principle ot
photography to examine floral colours as they relate to pollinator
colour vision is to take a series of photographs that capture
reflections in each of the primary colours (monochromatic reflections)
of the pollinators. Although not entirely necessary, we advocate that
photographs should be taken in intermediate wavebands as well.
This process can allow for quite closely estimated colour
measurement based on a photographically derived approximate
spectral reflectance curve (see reflectance spectrophotometry).
Modern instrumentation allows much more accuracy than was
possible when this approach was first used (Kevan 1972; Kevan
1983). We describe how to make photographs across the pollinator
visual spectrum, what instrumentation and materials is needed, and
how to interpret the results.

Photography relies on light, camera, lens, and film. Separating the
polinator visual spectrum for photography into broadband
monochromatic relies on the use of coloured filters. To capture the
images on film requires adjustments of the camera, lens, and film for
proper exposure and focus. Lighting is highly critical.

We advocate placing the flower to be photographed against a
black background (photographers’ black flock paper) on a stand in
diffuse (shade) facing north (in the northern hemisphere). The black
paper provides for control for exposure: it should be black, or nearly
so, on the eventuating photograph. The diffuse light eliminates
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Chapter 4 Advertisement in flowers

shadows and mirror like reflections that can make the pholographs
difficult to interpret. Light from the north is slightly richer in ultraviolet
that light from the south. Absoclutely critical to this sort of photography
is control for exposure of the film. Inclusion of a grey-scale that
reflects more or less uniformly from ultraviolet to red in the
photographs is critical. The white part of the scale should be white
and the black part and background black. The intermediate grey
pars of the scale, even it only one is used, should be grey in the
eventuating photograph. It is through the comparison of the greyness
(reflections) of the various fioral parts with the greyness of the scale
that a spectral reflectance curve can be generated. How to make and
calibrate a grey scale is described below.

Various cameras can be used, but the most salisfactory are those
with detachable lenses. These allow for bellows {or extension rings)
to be used for close up photography, and use of lenses that allow
passage of ultraviclet light. Thus, 35 mm single-lens-reflex cameras
are useful as is larger format cameras such as Hasselblad CM. The
lens to ba used is absolutely criticall There are, in leading journals,
publishad “ultraviolet" images which were captured through lenses
especially coated to block ultraviolet (to reduce the effects of "haze").
These photographs are from lengthy exposures that captured
reflections in the narrow band of the highly reduced amount of light
passed by the lens at its shortest wavelengths of transmizsion and
the filter at its longest wavelengths. They are artefacts.

What lenses should be used? Glass attenuates ultraviolet light,
but does transmit some of the longer waveband of ultraviolet in
daylight. Thus, simple, non-coated, glass lenses can be used (e.g.
Tessar lenses). It is advised that if plans are for use of a glass lens
that the transmission curve be determined from the manufacturer or
by transmission spectrophotometry. As a rule of thumb, the thinner
the glass of the lens, the more ultraviolet will be transmitted. Also, the
adhesives used to make complex lenses are ultraviclet absorbing.
The best lenses to use are made of quartz or fused silica. Although
such lenses themselves are not expensive, making them into lenses
for photography requires an understanding of optics. The lenses
specifically made for cameras are expensive and often have to be
especially ordered.

Focus is a problem. Glass and quartz lenses refract different
wavebands of light differently. This is what creates the rainbow of
light as it emerges through a glass or quartz prism. The shorter the
wavelength, the more the light is refracted. Thus, light from ultraviolet
to blue on passing through a camera lens are refracted so that the
image in these colours does not fall on the same focal plane as most
of the visible light. It falls in front of the main visible image. Thus,
when taking close up photographs in the ultraviolet, viclet, and even
blue {with wide apertures), focus must be adjusted by decreasing the
distance from the lens to the film. The distances involved depend on
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For control, try the same procedure with the leaf background. it
should yield the following values:
Pu=1; Pa=1; Pg=1

The quantum catch in the photoreceptors P (Equation 4-3) is the
input to the photoreceptors, not the input to the insect brain. On a
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Chapter 4 Advertisement in flowers

colours cause the animal's photoreceptors to send to the brain, and how the
brain integrates the signals. This approach was taken by Menzel and
Backhaus (1989) and Backhaus (1991). They calculated photoreceptor
excitations using Equations 4-2 to 4-4, and postulated that the photoreceptor
signals are integrated by means of two types of colour opponent processes,
one of which is UV — bluegreen antagonistic, and another which is blue — UV-
green antagonistic. The excitation values of the two colour opponent
mechanisms A and B are determined by

A=-986Ey+7.7Es+216 Eg (4-82)
B =-5.17 Ey + 20.25 Eg + 15.08 Eg (4-8b)

Backhaus (1991) claims these equations are borne out both by
neurophysiological and behavioural evidence (see below for caveats). The two
values A and B can be plotted in an orthogonal X-Y co-ordinate system, so that
the axes correspond to the excitation values of the neurons A and B (Figure
4.11). The co-ordinates of each coloured stimulus are simply determined by
calculating photoreceptor excitation values according to Equations 4-2 to 4-4,
then inserting the resulting values into Equations 4-8a and b. According to
Backhaus (1991), the distance (colour contrast) between two colours in this
colour opponent space is not Euclidian, so that it cannot be measured simply
with a ruler. Rather, distances are determined using a city-block metric, also
called Manhattan metric. This means that to calculate the distance between
two points, the distances along axis A and axes B are simply added up — so
distances are determined very much like in a modern city with a rectangular
layout (hence the terms city-block, or Manhattan metric; Figure 4.11). Thus,
the colour difference formula for two colour stimuli with co-ordinates A1, By and
Ao, By, is:

D =%A1 — Az Y2+Y2B; — BV

This formula can be used to calculate the colour contrast an object makes with
its backdrop, or to determine the bee-subjective colour differences between the
flowers of two different species. The spectrum locus cannot be determined as
easily as for the colour triangle. This is because the loci of colours (including
those of monochromatic lights) in the COC space change with intensity. For
this reason, it is useful to introduce a convention to normalise the intensity of
monochromatic lights to the same value. Backhaus (1991) and Chittka (1992)
have normalised the monochromatic lights of the spectrum locus to adaptation
light intensity. It follows from Equations 4-2 and 4-3 that for the adaptation
background, each photoreceptor contributes a relative quantum catch of 1. If
intensity is calculated as the sum of the 3 photoreceptor quantum catches,
then intensity is 3 for the background. Thus, for calculating the photoreceptor
excitations for each monochromatic light, we adjust the intensity of each
spectral light so that it produces a sum of photoreceptor quantum catches of 3.
This is done following formulae 4-9a to c. These receptor quantum catch
values need to be converted into relative photoreceptor voltage signals using
Equation 4-4. The co-ordinates for each wavelength of the spectrum locus are
calculated using Equations 8a and b.
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Pu=3*S()u/ (S)u+S()s+S()o) (4-92)
Pa=3*S()a/ (S0 )u+S()e+S()o) (4-9b)
Pe=3*S()a/ (S0 )u+S()s+S()o) (4-9c)

where Puygc are the quantum fluxes in the UV, blue and green receptors, and
S(l) is the adapted spectral sensitivity of the photoreceptor at the wavelength
in question. The adapted spectral sensitivity curve is calculated by multiplying
the spectral sensivity curve with the range sensitivity factor as determined by
Equation 4-2.

The UV-green mixture line is determined by calculating mixtures of
300nm and 550nm in several discrete (for example, 9) steps. The quantum
catches for the UV, blue and green receptors for each mixed light are
calculated as follows: to predict the UV receptor's quantum catch for a mixture
of one 10ths of 300nm and nine 10ths of 600nm, simply add one 10th of its
guantum catch for 300nm, and nine 10ths of the quantum catch for 600nm. Do
the same for the blue and green receptors, then calculate the co-ordinates of
the mixture light in colour space according to Equation 4-6a and b). Then,
procede to the next mixture ratio. Calculate receptor signals using Equation 4-
4, and colour loci according to Equation 4-8a and b.

The COC model is simple and therefore attractive. It is an
ambitious attempt to link behavioural and neurobiological data to form a
comprehensive model of colour vision in an insect. It is this model that
Campenhausen, (1993) heralded as being more comprehensive than any
model that had been designed for humans (see above). However, the
derivation of the COC model still involves a number of open questions.
First, the behavioural colour discrimination data used to obtain the model
were obtained from only a very small section of colour space in the blue-green
area (Backhaus et al., 1987). Therefore, it is inappropriate to conclude that
the same colour difference formula might apply in any other area of
colour space. Second, the evidence that the two types of colour opponent
neurons (and only these two types) demanded by the model actually exist in
the honeybee brain has been overstated. Kien and Menzel, (1977) found only
one type of colour opponent neuron frequently. This type was excited by
UV light, and inhibited by blue and green light (UV+ B-G-). These cells differ
widely in the strengths of inputs from the blue and green receptors, and so
Backhaus’ assumption of a single set of weighting factors is a simplification.
The mirror image type (UV- B+ G+) was also found, so there is evidence that
the assumption of a UV vs. blue-green mechanism in the COC model might
have a physiological correlate. However, the other type of neuron postulated
by the model, a tonic neuron with excitatory input from blue receptors,
and inhibitory input from UV and green receptors (UV- B+ G-), or its
mirror image, UV+ B- G+, were never described in
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