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Chapter 1

General introduction

This chapter consists of  two parts. The first part is about insect vision. We 
describe phototransduction and the roles of  rhodopsin and arrestin in it. 
Then, we briefly describe the optics of  the apposition and superposition 
compound eye. We continue with the fly’s and butterfly’s eye and finish with a 
short primer on colour vision. 

The second part is about butterfly wing colouration. We start with the 
ecological significance of  colouration patterns. We describe the basic anatomy 
of  the wing scale and present two sources of  colours: pigments and structures. 
(photonic crystals, multilayers). We introduce the concept of  the far field 
scattering pattern, i.e. the spatial colouration pattern. We round up with the 
implications of  combined pigmentary and structural colouration. 

The eye
An eye is a sensory organ which preserves the directionality of  the light coming from the environment 
– it is an imaging device. An imaging device consists of  an array of  sensors and an image-forming 
optical system. There are two principal types of  eyes: simple eyes and compound eyes. A simple (single-
chambered or camera-type) eye consists of  a single optical system (a pinhole and/or a lens) that 
serves the whole photoreceptor array. In a compound eye, the sensor array is broken into units – the 
ommatidia, each having its own optical system and a few photoreceptors. Compound eyes are found 
in two big groups of  invertebrates – insects and crustaceans.

Phototransduction
Photoreceptor cells contain light-sensitive molecules. The most important light-sensitive molecule 
used by animals is rhodopsin – a membrane-bound protein opsin which engulfs a prosthetic group 
– a retinal pigment, related to vitamin A. There are two basic cell-biological types of  photoreceptors 
– ciliary and microvillar (rhabdomeric) photoreceptors. Vertebrates possess the former and 
invertebrates possess the latter. We here focus on the rhabdomeric photoreceptors of  insects.

The photosensitive part of  the photoreceptor is the rhabdomere, composed of  tens of  thousands 
elementary phototransduction units, microvilli, which contain the biochemical machinery of  the 
transduction chain. There is about a thousand visual pigment molecules in the membrane of  each 
microvillus. By absorbing photons, the visual pigment molecules flip between the two stable forms 
called rhodopsin and metarhodopsin. 

When a rhodopsin catches a photon, it changes into active metarhodopsin, activating a biochemical 
chain which leads to opening of  membrane channels and to the onset of  a small membrane 
depolarisation – a quantum bump. When multiple photons hit the photoreceptor, the bumps are 
being summed up, resulting in a graded electrical signal, proportional to the light flux entering the 
ommatidium. In the volume of  each microvillus, there are also a few hundred arrestin molecules, 
which serve to stop the phototransduction process and the depolarisation. If  the number of  arrestin 
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molecules is smaller than the number of  metarhodopsins, the electrical signal induced by light will 
continue even in the darkness as a spurious afterpotential. 

The most important property of  a photoreceptor, its spectral sensitivity, is mainly determined by the 
absorbance spectrum of  the visual pigment that is expressed in the photoreceptor. There are three 
groups of  insect visual pigments based on the peak sensitivity of  the rhodopsin: the ultra-violet 
sensitive class, the violet/blue sensitive class and the green class. The peak absorbance of  the 
metarhodopsin is for all three classes in the blue range. A special case is the higher Diptera (flies) 
which have evolved a special, blue-green rhodopsin with an orange-peaking metarhodopsin. 

We study the afterpotentials and the interplay of  fly blue-green rhodopsin, its orange metarhodopsin 
and the arrestin in Chapter 2.

The optics of the photoreceptor and the eye
The two other most important characteristics of  a photoreceptor are its angle of  acceptance and its 
absolute sensitivity. These characteristics are interrelated. The absolute sensitivity is proportional to 
the acceptance angle (the divergence angle of  the bundle of  rays that are able to enter the 
ommatidium) and to the entrance pupil (approximately the area of  the corneal lens). The acceptance 
angle of  an insect photoreceptor is determined by both the diffraction optics of  the lens and the 
wave-guide optics of  the rhabdom, and is between 0.5° and 5°. A photoreceptor with 1° acceptance 
angle receiving light via a facet lens with diameter 20 μm absorbs about 107 photons/s when looking 
into a white diffuse reflector on a bright sunny day. 

The ommatidia are multiplied into a faceted array that forms the compound eye. For optimal 
sampling, the interommatidial angle should be matched to the acceptance angle of  its photoreceptors. 
In reality, eyes are often oversampling (the angle between the receptors is smaller than their 
acceptance angle). Generally, both for simple and compound eyes, it holds that the bigger the eye, 
the more sensitive and accurate it can be; but in order to reach the same acuity as with a simple eye, 
the compound eye would need to be much bigger. Compound eyes are therefore an option only at 
minute sizes. They do have an important advantage: the field of  view of  the whole compound eye 
can easily be more than a full hemisphere, while camera eyes are usually limited to much smaller 
angles. Like our own camera-type eyes with their foveal acute zones, insect eyes are often regionalised: 
they have acute regions with smaller interommatidial angles, most often looking forward, upward or 
along the horizon. The ommatidia in acute zones have bigger facets with smaller acceptance angles. 
This comes at the expense of  reduced peripheral acuity, but this is for instance not critical when the 
insect is flying, because of  motion blur. 

Apposition and superposition
There are two main optical designs of  the insect compound eye: the apposition and the refracting 
superposition eye. In the apposition eye the ommatidia are optically isolated from each other by cells 
containing dark pigments, so that each ommatidium works as a separate unit with its own optical 
system and photosensitive part. This eye type can be very accurate, but it has an inherent low 
sensitivity due to the small entrance pupil of  individual ommatidia. This design flaw has been 
bypassed in the refracting superposition eye, which may be considered as a powerful tweak of  the 
basic apposition design, optimised for darker environments. There, the pigment-based optical 
isolation between the ommatidia has been lost, allowing the optics of  several ommatidia to work as 
an array of  small telescopes (refractors), relaying the light flux to the rhabdom, thus increasing the 
effective entrance pupil of  each photoreceptor. The acuity may be somewhat sacrificed for a 
substantial increase in sensitivity of  up to a few hundred times. 
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Fly’s eye
Flies (Diptera) have tweaked the apposition eye design by developing neural superposition. Their 
optical system is focal and their rhabdom is open, the rhabdomeres of  individual photoreceptor cells 
are sparse and act as separate wave-guides. This way, each ommatidium has six principal 
photoreceptors, each looking into a slightly different direction. Remarkably, the axons of  these 
photoreceptors are specially wired, so that the electrical signals from photoreceptors located in six 
adjacent ommatidia, but looking in the same direction, are added together. This increases the 
effective sensitivity by a factor of  six at no expense to the resolution. 

Butterfly’s eye
Within the Lepidoptera, moths are evolutionarily older than the butterflies. Moths, as most nocturnal 
insects, have refracting superposition eyes. The trachea below the photoreceptors, which primarily 
serve to bring oxygen to them, have formed a multi-layered tapetum which reflects the light that 
passed the layer of  photoreceptors. There is another absorption chance which can to some extent 
increase the absolute sensitivity of  the photoreceptor. Some of  the reflected light leaves the eye and 
can be appreciated as the eye-shine. 

A branch of  moths evolved into diurnal butterflies. Apart from the skippers (Hesperidae), which 
still retain the refracting superposition eye, all other butterflies possess a compound eye of  the afocal 
apposition design. Butterfly ommatidia are optically isolated from each other, but they have inherited 
the telescopic optics and a tapetum. Due to these two features, an apposition eye-shine can readily 
be observed in most butterfly families. In many species, dorso-ventral regionalisation with a subset 
of  ommatidia containing red screening pigments, can be inferred from the eye-shine.

We observe the ultrastructure of  the rhabdom and the regionalisation of  the eye-shine of  the 
Eastern Clouded Yellow butterfly in Chapter 3.

The Great Banded Grayling Brintesia circe looking at a rectangular grid. The eyeshine at different optical 
levels (top-left: deep pseudopil; centre image: corneal level; bottom-right: far field)
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Colour vision
The basis for colour detection is a set of  (at least two) photoreceptors with different spectral 
sensitivities. According to Kelber and Osorio (2009), there are different levels of  colour detection. 
The simplest level of  colour detection is colour-guided phototaxis. The second level entails spatial 
vision, emergence of  colour spaces (di-, tri-, tetrachromacy), colour constancy and innate preference 
for certain colours, resulting in colour-specific behaviour. The third level which includes the ability of  
learning, has been named true colour vision. So far, true colour vision in insects has been proven for 
foraging behaviour in honeybees (trichromats) and in swallowtail butterflies (tetrachromats). The 
fourth level of  colour detection, categorisation (hue classes, saturation classes), so apparent in 
humans, has been also shown to exist in birds. 

A standard example of  insect vision is that of  a trichromatic honeybee. Some insects, on the other 
hand, have extensive monochromatic eye regions, e.g. the neuropteran owlfly. While some butterflies 
are also trichromatic (e.g. Nymphalini), several groups seem to have evolved more complex, 
multichromatic vision. This has been achieved by several means, for instance by increasing the 
number of  rhodopsin genes, by co-expressing two rhodopsins in a single photoreceptor cell, by 
filtering with distal and rhabdomal screening pigments. The resulting spectral sensitivities can be 
very different from the broad-peaked absorption spectra of  rhodopsins. The sensitivity spectra can 
either become wider or narrower, or two-peaked. 

The range of  colour vision (that is, where the animal can discriminate the hues) is a subset of  the 
overall range of  visible wavelengths. The range of  colour vision in the honeybee is between mid-UV 
and yellow, 350 to 550 nm. The range of  visible wavelengths is between 300 and 650 nm. In some 
butterflies, using red screening pigments, the visible range has been extended to about 700 nm. 
Somewhat counter-intuitively, the extension of  the visible range into the red may be less related to 
seeing red flowers than to discriminating the shades of  green, as it appears that many insects that are 
laying eggs on fresh plants, have red receptors.

In Chapter 4, we use electrophysiological methods to study the spectral sensitivities in the 
photoreceptors of  the eye of  the Eastern Clouded Yellow butterfly. We describe an expanded set of  
nine photoreceptor classes which presumably form the basis of  colour vision.

The wing
The primary function of  the two pairs of  insect wings is to make the insect airworthy. In some insect 
groups, the wings have also taken other functions: in beetles and true bugs, for instance the fore-
wings are hardened to serve as a mechanic protection. In beetles, damselflies, dragonflies and 
butterflies, the wings may be prominently patterned. 

The coloured patterns on butterfly wings may go from very simple, uniformly coloured, to very 
complex, e.g. with spots, eyes, veins, tips or edges of  differing colours. Very often, the two wing sides 
may have a very different patterning: in the familiar European Peacock Butterfly (Inachis io), for 
instance, the lower side is for camouflaging and the upper is for scaring the predators away. In the 
owl butterfly (Caligo memnon), the upper side is blue, probably for intra-specific signalling, while the 
lower side pattern looks like the eye of  an owl, functioning as a scare. A similar situation with a blue 
upper side of  the wing and an eye-patterned underside exists in the notoriously flashy butterflies of  
the genus Morpho. The colour wing patterns may serve different forms of  mimicry, either to conceal 
(camouflage) or to reveal – to send a deterrent to the potential predators (causing direct scare, or 
signalling unpalatability or toxicity).
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The colour patterns are sometimes shared within several species in a ring of  mimicry. The more 
obvious function of  the colour wing patterns, however, is to serve intra-specific signalling. The patterns 
may be involved in species recognition, gender recognition, distance signalling or territoriality. Wing 
colour patterns may also serve as an honest signal of  the individual’s genetic and physiological state. 

Here is an account on how complicated ecology may get: in morphos, the under-wing eye pattern 
may function as a scare, the upper wing blue may serve as a recognition pattern and as an honest 
signal of  genetic and physiological health. As a distance signal, the blue flash may be involved in 
territoriality. Further, it is possible that morphos share a ring of  mimicry, where the blue colour 
signals to predatory birds that these butterflies fly too well and too erratically to be worth of  hunting 
effort, or that the blue flashes are confusing. 

The butterfly wing scale anatomy
The anatomical structure that underlies an individual pixel of  the butterfly wing pattern, is the wing 
scale, typically 150 μm long, 50 μm wide and up to a few micrometer thick. In the typical case, there 
are two layers of  scales on each side of  the wings – the cover scales and the ground scales. A scale 
is a dead cell, mainly made out of  chitin, a polymer of  acetylglucosamine. Very commonly, a significant 
addition to the chemical composition of  the scale are pigments, such as papiliochromes, ommochromes, 
pterins and melanins. These pigments are the basis of  chemical colouration.

A scale consists of  the upper and the lower lamina and the space between. The scale may be straight 
or curved. While the lower lamina is usually a continuous layer, the upper lamina may be perforated 
and elaborated. The outstanding feature of  the upper lamina are the ridges which run along the 
length of  the scale, typically about 2 μm apart. The ridges are usually connected with cross-ribs, 
typically about 1 μm apart. The windows between the cross-ribs may be more or less closed with a 
thin lamina. The two laminae are connected with pillars. 

A simple scale described above will reflect only a small portion of  incident light. In reality, most of  
the butterfly scales are doing remarkably well in being opaque and coloured, given their thinness. In 
order to achieve efficient colouration, the basic scale structure is elaborated with structures that 
reflect the light wave. The dimensions of  these structures may be well below the wavelength of  light 
and they may be quasi-periodic or random. Such structures are the basis of  physical colouration.

Two physical phenomena involved in the creation of  chemical and physical colour are absorption and 
scattering. In order to create colour (that is, a colour other than white or black), they must be wavelength-
dependent in the visual range. 

Physical or structural colouration
Physical colouration is due to scattering. The material basis for it are quasi-periodic structures – 
multilayers and photonic crystals. The difference between the two is that the former are periodic in one 
spatial dimension while the latter are periodic in two or three spatial dimensions. The characteristic 
wavelength of  physical colouration is related to the periodicity of  the structure, to the filling factor 
and the refractive index of  the material. Roughly, the periodicity of  chitin multilayers in butterfly 
wings is between 50 and 150 nm.

In the case of  morphos and pierid butterflies, structural colour is due to the multi-layered structure 
formed by stacks of  lamellae of  the ridges. In this case, a point light source will not be reflected 
specularly, but will be dispersed into a line, due to the fact that the multilayer structure has periodicity 
in the vertical dimension, continuity in one spatial dimension (along the ridges) and discontinuity in 
the other. The characteristic wavelength of  the multilayer reflections is in the case of  pierids usually 
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The Purple Spotted Swallowtail Graphium weiskei illuminated from above (top) and from below (bottom).
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Colotis regina
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in the UV and in the case of  morphos in the blue. The peak wavelength of  reflections depends 
heavily on the direction of  illumination and viewing. This dependence is a hallmark of  iridescence. 

In the case of  some lycaenids (and some other groups), the lumen of  the scale contains domains 
with a regular chitin lattice that form a three-dimensional photonic crystal. The resulting structural 
colouration does not noticeably change with the angle of  illumination. Possibly, the evolution has in 
this case been driven towards a constant colour. 

Strictly speaking, the term structural colouration is interchangeable with iridescence only when the colour 
(hue, peak wavelength) of  the reflection changes with the angle of  illumination and observation, but 
in practice, the two terms are often used as synonyms. 

Chemical or pigmentary colouration 
Chemical colouration is due to absorption. The two main pigment groups in pierid butterflies are 
brown-black melanins and nitrogen-rich organic compounds, the pterins (leucopterin, xanthopterin 
and erythropterin). These pigments act mostly as long-pass (long-wavelength passing) filters, 
producing white (UV-absorbing), yellow, orange and red colours. The corresponding main absorption 
peaks of  the pigments lie in the UV, blue, green and yellow wavelength range. The cut-on wavelength 
of  such a long-pass filter will be modulated by the effective concentration of  the pigment. 

Pterin pigments are in the case of  pierid butterfly scales deposited in small pigment granules in the 
lamina. This non-periodic structure enhances chemical colouration by extending the optical path 
through the scale due to scattering, greatly increasing the absorption efficiency of  the pigment in the 
scale.

We study the anatomy and colouration of  single scales of  selected iridescent pierid butterflies in 
Chapter 5.

Angle-dependent reflectance: the far-field
From the aspect of  a con-specific, the information may be held in the pattern of  stripes, eyes, veins. 
This is the near-field pattern. The following properties of  the wing pattern must be considered as 
potentially containing information: reflectance spectrum, polarisation, diffuseness or specularity, 
iridescence. 

When all the colours on the wing are diffuse, reflections are unpolarized and the direction of  viewing 
will not play a role. The information is contained solely in the reflectance spectra. This is very 
different when parts of  the wing patterns are specular or iridescent: the direction of  illumination 
and viewing then plays a major role. In order to describe the property of  a patch of  the wing, we 
must describe its far-field scattering pattern, i.e. the angular distribution of  reflectance. The near-field 
and the far-field patterns can be compared with photographs of  a bicycle torch and the wall being 
illuminated by the torch from afar. 

The scattering properties of  a material can be described with the bidirectional reflectance distribution 
function (BRDF), which has three parameters: the wavelength, the illuminant direction, the observation 
direction (spatial angles in the whole hemisphere). Measuring and using BRDFs is important for 
computer graphics and chemical industries. It is an extremely laborious process producing an 
avalanche of  data. The function may become even more complex, when polarisation, material 
translucency or object shape play a role. Luckily, with butterfly wings, at least the latter of  the three 
may be neglected. Sometimes, additional simplifications are possible, if  some symmetry or isotropy 
can be assumed.
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The most straight-forward, but also the most laborious way of  measuring the whole far-field 
scattering pattern is to use a double goniometer, where the illuminant and the spectrometer probe 
direction may be adjusted. The other possible way is to image the far-field scattering pattern (the 
angular distribution of  light reflected from a patch of  material) instead of  the near-field (i.e., 
focussing on the object surface). In an optical system, switching between the near-field and the far-
field may employ just a single lens change, e.g. inserting the Bertrand lens in a compound microscope. 
Indeed, a modified microscope can be used to document the far-field scattering pattern of  a material; 
however, the limitation of  such a system based on refracting optics will be the numerical aperture. 
It is impossible to document the whole scattering hemisphere with such a system. In order to 
overcome this limitation, we have developed a scatterometer based around an ellipsoidal mirror.

We describe the imaging scatterometer in Chapter 6.

The two colourations combined
In butterflies, pigments are involved in most of  the yellow, orange, red and brown-black colours (i.e. 
when there are only substantial reflections in the long wavelength range), while most of  the short-
wavelength reflections are due to structural colouration. While chemical colouration mostly produces 
angle-independent and non-polarized colouration, often very close to that of  an ideal Lambertian 
diffuser, structural colouration may produce reflections ranging from diffuse to specular, with 
distinct polarization or iridescence (angle-dependent change of  colour).

Structural and chemical colouration are often co-localised and work together to produce the desired 
colour. Iridescence may be emphasized by a dark-brown background, which is in the case of  
morphos due to melanin pigment. In some iridescent pierid butterflies, pigmentary and structural 
colouration together produce purple colouration, i.e., reflectance spectra with a notch in the blue-green 
wavelength region. Because of  the different mechanisms of  colouration, the far-field scattering 
patterns of  the short wavelength peak are narrower and more complicated than those in the long 
wavelength, diffuse part of  the spectrum.

In Chapter 7, we use the scatterometer and an angle-dependent reflectance measurement setup to 
describe the far-field scattering patterns of  several iridescent pierid butterflies.
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The white scales on the ventral forewing of the Angled Sunbeam Curetis acuta under oblique illumination.


