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1. Introduction 
 
The eye of butterflies has become an important model system for studying 
color vision. Using tools from molecular biology (Kitamoto et al., 1998, 2000; 
Briscoe, 2000; Vanhoutte et al., 2002), optics (Nilsson et al., 1988; Land and 
Osorio, 1990; Stavenga 2002a,b; Rutowski and Warrant, 2002) and behavioural 
biology (Kelber and Pfaff, 1999; Kinoshita et al., 1999; Kinoshita and Arikawa, 
2000) considerable knowledge has recently been accumulated concerning the 
visual pigments, their spatial distribution in the eye, and their role in color 
processing. So far the most detailed investigated system is the eye of the 
Japanese yellow swallowtail Papilio xuthus. It is composed of three classes of 
ommatidia, each having a set of nine photoreceptors with identified visual and 
screening pigments (Arikawa and Stavenga, 1997; Arikawa et al., 1999a). 
Recent work on the small white, Pieris rapae, indicated that this butterfly has a 
similarly complex eye, i.e. also with three classes of ommatidia and different 
screening pigments (Qiu et al., 2002; Qiu and Arikawa, 2003a). Whereas 
Papilio has no tapetum, Pieris ommatidia have a multilayer tapetum proximal 
to the rhabdom (Ribi, 1979a), further complicating the picture. A tapetum 
characteristically exists in the ommatidia of all butterfly species except those of 
the family of Papilionidae (Miller and Bernard, 1968; Ribi, 1979b; Miller, 
1979).  

The tapetum is most likely of functional significance -presumably the 
tapetum enhances light sensitivity- but its role has not yet been firmly 
established. From an experimental point of view, the tapetum is highly 
functional, because it allows non-invasive, optical probing of the visual 
processes in the eye (Bernard, 1979a,b, 1983; Bernard and Remington, 1991). 
This property is further exploited in this chapter, by making an extensive 
survey of the tapetal reflections in several butterfly species. The survey shows 
that butterfly eyes quite vary in tapetal properties, not only between species, but 
also within one and the same eye (Stavenga et al., 2001). It is speculated that 
these differences are related to the habitat and living conditions of the 
respective butterflies.  
 
2. Materials and Methods 
 
2.1. Preparation and optical set-up 
 
The majority of the investigated butterflies (Table 6.1) were captured in natural 
conditions in different locations (Japan, the Netherlands, Uganda). A few 
species were obtained from laboratory cultures (Polyommatus icarus, 
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Table 6.1: Single facet reflectances measured in 20 day-light living butterfly species. For each family, the 
Latin butterfly species name is given in alphabetical order (together with the Dutch and English common 
name, the sex, land of origin and natural habitat). The eye shine’s dorsal-ventral regionalization pattern 
(Reg.) is indicated with a symbol (see Fig. 6.3). Further abbreviations used for habitat conditions are G: 
Grassland, Gd: Dry grassland, B: Wood borders, M: migrating, x = sex not determined. The place of origin is 
indicated with U: Uganda, N: the Netherlands, J: Japan, G*: butterfly culture maintained at Lehrstuhl 
Tierökologie I, Universität Bayreuth, Germany, N*: butterfly culture maintained at the Department of 
Evolutionary Biology, Leiden, the Netherlands. 
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Fig. 6.1: Schematic diagram of the optical set.up used to record the reflection from single facets. Reflection 
data are acquired by the spectrometer (Avantes, SD2000). Data-acquisition and opening of the shutters (Sh) 
in the light path can be triggered simultaneously by TTL pulses of DAC’s of the CED 1401(Cambridge 
Electronics Design) under control of Signal2 software (Cambridge Electronic Design, UK) on a Pentium 
computer (PC). Signals from the DAC and flow of spectral information to the PC are indicated with solid 
arrows. A half-mirror placed at 45o transmits light from the xenon arc lamp (XL, 150W) and enters the 
microscope objective (Spindler and Hoyer, 4x, NA 0.1), which is focused on the cornea of an eye of the 
immobilized butterfly. The animal is adjusted by visual inspection through a pair of oculars (Oc1). A second 
pair of oculars (Oc2) is used to position a diaphragm around an enlarged image of a single facet. Therefore a 
displaceable test light (TL) images the adjustable diaphragm (D1) on the corneal image. Finally the light is 
focussed on the tip of an optical fiber which guides the light to the spectrometer, a 2048 element photodiode 
array spanning a spectral range of 178 nm to 890 nm. 
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University of Bayreuth; Bicyclus sp. and Heliconius sp., University of Leiden). 
The butterflies were kept in a cage with sugar solution for a couple of weeks at 
most. For recording the eye reflection, the butterflies were mounted in a plastic 
tube and positioned on a goniometer in a microspectrophotometric set-up. The 
head and thorax were sealed to the plastic tube.  

Single facet reflection spectra were measured with a SD2000 
spectrophotometer (Avantes) connected to a conventional epi-illumination 
microscope (Leitz Ortholux) equipped with a 4x, 0.1 objective (Spindler and 
Hoyer). The light source was a 150 W xenon arc lamp. The microscope was 
focused at the level of the cornea and a small diaphragm, selecting the 
reflection from a single facet lens, was positioned in the microscope’s image 
plane (Fig. 6.1). 
 
2.2. Spectrophotometric analysis 
 
Raw spectral data from the spectrophotometer were stored on a Pentium PC 
and subsequently analyzed off-line with Matlab. The reflection spectra were 
smoothed with a Savitzky-Golay polynomial smoothing filter with polynomial 
order 2 and a frame size less than 25 nm (75 data points). The recorded spectral 
data were converted into relative reflectance spectra by dividing the spectra 
with a spectrum measured from a white reference reflector (MgO) and then 
normalized by dividing the relative reflectance spectra by the value of maximal 
(relative) reflectance. Many butterfly species have an eye shine consisting of a 
few distinctly different colors, revealing a few different classes of ommatidia, 
and the spectra were thus grouped based on their colored appearance. The 
shape of the reflectance band was quantified by calculating the peak 
reflectance, λpeak, and 50% cut-on and cut-off wavelengths, i.e. the λ50-values, 
where the reflectance is half the maximal value (Table 6.2). The spectral data 
gained by measuring the reflectance spectra from individual ommatidia in the 
eyes of various butterfly species are summarized in Fig. 6.2. The reflectance 
band is characterized by three symbols, indicating the peak wavelength 
together with the wavelengths where the reflectance is half maximal. 
 
3. Results 
 
3.1. A survey of single facet spectral reflectances in dorsal and ventral 
eye regions 
 
We recorded reflectance spectra from single facets, i.e. from single 
ommatidia at the level of the corneal facet lens, in dorsal and ventral eye  
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Table 6.2: The main spectral normalized reflectance bandwith is summarized here for the 20 different species 
(Table 6.1) in ventral and dorsal eye regions. For each apparent spectral class, annotated with a color, the 
tapetal reflection is given by the peak reflection λpeak and λ50,l/r-values, where the reflection left (l) and right (r) 
to the peak is half maximal. For all recorded reflections (given by n) the mean and standard deviation is 
calculated. In Polygonia c-album, single facet spectra were recorded before (DA, in the dark-adapted state) 
and after bleaching (bl);  the spectra are shown in Fig. 6.7. 
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Fig. 6.2: Schematic summary of the main reflectance 
band in normalized reflectance spectra in 20 butterfly 
species (Table 6.2). For each spectral class, based on the 
colored appearance, the wavelength of peak reflection, 
λpeak, and corresponding λ50-values, where the reflectance 
is half maximal, on the left (λ50,l, ο) and right from the 
peak value (λ50,r, •), are plotted (see schematic plot). The 
horizontal lines separate the species. For a few species, 
the reflection spectra in the dorsal region were not 
recorded. The λ50,r cut-off wavelength (•) is in general 
shifted towards shorter wavelengths in dorsal eye 
regions, even in completely homogeneous eyes. Ventral 
regions appear to have mostly two different tapeta. 
Intrinsic differences in the tapeta and visual pigment 
(Fig. 6.4) account for the apparent higher diversity in 
spectral classes, like in Polyommatus en Polygonia c-
aureum. 
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Fig. 6.3: Schematic representation of 4 variations in eye shine pattern. A. Uniform homogeneous eye shine, 
e.g. Polygonia c-album; B. uniform mixed eye shine, e.g. Heliconius melpomene; C. clear ventral-dorsal eye 
with mixed ventral eye shine and a homogeneous dorsal eye region, e.g. Bicyclus anynana; D. heterogeneous 
ventral eye region with a small homogeneous dorsal eye region, e.g. Pieris rapae. 
 
regions in Charaxidae, Lycaenidae, Nymphalidae (Nymphalinae and 
Satyrinae), and Pieridae (Table 6.1).  
A number of butterfly species have a totally homogeneous eye shine, e.g. the 
orange-red eye shine in some Nymphalinae (e.g. Polygonia c-album; Figs. 
6.3A, 6.4, see also chapter 4), yielding very similar reflectance spectra from the 
different ommatidia in one and the same eye. 
Commonly the eye shine is heterogeneous. A mixed yellow-red pattern is 
encountered in all eye regions of Heliconidae (e.g. Heliconius melpomene; 
Figs. 6.3B, 6.5). Most frequently the heterogeneity is restricted to a certain eye 
region, resulting in a clear ventral-dorsal regionalization of differently colored 
reflections, with a transition zone at the equator, in e.g. Bicyclus anynana and 
B. safitza, and in Polyommatus icarus (Figs. 6.3C, 6.6), or with only a very 
small distinctly colored eye shine in the upper dorsal region, in e.g. Pieris 
(Figs. 6.3D, 6.7).  

The reflectance spectra slightly scatter within each spectral class (Figs. 
6.4-7), specifically at the long-wavelength side; in Polygonia the wavelength of 
half-maximum reflectance varies over ca 50 nm (Fig. 6.4B).  

 
3.2. Red pigments in the ventral region of butterfly eyes 
 
The ventral area of many butterfly species exhibit a spectral dichotomy of the 
ommatidia with respect to the color of the reflected light (Fig. 6.2). In satyrines 
for example, like Bicyclus anynana and Pararge aegeria, the eye shine of dark 
adapted eyes consists of bright green and red reflecting ommatidia. The eye 
shine of the small white, Pieris rapae, reveals also two 
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Fig. 6.4: Normalized reflectance spectra of single facets in the uniform, homogeneous eye of Polygonia c-
album (Fig. 6.2, type A). Thick lines are averages of normalized reflectances of single facets (see Table 6.2). 
The reflectance spectra in the range 450-550 nm are primarily determined by the absorption of the 
predominant green rhodopsin. Bleaching green visual pigment (protocol outlined in Chapter 4-5) results in an 
increased reflectance at 475-520 nm and a corresponding 40 nm shift in reflectance towards shorter 
wavelengths, i.e., the eye shine color shifts from red to yellow. This is characterized in Table 6.2 by the peak 
reflection wavelength and the λ50,l-values, being the wavelengths of 50% reflectance at the short wavelength 
side of the peak wavelengths. The 50% reflectance values at the long wavelength tail is unaffected. 
 
 

 
 
Fig. 6.5: Normalized reflectances of single facets in the eye of Heliconius melpomene. The eye has a mixed 
yellow-red eye shine with heterogeneous ommatidial spectral types (Fig. 6.2, type B). Thick lines are 
averages of single facet normalized reflectances (see Table 6.2). 
 
different classes of reflecting ommatidia, pale red and deep red, with 
reflectance spectra peaking at about 635 nm and 675 nm, respectively (Fig. 6.7; 
see also Qiu et al., 2002). As the long-wavelength limit of the reflectance 
spectra is determined by the tapetum, it follows that the two ommatidial classes 
must have different tapeta. The short-wavelength region of the reflectance 
spectra is determined by the absorbance spectra of the screening pigments in 
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Fig. 6.6: Normalized reflectances of single facets in the eye of Bicyclus anynana with distinct ventral and 
dorsal eye regions (Fig. 6.2, type C). Thick lines are averages of single facet normalized reflectances (thin 
lines, see Table 6.2). 
 
 

 
 
Fig. 6.7: Normalized reflectances of single facets in the ventral eye region of Pieris rapae. The eye has a 
large ventral eye region and a smaller dorsal area (Fig. 6.2, type D). Thick lines are averages of single facet 
normalized reflectances (see Table 6.2). 
 
 
the photoreceptors. Therefore, the two classes of ommatidia also must have 
different screening pigments. Histology corroborates this conclusion: in light-
microscopic sections two types of pigmentation were found, i.e. within each 
ommatidium four clusters of either pale-red or deep-red colored clusters 
surround the rhabdom (Qiu et al., 2002).  
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4. Discussion 
 
4.1. Regionalization and heterogeneity of ommatidia in butterfly eyes 
 

In all microspectrophotometric recordings maximally three different 
classes of ommatidia were found, distributed over the eye. The regionalization 
of the colored eye shine falls into four classes: a uniform eye with 
homogeneous or mixed eye-shine, clear dorso-ventral regionalization or 
disproportional dorso-ventral regionalization with a large ventral area (see Fig. 
6.3).  In the epi-illumination microsope one observes that frequently the dorsal 
eye region has a homogeneous eye shine. The eye shine in the dorsal area can 
be blue-violet, yellow or green (Stavenga, 2002b). One apparent exception is 
the heterogeneous colored eye shine in Polygonia c-aureum (Fig. 6.2). 
However our recordings shows that the intrinsic variability of the tapetal 
reflection and differences in the relative amplitude at short wavelengths -due to 
bleaching and/or variable expression of SW opsins (White et al., 2003)- 
explains the colorful diversity. The ventral area frequently has heterogeneous 
types of reflection (Miller and Bernard, 1968; Stavenga et al., 2001). The 
heterogeneous ommatidia, mostly of two types, are randomly distributed and 
the ratio between the heterogeneous ommatidia is variable (Stavenga, 2002), 
with mostly a minority of red reflecting ommitidia. The omnipresent 
heterogeneity is probably intimately linked to color vision in butterflies 
(Kinoshita et al., 1999). 
 
4.2. Visual pigments, screening pigments and tapetum determine 
together the ommatidial reflectance spectrum 
 
The recorded reflection data allow an interpretation of the colored eye shine in 
terms of the tapetal reflectance spectra, visual pigments and red screening 
pigments, occasionally surrounding the rhabdom. The bleaching experiments 
show that the trough in the visible range can be largely modified, thus 
demonstrating that the low reflectance around 500 nm is due to the abundant 
green rhodopsin (Fig. 6.4, see also Chapter 4). The long-wavelength side stays 
unaffected, in agreement with the view that the spectrum there is determined by 
the reflectance properties of the tapetum (Bernard and Remington, 1991; 
Briscoe et al., 2003). Here we present the reflectance spectra of 4 different 
species, representative for the diversity in eye shine pattern. 

In the simplest uniform eye type, e.g. Polygonia (Fig. 6.4), all 
ommatidia fall into one class, with often the long-wavelength side distributed 
over several tens of nm (Fig. 6.4B). This can be understood from the inevitable 
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variability in the thickness of the layers in the tapetum, which is in the order of 
100 nm (Miller and Bernard, 1968).  

Often butterfly eyes have two classes of ommatidia with reflectance 
spectra where both long-wavelength sides differ. Heliconius melpomene (Fig. 
6.5), has two ommatidial classes, randomly distributed over the whole eye, 
reflecting yellow and red. The reflection in the short wavelength region is very 
low. Bleaching experiments and especially histological sections have to 
confirm the presence of yellow and red screening pigments surrounding the 
rhabdom, as is the situation in Papilio species. 

The green-reflecting ommatidia of Bicyclus anynana (Fig. 6.6) in the 
ventral eye region belong to the same class as the ommatidia of the dorsal eye 
region. The latter ommatidia do not contain a photoreceptor screening pigment, 
as a bleaching protocol strongly changes the reflectance spectrum; bleaching 
negligibly changes the reflectance spectra of the red-reflecting ommatidia 
however (data not shown). The reflectance of the red class is extremely low at 
wavelengths below 580 nm, most likely due to a red-transmittant screening 
pigment absorbing strongly in the middle and short wavelength range, which 
acts as a red filter for the co-localized photoreceptors (Stavenga, 2000). The red 
class does not have the same reflectance band in Bicyclus anynana and Bicyclus 
safitza, which may be related to the different eye size of the Bicyclus species 
and in differences in the number of tapetal layers.  

The short-wavelength sides of the reflectance spectra of Pieris (Fig. 
6.7) can be straightforwardly attributed to the two classes of red photoreceptor 
screening pigments (Qiu et al., 2002). The differences in the long-wavelength 
side mean that the tapetum is also different. The screening pigments and 
tapetum of an ommatidial class appear to be tightly connected. The red pigment 
clusters function as red-transmittant filters, favouring long-wavelength-shifted 
sensitivity spectra of the proximal photoreceptors of Papilio xuthus (Arikawa et 
al., 1999a). Presumably therefore, the red reflecting ommatidia in the eyes of 
other butterflies are due to red photoreceptor pigments, and also act to shift the 
sensitivity spectrum (Stavenga, 2002b). 

 




