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1. Introduction  
 
The eyes of animals detect incident photons, because the light quanta are 
absorbed by the visual pigment molecules of the photoreceptor cells. The 
absorbed incident light causes conversion of the visual pigments which 
subsequently triggers the phototransduction machinery and results in an 
electrically coded visual signal. Spectrally selective light absorption by the 
visual pigments thus determines a crucial characteristic of the eye’s sensory 
quality, namely the spectral light sensitivity of the individual photoreceptors. 
 Quantitative measurements of light absorption by photoreceptors are in 
general quite difficult, and therefore a useful approach is to investigate the light 
absorption by the visual pigments via modelling (Warrant and Nilsson, 1998; 
Stavenga et al., 2000b). The aim of this chapter is to present a formalism which 
provides insight into the light-induced visual pigment conversions in butterfly 
eyes. 

The visual pigments of the eyes of invertebrates are concentrated in 
special subcompartments of the photoreceptors, the rhabdomeres. In the 
compound eyes of butterflies, sets of nine photoreceptors are grouped in special 
units, the ommatidia. Each ommatidium has a dioptrical system consisting of a 
facet lens and a crystalline cone. Light from the environment, entering a facet 
lens more or less axially, then is channeled into the fused rhabdom, which is the 
joint structure consisting of the rhabdomeres of the photoreceptors of an 
ommatidium. The rhabdom acts as a dielectric, optical waveguide, in which 
light is efficiently propagated in specific light patterns, the waveguide modes. 
Part of the light in a mode propagates inside the rhabdom boundary. This 
fraction can be absorbed by the visual pigments of the various rhabdomeres. 
The light fraction travelling outside the rhabdom boundary can be absorbed by 
pigment granules existing in the photoreceptor soma, when these granules are 
sufficiently close to the rhabdom. The latter type of photoreceptor pigment is 
called the pupillary pigment, as it controls the light flux not unlike the pupil of 
the human eye. 

The ommatidia of butterfly eyes are anatomically very similar to that of 
other insects with fused-rhabdom apposition eyes, like bees or locusts, but their 
unique feature is the presence of a light-reflecting tapetum located very 
precisely proximal to the rhabdom in each ommatidium. Light which has 
propagated the complete length of a rhabdom, and hence has not been 
absorbed, then is reflected by the tapetum and thus is sent at a return route. Part 
of the reflected light escapes absorption also at the way back, and then leaves 
the eye. This reflected light is called the butterfly eye shine. The eye shine 
depends on many factors, e.g. the absorption spectra of the visual pigments and 
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their concentrations, the reflectance spectrum of the tapetum, the rhabdom 
waveguide properties, and of course the spectrum of the incident light. A 
suitable model hence has to account for these factors. 

 
2. Materials and methods 
 
2.1. Photochemistry of invertebrate visual pigments 
 
 The following section presents a computational example, inspired by 
the experiments of Chapter 4. In that chapter three visual pigments, a UV, blue 
and green rhodopsin, were identified to exist in the homogeneous eye of the 
comma Polygonia c-album. Their peak wavelengths were estimated to be 345, 
440 and 532 nm, the peak wavelengths of their metarhodopsins 480, 485 and 
493 nm, and their isosbestic wavelengths 376, 378 and 525 nm, respectively. 
Fig. 3.1 presents the spectra of these three visual pigments. 
 

Invertebrate visual pigment molecules can exist in two thermostable 
states, rhodopsin and metarhodopsin. These states are photo-interconvertible, 
i.e., absorption of a photon can convert a rhodopsin into metarhodopsin 
molecule, and vice versa. The conversion kinetics is described by a first order 
reaction: 

 
 R← M  (1) →

M

R

k

k

 
 The absorption spectra of both states can be phenomenologically 
described by visual pigment templates, the most recent of which is that derived 
by Govardovskii et al.  (2000). The characteristic absorption bands of a visual 
pigment template, primarily the α-band and β-band, are described by 
exponential functions. The normalized α-band is described by 
 

[ ] [ ] [ ]{ } 1expexpexp −+−+−+−= Dx)C(cx)B(bx)A(aSα   (2) 
 

with x = λmax/λ, and where λmax is the peak wavelength of the α-band. 
The optimal set of parameters for visual pigments with a chromophore derived 
from vitamin A1 were deduced from a set of experimental spectra (with λmax in 
nm): 
A = 69.7, ( )[ ]/11940300exp 0.04590.8795 2

max −−+= λa  
B = 28, b = 0.922, C = -14.9, c = 1.104, D = 0.674 
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Fig. 3.1: A. Absorption spectra of the visual pigments of the comma, Polygonia c-album of the UV, blue and 
green rhodopsin, with peak wavelengths of the rhodopsin state 345, 440 and 532 nm, and of their 
metarhodopsins with peak wavelengths 480, 485 and 493 nm, respectively. B. Difference spectra of the three 
visual pigments in Fig. 3.1A. 
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In addition a Gaussian function for the β-band was derived  
 

( )[ ]{ }2exp /dλλAS mβββ −−=                                                        (3) 
 

where Aβ is the amplitude of the β-band relative to that of the α-band, λmβ the 
position of the β-peak, and d a bandwith parameter, with optimal parameter 
values (with λmax in nm): 
Aβ = 0.26, λmβ = 189 + 0.315 λmax , d = -40.5 + 0.195 λmax 
 

When the total concentration of visual pigment, C0, is constant, it is 
useful to express the concentrations of rhodopsin and metarhodopsin as 
fractions of C0, i.e. CR = fRC0 and CM = fMC0, so that at time t: 

 
 fR(t) + fM(t) = 1 (4) 
 
When the visual pigment molecules are irradiated with broad-band light the 
fractional change in rhodopsin concentration can be described as 
 

 MMRR
R fkfk

dt
df

+−=  (5) 

 
with rate constants  
 
  (6a) λγλαλ dIk ∫= RRR )()(
 
and 
 
  (6b) λγλαλ dIk ∫= MMM )()(

 
in which the light intensity, I(λ), depends on the location in the rhabdom, αR(λ) 
and αM(λ) are the molecular absorption coefficients, and γR and γM the quantum 
efficiencies for photoconversion of R into M and of M into R, respectively. The 
products of the latter two quantities are also called the photosensitivities: 
KR(λ) = αR(λ)γR and KM(λ) = αM(λ)γM. It follows from integrating Eq. 5 that the 
fraction fR at time t is given by 
 
  (7) tkkeffftf )(

R,R,0R,R
MR)()( +−

∞∞ −+=
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The fraction of rhodopsin in the photosteady state, i.e. in equilibrium (t = ∞), 
fR,∞ , equals: 
 

 
MR

M
,R kk

kf
+

=∞  (8) 

 
 With an incident light intensity I0(λ) at the rhabdom tip, and assuming 
that light is propagated in only one waveguide mode, the intensity of the 
propagating light flux at a distance z from the rhabdom entrance is described by 
a modified Lambert-Beer law:  
 

  (9) 
∫−

=

z
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where κeff, the effective absorption coefficient of the rhabdom medium: 
 
 κeff = ηκi + (1-η)κo (10) 
 
is the weighted absorption coefficient of the inside and outside media, with η 
the fraction of the light flux propagating by the mode within the rhabdom and κi 
the absorption coefficient of the rhabdom medium with the visual pigments and 
κo that of the surrounding medium (which can contain screening pigment 
granules). 

The rhabdom transmittance is the fraction of light that travels the 
rhabdom length one-way without having been absorbed:  
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where effκ is the average effective absorption coefficient. The light flux that 
reaches the tapetum is reflected with an efficiency given by the reflectance 
M(λ). The reflected light travels the reverse way, so that the light intensity 
available for photoconversion at location z equals: 
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This quantity implemented in Eq. 12 determines the rate of visual pigment 
conversion. However, visual pigment conversion results in a change in the 
effective absorption coefficient, which causes a change in the spectrum of the 
local light intensities. Visual pigment conversions induced by broad-band 
illuminations hence can be only elucidated by numerical computations. This 
was executed by a programme written in MATLAB, incorporating the formulae 
above. 
 
2.2. Absorbance and difference spectra derived from butterfly rhabdom 
reflectances 
 
Light-induced photochemical changes in the visual pigment composition can be 
measured in completely intact living butterflies by epi-illumination 
microspectrophotometry, utilizing the eye shine. The fraction of the light flux 
which enters a butterfly rhabdom and, after being reflected at the tapetum and 
having travelled twice the length, L, of the rhabdom returns at the rhabdom 
entrance is called the rhabdom reflectance (Stavenga et al., 1977): 
 
  (13)    2MTR =
 

A generally used quantity, derived from the transmittance, is the 
absorbance, also called the optical density, which is defined as the negative 
decadic logarithm of the transmittance: . We can similarly 
define the absorbance of the butterfly rhabdom by taking the negative 
logarithm of the reflectance, Eq. 13, yielding: 

)(log10 TA −=

 
  (14)    )(log87.0)(log 1010 MLRA −=−= κ
 
where effκκ = .  

 
A simplified case is that where the waveguide properties can be 

neglected (η = 1 in Eq. 10). A light-induced conversion of the visual pigment 
causes a change in the reflectance, and the difference in absorbance between 
the new and the initial situation then is: 
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  (15) LA )(87.0 12 κκ∆ −=
 
where κ1 and κ2 are the rhabdom’s absorption coefficients in the two 
conditions.  

The advantage of the absorbance difference is that it cancels many 
unknowns, specifically the tapetal reflectance, but also the possible effect of 
other absorbing pigments, which are not changed by the illumination. More 
importantly, the absorbance difference can be calculated even when only the 
reflection is known without knowledge of the incident light flux I0(λ). The latter 
quantity, as well as other time-invariant, wavelength-dependent factors, e.g. the 
transmittance of the measuring optics and spectral characteristics of the 
microspectrophotometer, is also divided out when calculating the absorbance 
difference.  

The light absorption by the rhabdomeres of all contributing 
photoreceptors determine the rhabdom absorption coefficient, κ. When all 
rhabdomeres have the same type of visual pigment, with concentration of the 
rhodopsin and metarhodopsin molecules being CR and CM, then 

 
  (16) MMRR CC αακ +=
 
When photoconversion changes the initial concentrations CR,1 and CM,1 into 
CR,2 and CM,2, respectively, the absorbance difference is:  
 
 [ ] [ ]{ }  870 M1M2M1R2R LαCCαCC.A ,,R,, −+−=∆        (17) 
 
or, when fR = 1 – fM is the average rhodopsin fraction in the rhabdom and the 
fractions in the initial situation, fR,1 and fM,1, are changed into fR,2 and fM,2, 
respectively, the absorbance difference is:  
 
 [ ]( L ααffC.A ,, MR1R2R0870 −−=∆ )

)

 (18) 
 

Eq. 18 can be simplified by choosing an initial situation where fR,1 = 1. 
Calculation of difference spectra for a new state where fR = fR,2 then yields: 

 
  (19) [ ]( ) ( LααfC.L ααfC.A MRM0MRR0 8701870 −=−−=∆
 
Eqs 18 and 19 show that difference spectra are proportional to the difference 
between the molecular absorbance coefficients of R and M. This of course only 
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holds when the rhabdom contains no more than one visual pigment type. When 
more than one type of visual pigment is present, the right hand term of Eq. 18 
has to be extended with terms for the additional number of visual pigments.  
 
3. Results 
 
A simplified computational model was developed that consists of a rhabdom 
containing equally sized rhabdomeres of eight photoreceptors over its total 
length. A rhabdom is considered with length L = 450 µm (a typical rhabdom 
length of Nymphalinae; see Briscoe et al., 2003), which is filled with the visual 
pigments of Fig. 3.1. The reflectance coefficient of the tapetal mirror proximal 
to the rhabdom is taken to be spectrally flat with magnitude M = 0.8. The peak 
molecular absorbance coefficients of all rhodopsins were assumed to be the 
same: αR(λmax) =1.56·10-8 µm2 (Dartnall, 1972). With a visual pigment 
concentration C0 = 3.2·105 µm-3 a peak-absorbance coefficient κmax = 0.005µm-1 

results. The quantum efficiencies for photoconversion were assumed to be 
equal: γR = γM = 2/3 (Dartnall, 1972; Hamdorf, 1979). Two cases are compared 
to illustrate the photochemical events occurring due to illumination with broad-
band light. In the first case (Fig. 3.2A,C,E), all eight photoreceptors are green 
receptors, i.e., contain the same type of green absorbing rhodopsin. In the 
second case (Fig. 3.2B,D,F), the rhabdom contains 1 ultraviolet receptor (UV), 
1 blue receptor (B), and 6 green receptors (G). Initially all visual pigment 
molecules are assumed to be in the rhodopsin state. Illumination with light 
containing the same number of photons at all wavelengths then causes 
conversion of part of the molecules into the metarhodopsin state. The 
conversion speed depends on intensity (Eqs 6-9), and thus will decrease at 
locations further into the rhabdom, because the absorbing visual pigments 
result in a decreasing intensity with increasing depth in the rhabdom (cf Eq. 9).   

The resulting local light intensity spectra at depths z = 0, 150, 300 and 
450 µm are presented in Fig. 3.2A, relative to the incident light intensity, taken 
to be 5·106 photons s-1 µm-2. Because the local intensities are due to the sum of 
the light fluxes from distal to proximal and vice versa, the (summed) relative 
intensity is the same at all wavelengths when absorbing visual pigment is 
totally absent: 1+ M = 1.8 (indicated by the dashed horizontal line on top of 
Fig. 3.2A,B). This value holds throughout the rhabdom at wavelengths λ > 650 
nm, where visual pigment absorption becomes negligible, but smaller relative 
intensity values are reached where significant visual pigment absorption occurs 
at short and middle wavelengths.  
At time t = 0 all visual pigment molecules exist in the rhodopsin state, but later 
on light absorption causes rhodopsin to convert into metarhodopsin, resulting in 
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an absorption increase, i.e. a decrease in relative light intensity at λ < λiso, the 
isosbestic wavelength, and an absorption decrease, i.e., a relative intensity 
increase at λ > λiso. The light-induced visual pigment conversions cause changes 
in the absorbance, shown as log reflectance at seven time points in Fig. 3.2C,D. 
The spectra of Fig. 3.2C are proportional to the difference spectrum of the 
molecular absorbance coefficients of the green rhodopsin and metarhodopsin, 
αM - αR (Eq. 19). The proportionality factor is the change in rhodopsin fraction, 
fM = fR,2 - fR,1, where the index 1 refers to the initial (full rhodopsin) situation: 
fR,1  = 1. Normalizing the spectra of the different time points (Fig. 3.2B) to the 
final, steady state therefore yields horizontal lines (Fig. 3.2E). The situation is 
slightly more complex when three visual pigments populate the rhabdom. The 
expression for the absorbance difference (Eq. 19) then consists of three terms, 
one for each visual pigment type. Due to the large majority of the green visual 
pigment, the difference spectra of Fig. 3.2D appear very similar to those of Fig. 
3.2C. Normalization to the final, steady state yields approximately horizontal 
lines, but anomalous behaviour occurs near the green visual pigment’s 
isosbestic wavelength. We will see in Chapter 4 that this aberrant phenomenon 
is indeed encountered experimentally. 

Fig. 3.3A,B gives the rhodopsin fractions at four locations in the 
rhabdom, separated by 150 µm. The photochemical processes of rhodopsin to 
metarhodopsin conversion occurs fastest at the rhabdom tip, which is of course 
due to the fact that the light intensity is extreme there. The processes are 
slowed down when the distance to the entrance, z, increases, due to the 
decrease in light intensity caused by the absorbing visual pigment molecules. In 
the steady state, reached in the examples of Fig. 3.2 after about 2 s, the fraction 
of green rhodopsin is about 0.6 at virtually all locations throughout the 
rhabdom. Apparently, the broadness of the filtered light spectra underlies the 
invariance of the equilibrium state. In the steady state of the three visual 
pigment case (Fig. 3.3B), slightly higher UV- and blue-rhodopsin fractions 
exist, which also more vary with location. It will be clear that the creation of a 
substantial metarhodopsin fraction of the UV- and blue visual pigments causes 
the anomalous peaks in Fig. 3.2F. 
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Fig. 3.2: Relative intensities and photochemical processes in two model butterfly rhabdoms, consisting of 
eight photoreceptors, in the first case (A, C, E) all containing the same type of green absorbing rhodopsin, 
equally sharing the rhabdom volume and in the second case (B, D, F) the rhabdom contains 1 ultraviolet 
receptor (UV), 1 blue receptor (B), and 6 green receptors (G). A-B. The resulting local light intensity spectra 
relative to the incident light intensity (5·106 photons s-1 µm-2) at depths z = 0, 150, 300 and 450 µm. C-D. The 
light-induced visual pigment conversions cause absorbance changes, shown as log reflectance at seven time 
points. E-F. Normalizing the spectra of the different times to the final, steady state yields horizontal lines 
(C). Aberrant phenomena occur around the isosbestic point in the three pigment case (D).  



38 

 
 

Fig. 3.3: Rhodopsin fractions at four depth locations in the rhabdom after illuminating a rhabdom with eight 
green receptors (A, see Fig. 3.2 A,C,E) or with three visual pigments, 1 ultraviolet, 1 blue and 6 green 
receptors (B, see Fig.3.2 B, D,F).  

 
4. Discussion 
 
Butterfly visual pigments can be investigated in vivo by epi-illumination 
microspectrophotometry (Stavenga,1979; Bernard, 1983). Butterflies offer a 
special advantage for experimental studies on the visual pigments because a 
reflecting mirror, the tapetum, is built-in in each butterfly ommatidium. A 
slight drawback is that the reflectance spectrum of the tapetum is generally 
unknown, which forms a complicating factor in the spectral analyses. 
Measuring difference spectra overcomes this problem and furthermore is done 
relatively straightforwardly on photochemical steady states, especially when 
using monochromatic light (Stavenga et al., 2000b), but photoconversions with 
broad-band illumination, as occurs in natural circumstances, are complicated 
because the butterfly rhabdom is a long cylinder, containing several visual 
pigment types, usually three (Briscoe and Chittka, 2001).  
 The model presented above is helpful for gaining understanding of the 
photochemical processes induced by broad-band white light. The choice to 
study a rhabdom with eight photoreceptors, R1-8 (1 UV, 1 blue and 6 green 
receptors), is related to the recent findings that the majority of butterfly 
photoreceptors contain rhodopsins peaking in the green (e.g. Kinoshita et 
al.,1997; Briscoe et al., 2003; White et al., 2003). In nymphalids eight 
rhabdomeres occupy more or less equally the rhabdom volume. There is a ninth 
photoreceptor, R9, which is neglected here, because its short rhabdomere is 
restricted to the very proximal part of the rhabdom, and therefore the optical 
contribution of R9 will be minor.  
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 Starting with an initial 100% rhodopsin population, it appears that bright 
white light causes conversion to a steady state with a final rhodopsin fraction of 
ca 0.6, virtually independent of location (Fig. 3.3A,B). The conversion speed 
changes also quite unconsiderably over the rhabdom (Fig. 3.3A,B), i.e. for the 
green visual pigment no more than a factor two, and even less for the UV and 
blue visual pigments, indicating that light sensitivity is virtually unhampered by 
self-screening, i.e. the phenomenon of diminishing light in proximal rhabdom 
layers due to light filtering by the distal layers.   
 A standard procedure in photochemical studies is the calculation of 
absorbance difference spectra, because then constant factors are factored out. 
Because visual pigments are photochromic substances, photochemical changes 
result in proportional difference spectra. This property is illustrated in Fig. 
3.2E, but Fig. 3.2F shows that it breaks down with mixtures of different 
photochromic materials: near isosbestic points strong anomalies can arise.  
 The developed model is only roughly approximating the real situation of 
butterfly rhabdoms. Incident light is focused into the rhabdom, there exciting 
waveguide modes propagating light fluxes with wavelength-depending 
intensities. Also, the distribution of the light fluxes over the allowed waveguide 
modes depends on wavelength. Although these spectral dependencies are not 
strong, they have been fully neglected in the modelling. The maximum 
absorbance coefficient of the visual pigments is assumed to be 0.005 µm-1, well 
in the middle of known values of insect photoreceptors (Warrant and Nilsson, 
1998), but whether this value is accurate for butterflies is unsettled. 
Furthermore, the reflectance spectrum of the tapetum has been assumed to be 
wavelength independent and no less than 0.8. The assumption of a flat tapetal 
spectrum is probably correct up to a certain cut-off value, being well above 600 
nm for many nymphalid tapeta (see Chapter 6), and therefore the assumption is 
quite acceptable, because most visual pigment absorptions are minor to 
negligible in the red. The value of 0.8 is little more than a wild guess, based on 
the assumption that the tapetum is a functional component of the butterfly 
visual system. A reflectance lower than 0.6 will mean that the light reflected by 
the tapetum has little importance for the light sensitivity of R1-8 
photoreceptors. A reflectance value of 1.0 will be in practice out of reach. 
Possibly therefore a value 0.8 is realized. 
 The computational results are based on a formalism which assumes that 
the concentration of visual pigment molecules stays constant. However, in the 
dark, visual pigment molecules which exist in the metarhodopsin state are 
rapidly degraded and new rhodopsin molecules are reconstituted in the 
rhabdomeric membrane (Bernard, 1983). The total visual pigment 
concentration, C0, then may not be constant, and therefore Eq. 16 must then be 
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used together with the proper time course of the changes in rhodopsin and 
metarhodopsin.  
 In the main part of the eye of pierids red screening pigments strongly 
affect the light flux in the rhabdom, thus obscuring the wavelength range where 
photochemical changes could be measured. Modelling visual pigment 
processes in rhabdoms surrounded by screening pigments forms a challenge for 
the future. 

 




