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Chapter 5

Spectral reflectance properties of iridescent pierid 

butterfly wings

Abstract 
The wings of  most pierid butterflies exhibit a main, pigmentary coloration: 
white, yellow or orange. The males of  many species have in restricted areas of  
the wing upper sides a distinct structural coloration, which is created by stacks 
of  lamellae in the ridges of  the wing scales, resulting in iridescence. The 
amplitude of  the reflectance is proportional to the number of  lamellae in the 
ridge stacks. The angle-dependent peak wavelength of  the observed 
iridescence is in agreement with classical multilayer theory. The iridescence is 
virtually always in the ultraviolet wavelength range, but some species have a 
blue-peaking iridescence. The spectral properties of  the pigmentary and 
structural colouration are presumably tuned to the spectral sensitivities of  the 
butterflies’ photoreceptors. 

Introduction
Butterflies are among the most colourful terrestrial beings. Their colouration and patterning of  the 
wings can function for display and/or for concealment (Nijhout 1991), and where the colouration is 
sex-specific, it can serve for intersexual recognition (Kemp et al. 2005; Rutowski et al. 2007a,b; 
Giraldo 2008; Meadows et al. 2009). The two main colouration mechanisms, pigmentary and 
structural, often simultaneously contribute to the wing colouration (Vukusic and Sambles 2003; 
Kinoshita et al. 2008). Pigmentary (or chemical) colouration is due to pigments that selectively 
absorb light in a restricted wavelength range. Structural (or physical) colouration is due to interference 
of  light scattered in nanostructured wing elements. 

The colouration pattern of  butterfly wings is due to the tapestry of  scales, where each scale often 
has a unique colour. A scale commonly consists of  two laminae; a lower lamina, which is approximately 
flat and solid, and an upper, more elaborate, lamina. The upper lamina is structured by parallel, 
longitudinal folds, the ridges, which are connected by orthogonal struts, the cross-ribs (Ghiradella 
2010). The ridges are composed of  lamellae and feature so-called microribs. The lower and upper 
laminae are joined by pillar-like trabeculae (Ghiradella 1998; Vukusic et al. 2000). 

The components of  the upper lamina, i.e. the ridges and cross-ribs, are often rather irregularly 
organized, so that in the absence of  absorbing pigments the scattering of  incident light is wavelength 
independent, resulting in a white scale colour (Mason 1926; Gilbert et al. 1988; Stavenga et al. 2010). 
In the presence of  pigments that absorb in a restricted wavelength range, the wavelength-selective 
suppression of  scattered light results in coloured wings. The pigments colouring the wings of  pierid 
butterflies are the pterins. The main pterins are leucopterin, xanthopterin and erythropterin. 
Leucopterin is commonly present in the wings of  cabbage butterflies (Yagi 1954). These wings are 
white, because leucopterin absorbs exclusively in the ultraviolet. However, the wings are distinctly 
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coloured for the butterflies themselves, because they have ultraviolet-sensitive photoreceptors 
(Arikawa et al. 2005). Xanthopterin and erythropterin absorb up into the blue and green wavelength 
ranges, respectively, and thus colour the wings yellow and orange or red (Descimon 1975; Morehouse 
et al. 2007; Wijnen et al. 2007). Interestingly, the pterin pigments are deposited in small pigment 
granules that enhance the reflectance in the long wavelength range by increased scattering, thus 
creating a brighter wing colour (Stavenga et al. 2004; Stavenga et al. 2006; Morehouse et al. 2007). 

When the scale components have a regular, periodic arrangement, structural colours arise. The 
structural colouration of  pierids is located in the so-called cover scales, where the ridge lamellae are 
elaborated into a multilayered structure, which creates an iridescent coloration (Ghiradella et al. 
1972; Ghiradella 1989). The scale modification is classified as the Morpho-type (Ghiradella 1998; 
Vukusic et al. 2000) after the striking, in cross-section, Christmas-tree-like structures that are 

Figure 1 
Photographs of the upper sides of the wings of four pierid butterfly species; left column: RGB; right column: 
UV (ultraviolet). a Gonepteryx cleopatra, b Gonepteryx rhamni, c Hebomoia glaucippe, d Colotis 
regina. The first three species have wing areas that strongly reflect in the UV. The wing tips of C. regina 
reflect strongly in the blue wavelength range and little in the UV (bars: 1 cm).
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encountered in the scale ridges on the upper side of  the wings of  the neotropical genus Morpho. In 
most Morpho species, illumination of  the upper wings with white light creates a blue iridescence, but 
the iridescent, structural colour of  most pierid species virtually always peaks in the ultraviolet 
wavelength range. In the wings of  Morpho’s, the iridescent colours are usually intensified by a basal 
layer of  strongly light-absorbing melanin pigments (Vukusic et al. 1999; Kinoshita et al. 2002; 
Stavenga et al. 2009; Vukusic and Stavenga 2009). A similar intensification of  the iridescence is 
realized in pierid wings by the short-wavelength-absorbing pterins.

The distribution of  iridescence in the wings of  pierids varies among the species. Commonly 
iridescence is restricted to the males, but in some species also females are iridescent. In members of  
the subfamily Coliadinae, parts of  both the forewing and hindwing may be iridescent (Kemp et al. 
2005; Rutowski et al. 2005; Kemp and Rutowski 2007; Rutowski et al. 2007a, b). In the Colotis group, 
belonging to the subfamily Pierinae, but evolutionarily closest to the Coliadinae (Braby et al. 2006), 
iridescence is co-localised and literally superimposed on the pigmentary colouration in the tips of  
the forewings (Stavenga et al. 2006; Stavenga and Arikawa 2006). However, among the different 
butterflies of  the pierid family little is known of  the interplay of  the structural and pigmentary 
colours and specifically of  their role in signalling. In order to gain understanding into the topic, we 
have initiated a comparative study of  iridescent pierids. Here we compare the males of  two Gonepteryx 
species, the Cleopatra Brimstone (Gonepteryx cleopatra) and the Common Brimstone (Gonepteryx 
rhamni), with two members of  the Colotis group, the Great Orange Tip (Hebomoia glaucippe) and the 
Queen Purple Tip (Colotis regina). We particularly consider the structure and colouration of  single 
scales. We applied scanning electron microscopy, to determine their ultrastructure, and (micro)
spectrophotometry, to characterize the spectral properties of  the wing scales. We found that the 
scale structures vary among different pierid species and that the iridescence, i.e. the dependence of  
the colouration on the angle of  illumination, can be well understood with the interference condition 
for multiple layers. 

Figure 2
Organization of the scale array. a Dark-field epi-illumination microscopy of the orange area of the forewing 
of G. cleopatra. A few cover scales are lacking, revealing the yellow ground scales (white arrowhead). b 
Purple wing tip of C. regina. One cover scale is lacking, revealing a ground scale (white arrowhead; bar: 
100 μm). Additionally, a blue tinted line is visible on the scales (black arrowheads).



78

Materials and Methods

Animals 
Specimens of  Gonepteryx cleopatra were caught near Argelliers (France), Gonepteryx rhamni in 
Groningen (the Netherlands) and around Ljubljana (Slovenia), Hebomoia glaucippe in Taiwan; Colotis 
regina was obtained from the RMCA (Tervuren, Belgium). Small pieces were cut from the wings 
using a razor blade and fine scissors. Single scales or wing patches were glued to the tip of  a glass 
micropipette as described previously (Wilts et al. 2009). 

Photography
Samples were photographed using a Nikon D70 MkI camera equipped with an F70 macro objective 
and a UV-filter (combined Schott glasses UG3 and BG17). Details of  the scale arrangement on the 
wings and single scales were photographed with a Zeiss Universalmikroskop equipped with dark-
field optics and a Kappa DX-40 digital camera. 

Spectrometry
Reflectance spectra of  the wings were measured with an integrating sphere, with a bifurcated probe, 
and with an angle-dependent reflectance measurement setup (ARMs). We used an Avantes USB1 or 
USB2 spectrometer (range 180-1100 nm) equipped with full quartz optics and fibres and a diffuse 
white reference standard (Avantes WS-2). The light source was a deuterium-halogen lamp or a 
xenon arc lamp. Reflectance spectra of  single scales were measured with a microspectrophotometer 
(MSP) consisting of  a Leitz Ortholux microscope connected with an Avantes spectrometer. The 
objective was an Olympus 20x (NA 0.46) (for further methods details, see for instance Vukusic and 
Stavenga 2009).

Scanning electron microscopy 
A Philips XL-30 ESEM was used for scanning electron microscopy (SEM). Prior to observation, 
samples were sputtered with a thin layer of  palladium or gold to prevent charging. For structural 
analysis of  each species, layer thickness and periodicity were measured at minimally ten different 
spots of  different electron micrographs.

Results
We investigated four pierid species where the males have a prominent structural coloration: 
Gonepteryx cleopatra, G. rhamni, Hebomoia glaucippe, and Colotis regina. The upper sides of  the forewings 
as well as the hindwings of  G. cleopatra and G. rhamni have a main yellow colour (Fig. 1a,b, left 
column), due to the presence of  the pterin pigment xanthopterin, but a large part of  the forewings 
of  G. cleopatra is orange coloured, due to erythropterin (Wijnen et al. 2007). The hindwings of  both 
Gonepteryx species have small orange spots. The wings also exhibit a distinct short-wavelength 
reflection, restricted to the ultraviolet (UV; Fig. 1a,b, right column), which in G. cleopatra is spread out 
over both forewings and hindwings, but in G. rhamni is restricted to the forewings. The forewings 
and hindwings of  the other two species, H. glaucippe and C. regina, are mainly white, due to the 
presence of  leucopterin (Wijnen et al. 2007). The forewings have characteristic, coloured tips; orange 
and red-purplish, respectively (Fig. 1c,d, left column). The coloured wing tips also reflect strongly 
ultraviolet and blue light, respectively (Fig. 1c,d, right column).
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Whereas the different pigmentary colourations are well understood, the structural colourations have 
been less well studied, and therefore we investigated the organization and structuring of  the wing 
scales of  the different species. Fig. 2 shows the scale organization in the forewings of  G. cleopatra and 
in the wing tips of  C. regina as observed with an epi-illumination light microscope. Rows of  partly 
overlapping cover scales overlay the ground scales. The ground scales can only be recognized where 
the cover scales have dissociated (Fig. 2a,b, white arrowheads). Interestingly, the colour of  the cover 
and ground scales can distinctly differ. In the orange area of  the forewings of  G. cleopatra the cover 
scales are orange, but the ground scales are yellow, like the cover and ground scales in the hindwings. 
Similarly, in C. regina the ground scales in the dorsal wing tips are white, like the scales in the main 
wing area. The cover scales of  C. regina have a shimmering blue line (Fig. 2b, black arrowheads), 
which moves when the inspected wing part is rotated under the observation microscope. This 
indicates that the scales are curved.

Figure 3 
Scanning electron micrographs of single scales with structural colouration. a G. cleopatra – forewing, b 
G. cleopatra - hindwing, c G. rhamni, d H. glaucippe, e. C. regina, f Sectioned scales of C. regina 
showing that the ridges are folded into a multilayer. A layer with large pigment granules exists beneath the 
ridges. In a-c the ridges were flexed to show the side-view of the lamellar stack (bars: (a-e), f: 1 µm).
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We investigated the structural details of  the iridescent cover scales by scanning electron microscopy 
(SEM; Fig. 3). The upper side of  the scales has densely packed slender longitudinal ridges which are 
folded into a stack of  lamellae. The scales were slightly flexed to force some of  the ridges into side 
views of  the lamellar stacks. The SEM micrographs show that the number of  the lamellae varies 
among the species. Whereas the cover scales of  H. glaucippe have ridges with 10 to 12 lamellae (Fig. 
3d), in C. regina the lamellar stack consists of  6 to 7 layers (Fig. 3e,f). For both these cases the lamellar 
stacks run parallel to the scale surface. The number of  lamellae in the Gonepteryx species (Fig. 3 a-c) 
is between these extremes (Table 1). Further, the lamellae are tilted with respect to the scale surface. 
We studied both the forewings and hindwings of  G. cleopatra, because reflectance measurements 
indicated structural differences (see below). Underneath the ridges a dense layer of  pigment granules 
is seen (e.g. Fig. 3d,f). 

The organization of  the iridescent cover scales and the ground scales appears to be rather different, 
as shown by the SEM micrograph of  two scales in the wing tip of  H. glaucippe (Fig. 4). The ridges 

Figure 4
Scale anatomy and reflectance of the wing tip of the Great Orange Tip, H. glaucippe. a. Scanning electron 
micrograph of a cover scale, with slender ridges consisting of a stack of parallel lamellae (black arrow), 
overlying a ground scale, with undifferentiated ridges (white arrow) and the edge of another ground scale. 
The ridges of both scale types are connected by cross-ribs with pigment granules (bar: 2 μm). b Diagram 
showing the three mechanisms that determine the reflectance spectrum of the wing tip. The multilayers of 
the cover scale determine the reflectance band in the (ultra)violet; the pigment granules absorb the light 
scattered in the short wavelength range, up to about 550 nm; and the reflectance in the long wavelength 
range is determined by light scattering by the pigment granules and other scale components.

baa

Figure 5
Reflectance spectra of the iridescent wing areas of 
the pierid butterflies of Fig. 1, measured with an 
integrating sphere (FW: forewing; HW: hindwing).
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Figure 6
Reflectance spectra of cover and ground scales of 
the iridescent wing areas, together with spectra 
from a few other scale types, measured with a 
microspectrophotometer. a G. cleopatra. The 
cover scale is orange, because of a pterin pigment, 
and it has in addition a reflectance peak in the UV, 
due to multilayered ridges. The ground scale is 
yellow-orange coloured, because of a slightly 
different pterin pigment composition. b H. 
glaucippe. Cover and ground scale have the same 
pigmentation, but only the cover scale has a 
reflectance band in the violet. The brown scales in 
the wing margin (Fig. 1c) have a low reflectance 
throughout the visible wavelength range. The 
reflectance rise in the long-wavelength range is a 
clear sign of melanin pigment. c C. regina. The 
cover scale has a red colour due to a pterin pigment 
absorbing in most of the visible wavelength range 
and a blue colour due to the iridescent ridges, 
making together a purplish colour (‘rotated’ 
indicates that the cover scale was rotated away 
from the iridescence). The measured ground scale 
was located in the wing tip area where the cover 
scales were missing (see Fig. 2b). The ground scale 
itself was white, but the increased reflectance in 
the red, above 600 nm, originated from red light 
scattered by the adjacent cover scales that was 
subsequently scattered by the white ground scale

are much more closely spaced in the cover scales than in the ground scales; the ridge distance is 
about 0.4 μm and 0.8 μm, respectively (Fig. 4a). The lamellae of  the cover scale ridges are elaborate 
but those of  the ground scales are inconspicuous. In both the cover and ground scales, the cross-
ribs, which connect the ridges, are adorned with a large number of  beads, the pigment granules (Fig. 
4a). The open structuring of  the scales results in scattering of  incident light and, together with the 
pigments in the granules, thus will determine the colouration. As an example, Fig. 4b shows the 
reflectance spectrum of  the wing tip of  H. glaucippe, which was measured with a bifurcated probe. 
The distinct reflectance band in the (ultra)violet wavelength range is caused by the multilayered 
ridges of  the cover scales, acting as an interference reflector. The pigment granules of  both the 
cover and ground scales absorb incident light in the short wavelength range, but at the longer 
wavelengths the scattered light is not absorbed and the granules then even enhance the light 
scattering (Fig. 4b). The wavelength-selective pigment absorption and scattering along with 
wavelength-specific multilayer reflections thus cause the species-characteristic wing colours (Wijnen 
et al. 2007).

We compared the spectral properties of  the structurally coloured wing areas of  the studied species 
by measuring the reflectance spectra from small circular areas (diameter 4 mm) with an integrating 
sphere (Fig. 5). All spectra had a similar appearance; a short-wavelength reflectance band, with a 
rather variable amplitude, was separated by a reflectance minimum from a high reflectance plateau 
at long wavelengths, where the reflectance reached a value of  about 0.5. The short-wavelength 
reflectance bands had a peak wavelength between 340 and 390 nm, except for that of  C. regina, where 
the reflectance band peaked near 500 nm (Fig. 5). 
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The measured wing reflectance is the cumulative result from both cover and ground scales. To 
distinguish both contributions, we used a microspectrophotometer to measure the reflectance 
spectra from individual cover and ground scales in the wing areas with structural colouration of  G. 
cleopatra, H. glaucippe, and C. regina (Fig. 6). For comparison, we also measured from scales in adjacent, 
non-structurally coloured wing areas (Fig. 6b,c). The reflectance of  the ground scales was always low 
at short wavelengths and high at long wavelengths and only the cover scales had an additional 
reflectance band in the short-wavelength range, and. In C. regina (Fig. 6c), the measured ground scale, 
which was located in the wing tip, embedded in the lattice of  cover scales, had a reddish reflection, 
showing that red light transmitted by the cover scales is partly reflected by the ground scales. In the 
intact wing, the light transmitted by the cover scales will be reflected by the ground scale and thus 
will increase the total reflectance signal.

The spectra of  Figs 5 and 6 give only limited information about the reflection properties of  the wing 
scales. In the integrating sphere, the illumination was a narrow beam, hitting the wing approximately 
normally (beam direction ~8o off  normal), and the integrating sphere integrated the light 
backscattered into the hemisphere above the wing plane (Fig. 5). In the case of  the 
microspectrophotometer, an objective with a limited aperture delivered the incident light and 
collected the backscattered light (Fig. 6). To obtain more detailed insight in the scale reflection 
characteristics, we measured the angle-dependent reflectance of  the iridescent wing areas in a plane 
perpendicular to the wing surface and parallel to the local scale ridges. The investigated wing part 
was positioned at the cross-section of  the measurement plane and the shared rotation axis of  both 
illumination and measurement fibres. The angle of  illumination was varied in discrete steps, and the 
detection angle was varied until a maximal signal for the short-wavelength reflection was obtained. 
For all investigated specimens, this resulted in an angle-dependency which was mirror symmetric 
around a fixed offset-angle (α) where the angle of  illumination and detection were identical. Figs 7a 
and 7b present the reflectance spectra obtained from H. glaucippe and C. regina. The spectral position 
of  the short-wavelength bands progressively changed with increasing angle of  light incidence, thus 
confirming that the wing tips of  H. glaucippe and C. regina are iridescent. Fig. 7c shows the dependence 
of  the reflectance peak wavelength of  the short-wavelength band on the angle of  incidence. 
Estimation of  the peak wavelengths was slightly ambiguous for H. glaucippe, because the short-
wavelength reflectance band became multi-peaked with increasing angle of  incidence. Furthermore, 
the measurements became somewhat unreliable below 290 nm. Nevertheless, in all studied species 
the reflectance peak-wavelength showed a clear dependence on the angle of  light incidence, very 
similar to that for multilayered structures, where the value of  the reflectance peak wavelength is 
maximal for normal light incidence and decreases with increasing angle of  incidence. However, the 
maximal peak wavelengths for H. glaucippe (380 nm) and C. regina (480 nm) were found for an offset-
angle α of  -15º and -35º against the wing normal, respectively (Fig. 7c; here a positive angle indicates 
a direction inclined towards the wing apex). Apparently, therefore, the lamellae of  the cover scales 
have an inclination angle of  15º and 35º with respect to the wing plane. Fig. 7c also includes the 
dependence of  the reflectance peak wavelength on the angle of  incidence for the structurally 
coloured wing areas of  the two Gonepteryx species. 

Scale lamellae inclined with respect to the wing plane can be due to the scale being at an angle with 
respect to the wing surface and/or due to the scale multilayers being tilted at an angle with respect 
to the plane of  the scale. The scanning electron micrographs of  Fig. 3 show that the tilt angle 
between the lamellae and the scale surface differs among the species. In H. glaucippe (Fig. 3d) and C. 
regina (Fig. 3e), the lamellae run parallel to the surface of  the scale. The inclination angles for these 
species of  15º and 35º, respectively, concluded from the angle-dependent reflectance measurements 
(Fig. 7c), hence must be due to tilting of  the cover scales with respect to the wing plane. Visual 
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inspection of  the wings of  the two species confirmed a clearly different-angled rooting of  the scales 
in the wing plane for the two species. In G. cleopatra and G. rhamni, the lamellae are tilted with respect 
to the scale plane, with an angle of  approximately 4-6° (Table 1). Presumably the different structure 
of  the ridges, i.e. parallel versus angled lamellae, is related to the different steepness of  the iridescence 
curves for the different species of  Fig. 7c.

The reflectance spectra of  reflecting multilayers are determined by the refractive indices of  the 
layers and their thickness. The reflecting ridges of  the cover scales consist of  layers of  air and 
cuticle, which have refractive indices of  na = 1.0 and nc = 1.56, respectively (Vukusic et al. 1999). The 
layer thickness of  the cover scale lamellae can be derived from the SEM data (Fig. 3). In the case of  
the blue-reflecting scales of C. regina, the thickness of  the air layers was da ≈ 100 nm and that of  the 
cuticular layers was dc ≈ 95 nm. In the lamellae of  the cover scales of  the other species, reflecting 
maximally in the UV, the thickness of  the air and cuticular layers was da ≈ 70 nm and dc ≈ 65 nm. 
The interference condition for reflecting multilayers predicts how the reflectance peak wavelength 
depends on the layer thickness and the angle of  light incidence: λmax = 2(na da cos θa + nc dc cos θc), 
where θa and θc are the angle of  incidence at the layers, which are related to each other by Snell’s law: 
na sin θa = nc sin θc (Land 1972; Kinoshita 2008). We have implemented the interference condition in 
Fig. 7c by using the above refractive indices and adjusting the anatomical data. Reasonable fits of  the 
experimentally derived peak wavelengths with values following from the interference condition were 
obtained for H. glaucippe with da = dc = 75 nm, for C. regina with da = dc = 93 nm, for G. cleopatra FW 
with da = 71 nm and dc = 65 nm, for G. cleopatra HW with da = 74 nm and dc = 67 nm, and for G. 
rhamni with da = 69 nm and dc = 71 nm (Fig. 7c). 

The peak reflectance of  a multilayer increases with the number of  layers. Fig. 8 shows the maximal 
reflectance of  the iridescence bands, derived from the integrated sphere spectra (Fig. 5), plotted as a 
function of  the number of  lamellae in the cover scale ridges, derived from SEM micrographs (Fig. 
3), and fitted with a simple linear function. Such a simple connection might have been predicted 
when the area of  the lamellae in the scales of  the different species is the same. SEM data indeed 
suggests that the average width of  the lamellae is approximately constant, ≈ 300 nm. 

Table 1
Structural properties of the multilayer arrangement in the iridescent scales gained from electron microscopy. 
dc: thickness of the cuticle layers, da: thickness of the air layers (number of measurements n > 10)

species number of 
layers, N arrangement tilt 

angle dc (nm) da (nm)

G. cleopatra – FW 8-9 tilted ~ 4-6° 58 ± 5 70 ± 7
G. cleopatra – HW 6-7 tilted ~ 4-6° 55 ± 7 76 ± 6
G. rhamni 7-8 tilted ~ 4-6° 62 ± 5 60 ± 6
H. glaucippe 10-12 parallel 0° 59 ± 6 64 ± 5
C. regina 6-7 parallel 0° 97 ± 6 98 ± 6

Discussion
In this study, we have investigated the wing colours of  the males of  four pierid butterfly species. The 
wings contain pterin pigments responsible for pigmentary colouration, and the stacked lamellae of  
cover scales create structural colouration. The ridges act as iridescent reflectors, that is, the reflectance 
spectra shift to shorter wavelengths when the angle of  light incidence increases. This phenomenon 
has been described before for a number of  species of  the pierid subfamily Coliadinae: Anteos clorinde, 
Eurema candida, E. hecabe, and E. lisa (Ghiradella et al. 1972; Rutowski et al. 2007a). The wings of  
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both male and female A. clorinde and E. hecabe have reflectance spectra with bands in the UV, also due 
to multilayered ridge lamellae, but in E. candida only males have iridescent wings. The reflectance 
spectra of  the structural-coloured wings were shown to exhibit specific bands, and the dependence 
of  the peak wavelength of  the spectral bands on the angle of  incidence was fitted with a linear 
function (Rutowski et al. 2007a). We have found here that the angle-dependence is cosine-like (Fig. 
7c) and that it approximates the interference condition of  multilayer reflectors. 

The ridge lamellae of  Morpho and pierid butterflies seem to behave as multilayers, but classical 
multilayer theory cannot be fully applied, of  course, because the layer planes must then be large with 
respect to the light wavelength. In H. glaucippe and C. regina, the longitudinal dimension of  the 
lamellae is certainly sufficiently large, but the width of  the lamellae is much smaller than the light 
wavelength. This will result in considerable diffraction in a plane perpendicular to the longitudinal 
axis of  the ridges. This phenomenon has been extensively studied in Morpho species (Vukusic et al. 
1999; Kinoshita et al. 2002; Stavenga et al. 2009; Vukusic and Stavenga 2009). 

 In both the reflectance spectra measurements with the integrating sphere (Fig. 5) and the angle-
dependent reflectance measurement setup (Fig. 7a,b) the incident illumination was about normal to 
the wing surface, but the resulting spectra for H. glaucippe and C. regina were far from identical. The 
reason is that in the former case all hemispherically scattered light was measured, whilst in the latter 

Figure 7
Angle-dependent spectra showing iridescence. a 
H. glaucippe. α = -15o indicates the angle of 
incidence where the UV-reflectance was maximal. 
Δα indicates the angle of incidence with respect to 
this direction of maximal reflectance. The UV-
reflectance band shifts towards shorter 
wavelengths, as expected for a multilayer reflector. 
b C. regina. The blue reflectance band is maximal 
for an angle of incidence α = -35o. The dependence 
of the reflectance spectra on the angle of incidence 
is essentially identical to that of H. glaucippe. c 
Peak wavelength of the iridescence band as a 
function of angle of incidence, with negative angles 
signifying a tilt of the ridge multilayers towards the 
wing base. The values for H. glaucippe (orange 
circles) and C. regina (red squares) were derived 
from a and b. Similar measurements yielded the 
peak wavelengths for G. cleopatra (black left 
triangles, blue down triangles) and G. rhamni 
(green up triangles). The smooth curves are fits 
with the interference condition.
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case only light reflected in a rather small angle near the normal was captured. The spectra of  the light 
diffracted into larger angular directions (that is, in the plane normal to the ridge axis) is increasingly 
short-wavelength shifted (not shown here, but see for this diffraction phenomenon in Morpho aega, 
Fig. 4c of  Stavenga et al. 2009). The space averaged iridescence reflectance band of  C. regina therefore 
peaks at about 460 nm. Interestingly this value corresponds closely to the peak wavelength of  blue-
sensitive photoreceptors of  pierid butterflies (Arikawa et al. 2005; Stavenga and Arikawa 2006; 
Wakakuwa et al. 2010).

 Whereas in C. regina (and some other members of  the Colotis group) the wing reflectance spectra 
have a blue-peaking spectral band (Wijnen et al. 2007; Giraldo et al. 2008), in virtually all studied 
species, the structural colouration bands are restricted to the UV (see also Ghiradella et al. 1972; 
Silberglied and Taylor 1973; Kemp et al. 2005; Rutowski et al. 2007a; Wijnen et al. 2007). The 
dominant presence of  the UV-peaking reflectance bands suggests that a UV reflector creates a signal 
that strongly contrasts with that from common objects in the environment. The UV reflectance 
bands also seem to match well the sensitivity spectra of  the UV photoreceptors of  pierids, peaking 
at around 360 nm (Stavenga and Arikawa 2006; Pirih et al. 2010). Presumably, the structural 
colouration is designed to enhance the visibility for intraspecific chromatic signalling. As opposed to 
Morpho butterflies, which have a single-peaked blue reflectance, most iridescent pierid butterflies 
seem to use the strategy of  shifting the iridescence to the UV and complementing it with a diffuse 
yellow-red pigmentary colouration. 

In the two Gonepteryx species as well as most other studied Coliadinae, the ridge lamellae are tilted 
with respect to the scale plane (Ghiradella et al. 1972). A notable exception is Anteos clorinde which 
has parallel lamellae (Rutowski et al. 2007a). Parallel lamellae were also shown for Eroessa chiliensis 
(Ingram and Parker 2008), a member of  the tribe Anthocharidini, belonging to the pierid subfamily 
Pierinae (another member of  the same tribe with iridescence is Anthocharis sara; Scott 1986). 
Iridescence is rare among the Pierinae, however (in preparation). 

Colouration and visibility are essential for recognition of  potential mates. Iridescence and the peak 
intensity of  the created signal proved to be an important factor for mating success in the pierid 
Eurema hecabe (Kemp 2006) and also in the nymphalid Hypolimnas bolina (Kemp 2007). In the 
investigated pierids, the peak reflectance is proportional to the number of  layers (Fig. 8). The 
structural colouration is most visible when seen from above, near the multilayer structure’s normal. 
This normal can be tilted with respect to the scale’s surface, which itself  can be tilted with respect 
to the wing plane. The sum of  the tilt angles can lead to a very restricted visibility of  the butterflies, 
as was shown in Ancyluris meliboeus (Vukusic et al. 2002). The tilting thus will affect the visibility of  
the butterflies in nature. 

Figure 8
Dependence of the peak integrated reflectance in 
the short-wavelength band, Rmax, on the number of 
layers in the ridges, N, fitted with a linear function: 
Rmax = sN, with slope s = 0.029 (dashed line).
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